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Abstract

The accurate diagnosis of sporotrichosis and identification at the species level are critical for
public health and appropriate patient management. Compared with morphological identifica-
tion methods, molecular diagnostic tests are rapid and have high sensitivity and standard-
ized operating processes. Therefore, we designed a novel multiplex real-time polymerase
chain reaction (PCR) method based on the calmodulin (CAL) gene for the identification of
clinically relevant Sporothrix species: S. globosa, S. schenckii s. str., and S. brasiliensis. We
evaluated the assay with clinical and spiked samples and assessed its diagnostic perfor-
mance by comparing the results to those of culture and species-specific PCR. Thirty-three
DNA templates were used to detect assay specificity, and three plasmids were constructed
to create a standard curve and determine the limits of detection (LODs). For nucleic acid
detection, the sensitivity and specificity reached 100%. The LODs were 10 copies, 10 copies
and 100 copies for S. globosa, S. schenckii s. strand S. brasiliensis, respectively. For the
clinical samples, the positive detection rates by culture, species-specific PCR and the multi-
plex real-time PCR assay were 87.9% (29/33), 39.4% (13/33), and 93.9% (31/33), respec-
tively. For the spiked samples, the positive detection rates were both 100% for S. schenckii
s. strand S. brasiliensis. Based on the above results, compared with culture and other
molecular diagnosis methods, the novel multiplex real-time PCR assay is effective, fast,
accurate, and highly sensitive. It has a lower reaction cost and lower sample volume require-
ments, can detect co-infections, and allows for standardized operation and easier interpreta-
tion of results. In the future, this assay could be developed into a commercial kit for the
diagnosis and identification of S. globosa, S. schenckii s. str, and S. brasiliensis.
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Author summary

Sporotrichosis is a subacute or chronic infectious disease caused by dimorphic fungi of
Sporothrix spp. The genus Sporothrix consists of several species with different geographic
distributions, virulence, and antifungal susceptibilities, making species-level identification
necessary. S. brasiliensis, S. globosa, S. schenckii s. str and S. luriei make up the “pathogenic
clade” of the genus Sporothrix. Importantly, S. luriei has a low clinical-epidemiological
impact within this genus. Therefore, we designed a novel multiplex real-time PCR method
using fluorescent probes for the identification of S. globosa, S. schenckii s. str, and S. brasi-
liensis. We designed a pair of primers based on the conserved sequence of the calmodulin
gene of Sporothrix spp. and probes with different fluorescent signals based on the diver-
gent sequences of S. globosa, S. schenckii s. str and S. brasiliensis. Through the verification
of nucleic acid, clinical and spiked sample detection, the multiplex real-time PCR could
quickly and accurately identify the three clinically relevant species of Sporothrix spp. with
high sensitivity. This new assay could be applied in epidemiology, clinical diagnosis, and
experiments with sporotrichosis to control new outbreaks, reduce diagnostic and identifi-
cation time, and improve test efficiency.

Introduction

Sporotrichosis is a subacute or chronic infectious disease caused by dimorphic fungi of Sporo-
thrix spp., which are distributed worldwide, especially in tropical and subtropical regions[1-
2]. The infection generally occurs through traumatic inoculation of contaminated plant debris
[3-4] or through bites and scratches from infected animals, mostly felines[5-6]. The disease
can occur sporadically or in outbreaks[7-8]. The primary lesion is usually restricted to the skin
and subcutaneous tissue but can subsequently affect adjacent lymphatic vessels[9]. Rarely, this
fungus can disseminate through the blood or the lymphatic system and eventually lead to a sys-
temic infection[3]. The pathogen of sporotrichosis, S. schenckii sensu lato, was recognized as
the sole agent for more than a century following its first isolation in 1898 by Benjamin
Schenck[10]. However, based on macroscopic characteristics and physiological and molecular
aspects, S. schenckii sensu lato is considered to be a complex of several distinct species, includ-
ing S. brasiliensis, S. mexicana, S. globosa, and S. schenckii s. str.[11], S. luriei[12], S. pallida[13-
14], and S. chilensis[15]. Further, S. globosa, S. schenckii s. str, S. brasiliensis are medically
important species within the Sporothrix genus. These species differ in ecology, distribution
and epidemiology. Furthermore, widespread variations in virulence and antifungal susceptibil-
ity among these species have been demonstrated. S. brasiliensis, which is associated with severe
clinical forms of sporotrichosis[16], is considered the most virulent species, followed by S.
schenckii s. str. and S. globosa. Therefore, identification at the species level is critical for public
health and appropriate patient management[17,18].

Sporotrichosis can be diagnosed through a combination of clinical manifestation and epi-
demiological and laboratory tests, including direct examination, culture, histopathological
examination, molecular detection, sporotrichin skin tests and antibody detection[18]. It is dif-
ficult to detect the parasitic budding yeast cells by direct examination, likely because they are
too small (2 to 6 um in diameter). Yeast cells can be observed in tissue by histopathological
examination using Haematoxylin and eosin (H&E), Gomori methenamine silver (GMS) or
Periodic acid-Schiff (PAS) stain[1]. However, neither direct examination nor histopathological
examination can identify the pathogen at the species level. The “gold standard” for diagnosing
sporotrichosis is based on conventional culture of clinical specimens obtained from active
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lesions, pus, secretions or biopsies. After culture on Sabouraud agar (SDA) for 5 to 7 days at
28°C, filamentous hyaline colonies start to grow and then develop a dark colour, especially
from the centre of the colonies[19] Positive cultures provide the strongest evidence for sporo-
trichosis, and isolates obtained from culture can be tested for antifungal susceptibility and phe-
notypic characterization.

With the development of molecular biology, an increasing number of methods based on
nucleic acid detection have been applied for the rapid diagnosis of infectious disease. Many
molecular diagnostic tests, including DNA sequencing of “barcoding” genes[20-23], nested
PCR[24-25], PCR fingerprinting[26], restriction fragment length polymorphism (RFLP) of
different gene targets[27], random amplified polymorphic DNA (RAPD)[7], amplified frag-
ment length polymorphism (AFLP) [8], rolling circle amplification (RCA) [28] and species-
specific primers[29], have been developed for Sporothrix spp. detection. However, there are
still some shortcomings, such as time-consuming procedures (PCR sequencing for at least 12
h); complicated operation steps, which can increase the chance of contamination (nest PCR);
insufficient sensitivity (RCA, 3 x 10° copies); and so on. Most of them can only identify isolates
from culture, and only a few methods have been evaluated with clinical samples[24-25]. In
addition, none of the above methods can detect co-infection simultaneously.

In the present study, we developed a novel multiplex real-time PCR assay to identify the
mainly clinical pathogenic species S. globosa, S. schenckii s. str. and S. brasiliensis, and we evalu-
ated the assay with clinical and spiked samples.

Results
Specificity, standard curve and limits of detection (LODs)

The analytical specificity was examined using 33 DNA templates, including from fungi (28),
bacteria (3), a human (1) and a mouse (1) (S1 Table). None of the 33 templates yielded positive
signals in the assays; furthermore, nonspecific amplification was not detected. Excluding the
negative controls, all 25 Sporothrix templates, including S. globosa (21), S. schenckii s. str. (3) and
S. brasiliensis (1), yielded positive signals, and the positive detection rate for the nucleic acid
templates of the assay was 100%. Standard curves (Ct vs. log CFU) for S. globosa, S. schenckii s.
str.and S. brasiliensis were constructed using the plasmid DNA template by serial 10-fold dilu-
tion (S1 Fig). In addition, the results indicated that the LODs of this assay were 10 copies, 10
copies and 100 copies for S. globosa, S. schenckii s. str. and S. brasiliensis, respectively.

Mixed template detection and comparison between multiplex and single
fluorescence

For the mixed templates, the multiplex real-time PCR assay could detect the corresponding
fluorescent signals in the same tube without nonspecific amplification. The Ct values of differ-
ent amount templates are shown in Table 1.

The Ct values of the single fluorescence real-time PCR for S. globosa, S. schenckii s. str., and S.
brasiliensis were 21.67+0.15, 24.64+0.15, and 27.00+0.11, respectively, while under the same tem-
plates and condition, the Ct values obtained from the multiplex real-time PCR were 21.80+0.07,
24.7740.07, and 27.32+0.08, respectively. There was no significant difference in Ct values between
multiplex and single fluorescence real-time PCR except for S. brasiliensis (t-test, p = 0.03).

Clinical and spiked sample detection

A total of 40 samples from patients suspected of sporotrichosis were collected (S2 Table).
Seven samples were eliminated based on culture and histopathological examination results.
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Table 1. Ct values of different mixed templates detected by multiplex real-time PCR assay.

Composition of template (copies)” Ct values
SG SB SS SG (FAM) SB (CY5) SS (VIC)
Single template 10 / / 34.32 / /
/ 10° / / 35.64 /
/ / 10% / / 35.92
Mixed template 1:10* 10* 10° 10° 35.64 36.12 32.07
10* 10° 10* 29.23 36.33 28.41
10° 10° 10? 31.12 35.71 36.35
1:100 10? 10* 10* 36.9 32.06 29.03
10° 10° 10° 24.05 37.29 25.16
10* 10* 10° 27.58 32.06 37.45
1:1000 10° 10° 10° 38.06 28.63 25.2
10° 10° 10° 21.87 38.72 22.52
10° 10° 10” 23.94 2821 39.09

Bold font represents detected templates.

* The ratio of detected plasmid and other two plasmids
# SG: S. globosa; SB: S. brasiliensis; SS: S. schenckii s. str.

https://doi.org/10.1371/journal.pntd.0007219.t001

The results of the multiplex real-time PCR and species-specific PCR were negative for these 7
samples. Of the 33 selected samples, the positive detection rates of the culture, species-specific
PCR and multiplex real-time PCR assays were 87.9% (29/33), 39.4% (13/33), and 93.9% (31/
33), respectively (Table 2). The positive detection rates of the culture and multiplex real-time
PCR assays were not significantly different (paired x°, p = 0.4142). Differences were observed
between the multiplex real-time PCR assay and species-specific PCR (paired %, p<0.0001).

The isolates from culture were identified by sequencing the CAL gene, and all 29 strains were
S. globosa. Among the 33 samples detected by the multiplex real-time PCR assay, the Ct values of
31 were less than 40 and were judged as positive; the Ct values of 2 samples were greater than 40
and were judged as negative. Only FAM fluorescence was detected; therefore, all of the samples
were identified as S. globosa infections, consistent with the sequencing results from the cultured
isolates. Among the 33 samples, 11 were positive by all three methods, and 27 were positive by
both culture and multiplex real-time PCR. In addition, culture was positive and multiplex real-
time PCR was negative for 2 samples, and culture was negative and multiplex real-time PCR was
positive for 4 samples, of which two were also positive by species-specific PCR.

No false positives were detected from the negative control group of spiked samples, and the
positive detection rates of S. schenckii s. str., and S. brasiliensis were both 100% (6/6), while the
Ct values were 33.03-38.57 (S. schenckii s. str.) and 30.23-34.84 (S. brasiliensis).

Table 2. The results and positive detection rates of clinical samples by culture, species-specific PCR and multiplex
real-time PCR.

Culture Species-specific PCR Multiplex real-time PCR
Positive 29 13 31
Negative 4 20 2
Total 33 33 33
Positive detection rate (%) 87.9 39.4* 93.9

*p<0.0001, compared with multiplex real-time PCR

https://doi.org/10.1371/journal.pntd.0007219.t002
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Discussion

In 2006, Marimon et al. [21] reported Sporothrix complex for the first time, which led to many
studies of the differences between species in the Sporothrix genus[16-17,22,30-32]. These
studies showed the variations between different species and highlighted the need to identify
the species level of Sporothrix spp.. Calmodulin (CAL), internal transcribed spacer (ITS), and
elongation factor (EF), which are recognized as fungal "barcoding" genes, are widely applied in
the identification of Sporothrix spp.[20-23]. However, all of the methods are based on conven-
tional PCR. Compared to conventional PCR, real-time PCR has many extraordinary advan-
tages, such as rapidity, sensitivity and low risk of contamination. Due to these strong points,
real-time PCR is widely used in pathogen detection. However, the application of real-time
PCR to Sporothrix spp. identification has not yet been reported [18]. In this study, by compar-
ing sequences of the various “barcoding” genes, a target sequence, which can be used to design
the primers and probes for three pathogenic species, was found on the calmodulin gene of
Sporothrix spp.. Based on this finding, we established a multiplex real-time PCR to detect S.
globosa, S. schenckii s. str and S. brasiliensis simultaneously, which not only can improve the
sensitivity of Sporothrix spp. detection but also could save detection time and costs.

Furthermore, the detection ability of co-infections was assessed by 9 combinations of differ-
ent amounts of plasmids. The results showed that, when the amounts were different, the
amplification of the smaller amount plasmid was affected, and because of the competitive inhi-
bition, the greater the difference in the proportion of plasmids was, the greater the effect was
on the Ct value of the small amount of plasmid. For the same template, the Ct values were not
significantly different between multiple and single fluorescence for S. globosa and S. schenckii
s. str. Only the intensity of the fluorescent signal was weakened, but this decrease did not affect
the judgement of the result. However, a difference in Ct value was observed for S. brasiliensis
(p = 0.03), likely due to the weak amplification efficiency compared to the other two. Consid-
ered together, these results demonstrated that the assay was capable of detecting co-infections
and that there was almost no mutual interference between the primers and probes in the multi-
plex system.

In addition, the clinical samples were used to evaluate the performance of the assay com-
pared with the “gold standard” diagnostic and the latest molecular diagnosis methods of cul-
ture and species-specific PCR. Culture, as the “gold standard” for sporotrichosis diagnosis, is
widely used in clinical practice. However, species-level identification requires further pheno-
typic identification and physiological tests, which require at least 3-4 weeks. During this
period, contamination by fast-growing fungi or bacteria is likely happening. Some patients
undergoing antifungal treatment can also have negative culture results. Therefore, histopatho-
logical examination results, such as detection of Sporothrix spp. yeast cells or typical pathologi-
cal structures, are also combined with culture results for clinical diagnosis. In this experiment,
these diagnostic criteria were followed when the clinical samples were collected. Results were
considered negative only if the culture and histopathological examinations both excluded the
diagnosis. In the present study, the positive rate of culture was 87.9% (29/33). Of the 4 negative
results, 2 samples had contamination from other microorganisms and were judged to be nega-
tive, while the multiplex real-time PCR and species-specific PCR results of the 2 samples were
both positive. Another 2 samples did not grow after 30 days in culture, while the multiplex
real-time PCR results were positive. It is speculated that these 2 cases might have been treated
with antifungal therapy or affected by the location of the biopsy. Based on the different lengths
of the CAL gene sequences, species-specific PCR[29], reported by Rodrigues et al., could iden-
tify S. brasiliensis, S. schenckii s. str, S. globosa, S. mexicana, S. pallida, and its relative, Ophios-
toma stenoceras. The reaction conditions for this species-specific PCR included 35 cycles, and
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amplification could not be detected after 35 cycles. In this experiment, according to the results
of the multiplex real-time PCR, which was performed for 45 cycles, most of the Ct values were
greater than 35 (22/33). In this situation, the results of species-specific PCR were often negative.

Until now, no reports of S. brasiliensis have appeared, and there have been only four known
isolates of S. schenckii s. str. found in China[33]. To compensate for the singularity of patho-
gens in clinical specimens, an evaluation of the spiked samples was performed. Yeast cells, the
pathogenic phase of Sporothrix spp., were selected for mixing with negative tissue samples, and
positive results were obtained from all of the spiked samples, which were mixed with different
numbers of yeast cells. In addition, the standard curves of assay were established on direct
dilution of plasmids, whereas the clinical samples were prepared using DNA extraction kit.
Since DNA lost is unavoidable during the extraction process, the sensitivity of the multiplex
real-time PCR was applied to the extracted DNA samples, not the original clinical samples.
Considering that different extraction methods result in varying degrees of DNA lost, it is rec-
ommended to use a method with high yield of DNA for clinical samples extraction.

In conclusion, the novel multiplex real-time PCR assay was effective, fast, accurate, and
highly sensitive. It had a lower reaction cost and sample volume requirements, could detect
co-infections and allowed for standardized operation and easier interpretation of results. How-
ever, the assay must still be validated with clinical samples of S. schenckii s. str and S. brasilien-
sis. In the future, the number of clinical samples used to validate the assay must be increased,
and the assay could be further verified using pus or secretions from active lesions as the
templates.

Methods
Isolates and specimens

Twenty-five Sporothrix spp. isolates (including 21 S. globosa, 3 S. schenckii s. str, and 1 S. brasi-
liensis), twenty-eight other fungal strains (including agents of superficial, subcutaneous, and
systemic mycoses in humans and animals), three bacterial strains, one human genomic DNA
sample and one BALB/c-mouse genomic DNA sample were used to develop the PCR assays
(S1 Table). The fungi were obtained from the Collection of Pathogenic Fungi at the Research
Centre for Medical Mycology, Peking University (BMU, Beijing, China), the bacterial DNA
were obtained from the National Institute for Communicable Disease Control and Prevention,
Chinese Centre for Disease Control and Prevention (Beijing, China), the human DNA was
obtained from a healthy volunteer, and the mouse DNA was obtained from a BALB/c mouse.
All of the fungal strains were previously characterized at the species level via morphological
analysis and sequence analysis of the rDNA operon (ITS1-5.85-1TS2) and the CAL gene.

A total of 40 tissue biopsies were collected between September 2017 and August 2018; the
clinical data are shown in S2 Table. These samples were collected from patients in the Derma-
tology Department of the Second Hospital of Jilin University, whose clinical manifestations
indicated suspected sporotrichosis. The clinical symptoms of the subjects were examined by
professional physicians. In addition, 6 other negative human samples were collected from differ-
ent volunteers and were used as artificially contaminated samples to simulate clinically infected
specimens of S. schenckii s. str and S. brasiliensis. All of the specimens were skin and subcutane-
ous tissue harvested by surgery. When the specimens were collected, informed consent was
obtained based on the guidelines and agreements of the institutional ethics committee.

Genomic DNA extraction and plasmid DNA preparation

All of the fungal isolates were subcultured on 2% potato-dextrose agar (PDA) slide medium at
28°C for 7-14 days. All of the tissues were cut into small pieces with sterile scissors, and then
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all of the pieces were placed in liquid nitrogen and ground thoroughly with a mortar and pes-
tle. DNA was extracted and purified with the QIAamp DNA Mini Kit (QIAGEN, Hilden, Ger-
many) in accordance with the manufacturer’s instructions; detailed steps are provided in the
supplemental methods (S1 Text). The quality of the extracted DNA was assessed by amplifica-
tion of part of the rDNA operon or B-globin using universal primers[34]. The amplified prod-
ucts were visualized via agarose gel electrophoresis and UV detection. A single amplification
product indicated that the sample was free of PCR inhibitors.

Three plasmids were constructed to create a standard curve and to determine the LODs of
the multiplex real-time PCR assay. The CAL regions of S. globosa (BMU 09028), S. schenckii s.
str (CBS498.86") and S. brasiliensis (CBS 120339") were cloned into pMD-18T vectors (Takara,
Dalian, China). The plasmids were transformed into E. coli DH5a competent cells, and the cells
that contained recombinant plasmids were cultivated in lysogeny broth for 24 h. The plasmids
were then extracted from the cultured E. coli suspension with a Qiagen Plasmid Mini Kit (QIA-
GEN, Hilden, Germany). Plasmid concentrations were measured with a NanoDrop 2000 spec-
trophotometer (Thermo Fisher Scientific, USA), and the copy numbers of the plasmids were
calculated from their total base lengths and DNA concentrations using the equation of God-
ornes et al. [35]. The DNA samples and plasmids were stored at -20°C until use.

Multiplex real-time PCR assay

All of the CAL sequences belonging to Sporothrix spp. were selected from the National Center
for Biotechnology Information (NCBI) database to develop specific primers targeting the con-
served sequence of Sporothrix spp. and probes marked by different fluorescent signals target-
ing the divergent sequences of S. globosa, S. schenckii s. str and S. brasiliensis (details in

Table 3). Primer Express software (version 3.0; Life Technologies-Applied Biosystems) was
used to design the primers and probes and to evaluate melting temperatures, GC content,
dimers, and mismatches in the candidate primers and probes.

Each PCR mixture consisted of 2.5 uL of 10x Platinum Buffer (Life Technologies-Invitro-
gen), 4.0 uL of MgCl, (50 mM), 0.2 pL of each primer (25 pM), 0.1 pL of each probe (25 uM),
0.25 pL of Platinum Taq DNA polymerase (5 U/uL; Life Technologies-Invitrogen), 1.5 uL of
PCR nucleotide mix (10 mM), 5 uL of DNA template, and nuclease-free water to achieve a
final volume of 25 uL. Multiplex real-time PCR was performed in a CFX96 Real-time PCR
Detection System (Bio-Rad, Hercules, CA, USA) under the following conditions: predenatura-
tion at 95°C for 3 min, followed by 45 cycles of 95°C for 15 s and 60°C for 30 s. The data were
analysed with CFX Manager software (version 3.1; Bio-Rad).

Analysis of specificity, standard curves and LODs

The analytical specificity of the assays was tested by analysing 33 DNA samples derived from
other pathogenic fungi, bacteria and tissues from a human and a mouse. The analytical sensi-
tivity, standard curves and LODs of the assays were determined by using three 10-fold

Table 3. Primers and probes used in the multiplex real-time PCR assay.

Primer/probe name
Spo-F
Spo-R
Spo-MGB-SGP
Spo-MGB-SSP
Spo-MGB-SBP
https://doi.org/10.1371/journal.pntd.0007219.t003

Sequence (5-3’)
CATTGACTTCCCTGGTAYGTTTGAC
CARGAACTCTGTGGAYGGTTAGC
FAM- AGCACGGGTAGACAT -MGB
VIC- CTGCACTATGACACGGT -MGB
CY5- ACACACGGTTATCC -MGB
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dilutions of the previously constructed plasmids, ranging from 2.0x10° copies/pL to 0.2 cop-
ies/uL. S. globosa, S. schenckii s. str and S. brasiliensis were detected by FAM, VIC, and CY5
fluorescence, respectively. The detection limit was noted for each probe. Each dilution of the
plasmids was assayed in triplicate.

Analysis of mixed template detection and comparison between multiplex
and single fluorescence

The detection ability for a mixed template was determined by analysing the Ct values from 9
compositions of plasmid mixtures. The amount of detected plasmid was set at one gradient
larger than LOD (i.e., 100 copies for S. globosa; 1000 copies for S. brasiliensis; 100 copies for S.
schenckii s. str). The amount of the other two plasmids were 10-fold, 100-fold, and 1000-fold
greater than that of the detected plasmid. Each template mixture was comprised of three plas-
mids of different proportions (details in Table 1). The mixed templates were detected by multi-
plex real-time PCR. The obtained Ct values were compared with those of single plasmid
detection in the same reaction system under the same conditions. The detection ability of the
multiplex and single fluorescence assays was tested by comparing the Ct values from four dif-
ferent reaction systems (one multiplex and three single fluorescence values of FAM/VIC/CY5)
with the same templates under the same conditions. Each reaction was assayed in triplicate.

Evaluation of multiplex real-time PCR with clinical and spiked samples

A total of 40 specimens from biopsies were collected, and each was divided into three parts.
One part was used for culture (PDA, 28°C), one for histopathological examination (HE and
PAS) and one for DNA extraction. The performance of the multiplex real-time PCR assay was
evaluated by comparison with the culture method and the species-specific PCR[29]. After 4
weeks of culture, no fungal growth or growth of contaminating microorganisms was judged as
negative[18]. The results of the histopathological examination showed a mixed suppurative
and granulomatous inflammatory reaction in the dermis and subcutaneous tissue, and the
detection of asteroid bodies or Sporothrix spp. yeast cells by PAS was suggestive of sporotricho-
sis. The clinical diagnosis was made by combining the results of the culture and histopatholog-
ical examination.

To evaluate the assay detection ability for S. schenckii s. str and S. brasiliensis infectious sam-
ples, we used artificially contaminated (spiked) samples to simulate clinically infected speci-
mens. Each of the 6 negative human samples was divided into three parts, two of which were
used to simulate infected specimens and one of which was used for negative controls. S.
schenckii s. str (CBS498.86") and S. brasiliensis (CBS 120339") were subcultured on brain heart
infusion (BHI) agar medium and incubated at 35°C for 7 days to obtain the yeast cells of Spor-
othrix spp. The yeast cell suspensions of S. schenckii s. str and S. brasiliensis were prepared with
sterile saline solution, and the OD was adjusted at 520 nm to 0.2, approximately corresponding
to a concentration of 10° cells/mL.[28]. Then, 10, 50, 100 uL each of the suspensions were
mixed with 2 different negative human samples, respectively. DNA extraction procedures
were the same as described above.

A no-template control (NTC), a negative control (NEG) and a positive control (POS) were
established for each test of the multiplex real-time PCR assay. When the amplification result
showed NTC (-), NEG (-), and POS (+), the test was considered a valid amplification. A Ct
value from the valid amplification of less than 40 was judged as positive; otherwise, it was nega-
tive. The species-specific PCR was performed according to the literature[29], and a single clear
band shown by gel electrophoresis and UV detection was judged as positive; otherwise, it was
negative.
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Statistical analysis

The quantitative data are presented as the mean + standard deviation (SD). The differences in
Ct values between multiplex and single fluorescence were tested with the independent samples
t-test. The differences in positive detection rates between the multiplex real-time PCR and cul-
ture and between the multiplex real-time PCR and species-specific PCR were tested with the
paired chi-square test. Statistical significance was defined as a p value <0.05. All of the calcula-
tions were performed with the Statistical Analysis System software package (version 9.3; Cary,
NC, USA).

Ethics statement

This study was performed in strict accordance with recommendations in the Guide for the
Care and Use of Laboratory Animals of the National Institutes of Health. The protocol was
approved by the Ethics in Research Committee of the Second Hospital of Jilin University, pro-
tocol number 2018-018. Written informed consent was obtained from patients or at least one
guardian of the patient before enrolment.

Supporting information

S1 Table. Strains and isolates used in the present study.
(DOCX)

$2 Table. Clinical data of patients.
(DOCX)

S1 Text. DNA isolation of clinical specimens.
(DOCX)

S1 Fig. The LOD and standard curves (Ct vs. log CFU) for S. globosa, S. schenckii s. str and
S. brasiliensis.
(DOCX)

Author Contributions

Conceptualization: Fei Zhao.

Data curation: Jie Gong.

Methodology: Mingrui Zhang.

Writing - original draft: Mingrui Zhang.

Writing - review & editing: Fuqiu Li, Ruoyu Li, Fei Zhao.

References

1. Lopes-Bezerra LM, Schubach A, Costa RO. Sporothrix schenckiiand sporotrichosis. An. Acad. Bras.
Cienc. 2006, 78 (2):293-308. S0001-37652006000200009. https://doi.org//S0001-
37652006000200009 PMID: 16710567

2. Ramos-e-Silva M, Vasconcelos C, Carneiro S, Cestari T. Sporotrichosis. Clin. Dermatol. 2015, 25
(2):181-187. https://doi.org/10.1016/j.clindermatol.2006.05.006 PMID: 17350497

3. Barros MB, de Almeida PR, Schubach AO. Sporothrix schenckii and Sporotrichosis. Clin Microbiol Rev.
2011; 24(4):633-54. https://doi.org/10.1128/CMR.00007-11 PMID: 21976602

4. De Araujo T, Marques AC, Kerdel F. Sporotrichosis. Int J Dermatol. 2001; 40(12):737-42. PMID:
11903665

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007219  February 28, 2019 9/11


http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007219.s001
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007219.s002
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007219.s003
http://journals.plos.org/plosntds/article/asset?unique&id=info:doi/10.1371/journal.pntd.0007219.s004
https://doi.org/S0001-37652006000200009
https://doi.org/S0001-37652006000200009
http://www.ncbi.nlm.nih.gov/pubmed/16710567
https://doi.org/10.1016/j.clindermatol.2006.05.006
http://www.ncbi.nlm.nih.gov/pubmed/17350497
https://doi.org/10.1128/CMR.00007-11
http://www.ncbi.nlm.nih.gov/pubmed/21976602
http://www.ncbi.nlm.nih.gov/pubmed/11903665
https://doi.org/10.1371/journal.pntd.0007219

@ PLOS | RSHCAE Biseases

Diagnosis of three pathogens of sporotrichosis by multiplex real-time PCR

10.

1.

12

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

23.

24,

Rodrigues AM, de Hoog GS, de Cassia PD, Brihante RS, Sidrim JJ, Gadelha MF,et al. Genetic diversity
and antifungal susceptibility profiles in causative agents of sporotrichosis. BMC Infect Dis. 2014;
14:219. https://doi.org/10.1186/1471-2334-14-219 PMID: 24755107

Barros MB, Schubach Ade O, do Valle AC, Gutierrez Galhardo MC, ConceicaoSilva F, Schubach TM,
et al. Cat-transmitted sporotrichosis epidemic in Rio de Janeiro, Brazil: description of a series of cases.
Clin Infect Dis. 2004; 38(4):529-35. https://doi.org/10.1086/381200 PMID: 14765346

Mesa-Arango AC, Reyes-Montes MR, Perez-Mejia A, Navarro-Barranco H, Souza V, Zuniga G, et al.
Phenotyping and genotyping of Sporothrix schenckiiisolates according to geographic origin and clinical
form of Sporotrichosis. J Clin Microbiol. 2002; 40:3004—11. https://doi.org/10.1128/JCM.40.8.3004-
3011.2002 PMID: 12149366

Neyra E, Fonteyne PA, Swinne D, Fauche F, Bustamante E, Nolard N. Epidemiologyof human sporotri-
chosis investigated by amplified fragment length polymorphism. J Clin Microbiol. 2005; 43:1348-52.
https://doi.org/10.1128/JCM.43.3.1348-1352.2005 PMID: 15750106

Kauffman CA. Sporotrichosis. Clin Infect Dis 1999; 29: 231—7. https://doi.org/10.1086/520190 PMID:
10476718

Schenck B. On refractory subcutaneous abscesses caused by a fungus possibly related to sporotrichia.
John Hopkins Hosp. 1898; 9:286-290

Marimon R, Cano J, Gene J, Sutton DA, Kawasaki M, Guarro J. Sporothrix brasiliensis, S. globosa, and
S. mexicana, three new Sporothrix species of clinical interest.J Clin Microbiol. 2007; 45:3198—-206.
https://doi.org/10.1128/JCM.00808-07 PMID: 17687013

Marimon R, Gene J, Cano J, Guarro J. Sporothrix luriei: a rare fungus from clinical origin. Med Mycol.
2008; 46:621-5. https://doi.org/10.1080/13693780801992837 PMID: 19180753

de Meyer EM, de Beer ZW, Summerbell RC, Moharram AM, de Hoog GS, Vismer HF, et al. Taxonomy
and phylogeny of new wood-and soil-inhabiting Sporothrix species in the Ophiostoma stenoceras-Spor-
othrix schenckii complex. Mycologia. 2008; 100:647—-61. PMID: 18833758

Romeo O, Scordino F, Criseo G. New insight into molecular phylogeny and epidemiology of Sporothrix
schenckii species complex based on calmodulin encoding gene analysis of ltalian isolates. Mycopatho-
logia. 2011; 172:179-86. https://doi.org/10.1007/s11046-011-9420-z PMID: 21461774

Rodrigues AM, Cruz Choappa R, Fernandes GF, de Hoog GS, de Camargo ZP. Sporothrix chilensis
sp. nov. (Ascomycota: Ophiostomatales), a soil-borne agent of human sporotrichosis with mildpatho-
genic potential to mammals. Fungal Biol 2016; 120:246—264. https://doi.org/10.1016/.funbio.2015.05.
006 PMID: 26781380

Fernandes GF, dos Santos PO, Rodrigues AM, Sasaki AA, Burger E, de Camargo ZP. Characterization
of virulence profile, protein secretion and immunogenicity of different Sporothrix schenckii sensu stricto
isolates compared with S. globosa and S. brasiliensis species. Virulence. 2013; 4: 241-249. https://doi.
org/10.4161/viru.23112 PMID: 23324498

Rodrigues AM, de Hoog G, Zhang Y, de Camargo ZP. Emerging sporotrichosis is driven by clonal and
recombinant Sporothrix species. Emerg Microbes Infect 2014; 3:e32. https://doi.org/10.1038/emi.2014.
33 PMID: 26038739

Lopes-Bezerra L M, Mora-Montes H M, Zhang Y, et al. Sporotrichosis between 1898 and 2017: The
evolution of knowledge on a changeable disease and on emerging etiological agents. Medical Mycol-
ogy, 2018, 56(suppl_1):126. https://doi.org/10.1093/mmy/myx103 PMID: 29538731

Hektoen L., and Perkins C. F. Refractory subcutaneous abscess caused by Sporothrix schenckii: a new
pathogenic fungus. J. Exp. Med.1990;1; 5(1):77-89.

Beer ZW, Harrington TC, Vismer HF, Wingfield BD, Wingfield MJ. Phylogeny of the Ophiostoma steno-
ceras—Sporothrix schenckii complex. Mycologia.2003; 95:434—41 PMID: 21156632

Marimon R, Gene J, Cano J, Trilles L, Lazera MS, Guarro J. Molecular phylogeny of Sporothrix
schenckii. J Clin Microbiol. 2006; 44:3251-6. https://doi.org/10.1128/JCM.00081-06 PMID: 16954256

Oliveira MME, Almeida-Paes R, Muniz MM, Gutierrez-Galhardo MC, Zancope Oliveira RM. Phenotypic
and molecular identification of Sporothrix isolates from an epidemic area of sporotrichosis in

Brazil. Mycopathologia. 2011; 172:257-67. https://doi.org/10.1007/s11046-011-9437-3 PMID:
21701792

Liu X, Zhang Z, Hou B, Wang D, Sun T, Li F, et al. Rapid identification of Sporothrix schenckiiin biopsy
tissue by PCR. J Eur Acad Dermatol Venereol. 2013; 27:1491-7. https://doi.org/10.1111/jdv.12030
PMID: 23278977

Hu S, Chung WH, Hung SI, Ho HC, Wang ZW, Chen CH, et al. Detection of Sporothrix schenckiiin clini-
cal samples by a nested PCR assay. J Clin Microbiol. 2003; 41:1414—8. https://doi.org/10.1128/JCM.
41.4.1414-1418.2003 PMID: 12682123

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007219  February 28, 2019 10/11


https://doi.org/10.1186/1471-2334-14-219
http://www.ncbi.nlm.nih.gov/pubmed/24755107
https://doi.org/10.1086/381200
http://www.ncbi.nlm.nih.gov/pubmed/14765346
https://doi.org/10.1128/JCM.40.8.3004-3011.2002
https://doi.org/10.1128/JCM.40.8.3004-3011.2002
http://www.ncbi.nlm.nih.gov/pubmed/12149366
https://doi.org/10.1128/JCM.43.3.1348-1352.2005
http://www.ncbi.nlm.nih.gov/pubmed/15750106
https://doi.org/10.1086/520190
http://www.ncbi.nlm.nih.gov/pubmed/10476718
https://doi.org/10.1128/JCM.00808-07
http://www.ncbi.nlm.nih.gov/pubmed/17687013
https://doi.org/10.1080/13693780801992837
http://www.ncbi.nlm.nih.gov/pubmed/19180753
http://www.ncbi.nlm.nih.gov/pubmed/18833758
https://doi.org/10.1007/s11046-011-9420-z
http://www.ncbi.nlm.nih.gov/pubmed/21461774
https://doi.org/10.1016/j.funbio.2015.05.006
https://doi.org/10.1016/j.funbio.2015.05.006
http://www.ncbi.nlm.nih.gov/pubmed/26781380
https://doi.org/10.4161/viru.23112
https://doi.org/10.4161/viru.23112
http://www.ncbi.nlm.nih.gov/pubmed/23324498
https://doi.org/10.1038/emi.2014.33
https://doi.org/10.1038/emi.2014.33
http://www.ncbi.nlm.nih.gov/pubmed/26038739
https://doi.org/10.1093/mmy/myx103
http://www.ncbi.nlm.nih.gov/pubmed/29538731
http://www.ncbi.nlm.nih.gov/pubmed/21156632
https://doi.org/10.1128/JCM.00081-06
http://www.ncbi.nlm.nih.gov/pubmed/16954256
https://doi.org/10.1007/s11046-011-9437-3
http://www.ncbi.nlm.nih.gov/pubmed/21701792
https://doi.org/10.1111/jdv.12030
http://www.ncbi.nlm.nih.gov/pubmed/23278977
https://doi.org/10.1128/JCM.41.4.1414-1418.2003
https://doi.org/10.1128/JCM.41.4.1414-1418.2003
http://www.ncbi.nlm.nih.gov/pubmed/12682123
https://doi.org/10.1371/journal.pntd.0007219

@ PLOS | RSHCAE Biseases

Diagnosis of three pathogens of sporotrichosis by multiplex real-time PCR

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Xu TH, Lin JP, Gao XH, Wei H, Liao W, Chen HD. Identification of Sporothix schenckii of various
mtDNA types by nested PCR assay. Med Mycol. 2010; 48:161-5. https://doi.org/10.3109/
13693780903117481 PMID: 19626548

Oliveira MME, Sampaio P, Aimeida-Paes R, Pais C, Gutierrez-Galhardo MC,Zancope-Oliveira RM.
Rapid identification of Sporothrix species by T3B fingerprinting. J Clin Microbiol. 2012; 50:2159-62.
https://doi.org/10.1128/JCM.00450-12 PMID: 22403427

Kawasaki M, Anzawa K, Mochizuki T, Ishizaki H. New strain typing method with Sporothrix schenckii
using mitochondrial DNA and polymerase chain reaction restriction fragment length polymorphism
(PCR-RFLP) technique. J Dermatol. 2012; 39:362-5. https://doi.org/10.1111/j.1346-8138.2011.01379.
x PMID: 21955258

Rodrigues A M, Najafzadeh M J, Hoog G S D, et al. Rapid Identification of Emerging Human-Pathogenic
Sporothrix Species with Rolling Circle Amplification. Frontiers in Microbiology, 2015, 6:1385. https:/
doi.org/10.3389/fmicb.2015.01385 PMID: 26696992

Rodrigues AM, de Hoog GS, de Camargo ZP. Molecular diagnosis of pathogenic Sporothrix species.
PLoS Negl Trop Dis. 2015; 9(12):€0004190. https://doi.org/10.1371/journal.pntd.0004190 PMID:
26623643

Ishida K, Castro RA, Borba Dos Santos LP, Quintella LP, Lopes-Bezerra LM, Rozental S. Amphotericin
B, alone or followed by itraconazole therapy, is effective in the control of experimental disseminated
sporotrichosis by Sporothrix brasiliensis. Med Mycol. 2015; 53: 34—41. https://doi.org/10.1093/mmy/
myu050 PMID: 25306202

de Araujo ML, Rodrigues AM, Fernandes GF, de Camargo ZP, de Hoog GS. Human sporotrichosis
beyond the epidemic front reveals classical transmission types in Espirito Santo, Brazil. Mycoses 2015;
58:485-90. https://doi.org/10.1111/myc.12346 PMID: 26156862

Madrid H, Cano J, Gene J, Bonifaz A, Toriello C, Guarro J. Sporothrix globosa, a pathogenic fungus
with widespread geographical distribution. Rev Iberoam Micol. 2009; 26: 218-22. https://doi.org/10.
1016/j.riam.2009.02.005 PMID: 19635441

Zhang Y, Hagen F, Stielow B et al. Phylogeography and evolutionary patterns in Sporothrix spanning
more than 14 000 human and animal case reports. Persoonia. 2015; 35: 1-20. https://doi.org/10.3767/
003158515X687416 PMID: 26823625

Stielow J B, Lévesque C A, Seifert K A, Meyer W, Iriny L, Smits D, et al. One fungus, which genes?
Development and assessment of universal primers for potential secondary fungal DNA barcodes. Per-
soonia Molecular Phylogeny & Evolution of Fungi, 2015, 35(2):242—263. https://doi.org/10.3767/
003158515X689135 PMID: 26823635

Godornes C, Leader BT, Molini BJ, Centurion-Lara A,Lukehart SA. Quantitation of rabbit cytokine
mRNA by real-time RT-PCR. Cytokine. 2007; 38:1-7. https://doi.org/10.1016/j.cyt0.2007.04.002 PMID:
17521914

PLOS Neglected Tropical Diseases | https://doi.org/10.1371/journal.pntd.0007219  February 28, 2019 11/11


https://doi.org/10.3109/13693780903117481
https://doi.org/10.3109/13693780903117481
http://www.ncbi.nlm.nih.gov/pubmed/19626548
https://doi.org/10.1128/JCM.00450-12
http://www.ncbi.nlm.nih.gov/pubmed/22403427
https://doi.org/10.1111/j.1346-8138.2011.01379.x
https://doi.org/10.1111/j.1346-8138.2011.01379.x
http://www.ncbi.nlm.nih.gov/pubmed/21955258
https://doi.org/10.3389/fmicb.2015.01385
https://doi.org/10.3389/fmicb.2015.01385
http://www.ncbi.nlm.nih.gov/pubmed/26696992
https://doi.org/10.1371/journal.pntd.0004190
http://www.ncbi.nlm.nih.gov/pubmed/26623643
https://doi.org/10.1093/mmy/myu050
https://doi.org/10.1093/mmy/myu050
http://www.ncbi.nlm.nih.gov/pubmed/25306202
https://doi.org/10.1111/myc.12346
http://www.ncbi.nlm.nih.gov/pubmed/26156862
https://doi.org/10.1016/j.riam.2009.02.005
https://doi.org/10.1016/j.riam.2009.02.005
http://www.ncbi.nlm.nih.gov/pubmed/19635441
https://doi.org/10.3767/003158515X687416
https://doi.org/10.3767/003158515X687416
http://www.ncbi.nlm.nih.gov/pubmed/26823625
https://doi.org/10.3767/003158515X689135
https://doi.org/10.3767/003158515X689135
http://www.ncbi.nlm.nih.gov/pubmed/26823635
https://doi.org/10.1016/j.cyto.2007.04.002
http://www.ncbi.nlm.nih.gov/pubmed/17521914
https://doi.org/10.1371/journal.pntd.0007219

