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Abstract

Candida parapsilosis has now emerged as the second or third most important cause of
healthcare-associated Candida infections. Molecular studies have shown that phenotypi-
cally identified C. parapsilosis isolates represent a complex of three species, namely, C.
parapsilosis, C. orthopsilosis and C. metapsilosis. Lodderomyces elongisporus is another
species phenotypically closely related to the C. parapsilosis-complex. The aim of this study
was to develop a simple, low cost multiplex (m) PCR assay for species-specific identifica-
tion of C. parapsilosis complex isolates and to study genetic relatedness of C. orthopsilosis
isolates in Kuwait. Species-specific amplicons from C. parapsilosis (171 bp), C. orthopsilo-
sis (109 bp), C. metapsilosis (217 bp) and L. elongisporus (258 bp) were obtained in mPCR.
Clinical isolates identified as C. parapsilosis (n = 380) by Vitek2 in Kuwait and an interna-
tional collection of 27 C. parapsilosis complex and L. elongisporus isolates previously char-
acterized by rDNA sequencing were analyzed to evaluate mPCR. Species-specific PCR
and DNA sequencing of internal transcribed spacer (ITS) region of DNA were performed to
validate the results of mMPCR. Fingerprinting of 19 clinical C. orthopsilosis isolates (including
4 isolates from a previous study) was performed by amplified fragment length polymorphism
(AFLP) analysis. Phenotypically identified C. parapsilosis isolates (n = 380) were identified
as C. parapsilosis sensu stricto (n = 361), C. orthopsilosis (n = 15), C. metapsilosis (n=1)
and L. elongisporus (n = 3) by mPCR. The mPCR also accurately detected all epidemiologi-
cally unrelated C. parapsilosis complex and L. elongisporus isolates. The 19 C. orthopsilo-
sis isolates obtained from 16 patients were divided into 3 haplotypes based on ITS region
sequence data. Seven distinct genotypes were identified among the 19 C. orthopsilosis iso-
lates by AFLP including a dominant genotype (AFLP1) comprising 11 isolates recovered
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from 10 patients. A rapid, low-cost mPCR assay for detection and differentiation of C. para-
psilosis, C. orthopsilosis, C. metapsilosis and L. elongisporus has been developed.

Introduction

The incidence of candidemia is increasing worldwide particularly among hospitalized patients
[1]. Candida parapsilosis is now recognized as the second or third most common Candida spp.
associated with invasive candidiasis [1,2]. Three distinct groups were recognized among clini-
cal C. parapsilosis isolates and group II and group III isolates were subsequently raised to two
new species named; Candida orthopsilosis and Candida metapsilosis, respectively [3]. Further-
more, Lodderomyces elongisporus is another species phenotypically closely related to C. para-
psilosis complex [4]. Infections caused by C. parapsilosis sensu stricto are more frequent than
those caused by other C. parapsilosis-complex members [5-10]. However, species-specific
identification of C. parapsilosis complex is important in patient management and choosing the
appropriate treatment due to differences in antifungal susceptibly profile [5,9,11,12]. Pheno-
typically, it is not possible to distinguish these closely related species. Identification of C.
orthopsilosis, C. metapsilosis and L. elongisporus from C. parapsilosis is usually accomplished by
molecular techniques [3-5]. Many molecular methods have been developed for this purpose
and these typically involve PCR amplification followed by restriction fragment length polymor-
phism (PCR-RFLP) or DNA sequencing of different genes [3,13-17]. Matrix-assisted laser
desorption/ionization time-oft-light mass spectrometry (MALDI-TOF-MS) analyses [18,19]
and real-time PCR (qPCR) assays involving probe primers [20] or high resolution melting
curve (HRM) analysis [21,22] have also been described. However, these techniques are labori-
ous, time-consuming and technically demanding or require expensive reagents/equipment.

Fingerprinting studies are performed to ascertain the source of infection. Although finger-
printing studies of C. parapsilosis sensu stricto isolates have been extensively carried out, only
few studies have explored the genotypic heterogeneity among clinical C. orthopsilosis and C.
metapsilosis isolates. Unlike other Candida spp. (e.g. C. albicans, C. tropicalis, C. parapsilosis
etc.), highly discriminatory and portable multilocus sequence typing and/or microsatellite typ-
ing schemes have not yet been developed for C. orthopsilosis. Amplified fragment length poly-
morphism (AFLP) analysis was first used as a reliable method for identification and strain
typing of C. parapsilosis complex isolates [23] and was recently shown to be more discrimina-
tory for typing of C. orthopsilosis in comparison with MALDI-TOF-MS [18]. AFLP analyses
have also shown persistence of strains in the hospital environments for years forming reser-
voirs of infection as well as during infection of patients with C. orthopsilosis [6,23]. However,
only few studies have been performed on C. orthopsilosis strains and the population structure
of this species remains unknown for many countries/regions.

In this study, we developed a simple, low-cost multiplex PCR (mPCR) assay for rapid detec-
tion and differentiation of the three closely related species (C. parapsilosis, C. orthopsilosis and
C. metapsilosis) comprising C. parapsilosis complex as well as the phenotypically closely related
species L. elongisporus in a single PCR assay. The method was evaluated by using 380 pheno-
typically identified C. parapsilosis strains isolated from clinical specimens in Kuwait and an
international collection of 27 C. parapsilosis complex and L. elongisporus isolates previously
characterized by rDNA sequencing. Furthermore, AFLP was performed for molecular finger-
printing of C. orthopsilosis isolates to determine their genetic relatedness.

PLOS ONE | DOI:10.1371/journal.pone.0142880 November 18,2015 2/14



@’PLOS ‘ ONE

Molecular Characterization of Candida parapsilosis Complex Isolates

Materials and Methods
Reference strains and clinical isolates

Reference strains of C. parapsilosis (ATCC 22019), C. orthopsilosis (ATCC 96139), C. metapsi-
losis (ATCC 96143), L. elongisporus (CBS 2605), Candida albicans (ATCC 90028), Candida
dubliniensis (CD36), Candida tropicalis (ATCC 750), Candida glabrata (ATCC 15545), Can-
dida nivariensis (CBS 9983), Candida bracarensis (CBS 10154), Candida krusei (ATCC 6258),
and Candida haemulonii (CBS 5149) were used as reference Candida species. The clinical spec-
imens including blood were collected from patients at various hospitals across Kuwait as part
of routine patient care for the isolation of fungal pathogens. The clinical specimens were col-
lected after obtaining verbal consent from patients as part of routine diagnostic work-up. The
isolates were sent to Mycology Reference Laboratory, Department of Microbiology, Faculty of
Medicine, Kuwait University for identification and antifungal susceptibility testing. A total of
380 clinical isolates of Candida parapsilosis-complex and identified by Vitek2 yeast identifica-
tion system (bioMérieux, Marcy-I'Etoile, France) were selected from the culture collection
maintained in the department and were analyzed in this study. These isolates originated from
blood (n = 221), sputum and other respiratory specimens (n = 45), urine (n = 37) and various
other (ear/eye/skin/wound swabs, nail scrapings, catheter tips and cerebrospinal fluid) speci-
mens (n = 77). In addition, 27 epidemiologically unrelated yeast isolates characterized by ITS
region sequencing were also tested to ascertain the robustness of the mPCR assay. These
included C. parapsilosis sensu stricto (n = 12), C. orthopsilosis (n = 9), C. metapsilosis (n = 5)
and L. elongisporus (n = 1) strains isolated from blood and other clinical specimens in Nether-
lands, Brazil, Saudi Arabia and Germany. The study was approved by the Joint Committee for
the Protection of Human Subjects in Research, Health Sciences Center, Kuwait University and
Ministry of Health, Kuwait.

Phenotypic identification

All 380 C. parapsilosis isolates, previously identified by Vitek2 were grown on CHROMagar
Candida (Becton Dickinson, Bootle, UK) and the results were interpreted according to manu-
facturer’s instructions. The typical pink/lavender color of C. parapsilosis [4, 24-26] was used
for identifying these isolates as belonging to C. parapsilosis-complex.

Template DNA preparation and multiplex PCR assay

The genomic DNA from reference strains and clinical isolates of different Candida species was
extracted by using Gentra Puregene Yeast DNA extraction kit (Qiagen, Hilden Germany)
according to kit instructions or by the rapid method using Chelex-100. A loop full of yeast col-
ony grown on Sabouraud dextrose agar plate was suspended in 1 ml of sterile water in a micro-
centrifuge tube containing 50 mg Chelex-100 (Sigma-Aldrich Co., St. Louis, MO, USA), the
contents were heated at 95°C for 20 min and then centrifuged. The supernatant was transferred
to a new tube and typically 2 ul was used for mPCR.

Four different forward primers targeting specific sequences within ITS-1 region of rDNA of
the four species and one common reverse primer targeting 5.85 rRNA gene, were synthesized
for PCR amplification (Table 1). The primer sequences were selected based on multiple
sequence alignment of ITS region sequences of multiple strains of all commonly encountered
clinical yeast species that are available from the GenBank. The species specificity of the primers
mCPF, mCOF, mCMF, and mLEF for C. parapsilosis, C. orthopsilosis, C. metapsilosis and L.
elongisporus respectively, and a common reverse primer (mCPCR) for these four species, was
turther tested by performing BLAST searches (http://www.ncbi.nlm.nih.gov/entrez/query.fcgi).
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Table 1. Specific features and DNA sequences of the mPCR primers used in this study.

No.

1
2
3
4
5

Primer name

mCPF
mCOF
mCMF
mLEF
mCPCR

Target region

ITS-1
ITS-1
ITS-1
ITS-1
5.8S rRNA

Direction Species specificity DNA Sequence Amplicon size (bp)?
Forward C. parapsilosis 5-TTTGCTTTGGTAGGCCTTCTA-3’ 171
Forward C. orthopsilosis 5-TAAGTCAACTGATTAACTAAT-3’ 109
Forward C. metapsilosis 5-AACTGCAATCCTTTTCTTTCTA-3 217
Forward L. elongisporus 5-TACAGAATTTTGAGAATTGTG-3 258

Reverse C. parapsilosis-complex 5-AATATCTGCAATTCATATTACT-3

8The amplicon size is based on the combination of the four individual forward primers together with the reverse primer

doi:10.1371/journal.pone.0142880.t1001

All four species-specific primers showed complete identity with the available sequences depos-
ited in the data bank for the corresponding species that have previously been isolated and
sequenced at different geographic locations around the world. PCR amplification was per-
formed in a final volume of 50 pl containing 1x AmpliTaq DNA polymerase buffer I and 1 unit
of AmpliTaq DNA polymerase (Applied Biosystems, Brachburg, NJ, USA), 10 pmol of mCPF,
mCOF, mCMF, mLELF and mCPCR primers, 2 pl of template DNA and 100 uM of each
dNTP. Cycling conditions included an initial denaturation at 95°C for 5 min followed by 30
cycles of 95°C for 1 min, 52°C for 30 s and 72°C for 1 min and a final extension at 72°C for 10
min. PCR products (20 pl) were run on 2% (w/v) agarose gels, as described previously [27].

Species-specific amplification of ITS region of rDNA

The results of mPCR were confirmed by using species-specific PCR amplification for all C.
orthopsilosis, C. metapsilosis and L. elongisporus and 50 randomly selected C. parapsilosis sensu
stricto isolates. The primer sequences for species-specific amplification of rDNA from C. para-
psilosis sensu stricto, C. orthopsilosis and C. metapsilosis were the same as described previously
[13] while primers LELF (5-TGGCTGCTTAATTGCTCTGCT-3’) and LELR (5-TAAGCA
CAATGGAGTGGTTAG-3’) were used for species-specific amplification of DNA (expected
size of 355 bp amplicon) from L. elongisporus. Other reaction and cycling conditions during
PCR amplification were same as described above and detection of amplicons was performed by
agarose gel electrophoresis as described previously [13,27].

DNA sequencing of the ITS region and the D1/D2 domains of 28S rDNA
gene

The results of species-specific identification of all C. orthopsilosis, C. metapsilosis and L. elongis-
porus isolates and 10 randomly selected C. parapsilosis sensu stricto isolates were also con-
firmed by DNA sequencing of the ITS region and/or the D1/D2 domains of 285 rDNA and
both strands were sequenced. PCR amplification of ITS region and D1/D2 domains of 28S
rDNA and sequencing reactions were performed as described previously [28,29]. BLAST
searches (http://blast.ncbi.nlm.nih.gov/Blast.cgi?) were performed and >99% sequence identity
was used for species identification. Pairwise comparisons and multiple sequence alignments
were also performed with CLUSTAL W2. Phylogenetic tree was constructed with MEGA5.2
software using the neighbor-joining method with the pair-wise deletion of gaps option and the
maximum composite likelihood model. The robustness of the branches was assessed by boot-
strap analysis with 1000 replicates.
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Fingerprinting of C. orthopsilosis isolates by AFLP analysis

All C. orthopsilosis isolates (n = 15) identified in this study and 4 well-characterized C. orthopsi-
losis isolates available from our previous study [13] were typed by AFLP fingerprint analysis.
These isolates were collected over a 17-year period (1997 to 2013). Of the 19 isolates, 13 were
recovered from different anatomic sites of 13 individual patients while repeat isolates (2 isolates
each) were obtained from 3 patients. Repeat isolates were used to ascertain the reproducibility
of the AFLP data and to see whether C. orthopsilosis isolates recovered from different anatomic
sites of the same patient are genotypically identical or different. For this purpose, genomic
DNA was extracted by using the Roche MagNA Pure 96 platform which yields a priori highly
pure nucleic acids from pure cultures as described previously [30]. The AFLP analysis was car-
ried out by using 50 ng of genomic DNA was mixed with restriction ligation containing EcoR1
and Msel restriction enzymes (New England Biolabs, Beverly, MA, USA) and complementary
adaptors as described previously [30]. Prior to further use, the restriction-ligation reaction was
diluted by adding 80 pul of 10 mM Tris-HCI (pH 8.3) buffer. One microliter of the diluted prod-
uct was used for amplification in a final volume of 25 ul by using the selective primers EcoR1
(5’-FLU-GACTGCGTACCAATTCAC-3') and Msel (5'-GATGAGTCCTGACTAAC-3') [30].
One microliter of a 10-fold dilution of amplified products was added to a mixture of 8.9 pl of
water and 0.1 pl of LIZ600 internal size marker (Applied Biosystems), followed by fragment
analysis on an ABI 3500xL Genetic Analyzer according to the instructions of the manufacturer
(Applied Biosystems). Candida orthopsilosis reference strain (ATCC 96139) was used as a con-
trol and a clinical C. metapsilosis isolate (Kw164-7/12) was used as an out group. Raw data
were analyzed by using Bionumerics v6.6 software (Applied Maths, Sint-Martens-Latem, Bel-
gium) and a dendrogram was generated using standard Pearson and unweighted pair group
method with arithmetic mean (UPGMA) settings.

Antifungal drug susceptibility testing

In vitro activity of amphotericin B (AP), fluconazole (FL), 5-flucytosine (FC), voriconazole
(VO) and caspofungin (CS) was determined by the Etest (AB BIODISK, Solna, Sweden) in
accordance with the manufacturer’s instructions and as described in detail previously [31]. The
minimum inhibitory concentration (MIC) values were recorded after 48 h of incubation at
35°C. The interpretive susceptibility breakpoints as recommended by Clinical Laboratory Stan-
dards Institute (CLSI) were used for fluconazole, flucytosine and voriconazole. Due to lack of
defined breakpoints for amphotericin B, isolates having an MIC < 2.0 mg/L were considered
as susceptible. In case of caspofungin an isolate with MIC < 2 mg/L was recorded as susceptible
[32]. Quality control was ensured by testing C. parapsilosis ATCC 22019 and C. albicans
ATCC 90028, as recommended by CLSI.

Results
Phenotypic identification of C. parapsilosis-complex isolates

A total of 380 clinical yeast isolates identified as belonging to C. parapsilosis-complex on the
basis of conventional biochemical tests were screened to identify C. parapsilosis sensu stricto,
C. orthopsilosis, C. metapsilosis and L. elongisporus isolates. Based on CHROMagar Candida, 3
isolates produced turquoise blue color and were tentatively identified as L. elongisporus—while
the remaining 377 isolates produced pink/lavender colonies and were identified as C. parapsilo-
sis-complex members (Table 2, S1 Fig).
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Table 2. Comparison between various phenotypic and genotypic methods used for identification of C. parapsilosis complex isolates.

Method No. (%) of isolates identified as
C. parapsilosis C. orthopsilosis C. metapsilosis L. elongisporus
Vitek2 identification system 380 - - -
CHROMagar Candida 377* - - 3**
New multiplex-PCR 361 15 1 3

*All 377 C. parapsilosis isolates showed pink/lavender color typical for C. parapsilosis-complex isolates.
**All 3 L. elongisporus isolates showed turquoise color atypical for C. parapsilosis-complex isolates.

doi:10.1371/journal.pone.0142880.t002

Genotypic identification of C. parapsilosis complex isolates by mPCR

mPCR amplification performed with mCPF + mCOF + mCMF + mLEF + mCPCR primers
yielded an expected size amplicon of nearly 171 bp, 109 bp, 217 bp and 258 bp with DNA
extracted by both, the rapid Chelex-100 method as well as by the commercial kit from the refer-
ence strains of C. parapsilosis, C. orthopsilosis, C. metapsilosis and L. elongisporus, respectively
(Fig 1). No amplicon was obtained with genomic DNA prepared from reference strains of C.
albicans, C. dubliniensis, C. tropicalis, C. glabrata, C. nivariensis, C. bracarensis, C. krusei and
C. haemulonii, as expected. mPCR amplification of DNA from 380 clinical C. parapsilosis iso-
lates speciated by Vitek2 yeast identification system identified 361 isolates as C. parapsilosis

M CP COCM LE M

600 -

300 -

100 -

Fig 1. Detection of mPCR amplified products by agarose gel electrophoresis. An agarose gel of mPCR
amplified products using template DNA from reference strain of C. parapsilosis (lane CP), C. orthopsilosis
(lane CO), C. metapsilosis (lane CM) and L. elongisporus (lane LE). Lane M is 100 bp DNA marker and the
position of migration of 100 bp, 300 bp and 600 bp fragments are marked.

doi:10.1371/journal.pone.0142880.g001
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sensu stricto, 15 isolates as C. orthopsilosis, 1 isolate as C. metapsilosis and 3 isolates as L. elon-
gisporus (Table 2). Again, genomic DNA extracted by both methods yielded identical results.
The mPCR results were confirmed for all 15 C. orthopsilosis, 1 C. metapsilosis, 3 L. elongisporus
and 50 randomly selected C. parapsilosis sensu stricto isolates by employing species-specific
PCR amplification and/or by direct DNA sequencing of ITS region and D1/D2 domains of
rDNA. The DNA sequence data in each case confirmed the results of species-specific identifi-
cation by mPCR. The DNA sequences have been submitted to European Molecular Biology
Laboratory (EMBL) databank under accession no. LN864540-LN864563. The results were fur-
ther validated by testing an international collection of 27 yeast isolates characterized by ITS
region sequencing which included C. parapsilosis sensu stricto (n = 12), C. orthopsilosis (n = 9),
C. metapsilosis (n = 5) and L. elongisporus (n = 1) strains as the mPCR assay detected each of
the above isolate accurately.

Molecular fingerprinting of C. orthopsilosis isolates

A total of 19 C. orthopsilosis isolates were available for fingerprinting studies. These isolates
were collected from 16 patients over a period of 17 years. Repeat isolates were collected from 3
patients and were isolated from different clinical specimens (patients P4 and P15) or from the
same specimen collected at different time intervals (patient P12) (Table 3). Based on ITS region
sequence data, 3 distinct haplotypes (labeled as ITSA, ITSB and ITSC) were identified among
19 C. orthopsilosis isolates (Table 3).). Ten isolates were obtained from 8 neonates, while the

Table 3. Source of isolation, ITS region sequence-based haplotypes, AFLP-based genotypes and antifungal drug susceptibility testing results for
19 clinical Candida orthopsilosis isolates used in this study.

Patient no. Isolate no.  Source of isolation ITS region (bp) ITS-based haplotype AFLP genotype Minimum inhibitory concentration
(MIC, mg/L) of
AP FL FC \'[o) CS

P1 Kw301/97 Blood 516 ITSA AFLP2 0.19 0.19 0.023 0.008 0.25
P2 Kw304/97 Blood 516 ITSA AFLP3 0.125 0.75 0.032 0.047 0.25
P3 Kw1056/04 Blood 516 ITSA AFLP7 0.5 1.5 0.094 0.094 0.38
P4 Kw469/10 Rectal swab 516 ITSA AFLP6 0.016 0.19 0.023 0.006 0.38
P4 Kw470/10 Urine 516 ITSA AFLP6 0.012 0.38 0.023 0.032 0.38
P5 Kw1782/06 Ear swab 519 ITSB AFLP1 0.125 0.75 0.094 0.006 0.25
P6 Kw3372/07 Sputum 519 ITSB AFLP1 0.023 0.38 0.023 0.094 0.25
P7 Kw1690/07 Rectal swab 519 ITSB AFLP1 0.048 0.38 0.016 0.008 0.38
P8 Kw108/08 Sputum 519 ITSB AFLP1 0.19 0.38 0.023 0.094 0.25
P9 Kw2238/09 Blood 519 ITSB AFLP1 0.008 0.19 0.016 0.006 0.25
P10 Kw1078/10 Blood 519 ITSB AFLP1 0.016 0.38 0.016 0.023 0.25
P11 Kw2949/11 Blood 519 ITSB AFLP1 0.023 0.125 0.023 0.004 0.38
P12 Kw674/11 Tracheal aspirate 519 ITSB AFLP1 0.016 0.38 0.032 0.094 0.25
P12 Kw747/11 Tracheal aspirate 519 ITSB AFLP1 0.125 0.75 0.016 0.064 0.25
P13 Kw228-8/12 Blood 519 ITSB AFLP1 0.047 025 0.023 0.016 0.25
P14 Kw313-12/13 Throat swab 519 ITSB AFLP1 0.023 0.19 0.016 0.023 0.5
P15 Kw105/10/13 Umbilical Tip 515 ITSC AFLP4 0.008 0.25 0.032 0.47 0.25
P15 Kw106/10/13 Urine 515 ITSC AFLP4 0.008 0.25 0.023 0.047 0.38
P16 Kw96-11/12 Blood 515 ITSC AFLP5 0.125 12 >32 0125 4

Repeat isolates from the same patient are shown in bold.

AP, amphotericin B; FL, fluconazole; FC, 5-flucytosine; VO, voriconazole; CS, caspofungin

doi:10.1371/journal.pone.0142880.t003
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remaining 9 isolates were from 8 adult patients. The length (516 nucleotides) and ITS region
sequence of 5 haplotype ITSA isolates matched completely with the sequence from reference C.
orthopsilosis strain ATCC 96139. Eleven C. orthopsilosis isolates belonged to haplotype ITSB
that differed from haplotype ITSA in length (519 nucleotides in ITSB due to insertion of a “T"
residue at nucleotide positions 58, 144 and 414) and nucleotide substitutions at 2 other posi-
tions (S1 Table). Only 3 C. orthopsilosis isolates belonged to haplotype ITSC that also differed
from haplotype ITSA in length (515 nucleotides in ITSC due to deletion of “I” residues at
nucleotide positions 78 and 79 and insertion of a “I” residue at nucleotide position 144) and
nucleotide substitutions at 2 other positions (S1 Table). The repeat isolates from the same
patient exhibited identical ITS region sequence-based haplotype (Table 3).

Compared to ITS region sequence-based data, the fingerprinting performed by AFLP analy-
sis yielded greater genotypic heterogeneity among the 19 C. orthopsilosis isolates. A total of 102
fragments were obtained from C. orthopsilosis strains during AFLP analyses of which 32
(31.4%) were polymorphic fragments. An arbitrary cut-off value of <95% similarity among
AFLP patterns was used for defining a distinct genotype and 7 genotypes (defined as AFLP1 to
AFLP7) were identified among the 19 isolates (Fig 2 and Table 3). Repeat isolates from the
same patient yielded the same genotype irrespective of whether they were isolated from the
same specimen type or from clinical specimens originating from different anatomic sites
(Table 3). Interestingly all 4 individual patient isolates belonging to ITS region sequence-based
haplotype ITSA belonged to 4 (AFLP2, AFLP3, AFLP6 and AFLP7) different and unique AFLP
genotypes, the reference C. orthopsilosis strain (ATCC 96139) also had a distinct genotype
(ITSA, genotype AFLP8). Similarly, both individual patient isolates belonging to ITS region
sequence-based haplotype ITSC belonged to 2 (AFLP4 and AFLP5) different and unique AFLP
genotypes. On the contrary all 10 individual patient isolates belonging to ITS region sequence-
based haplotype ITSB exhibited the same AFLP fingerprinting pattern (AFLP1) (Fig 2 and
Table 3).

Antifungal drug susceptibility testing data

All C. orthopsilosis isolates were susceptible to amphotericin B, fluconazole, 5-flucytosine, vori-
conazole and caspofungin (Table 3). Only one isolate, Kw96-11/12, showed reduced

< 8 s 8 8 e 8 § 8 Isolate no. Species Hospital  Source Genotype
‘ ‘ Kw674/11 Candida orthopsilosis Sabah Tracheal aspirate AFLP1/1TSB
[Tl Kw747/11 Candida orthopsilosis Sabah  Tracheal aspirate AFLP1/ITSB
Kw313-12/13 Candida orthopsilosis Sabah ~ Throatswab  AFLP1/ITSB
[T Kw228-8/12 Candida orthopsilosis Jahra ~ Blood AFLP1/ITSB
| Kw2238/09 Candida orthopsilosis  Jahra  Blood AFLP1/ITSB
| [Tl Kw1782/06 Candida orthopsilosis  1SH Ear swab AFLP1/ITSB
‘ Kw3372/07 Candida orthopsilosis KCC Sputum AFLP1/I1TSB
| | | Kw108/08 Candida orthopsilosis  KCC Sputum AFLP1/1TSB
| | | Kw1078/10 Candida orthopsilosis Maternity Blood AFLP1/ITSB
[0l Kw2949/11 Candida orthopsilosis CDH Blood AFLP1/1TSB
| 01 Kw1690/07 Candida orthopsilosis Matemity Rectalswab ~ AFLP1/ITSB
‘ ATCC96139 Candida orthopsilosis Reference strain  AFLP8 / ITSA
‘ ‘ Kw301/97 Candida orthopsilosis  Jahra Blood AFLP2/ITSA
Kw304/97 Candida orthopsilosis Jahra ~ Blood AFLP3/ITSA
Kw105/10/13 Candida orthopsilosis Maternity Umbilical Tip ~ AFLP4 /ITSC
[ Kw106/10/13 Candida orthopsilosis Maternity Urine AFLP4/ITSC
[ ] Kw96-11/12 Candida orthopsilosis  Mubarak ~ Blood AFLP5/ITSC
‘ Kw469/10 Candida orthopsilosis Sabah Rectal swab AFLP6/ITSA
F [ | Kw470/10 Candida orthopsilosis Sabah ~ Urine AFLP6 /ITSA
| 11 Kw1056/04 Candida orthopsilosis  MAK Blood AFLP7 /ITSA

| | | | | Kw164-7/12 Candida metapsilosis Jahra ~ Blood

Fig 2. Amplified fragment length polymorphism (AFLP)-based fingerprinting of C. orthopsilosis isolates. An UPGMA-derived dendrogram based on
AFLP fingerprints for 19 clinical C. orthopsilosis isolates obtained from 16 patients in Kuwait. The reference C. orthopsilosis strain (ATCC 96139) was also
included in AFLP analysis and a clinical C. metapsilosis isolate (Kw164-7/12) was used as an outer group. Similarity is presented in percentages using the
scale bar in the upper left corner. The columns after the AFLP patterns represent the isolate number, species name, hospital name, source of the isolates and
AFLP and ITS genotypic grouping.

doi:10.1371/journal.pone.0142880.9002
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susceptibility/resistance to fluconazole (MIC = 12 mg/L), flucytosine (MIC = >32 mg/L) and
caspofungin (MIC =4 mg/L) by Etest.

Discussion

Candida orthopsilosis and C. metapsilosis are two recently described species that are typically
misidentified as C. parapsilosis by culture-based phenotypic methods. These species exhibit dif-
ferences in minimum inhibitory concentrations (MICs) for antifungal drugs warranting spe-
cies-specific identification [5,9,11,12]. Furthermore, it has been shown that the species
identified from the catheter is not always responsible for the bloodstream infection [6]. Appli-
cation of molecular methods have led to the identification of these two species in archived as
well as in recently isolated C. parapsilosis strains [3,5,7,11-13,33]. These studies have shown
that C. orthopsilosis and C. metapsilosis have worldwide distribution; however, the percent
occurrence of these two individual species among C. parapsilosis complex isolates at various
geographical locations varies considerably [3,5,6,8,13,33]. Furthermore, the occurrence of these
species in various clinical specimens in several countries/geographical locations remain
unknown due to the requirement of technically demanding and complex molecular methods
which are still not routinely available in many developing countries.

In this study, we have developed a simple, low-cost mPCR assay for accurate identification
of C. parapsilosis-complex (C. parapsilosis, C. orthopsilosis, C. metapsilosis) isolates as well as L.
elongisporus, another closely related species in a single PCR assay. The robustness of the mPCR
assay was evident from the analysis of 380 clinical isolates of Candida parapsilosis-complex in
Kuwait and an international collection of 12 C. parapsilosis sensu stricto, 9 C. orthopsilosis, 5 C.
metapsilosis and one L. elongisporus strain. The mPCR assay can be completed within 4 hours
using basic PCR and gel electrophoresis equipment that are readily available in most clinical
microbiology laboratories and will cost nearly 1-1.5 US$ per sample (depending on whether
DNA is extracted by the Chelex-100 method or by the commercial kit and excluding the cost of
culture and personnel time). Previously, species-specific identification has been achieved by
PCR-RFLP assays that require time-consuming additional step of restriction enzyme digestion
[3,13,17,34], by PCR sequencing of rDNA that is expensive and technically demanding
[3,13,15] or by real-time PCR assays requiring expensive reagents and/or equipment [17,20-
22]. Although rapid (<30 min) identification of C. orthopsilosis and C. metapsilosis is possible
with MALDI-TOF MS analysis, the requirement for fresh cultures often necessitates sub-cul-
turing for obtaining interpretable results and these two species are included in the database of
only the Bruker Daltonics Biotyper system but not in the database of the Biomerieux Vitek MS
system [18,19,35,36]. Another advantage of our mPCR assay is the simultaneous detection of
L. elongisporus with no additional steps or cost.

The occurrence of 15 C. orthopsilosis isolates (4%) among 380 C. parapsilosis sensu lato
strains is nearly the same as that reported in a previous study (4.4%) from Kuwait [13] and is
within the global range of 1%-28% described in various studies [3,5,6,8,33]. Consistent with
earlier reports, 14 of 15 C. orthopsilosis isolates were also susceptible to all antifungal drugs
tested while only one isolate showed reduced susceptibility or resistance to some antifungal
drugs [5,9,11,12]. Although C. orthopsilosis strains are typically isolated from adult patients
[37], however, 10 of 19 of our C. orthopsilosis isolates originated from 8 neonates. Only few pre-
vious studies have reported the isolation of this species from blood cultures of neonates borne
prematurely and young children [38-40].

Only few studies have been carried out to study the population structure and genetic diversity
among clinical C. orthopsilosis isolates. While DNA sequencing of ITS region of rDNA identifies
major haplotypes, more extensive fingerprinting studies have been carried out by using AFLP
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analyses [18,23,41]. We studied the population structure of 19 C. orthopsilosis isolates by ITS
region sequence comparisons and AFLP analyses. No other previous study has performed finger-
printing of C. orthopsilosis strains by these two techniques simultaneously. Based on DNA
sequence data of ITS region, 3 haplotypes (ITSA, ITSB and ITSC) were identified among 19 C.
orthopsilosis isolates obtained from 16 patients with ITSA sequence showing complete identity
with the corresponding sequence from C. orthopsilosis type strain (ATCC 96139). Only two
(ITSA and ITSB) haplotypes were identified in our previous study from Kuwait [13]. Repeat iso-
lates cultured from the same or different clinical specimens from the same patient were found to
belong to the same ITS haplotype and no specific association was found between the source of
the clinical sample, drug resistance profile and gender or nationality of the patient with a particu-
lar ITS haplotype. Similar to our study, three haplotypes were also identified by ITS region
sequence comparisons among C. orthopsilosis isolates in a recent study from Brazil with ITSA,
ITSB and ITSC corresponding to Brazilian haplotype 1, haplotype 3 and haplotype 2, respectively
[41]. Previous studies have also shown the occurrence of three ITS haplotypes among C. orthopsi-
losis isolates from some geographical locations. Tay et al. [42] also detected three ITS haplotypes
(labeled as P2, P3 and P3 variant) among C. orthopsilosis isolates from Malaysia. However, the
ITS region sequence of only P2 grouping is identical to our ITSA isolates while there are differ-
ences between P3 isolates and the P3 variant isolate with our ITSB or ITSC isolates. Sai et al. [43]
sequenced the ITS region from 13 C. orthopsilosis isolates and also identified 3 haplotypes even
though they recognized only two main types (Type 1 and Type 2) as the lone intermediate isolate
(C_ort_T2_90_125) was clubbed together with other Type 2 isolates. The placement of the
C_ort_T2_90_125 isolate with other Type 2 isolates was supported by the analysis of the mating
type locus. The ITS region sequence of our ITSA and ITSB haplotypes matched completely with
the sequence of Type 1 and Type 2 isolates, respectively. However, the sequence of our ITSC hap-
lotype did not match with the intermediate isolate (C_ort_T2_90_125) described by Sai et al.
[43]. These studies have also suggested greater genotypic heterogeneity among clinical C. orthop-
silosis isolates compared to C. parapsilosis sensu stricto isolates which are predominantly clonal
and exhibit limited genotypic variations [13,41-44].

As expected, greater genotypic heterogeneity was detected among the isolates by AFLP anal-
yses. A cut-off value of <95% similarity index among AFLP patterns was used for defining a
distinct genotype. Repeat isolates from the same patient exhibiting >98% similarity index vali-
dated the cut-off value of <95% similarity index for defining a genotype. Seven distinct geno-
types (defined as AFLP1 to AFLP7) were identified among the 19 C. orthopsilosis isolates
recovered from 16 individual patients in Kuwait with an overall similarity value of 64%. Only
two previous studies have studied genotypic heterogeneity among C. orthopsilosis isolates by
AFLP analyses [18,23]. Tavanti et al. [23] first applied AFLP fingerprinting on C. orthopsilosis
strains, collected over an 8-year period and isolated from 11 individual patients and repeat iso-
lates from 2 additional patients, and identified 12 genotypes with an overall similarity index of
73%. Similarly, De Carolis et al. [18] identified 6 distinct genotypes among 8 individual patient
isolates and repeat isolates from another patient with a similarity index of 74%. Similar to our
study, repeat isolates in these two studies also exhibited nearly identical AFLP patterns with
>98% similarity index [18,23]. Thus, C. orthopsilosis isolates from Kuwait exhibited a lower
similarity index (64%) than that described in two previous studies. However, a remarkable
finding of our study was the occurrence of a dominant genotype (AFLP1) that was shared
among 10 individual patient isolates. Interestingly, all the 10 C. orthopsilosis isolates in AFLP1
also belonged to a single haplotype (ITSB) based on ITS region sequence data even though the
isolates were collected over a long period of time (8 years). On the contrary, all 4 and 2 individ-
ual patient isolates in ITS region sequence-based haplotypes ITSA and ITSC, respectively,
belonged to unique AFLP genotypes. These findings support recent observations that some
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strains remain in the hospital environment for years forming reservoirs of infection for suscep-
tible patients [6].

Until recently, only two subspecies, exemplified by Type 1 (ITSA haplotype) and Type 2
(ITSB haplotype) have been recognized among clinical C. orthopsilosis isolates based on ITS
region sequencing and the structure and analysis of the mating type locus [13,42,43]. The pres-
ence of a third subspecies (ITSC haplotype) has been noted recently among clinical C. orthopsi-
losis isolates from Brazil [41] and this haplotype has also been found in our present study.
Although C. orthopsilosis isolates with slightly different ITS region sequences have been
described previously (P3 variant and C_ort_T2_90_125 isolates), these differences were minor
involving a single nucleotide position [42,43]. On the contrary, C. orthopsilosis ITSC haplotype
isolates show sequence variations at 4 and 8 nucleotide positions with ITSA (Type 1) and ITSB
(Type 2) isolates, respectively. Whole genome sequence of the intermediate sequence isolate
(C_ort_T2_90_125) described by Sai et al. [43] has been determined and genomic comparisons
with Type 1 isolate have shown that C_ort_T2_90_125 isolate represents a hybrid, generated
as a consequence of a hybridization event between the two (Type 1 and Type 2) C. orthopsilosis
subspecies [45,46]. Although AFLP genotyping showed that our ITSC haplotype isolates were
distinct strains, the possibility that they were also generated as a consequence of a hybridization
event between the two C. orthopsilosis subspecies cannot be excluded due to lower sensitivity of
the AFLP genotyping. Whole genome sequencing and genomic comparisons of ITSC isolates
will be required to confirm or exclude this possibility.

A limitation of our study is that we have tested only few epidemiologically unrelated strains
of C. parapsilosis sensu stricto, C. orthopsilosis, C. metapsilosis and L. elongisporus to validate
the mPCR protocol due to non-availability of such isolates in our culture collection.

Conclusions

A simple, low-cost mPCR assay has been developed for rapid detection and differentiation of
clinical C. parapsilosis, C. orthopsilosis, C. metapsilosis and L. elongisporus isolates for rapid
screening of clinical C. parapsilosis sensu lato isolates in a clinical microbiology laboratory. The
occurrence of C. orthopsilosis and C. metapsilosis among clinical isolates can now be easily
studied from various countries/geographical locations for epidemiological investigations. We
also detected genotypic heterogeneity among clinical C. orthopsilosis isolates in Kuwait and
found a dominant genotype (ITS region haplotype ITSB and AFLP1) that first appeared nearly
8 years ago and has persisted in Kuwait hospitals highlighting the possible existence of reser-
voirs of infection.
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S1 Fig. Colony characteristics of C. parapsilosis (A), C. metapsilosis (B), C. orthopsilosis (C)
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(TIF)

S1 Table. Differentiation of C. orthopsilosis into distinct genotypes based on sequences at
specific nucleotide positions in the ITS region of rDNA.
(DOCX)

Author Contributions

Conceived and designed the experiments: MA SA NA ZK. Performed the experiments: MA
FH. Analyzed the data: MA SA FH JEM NA ZK. Contributed reagents/materials/analysis tools:
JEM ZK. Wrote the paper: MA SA FH JEM NA ZK.

PLOS ONE | DOI:10.1371/journal.pone.0142880 November 18,2015 11/14


http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142880.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0142880.s002

@’PLOS ‘ ONE

Molecular Characterization of Candida parapsilosis Complex Isolates

References

1.

10.

11.

12

13.

14.

15.

16.

17.

Pfaller MA, Moet GJ, Messer SA, Jones RN, Castanheira M (2011) Candida bloodstream infections:
comparison of species distributions and antifungal resistance patterns in community-onset and nosoco-
mial isolates in the SENTRY Antimicrobial Surveillance Program, 2008—-2009. Antimicrob Agents Che-
mother 55: 561-566. doi: 10.1128/AAC.01079-10 PMID: 21115790

Pfaller MA, Diekema DJ (2007) Epidemiology of invasive candidiasis: a persistent public health prob-
lem. Clin Microbiol Rev 20: 133—163. PMID: 17223626

Tavanti A, Davidson AD, Gow NA, Maiden MC, Odds FC (2005) Candlida orthopsilosis and Candida
metapsilosis spp. nov. to replace Candida parapsilosis groups Il and lll. J Clin Microbiol 43: 284-292.
PMID: 15634984

Lockhart SR, Messer SA, Pfaller MA, Diekema DJ (2008) Lodderomyces elongisporus masquerading
as Candida parapsilosis as a cause of bloodstream infections. J Clin Microbiol 46: 374-376. PMID:
17959765

Lockhart SR, Messer SA, Pfaller MA, Diekema DJ (2008) Geographic distribution and antifungal sus-
ceptibility of the newly described species Candida orthopsilosis and Candida metapsilosis in compatri-
son to the closely related species Candida parapsilosis. J Clin Microbiol 46: 2659-2664. doi: 10.1128/
JCM.00803-08 PMID: 18562582

Barbedo LS, Vaz C, Pais C, Figueiredo-Carvalho MH, Muniz Mde M, Zancope-Oliveira RM, et al.
(2015) Different scenarios for Candida parapsilosis fungaemia reveal high numbers of mixed C. para-
psilosis and Candida orthopsilosis infections. J Med Microbiol 64: 7—17. doi: 10.1099/jmm.0.080655-0
PMID: 25351711

Bonfietti LX, Martins Mdos A, Szeszs MW, Pukiskas SB, Purisco SU, Pimental FC, et al. (2012) Preva-
lence, distribution and antifungal susceptibility profiles of Candida parapsilosis, Candida orthopsilosis
and Candida metapsilosis bloodstream isolates. J Med Microbiol 61:1003—-1008. doi: 10.1099/jmm.0.
037812-0 PMID: 22493277

Chen CY, Sheng WH, Huang SY, Chou WC, Yao M, Tang JL, et al. (2015) Clinical characteristics and
treatment outcomes of patients with candidaemia due to Candida parapsilosis sensu lato species at a
medical centre in Taiwan, 2000—12. J Antimicrob Chemother 70: 1531—-1538. doi: 10.1093/jac/dku540
PMID: 25558079

Trabasso P, Matsuzawa T, Fagnani R, Muraosa Y, Tominaga K, Resende MR, et al. (2015) Isolation
and drug susceptibility of Candlida parapsilosis sensu lato and other species of C. parapsilosis complex
from patients with blood stream infections and proposal of a novel LAMP identification method for the
species. Mycopathologia 179: 53-62. doi: 10.1007/s11046-014-9830-9 PMID: 25481844

ZhuY, ShanY, Fan S, Li J, Liu X (2015) Candida parapsilosis sensu stricto and the closely related spe-
cies Candida orthopsilosis and Candlida metapsilosis in vulvovaginal candidiasis. Mycopathologia
179: 111-118. doi: 10.1007/s11046-014-9821-x PMID: 25322705

Silva AP, Miranda IM, Lisboa C, Pina-Vaz C, Rodrigues AG (2009) Prevalence, distribution, and anti-
fungal susceptibility profiles of Candida parapsilosis, C. orthopsilosis, and C. metapsilosis in a tertiary
care hospital. J Clin Microbiol 47:2392-2397. doi: 10.1128/JCM.02379-08 PMID: 19494078

Chen YC, Lin YH, Chen KW, Lii J, Teng HJ, Li SY (2010) Molecular epidemiology and antifungal sus-
ceptibility of Candida parapsilosis sensu stricto, Candida orthopsilosis, and Candida metapsilosis in
Taiwan. Diagn Microbiol Infect Dis 68: 284-292. doi: 10.1016/j.diagmicrobio.2010.07.004 PMID:
20851551

Asadzadeh M, Ahmad S, Al-Sweih N, Khan ZU (2009) Rapid molecular differentiation and genotypic
heterogeneity among Candida parapsilosis and Candida orthopsilosis strains isolated from clinical
specimens in Kuwait. J Med Microbiol 58: 745-752. doi: 10.1099/jmm.0.008235-0 PMID: 19429750

del Pilar Vercher M, Garcia Martinez JM, Cantén E, Peman J, Gomez Garcia MM, Gémez EV, et al.
(2011) Differentiation of Candida parapsilosis, C. orthopsilosis, and C. metapsilosis by specific PCR
amplification of the RPSO0 intron. Int J Med Microbiol 301: 531-535. doi: 10.1016/j.ijmm.2011.02.001
PMID: 21570908

Cornet M, Sendid B, Fradin C, Gaillardin C, Poulain D, Nquyen HV (2011) Molecular identification of
closely related Candida species using two ribosomal intergenic spacer fingerprinting methods. J Mol
Diagn 13: 12—22. doi: 10.1016/j.jmoldx.2010.11.014 PMID: 21227390

Feng X, Wu Z, Ling B, Pan S, Liao W, Pan W, et al. (2014) Identification and differentiation of Candida
parapsilosis complex species by use of exon-primed intron-crossing PCR. J Clin Microbiol 52: 1758—
1761. doi: 10.1128/JCM.00105-14 PMID: 24622093

Garcia-Effron G, Canton E, Peman J, Dilger A, Roma E, Perlin DS (2011) Assessment of two new
molecular methods for identification of Candida parapsilosis sensu lato species. J Clin Microbiol 49:
3257-3261. doi: 10.1128/JCM.00508-11 PMID: 21795509

PLOS ONE | DOI:10.1371/journal.pone.0142880 November 18,2015 12/14


http://dx.doi.org/10.1128/AAC.01079-10
http://www.ncbi.nlm.nih.gov/pubmed/21115790
http://www.ncbi.nlm.nih.gov/pubmed/17223626
http://www.ncbi.nlm.nih.gov/pubmed/15634984
http://www.ncbi.nlm.nih.gov/pubmed/17959765
http://dx.doi.org/10.1128/JCM.00803-08
http://dx.doi.org/10.1128/JCM.00803-08
http://www.ncbi.nlm.nih.gov/pubmed/18562582
http://dx.doi.org/10.1099/jmm.0.080655-0
http://www.ncbi.nlm.nih.gov/pubmed/25351711
http://dx.doi.org/10.1099/jmm.0.037812-0
http://dx.doi.org/10.1099/jmm.0.037812-0
http://www.ncbi.nlm.nih.gov/pubmed/22493277
http://dx.doi.org/10.1093/jac/dku540
http://www.ncbi.nlm.nih.gov/pubmed/25558079
http://dx.doi.org/10.1007/s11046-014-9830-9
http://www.ncbi.nlm.nih.gov/pubmed/25481844
http://dx.doi.org/10.1007/s11046-014-9821-x
http://www.ncbi.nlm.nih.gov/pubmed/25322705
http://dx.doi.org/10.1128/JCM.02379-08
http://www.ncbi.nlm.nih.gov/pubmed/19494078
http://dx.doi.org/10.1016/j.diagmicrobio.2010.07.004
http://www.ncbi.nlm.nih.gov/pubmed/20851551
http://dx.doi.org/10.1099/jmm.0.008235-0
http://www.ncbi.nlm.nih.gov/pubmed/19429750
http://dx.doi.org/10.1016/j.ijmm.2011.02.001
http://www.ncbi.nlm.nih.gov/pubmed/21570908
http://dx.doi.org/10.1016/j.jmoldx.2010.11.014
http://www.ncbi.nlm.nih.gov/pubmed/21227390
http://dx.doi.org/10.1128/JCM.00105-14
http://www.ncbi.nlm.nih.gov/pubmed/24622093
http://dx.doi.org/10.1128/JCM.00508-11
http://www.ncbi.nlm.nih.gov/pubmed/21795509

@’PLOS ‘ ONE

Molecular Characterization of Candida parapsilosis Complex Isolates

18.

19.

20.

21.

22,

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

De Carolis E, Hensgens LA, Vella A, Posteraro B, Sanguinetti M, Senesi S, et al. (2014) Identification
and typing of the Candida parapsilosis complex: MALDI-TOF MS vs. AFLP. Med Mycol 52: 123-130.
doi: 10.1093/mmy/myt009 PMID: 24577004

Chao QT, Lee TF, Teng SH, Peng LY, Chen PH, Teng LJ, et al. (2014) Comparison of the accuracy of
two conventional phenotypic methods and two MALDI-TOF MS systems with that of DNA sequencing
analysis for correctly identifying clinically encountered yeasts. PLoS One 9: e109376. doi: 10.1371/
journal.pone.0109376 PMID: 25330370

Souza AC, Ferreira RC, Goncalves SS, Quindds G, Eraso E, Bizerra FC, et al. (2012) Accurate identifi-
cation of Candida parapsilosis (sensu lato) by use of mitochondrial DNA and real-time PCR. J Clin
Microbiol 50: 2310-2314. doi: 10.1128/JCM.00303-12 PMID: 22535986

Hays C, Duhamel C, Cattoir V, Bonhomme J (2011) Rapid and accurate identification of species
belonging to the Candida parapsilosis complex by real-time PCR and melting curve analysis. J Med
Microbiol 60: 477—480. doi: 10.1099/jmm.0.026633-0 PMID: 21183600

Gago S, Alastruey-lzquierdo A, Marconi M, Buitrago MJ, Kerhornou A, Kersey PJ, et al. (2014) Riboso-
mic DNA intergenic spacer 1 region is useful when identifying Candida parapsilosis spp. complex
based on high-resolution melting analysis. Med Mycol 52: 472—-481. doi: 10.1093/mmy/myu009 PMID:
24847037

Tavanti A, Hensgens LA, Ghelardi E, Campa M, Senesi S (2007) Genotyping of Candida orthopsilosis
clinical isolates by amplification fragment length polymorphism reveals genetic diversity among inde-
pendent isolates and strain maintenance within patients. J Clin Microbiol 45: 1455-1462. PMID:
17329454

Sahand IH, Maza JL, Eraso E, Montejo M, Moragues MD, Aquirre JM, et al. (2009) Evaluation of
CHROM-Pal medium for the isolation and direct identification of Candida dubliniensis in primary cul-
tures from the oral cavity. J Med Microbiol 58; 1437-1442. doi: 10.1099/jmm.0.011320-0 PMID:
19608690

Hospenthal DR, Beckius ML, Floyd KL, Horvath LL, Murray CK (2006) Presumptive identification of
Candida species other than C. albicans, C. krusei, and C. tropicalis with the chromogenic medium
CHROMagar Candida. Ann Clin Microbiol Antimicrob 5:1. PMID: 16390552

QOdds FC, Bernaerts R (1994) CHROMagar Candida, a new differential isolation medium for presump-
tive identification of clinically important Candida species. J Clin Microbiol 32:1923-1929. PMID:
7989544

Ahmad S, Mustafa AS, Khan Z, Al-Rifaiy Al, Khan ZU (2004) PCR-enzyme immunoassay of rDNA in
the diagnosis of candidemia and comparison with amplicon detection by agarose gel electrophoresis.
Int J Med Microbiol 294: 45-51. PMID: 15293453

Khan ZU, Ahmad S, Mokaddas E, Chandy R, Cano J, Guarro J (2008) Actinomucor elegans var. kuwai-
tiensis isolated from the wound of a diabetic patient. Antonie van Leeuwenhoek 94: 343-352. doi: 10.
1007/s10482-008-9251-1 PMID: 18496764

Khan ZU, Ahmad S, Hagen F, Fell JW, Kowshik T, Chandy R, et al. (2010) Cryptococcus randhawai

sp. nov., a novel anamorphic basidiomycetous yeast isolated from tree trunk hollow of Ficus religiosa
(peepal tree) from New Delhi, India. Antonie Van Leeuwenhoek 97: 253—-259. doi: 10.1007/s10482-

009-9406-8 PMID: 20091225

llinait-Zaragozi MT, Martinez-Machin GF, Fernandez-Andreu CM, Perurena-Lancha MR, Theelen B,
Boekhout T, et al. (2012) Environmental isolation and characterisation of Cryptococcus species from
living trees in Havana city, Cuba. Mycoses 55:e138-e144. doi: 10.1111/j.1439-0507.2012.02168.x
PMID: 22364253

Asadzadeh M, Al-Sweih NA, Ahmad S, Khan ZU (2008) Antifungal susceptibility of clinical Candida
parapsilosis isolates in Kuwait. Mycoses 51: 318-323. doi: 10.1111/j.1439-0507.2008.01492.x PMID:
18855844

Clinical and Laboratory Standards Institute (2012) Reference method for broth dilution antifungal sus-
ceptibility testing of yeasts; fourth informational supplement, M27-S4. Wayne, PA, USA.

Feng X, Ling B, Yang G, Yu X, Ren D, Yao Z (2012) Prevalence and distribution profiles of Candida
parapsilosis, Candida orthopsilosis and Candida metapsilosis responsible for superficial candidiasis in
a Chinese university hospital. Mycopathologia 173: 229-234. doi: 10.1007/s11046-011-9496-5 PMID:
22102007

Mirhendi H, Bruun B, Schenheyder HC, Christensen JJ, Fuursted K, Gahrn-Hansen B, et al. (2010)
Molecular screening for Candida orthopsilosis and Candida metapsilosis among Danish Candida para-
psilosis group blood culture isolates: proposal of a new RFLP profile for differentiation. J Med Microbiol
59: 414-420. doi: 10.1099/jmm.0.017293-0 PMID: 20056771

Jamal WY, Ahmad S, Khan ZU, Rotimi VO (2014) Comparative evaluation of two matrix-assisted laser
desorption/ionization time-of-flight mass spectrometry (MALDI-TOF MS) systems for the identification

PLOS ONE | DOI:10.1371/journal.pone.0142880 November 18,2015 13/14


http://dx.doi.org/10.1093/mmy/myt009
http://www.ncbi.nlm.nih.gov/pubmed/24577004
http://dx.doi.org/10.1371/journal.pone.0109376
http://dx.doi.org/10.1371/journal.pone.0109376
http://www.ncbi.nlm.nih.gov/pubmed/25330370
http://dx.doi.org/10.1128/JCM.00303-12
http://www.ncbi.nlm.nih.gov/pubmed/22535986
http://dx.doi.org/10.1099/jmm.0.026633-0
http://www.ncbi.nlm.nih.gov/pubmed/21183600
http://dx.doi.org/10.1093/mmy/myu009
http://www.ncbi.nlm.nih.gov/pubmed/24847037
http://www.ncbi.nlm.nih.gov/pubmed/17329454
http://dx.doi.org/10.1099/jmm.0.011320-0
http://www.ncbi.nlm.nih.gov/pubmed/19608690
http://www.ncbi.nlm.nih.gov/pubmed/16390552
http://www.ncbi.nlm.nih.gov/pubmed/7989544
http://www.ncbi.nlm.nih.gov/pubmed/15293453
http://dx.doi.org/10.1007/s10482-008-9251-1
http://dx.doi.org/10.1007/s10482-008-9251-1
http://www.ncbi.nlm.nih.gov/pubmed/18496764
http://dx.doi.org/10.1007/s10482-009-9406-8
http://dx.doi.org/10.1007/s10482-009-9406-8
http://www.ncbi.nlm.nih.gov/pubmed/20091225
http://dx.doi.org/10.1111/j.1439-0507.2012.02168.x
http://www.ncbi.nlm.nih.gov/pubmed/22364253
http://dx.doi.org/10.1111/j.1439-0507.2008.01492.x
http://www.ncbi.nlm.nih.gov/pubmed/18855844
http://dx.doi.org/10.1007/s11046-011-9496-5
http://www.ncbi.nlm.nih.gov/pubmed/22102007
http://dx.doi.org/10.1099/jmm.0.017293-0
http://www.ncbi.nlm.nih.gov/pubmed/20056771

@’PLOS ‘ ONE

Molecular Characterization of Candida parapsilosis Complex Isolates

36.

37.

38.

39.

40.

41.

42,

43.

44.

45.

46.

of clinically significant yeasts. Int J Infect Dis 26: 167—170. doi: 10.1016/}.ijid.2014.05.031 PMID:
25080355

Ghosh AK, Paul S, Sood P, Rudramurthy SM, Rajbanshi A, Jillwin TJ, et al. (2015) Matrix-assisted
laser desorption ionization time-of-flight mass spectrometry for the rapid identification of yeasts causing
bloodstream infections. Clin Microbiol Infect 21: 372-378. doi: 10.1016/j.cmi.2014.11.009 PMID:
25658527

Cantén E, Peméan J, Quindés G, Eraso E, Miranda-Zapico |, Alvarez M, et al. (2011) Prospective multi-
center study of the epidemiology, molecular identification, and antifungal susceptibility of Candida para-
psilosis, Candida orthopsilosis, and Candida metapsilosis isolated from patients with candidemia.
Antimicrob Agents Chemother 55:5590-5596. doi: 10.1128/AAC.00466-11 PMID: 21930869

Romeo O, Delfino D, Costanzo B, Cascio A, Criseo G (2012) Molecular characterization of Italian Can-
dida parapsilosis isolates reveals the cryptic presence of the newly described species Candida orthop-
silosis in blood cultures from newborns. Diagn Microbiol Infect Dis 72:234—238. doi: 10.1016/j.
diagmicrobio.2011.12.002 PMID: 22244186

Ruiz LS, Khouri S, Hahn RC, da Silva EG, de Oliveira VK, Gandra RF, et al. (2013) Candidemia by spe-
cies of the Candida parapsilosis complex in children's hospital: prevalence, biofilm production and anti-
fungal susceptibility. Mycopathologia 175:231-239. doi: 10.1007/s11046-013-9616-5 PMID:
23404576

Oliveira VK, Paula CR, Colombo AL, Merseguel KB, Nishikaku AS, Moreira D, et al. (2014) Candidemia
and death by Candlida orthopsilosis and Candida metapsilosis in neonates and children. Pediatr Neo-
natol 55:75-76 doi: 10.1016/j.pedneo0.2013.07.006 PMID: 24113226

Merseguel KB, Nishikaku AS, Rodrigues AM, Padovan AC, e Ferreira RC, de Azevedo Melo AS, et al.
(2015) Genetic diversity of medically important and emerging Candida species causing invasive infec-
tion. BMC Infect Dis 15: 57. doi: 10.1186/s12879-015-0793-3 PMID: 25887032

Tay ST, Na SL, Chong J (2009) Molecular differentiation and antifungal susceptibilities of Candida
parapsilosis isolated from patients with bloodstream infections. J Med Microbiol 58:185-191. doi: 10.
1099/jmm.0.004242-0 PMID: 19141735

Sai S, Holland LM, McGee CF, Lynch DB, Butler G (2011) Evolution of mating within the Candida para-
psilosis species group. Eukaryot Cell 10: 578-587. doi: 10.1128/EC.00276-10 PMID: 21335529

Tavanti A, Hensgens LA, Mogavero S, Majoros L, Senesi S, Campa M (2010) Genotypic and pheno-
typic properties of Candlida parapsilosis sensu strictu strains isolated from different geographic regions
and body sites. BMC Microbiol 10: 203. doi: 10.1186/1471-2180-10-203 PMID: 20667137

Riccombeni A, Vidanes G, Proux-Wéra E, Wolfe KH, Butler G (2012) Sequence and analysis of the
genome of the pathogenic yeast Candida orthopsilosis. PLoS One 7: €35750. doi: 10.1371/journal.
pone.0035750 PMID: 22563396

Pryszcz LP, Németh T, Gacser A, Gabaldén T (2014) Genome comparison of Candida orthopsilosis
clinical strains reveals the existence of hybrids between two distinct subspecies. Genome Biol Evol 6:
1069-1078. doi: 10.1093/gbe/evu082 PMID: 24747362

PLOS ONE | DOI:10.1371/journal.pone.0142880 November 18,2015 14/14


http://dx.doi.org/10.1016/j.ijid.2014.05.031
http://www.ncbi.nlm.nih.gov/pubmed/25080355
http://dx.doi.org/10.1016/j.cmi.2014.11.009
http://www.ncbi.nlm.nih.gov/pubmed/25658527
http://dx.doi.org/10.1128/AAC.00466-11
http://www.ncbi.nlm.nih.gov/pubmed/21930869
http://dx.doi.org/10.1016/j.diagmicrobio.2011.12.002
http://dx.doi.org/10.1016/j.diagmicrobio.2011.12.002
http://www.ncbi.nlm.nih.gov/pubmed/22244186
http://dx.doi.org/10.1007/s11046-013-9616-5
http://www.ncbi.nlm.nih.gov/pubmed/23404576
http://dx.doi.org/10.1016/j.pedneo.2013.07.006
http://www.ncbi.nlm.nih.gov/pubmed/24113226
http://dx.doi.org/10.1186/s12879-015-0793-3
http://www.ncbi.nlm.nih.gov/pubmed/25887032
http://dx.doi.org/10.1099/jmm.0.004242-0
http://dx.doi.org/10.1099/jmm.0.004242-0
http://www.ncbi.nlm.nih.gov/pubmed/19141735
http://dx.doi.org/10.1128/EC.00276-10
http://www.ncbi.nlm.nih.gov/pubmed/21335529
http://dx.doi.org/10.1186/1471-2180-10-203
http://www.ncbi.nlm.nih.gov/pubmed/20667137
http://dx.doi.org/10.1371/journal.pone.0035750
http://dx.doi.org/10.1371/journal.pone.0035750
http://www.ncbi.nlm.nih.gov/pubmed/22563396
http://dx.doi.org/10.1093/gbe/evu082
http://www.ncbi.nlm.nih.gov/pubmed/24747362

