JOURNAL RESEARCH ARTICLE “ yolgER%BIOLOGY
OF MEDICAL Mani et al., Journal of Medical Microbiology 2019;68:574-584 ’
MICROBIOLOGY DOI 10.1099/jmm.0.000941

Identification of Pythium insidiosum complex by matrix-assisted
laser desorption ionization-time of flight mass spectrometry
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Abstract

Purpose. Pythiosis is an infection of humans and other animals caused by the fungal-like pathogen Pythium insidiosum. This
pathogen causes life-threatening infection in the infected hosts. Culture, histopathology, serology and molecular tools are used
to diagnose its infections. Successful management of pythiosis is directly linked to an early diagnosis. Thus, a rapid identifica-
tion of putative cultures developing submerged sparsely septate hyphae is of extreme importance. However, few laboratories
are familiar with the culture identification of this unique pathogen and its differential diagnosis with similar filamentous fungi.

Methodology. We have evaluated the use of matrix-assisted laser desorption ionization-time of flight mass spectrometry
(MALDI-TOF) on 53 isolates of P insidiosum collected from cases of human and animal pythiosis in the USA and around the
world. To assess the specificity of the approach, 18 pathogenic and saprotrophic filamentous fungal and fungal-like microbes
were also tested.

Results. MALDI-TOF in-house spectra correctly identified the 53 P. insidiosum isolates (score range 1.93-2.51). MALDI-TOF
based identification within P insidiosum isolates showed protein spectra variation between geographical diverse isolates. A
mass spectrometry approach was able to discriminate P insidiosum from the 18 filamentous fungal and fungal-like microbes
in this study, including four Pythium spp. and Phytopythium litorale plant pathogenic species.

Conclusion. The data showed MALDI-TOF could be used for the accurate and rapid culture identification of P insidiosum in the
clinical laboratory.

INTRODUCTION

Pythium insidiosum is the etiologic agent of pythiosis, a disease

Several tools have been frequently used for the diagnosis of
pythiosis, which include culture [1], serology (ELISA, immu-

of tropical and subtropical areas of the world, including the
USA [1, 2]. Currently classified in the super-group strameno-
pila/alveolate/rhizaria (SAR) within the Oomycota, along
with other Pythium and Lagenidium species and far away
from the true fungi [3]. Infected hosts include cats, cattle,
dogs, horses, humans and other animals. In these species,
the development of superficial (keratitis), cutaneous, subcu-
taneous and vascular infections have been reported [1, 4, 5]. If
the infection is not treated in the early stages, it could progress
to a deadly systemic infection [1, 5]. Thus, an early diagnosis
is key for successful management [1, 4, 5].

nodiffusion, Western blots) [6-9] and molecular tools (PCR,
sequencing) [10-13]. Although a differential sucrose medium
[14] and the susceptibility of P. insidiosum to antibiotics [15]
have been proposed for the identification of P. insidiosum
in culture, molecular testing is always required for its final
identification [1, 10-13]. In addition, few laboratory workers
are familiar with the taxonomic and microscopic features of
P, insidiosum in culture [1].

The studies of the last 10 years using matrix-assisted laser
desorption ionization-time of flight mass spectrometry
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(MALDI-TOF MS) showed this tool, initially used to identify
bacteria, could be also used for the identification of yeast and
filamentous fungi [16-18]. Although the identification of P
insidiosum using MALDI-TOF was recently explored using
only 13 isolates [19], we have interrogated 53 P. insidiosum
isolates from around the globe and found that for the approach
to be successful it needs representative spectra of diverse P
insidiosum isolates. An accurate and rapid identification of
P, insidiosum from culture is key for a successful management.
Thus, this new tool could be used alone or in combination
with other assays to facilitate the diagnosis of the infections
caused by this neglected pathogen.

METHODS

Media and isolates

The identity of the 53 P. insidiosum isolates (Table 1; MTPI)
at the Michigan State University culture collection, were
confirmed at the microscopic morphological level and
by PCR using the P. insidiosum ITS specific primers PI-1
forward 5-TTCGTCGAAGCGGACTGCT-3 and reverse
PI-2 5-GCCGTACAACCCGAGAGTCATA-3, developed
by Grooters et al. [10]. This set of primers has been used to
identify P. insidiosum for the last 15 years without report of
false positives or negatives [1]. Genomic DNA was extracted
using PureLink Genomic DNA Kkits following the manu-
facturer's protocol (Invitrogen, Carlsbad, CA, USA). Using
P insidiosum strain collection numbers we did interrogate
the National Center for Biotechnology Information (NCBI)
database. Using this strategy we found that some P, insidiosum
isolates in this study can be confirmed as such using acces-
sion numbers previously deposited at the NCBI (Table 1).
The remaining isolates without deposited sequences at NCBI
were identified as P. insidiosum by the detection of the 105 bp
specific amplicons using the above P, insidiosum ITS specific
primers (Table 1). In addition, the 18 fungal and fungal-like
isolates in this study were identified by their unique micro-
scopic features as well as by their strain identification and
DNA accession numbers previously deposited at the NCBI
for each of the tested isolates (Table 2). The investigated
isolates were maintained in our collection on Cornmeal agar
(CMA) (BBL Spark, M. USA). To control putative bacterial
contamination the fungal and fungal-like (including P. insid-
iosum) isolates were transferred to 2% Sabouraud dextrose
agar containing chloramphenicol (SDAC) (Hardy Diagnos-
tics, Santa Maria, CA) and incubated at 37 °C or 30 °C for
2 to 5 days, according to their growth requirements. After
incubation, the investigated isolates (Tables 1 and 2) were
subcultured onto potato dextrose agar plates (PDA) (Becton
Dickinson Franklin Lakes, NJ) and incubated at 30 °C for 5
days before MALDI-TOF analysis.

Protein extraction of fungal and fungal-like
identification by MALDI-TOF

A sterile scalpel blade was used to cut an approximately 5 mm
diameter piece of the isolate from the PDA culture plate containing
hyphal growth. A detailed procedure for the protein extraction
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has been described previously [21]. In brief, the collected 5 mm
pieces were placed in Eppendorf tubes containing 500 pl of 70%
ethanol plus 0.5 mg of 0.1 mm diameter zirconia beads (BioSpec
Products, Bartlesville, OK). The tested filamentous fungal and
fungal-like isolates were then emulsified using a sterile wooden
stick and then vortexed for 15 min at high speed (Daigger Vortex
Genie 2, Scientific Industries, Bohemia NY) and the centrifuged
9500 g for 2 min. The supernatant was discarded by pipetting
to completely remove any ethanol residue and the pellet resus-
pended in 50 pl of 70% formic acid, vortexed for 5 min followed
for 10 s brief centrifugation and the addition of acetonitrile. The
tubes were vortexed for 5 min, centrifuged at 9500 g for 2 min
and the supernatant immediately analyed by MALDI-TOE. All
procedures up to spotting the supernatant onto the MALDI-TOF
target plate were performed in a class II biosafety cabinet.

For every run the mass spectrometer was calibrated for molec-
ular weights with a range of 3.6-16.9 kDa prior to sample testing
using the bacterial test standard (Bruker Daltonics, Billerica,
MA) as per the manufacturer's recommendations. Aspergillus
ustus (CBS 261.67T) was also used as a protein extraction and
MALDI-TOF analysis control for every run. The control A. ustus
was identified with a score of 1.8 or higher. Scores below 1.8 for
the control strain may suggest a suboptimal extraction procedure
and thus, the procedure (protein extraction of A. ustus and tested
isolates) was repeated. Four spots on the target plate were used
for each fungal isolate. The MALDI-TOF platform used was the
MicroFlex LT mass spectrometer (Bruker Daltonics, Billerica,
MA). The spectra were captured in positive linear mode in a mass
range of 2-20 kDa, with laser frequency of 60 Hz (ISI : 20kV;
IS2 : 18KkV; lens: 6KV; extraction delay time: 100 ns). Spectra
were acquired in automatic mode by accumulating a maximum
of 240 profiles (6x40 laser shots from different positions of the
target spot). Organism identification was performed with default
setting of the software (Biotyper RTC v. 3.1, Bruker Daltonics)
using the National Institute of Health (NIH) fungal reference
database (contains the protein profile of several 81 genera and
172 species of filamentous and yeast fungal isolates), the in-house
data generated from P, insidiosum (Table 1) and that of the other
fungal and fungal-like isolates (Table 2). The identification
spectra are set with scores between 0 and 3 (Biotyper RTCv. 3.1,
Bruker Daltonics). According to Bruker Daltonics [22] a score of
>2.0 indicates good species level identity for bacterial and fungal
identification, whereas scores between 1.7 and 2.0 suggest a close
relationship to a particular genus and species [21, 23, 24].

Addition of protein spectra to the MALDI-TOF
reference database

The criteria for the selection of nine P, insidiosum isolates used
to build the in-house protein spectra (highlighted with aster-
isks and bold, Table 1) were based on their diverse geographic
distribution around the globe and the presence of DNA
sequences at the NCBI (Table 1). The protein profile of the
selected P. insidiosum and the fungal and fungal-like animal
pathogens in Table 2 were added to the reference database
using the manufacturers’ recommendations for MicroFlex LT
and MALDI-TOF Biotyper RTCv. 3.1 (20). In short, for each
isolate, proteins were extracted as above, and the supernatant
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Table 1. P insidiosum isolates used in this study, their culture collection ID, geographic origin, site of infection, infected host/NCBI accession numbers

and MALDI-TOF scores
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Collection ID Country Infection site Host/NCBI No. Score
MTPI-01 USA, Arkansas Subcutaneous Horse/DQ116403 2.18
MTPI-02 USA, Mississippi Subcutaneous Dogt 2.25
MTPI-03 USA, Texas Subcutaneous Horse/DQ116404 2.23
MTPI-04 (ATCC PTA-12166)* USA, Texas Subcutaneous Horse/DQ116405 2.04
MTPI-06 USA, Wisconsin Subcutaneous Dog/DQ116407 2

MTPI-07 USA, Florida Subcutaneous Dog/DQ116408 1.99
MTPI-10 (ATCC 200269) USA, Tennessee Orbital Human/DQ116411 2.41
MTPI-11* Afghanistan Keratitis Human/DQ116412 2.36
MTPI-13 Thailand Vascular Humant 2.28
MTPI-15* Thailand Vascular Human/DQ116413 2.33
MTPI-16 Thailand Vascular Humant 2.01
MTPI-19 (ATCC 58643) Costa Rica Subcutaneous Horse/DQ116415 2.05
MTPI-20 (ATCC 58644) Costa Rica Subcutaneous Horse/DQ116416 2.01
MTPI-21 (ATCC28251)* Papua New Guinea Subcutaneous Horse/AY151171 2.13
MTPI-22 (ATCC 76049) Haiti Keratitis Human/DQ116418 1.93
MTPI-24 (ATCC 64218) Australia Subcutaneous Horset 2.39
MTPI-25 (ATCC 64221)* Australia Subcutaneous Horse/KP780446 2.42
MTPI-26 (ATCC 90586) USA, Texas Cutaneous Humant 2.2

MTPI-28 USA, Tennessee Orbital Human/DQ116421 2.51
MTPI-29 Brazil Lung Sheept 2.23
MTPI-30 Brazil Nose Sheept 2.15
MTPI-31 USA, Texas Burned skin Humant 2.08
MTPI-32 Venezuela Instestinal Dogt 2.29
MTPI-33 USA, Illinois Systemic Humant 2.14
MTPI-34 Brazil Lynph node Sheept 1.97
MTPI-35* Israel Keratitis Human/GU584093 2.26
MTPI-36 Mexico Burned skin Humant 2.32
MTPI-37 USA, Tennessee Vulva Camelft 2.32
MTPI-38 USA, Florida Subcutaneous Horset 2.12
MTPI-39 USA, Georgia Subcutaneous Dogt 2.32
MTPI-40 USA, Florida Subcutaneous Horset 2.14
MTPI-41 USA, Mississippi Subcutaneous Horset 2.19
MTPI-42 USA, Oklahoma Subcutaneous Horset 2.36
MTPI-43 USA, Texas Subcutaneous Humant 2.16
MTPI-44 USA, Florida Intestinal Dogt 2.36

Continued
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Table 1. Continued

Collection ID Country Infection site Host/NCBI No. Score
MTPI-45 USA Missouri Subcutaneous Dogt 2.11
MTPI-46* USA, Wisconsin Subcutaneous Dog/NH356546 2.27
MTPI-47 USA, Texas Subcutaneous Dogt 2.15
MTPI-48 Grand Cayman Vascular Humant 2.01
MTPI-49 USA, Mississippi Subcutaneous Dogt 2.21
MTPI-50 USA, South Carolina Subcutaneous Dogt 2.46
MTPI-51 USA, Florida Subcutaneous Dogt 1.97
MTPI-52 USA , Texas Subcutaneous Horset 2.03
MTPI-53 USA, Virginia Subcutaneous Horset 2.4
MTPI-55 USA, Mississippi Subcutaneous Horset 2.36
MTPI-56 USA, Mississippi Intestinal Dogt 2.41
MTPI-57 USA, Florida Subcutaneous Horset 2.3
MTPI-58* USA, Texas Subcutaneous Dog/MH899095 2.6
MTPI-59* USA, Missouri Subcutaneous Horse/MH899096 2.16
MTPI-60 USA, Florida Subcutaneous Horset 2.25
MTPI-71 India Keratitis Humant 2.13
MTPI-76 (ARSEF 13235) Brazil Systemic Mosq larv/MG971299 2.09

*Isolates selected to build MALDI-TOF in-house spectra.

tConfirmed as P insidiosum by PCR using specific primers PI-1 and PI-2 [10].
ARSEF, U.S. Department of Agriculture, Agricultural Research Service;ATCC, American Type Culture Collection;MTPI,
MedTech Pythium insidiosum Michigan State University culture collection;Mosq larv, Mosquito larvae.

was spotted on ten wells. Flex Control v 3.4. was used to auto-
matically capture 30 individual spectra (three separate spectra
were captured from each of the 10 wells). After smoothing,
baseline subtraction and removing the outlier peptide peaks,
a minimum of 20 individual spectra with at least 70 peaks
with high frequency greater than 75% were selected using
Flex Analysis v. 3.4 (21). The resulting spectra were used to
create a main spectral profile (MSP) using Biotyper OC v.
3.1 (20). After completing the manufacturer-recommended
quality checks, each of the newly created MSPs were added
to the database library. Protein spectra of isolates in Table 2
except the three Aspergillus spp. originally in the NIH fungal
reference database [21, 22], were also added to the in-house
database using the above-described protocol.

Culture media based variation of MALTI-TOF scores

In order to assess the variation in MALDI-TOF scores based on
culture media and incubation temperature, two randomly selected
P, insidiosum isolates: MTPI-44 and MTPI-59 were evaluated in
duplicate on SDAC and PDA with incubation for 3 days at 30 °C
or 37 °C. After incubation, the MALDI-TOF protein spectra were
collected (four spots each) and recorded. The experiment was
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repeated three times to observe day-to-day variations in MALDI-
TOF score. Statistical analysis was performed using SigmaPlot
v13.0 software package (Systat Software Inc., Chicago, IL).

Determination of identification specificity within
Pythium spp

Nine geographically diverse P. insidiosum isolates from the
Americas, Asia and the Middle East, four Pythium spp. and
Phytopythium litorale pathogenic to plants added to the
in-house database were further analysed to determine the
specificity between the tested isolates. The 14 isolates were
interrogated against a database library consisting of only the
above-mentioned 14 in-house library spectra using Biotyper
OC v. 3.1 and the top scores for each spectrum were deter-
mined. The nine P, insidiosum isolates were also interrogated
using the same approach to determine the specificity within
the P. insidiosum isolates alone.

Visual protein spectra of some isolates

Peptide mass spectra generated by MALDI-TOF MS
for P. ultimum, P. aphanidermatum and three Pythium
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Table 2. The genus and species of the tested fungal and fungal-like microbes in this study as well as their culture collection identification, NCBI

accession numbers, the source of isolation and MALDI-TOF scores with their own in-house spectra

Isolates Isolate ID/ Source MALDI-TOF/ID (top score)
NCBI
Conidiobolus coronatus ATCC 32825 Human C. coronatus
(1.87)
Conidiobolus incongruus ATCC 56682 Human C. incongruus
(1.93)
Conidiobolus lampragues MTCL-01 Sheep C. lampragues (2.29)
(GQ478279)
Conidiobolus lampragues MTCL-02 Sheep C. lampragues
(GQ478280) (2.0)
Conidiobolus lampragues MTCL-03 Sheep C. lampragues (1.98)
(GQ478281)
Lagenidium giganteum MTLA-01 Dog L. giganteum
(JF919611) (2.59)
Lagenidium giganteum MTLA-05 Dog L. giganteum
(JF919614) (1.99)
Lagenidium giganteum MTLA-16 Dog L. giganteum
(KJ506130) (1.78)
Lagenidium giganteum ATCC 36492 Mosquito larvae L. giganteum
(JX999124) (2.44)
Lagenidium giganteum ARSEF 373 Mosquito larvae L. giganteum
(KX492585) (2.41)
Pythium aphanidermatum (clade A)* NDSO_L_8-6 Soybean P. aphanidermatum (2.38)
(KU210065)
Pythium oopapillum (clade B)* IASO_6-10.15 Soybean P. oopapillum
(KU208635) (2.37)
Pythium sylvaticum (clade F)* NESO_2-13 Soybean P sylvaticum
(KU210303) (1.94)
Pythium ultimum KSSO_5-45 Soybean P ultimum
(clade T)* (KU209642) (2.46)
Phytopythium litorale* V-IASO2_6-55.1 Soybean Phyt. litorale
(KU210522) (2.52)
Aspergillus sp. MTAF-01 Chicken house contaminant A. fumigatus (2.07)
Aspergillus sp. MTAN-01 Laboratory contaminant A. niger
(1.7)
Aspergillus sp. MTAV-01 Laboratory contaminant A. versicolor (1.85)

*Isolates provided by Rojas et al. [20].
ARSEF, U.S. Department of Agriculture, Agricultural Research Service Collection of Entomopathogenic Fungi;MTLA,
(MedTech Lagenidium spp.) Michigan State University, fungal and fungal-like culture collection;NCBI, National Center for

Biotechnology Information.

insidiosum (MTPI-46, MTPI-15 and MTPI-59) isolates
were analysed using FlexAnalysis software v. 3.4 provided
with the Microflex LT (Bruker Daltonics). Visual compar-
ison was performed after smoothing, baseline subtraction
and peak assigning.
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Cladistics analysis of Pythium insidiosum spectra

For cladistics analysis, 30 randomly selected isolates were
used from different geographical regions. These included
27 mammalian P, insidiosum isolates, two Pythium spp. and
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Phytopythium litorale all plant pathogen species (Table 1). The
analysis was performed using the Biotyper OC v. 3.1 (Bruker
Daltonics) with default settings of the software.

RESULTS
Morphological and molecular identification

Pure cultures of the isolates in Tables 1 and 2 were identified
according to their unique morphological microscopic char-
acteristics. Extracted gDNA from the isolates in this study
consistently showed the presence of a single high molecular
weight band after running 0.8% gels (data not showed). The
phenotypic and physiological features of the 53 P. insidiosum
isolates were confirmed either by PCR using P. insidiosum
ITS PI-1 and PI-2 specific primers (see below) or by the pres-
ence of their equivalent strains accession numbers previously
deposited at the NCBI (Tables 1 and 2). In addition, the pres-
ence of the expected P, insidiosum specific 105 bp amplicon on
0.8% agarose gels (data not shown) confirmed the identity of
those P, insidiosum isolates without accession numbers at the
NCBI (Table 1). P. insidiosum specific primers PI-1 and PI-2
did not amplify the expected amplicon on any of the genomic
DNA extracted from the isolates in Table 2, confirming their
specificity (data not shown).

Pythium insidiosum incubation temperature and
media

The two randomly selected isolates (MTPI-44 and MTPI-
59) used to evaluate the best medium and temperature for P
insidiosum growth showed statistically significant differences
in their MALDI-TOF scores (Fig. 1). For instance, statistical
analysis showed MTPI-44 and MTPI-59 incubated at 30 °C or
37 °C developed higher scores on PDA than on SDAC at both
temperatures (one way ANOVA for MTPI-44 grown on PDA
vs SDAC at 30 °C, P=0.012: one way ANOVA for MTPI-44
grown on PDA vs SDAC at 37 °C, P<0.001: one way ANOVA
for MTPI-59 grown on PDA vs SDAC at 30 °C, P=0.006: one
way ANOVA for MTPI-59 grown on PDA vs SDAC at 37 °C,
P=0.001). There was no statistically significant differences at 30
°C or 37 °C for both isolates growing on PDA (one way ANOVA,
P=0.997 for MTPI-44 and P=0.471 for MTPI-59) (Fig. 1).

Pythium insidiosum, fungal and fungal-like
microbes’' MALDI-TOF identification

MALDI-TOF identified the 53 P. insidiosum isolates (Table 1)
using the reference spectra containing the original in-house built
fungal and fungal-like isolates and the NTH fungal reference
database. With few exceptions (MTPI-07 score: 1.99; MTPI-22
score: 1.93; MTPI-34 score: 1.97; and MTPI-51 score: 1.97), the

3.0
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2.0

— O

1.5

1.0

MALDI-TOF scores

0.5

— O

(@]

0.0 T T T
30°C PDA

30°C SDAC 37°C PDA 37°C SDAC 30°C PDA 30°C SDAC 37°C PDA 37°C SDAC

MTPI-44

MTPI-59

Fig. 1. Graphic representation of the obtained MALDI-TOF data. The Y-axis shows the MALDI-TOF scores and the X-axis shows the
different media/temperature combinations. Error bars indicate standard deviation. There was significant statistical difference in MALDI-
TOF scores between the 2% Sabouraud dextrose agar plus chloramphenicol (SDAC) and 2% potato dextrose agar (PDA) media used
in these analyses. Bars with different letters (a, b, c) indicate statistically significant differences (P<0.01); those with the same letter

indicate no established differences.
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Table 3. Pythium species and their discrimination by MALDI-TOF mass spectrometry according to their newly created spectra

Interrogated Pythium spp. Top log score for each

Pi Pa Po Ps Pu Phyl
Pythium insidiosum MTPI-04* 2.04 <0.5 <0.5 0.75 <0.5 0.64
Pythium insidiosum MTPI-11* 2.36 <0.5 <0.5 <0.5 <0.5 <0.5
Pythium insidiosum MTPI-15* 2.33 <0.5 0.62 0.68 <0.5 <0.5
Pythium insidiosum MTPI-21* 2.13 0.64 <0.5 <0.5 <0.5 <0.5
Pythium insidiosum MTPI-25* 2.42 <0.5 0.71 <0.5 <0.5 <0.5
Pythium insidiosum MTPI-35% 2.26 <0.5 1.11 <0.5 <0.5 0.98
Pythium insidiosum MTPI-46* 2.27 <0.5 <0.5 <0.5 <0.5 <0.5
Pythium insidiosum MTPI-58* 2.6 <0.5 0.73 <0.5 <0.5 <0.5
Pythium insidiosum MTPI-59* 2.16 <0.5 <0.5 0.58 <0.5 <0.5
Pythium aphanidermatum 0.82 2.38 0.62 0.57 <0.5 <0.5
Pythium oopapillum 0.82 <0.5 2.37 0.65 <0.5 <0.5
Pythium sylvaticum 0.71 <0.5 <0.5 1.94 <0.5 <0.5
Pythium ultimum <0.5 <0.5 <0.5 <0.5 2.46 <0.5
Phytopythium litorale 0.56 <0.5 <0.5 0.53 <0.5 2.52

*Pythium insidiosum isolates selected to build MALDI-TOF in-house spectra.

See Table 2.

Pa, P aphanidermatum score;Phyl, Phytopythium litorale score;Pi, Pythium insidiosum score;Po, P oopapillum score;Ps, P sylvaticum score;Pu, P
ultimum score.

remaining P, insidiosum isolates were identified with scores of 2.0 spectrum and scores 1.11 or lower were observed for any of the
or higher (Table 1). In addition, when the in-house built mass spectra other than their own (Table 3). Similarly, the nine isolates
spectra of each Pythium species and Phy. litorale in Table 2 were used to build P, insidosum’s spectra interrogated against each
interrogated against each other and the nine isolates used to other the top scores matched the respective spectrum (Table 4).
build P, insidosum spectra, the top scores matched the respective While most of the isolates had at least one other similar high

Table 4. Pythium insidiosum isolates and their discrimination by MALDI-TOF mass spectrometry according to their own spectra and geographic origin

Interrogated Top log score for each spectrum

Pythium

insidiosum MTPI-04 MTPI-11 MTPI-15 MTPI-21 MTPI-25 MTPI-35 MTPI-46 MTPI-58 MTPI-59
MTPI-04 1.19 . . <0.5 0.930

MTPI-11 0.81 0.71

MTPI-15 1.41 0.83 <0.5 1.24
MTPI-21 0.82 0.71 <0.5 1.64
MTPI-25 0.71 0.55 <0.5 1.56
MTPI-35 -

MTPI-46 <0.5 1.34 <0.5 0.61 1.1 0.65

MTPI-58 1.22 1.52 1.28 0.89

MTPI-59 1.08 1.65 1.44 1.21

Shaded areas represent similar scores shared among isolates in the same geographic location.
See Table 1 for isolate identification and geographic origin.
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Fig. 2. MALDI-TOF fingerprint spectra (size range 2-20 kDa) of three of nine Pythium insidiosum isolates used to build the in-house
spectra, and the spectra of two of four Pythium plant pathogen species. Pythium insidiosum MTPI-46 fingerprint spectra possess

contrasting spectra with that on MTPI-15 and MTPI-59.

score for a second spectrum (shaded areas, Table 4), interest-
ingly MTPI-15 and MTPI-46 did not. Visual spectra of MTPI-15
and MTPI-46 comparison with another North American isolate
(MTPI-59) and two other plant Pythium sp., showed some simi-
larities but also unique spectral patterns, especially MTPI-46 in
contrast to the other two P, insidiosum in Fig. 2. Unique spectral
profiles for the two plants Pythium sp. were also noted (Fig. 2).
The built spectra of fungal and fungal-like (Conidiobolus and
Lagenidium) species in Table 2, other than Pythium species,
interrogated against the NIH fungal reference database library
and the in-house Pythium spp. library, were identified with
scores between 1.7 and 2.59 (Table 2). The three Aspergillus
species in this analysis were identified as A. fumigatus, A. niger
and A. versicolor (Table 2). The fungal-like organisms in Tables 1

and 2 interrogated using only the original NTH fungal database
displayed scores 1.1 and lower (data not shown).

Cladistics analysis using MALDI-TOF spectra
identification

MALDI-TOF cladistics analysis based on several P. insid-
iosum and the plant pathogen protein spectra parameters,
grouped the 30 interrogated isolates in four supported clades
(Fig. 3). One clade contains two Pythium spp. and Phytopy-
thium litorale recovered from plants forming a sister group
to the mammalian P. insidiosum isolates. Clade II grouped
the isolates recovered from cases of pythiosis in Australia,
Israel, New Guinea and Thailand. Clade III consisted of one
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Fig. 3. MSP dendogram based on the MALDI-TOF protein profile of the 30 Pythium spp. interrogated isolates. The plant pathogenic
isolates formed a monophyletic cluster sister to P insidiosum isolates. The human and animal pathogen P insidiosum isolates were
grouped in three clusters according to their geographical preferences. The upper cluster contains the Asian and Middle East isolates
(cluster Il), whereas the lower cluster comprised the American isolates (cluster I). P insidiosum MTPI-46, the only member of cluster Il
was placed alone on its own clade as predicted by phylogenetic analysis [25-27]. Our data suggest MALDI-TOF generated protein spectra

could predict P insidiosum phylogenetic relationships.

isolate (MTPI-46) from a dog with intestinal infection in
Wisconsin, USA. The last clade harbours all isolates recovered
from humans and animals with pythiosis from the Americas
(cluster I) (Fig. 3; Table 1).

DISCUSSION

The rapid and accurate identification of submerged colonies
on SDA and/or blood agar displaying sparsely septate hyaline
hyphae from suspected cases of pythiosis, is of paramount
importance for a rapid management [1, 4, 6-8]. Current
identification of P. insidiosum complex requires expertise
on the taxonomic features of this Oomycota and/or the use
of molecular tools such as PCR and/or DNA sequencing
[1, 10-13]. However, both approaches are time consuming,
require expertise and are expensive [10-12]. Recently, the use
of MALDI-TOF for the identification of yeast and pathogenic
filamentous fungi showed reliable results [23, 24, 28]. Our
study found MALDI-TOF identified the 53 P. insidiosum
isolates in this study using the in-house built spectra and
properly discriminated them from other Pythium species,
including P. aphanidermatum previously reported as a putative
human pathogen [29] (Tables 2 and 3). In addition, MALDI-
TOF was also capable of differentiating P. insidiosum from
other filamentous fungi including the mammalian pathogens
Conidiobolus and Lagenidium species (Table 2).
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According to the data in this study, MALDI-TOF was able to
identify the 53 interrogated P. insidiosum isolates based on
the fact that the nine selected isolates used as the in-house
spectra came from diverse geographical locations such as:
the Americas (MTPI-04, 46, 58, 59), Afghanistan, (MTPI-
11), Australia (MTPI-25), Israel (MTPI-35), Papua New
Guinea (MTPI-21) and Thailand (MTPI-15). Table 4 data
strongly support this argument. The spectra shared by all
nine isolates in Table 4 agree with their geographical origin.
For instance, with the exception of MTPI-46 (see below), the
Americas MTPI-04, 58, 59, all shared higher scores than those
from other geographical locations (Table 4 shaded areas). A
similar behaviour was also observed between MTPI-21 and
MTPI-25 from Papua New Guinea and Australia, respectively,
and MTPI-15 and MTPI-35 from Thailand and Israel. The
exceptions were MTPI-11, an isolate from Afghanistan that
shares features in common with the Americas, Australia
and Papua New Guinea isolates and MTPI-46 and MTPI-15
displaying unique spectra (Table 4, Fig. 2). Thus, the addition
of P insidiosum spectra from different geographical areas was
a key element for the identification of related isolates using
the mass spectrometry approach. Remarkably, the data in
Fig. 2 and Table 4 are in sharp contrast with the uniform
spectra between isolates reported by Krajaejun et al. [19]. The
uniform spectra seen among the 13 isolates in Krajaejun et al.'s
[19] study might be due to a combination of fungal growth
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conditions utilized (Sabouraud dextrose broth at 37 °C) and
the specific protein extraction method employed. Based on
the data in this study, the use of diverse P, insidiosum isolates
in the reference database have an impact on the accuracy to
detect different protein spectra within P, insidiosum complex
(clusters I to IV) [1, 25, 26, 30]. The unique protein spectra
profiles also support the potential presence of diverse putative
new species within the complex [25, 27, 31].

Of interest to this study was also the phylogenetic finding of
Schurko et al. [25]. These authors reported three different
phylogenetic clades among P. insidiosum complex, each
containing isolates closely related to their unique geographic
origins. One of the investigated isolates, recovered from a
South Carolina bear (AY151178) placed in cluster III (Fig. 3)
displayed striking phylogenetic differences with isolates in
clades I and IT [25]. They concluded that the ‘bear isolate’ (as
colloquially has been known) might represent a cryptic new
species. BLAST analysis at the NCBI of the MTPI-46 DNA
sequences (NH356546) found 100% identity with the Schurko
et al. [25] bear isolate (AY151178). MALDI-TOF cladistics
analysis strongly supports Schurko et al. [25] phylogenetic
findings (Fig. 3). Furthermore, Chindamporn et al. [30]
also found contrasting SDS-PAGE protein profiles among
P. insidiosum isolates from the Americas, Australia, Papua
New Guinea and Thailand. These authors reported that the
antibodies in patients with pythiosis recognized different
immunogens depending on the geographical origin of the
isolates.

Presser and Goss [26] and more recently Kittichotirat et al.
[31] confirmed the unique DNA sequences and genomic
content of P, insidiosum isolates in clade III. Thus, Presser
and Goss [26] and Vilela et al. [27] based on new phylogenetic
data recently proposed the addition of a fourth clade. These
authors reported that Schurko et al.'s [25] clade IIT harbours
a new unreported clade they named ‘clade IV’. Interestingly,
members of clade III comprises America, Asia and Middle
East isolates, whereas clade IV harbours American isolates
only suggesting that the entire cluster may be a new species
[26]. This fact strongly supports the unique protein profile
displayed by MTPI-46 isolate (clade IV - 28, 30) in our study
and predicts lower scores in MALDI-TOF if members of
this clade are not included in the in-house database. Then,
our study found that members of clade III displayed unique
protein profile with unique spectra from that found in clades
Iand II.

Although studies on the different conditions and media used
to identify bacteria found no significant differences on the
MALDI-TOF scores [32, 33], the data in this study showed
higher MALDI-TOF scores on PDA than the scores recorded
on isolates inoculated on SDAC (Fig. 1). The higher scores
from cultures grown on PDA might be because the original
database was built with cultures grown on PDA and we may
have gotten a different result if the database was built from
cultures grown on SDAC. However, these results show that
unlike bacteria, Pythium insidiosum isolates have significant
difference in their scores based on growth media. The result
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supports the observation made by Erhard et al. [16] that, even
when a correct identification was made by MALDI-TOF, there
might be differences in spectral profile/scores based on fungal
growth media. The reading of P, insidiosum spectra took a
few minutes following an incubation period as short as 3 to
5 days. Overall, this study found the P. insidiosum MALDI-
TOF in-house spectra accurately identified all interrogated
P, insidiosum isolates and properly differentiated them from
other filamentous fungi.

Funding information

This study was supported in part by donations from SolidTech Animal
Health, Inc. Research & Development and by the Department of Micro-
biology and Molecular Genetics, Michigan State University.

Acknowledgements

The authors would like to thank the National Institute of Health (NIH)
for sharing the NIH fungal MALDI-TOF database. The authors thank Dr
Kathleen Hoag for her comments and suggestions to the manuscript.

Conflicts of interest
The authors declare that there are no conflicts of interest.

References
1. Gaastra W, Lipman LJ, De Cock AW, Exel TK, Pegge RB et al.
Pythium insidiosum: an overview. Vet Microbiol 2010;146:1-16.

2. Supabandhu J, Fisher MC, Mendoza L, Vanittanakom N. Isolation
and identification of the human pathogen Pythium insidiosum from
environmental samples collected in Thai agricultural areas. Med
Mycol 2008;46:41-52.

3. Adl SM, Simpson AG, Lane CE, Luke$ J, Bass D et al. The revised
classification of eukaryotes. J Eukaryot Microbiol 2012;59:429-514.

4. Chitasombat MN, Petchkum P, Horsirimanont S, Sornm-
ayura P, Chindamporn A et al. Vascular pythiosis of carotid artery
with meningitis and cerebral septic emboli: a case report and liter-
ature review. Med Mycol Case Rep 2018;21:57-62.

5. Thianprasit M, Chaiprasert A, Imwidthaya P. Human pythiosis. Curr
Top Med Mycol 1996,7:43-54.

6. Mendoza L, Kaufman L, Mandy W, Glass R. Serodiagnosis of
human and animal pythiosis using an enzyme-linked immuno-
sorbent assay. Clin Diag Lab Immunol 1997;4:715-718.

7. Mendoza L, Nicholson V, Prescott JF. Immunoblot analysis of the
humoral immune response to Pythium insidiosum in horses with
pythiosis. J Clin Microbiol 1992;30:2980-2983.

8. Krajaejun T, Kunakorn M, Niemhom S, Chongtrakool P, Pracha-
rktam R. Development and evaluation of an in-house enzyme-
linked immunosorbent assay for early diagnosis and monitoring of
human pythiosis. Clin Diagn Lab Immunol 2002;9:378-382.

9. Brown CC, McClure JJ, Triche P, Crowder C. Use of immunohisto-
chemical methods for diagnosis of equine pythiosis. Am J Vet Res
1988;49:1866-1868.

Grooters AM, Gee MK. Development of a nested polymerase chain
reaction assay for the detection and identification of Pythium insid-
iosum. J Vet Intern Med 2002;16:147-152.

11. Schurko AM, Mendoza L, de Cock AW, Bedard JE, Klassen GR.
Development of a species-specific probe for Pythium insidiosum
and the diagnosis of pythiosis. J Clin Microbiol 2004;42:2411-2418.

Badenoch PR, Coster DJ, Wetherall BL, Brettig HT, Rozenbilds MA
et al. Pythium insidiosum keratitis confirmed by DNA sequence
analysis. Br J Ophthalmol 2001;85:502-503.

Keeratijarut A, Lohnoo T, Yingyong W, Rujirawat T, Srichun-
rusami C et al. Detection of the oomycete Pythium insidiosum by
real-time PCR targeting the gene coding for exo-1,3-f-glucanase.
J Med Microbiol 2015;64:971-977.

Vilela R, Viswanathan P, Mendoza LA. A biochemical screening
approach to putatively differentiate mammalian pathogenic



Mani et al., Journal of Medical Microbiology 2019;68:574-584

20.

21.

22.

23.

Oomycota species in the clinical laboratory. J Med Microbiol
2015;64:862-868.

Moraes-Tondolo JS, Loreto ES, Denardi LB, Nunes-Mario DA,
Alves SH et al. A simple, rapid and inexpensive screening method
for the identification of Pythium insidiosum. J Microbiol Methods
2013;93:52-54.

Erhard M, Hipler UC, Burmester A, Brakhage AA, Wéoste-
meyer J. |dentification of dermatophyte species causing onycho-
mycosis and tinea pedis by MALDI-TOF mass spectrometry. Exp
Dermatol 2008;17:356-361.

Hettick JM, Green BJ, Buskirk AD, Kashon ML, Slaven JE et al.
Discrimination of Aspergillus isolates at the species and strain level
by matrix-assisted laser desorption/ionization time-of-flight mass
spectrometry fingerprinting. Analyt Biochem 2008;380:276-281.

Alanio A, Beretti JL, Dauphin B, Mellado E, Quesne G et al. Matrix-
assisted laser desorption ionization time-of-flight mass spec-
trometry for fast and accurate identification of clinically relevant
Aspergillus species. Clin Microbiol Infec 2011;17:750-755.

Krajaejun T, Lohnoo T, Jittorntam P, Srimongkol A, Kumsang Y
et al. Assessment of matrix-assisted laser desorption ionization-
time of flight mass spectrometry for identification and biotyping
of the pathogenic oomycete Pythium insidiosum. Int J Infect Dis
2018;77:61-67.

Alejandro Rojas J, Jacobs JL, Napieralski S, Karaj B, Bradley CA
et al. Oomycete species associated with soybean seedlings in
North America—Part I: identification and pathogenicity characteri-
zation. Phytopathol 2017;107:280-292.

Lau AF, Drake SK, Calhoun LB, Henderson CM, Zelazny AM. Devel-
opment of a clinically comprehensive database and a simple
procedure for identification of molds from solid media by matrix-
assisted laser desorption lonization-Time of flight mass spec-
trometry. J Clin Microbiol 2013;51:828-834.

Bruker Daltonics. Custom MSP and library creation. Revision C.
Billerica, MA: Bruker Daltonics; 2014.

Alizadeh M, Kolecka A, Boekhout T, Zarrinfar H, Ghanbari-
Nahzag MA et al. Identification of Candida species isolated from
vulvovaginitis using matrix-assisted laser desorption ionization-
time of flight mass spectrometry. Curr Med Mycol 2017;3:21-25.

584

24,

26.

27.

28.

30.

31.

32.

33.

Zvezdanova ME, Escribano P, Ruiz A, Martinez-Jiménez MC,
Peldez T et al. Increased species-assignment of filamentous fungi
using MALDI-TOF MS coupled with a simplified sample processing
and an in-house library. Med Mycol 2018; Feb 9.

. Schurko AM, Mendoza L, Lévesque CA, Désaulniers NL, de

Cock AW et al. A molecular phylogeny of Pythium insidiosum. Mycol
Res 2003;107:537-544.

Presser JW, Goss EM. Environmental sampling reveals that
Pythium insidiosum is ubiquitous and genetically diverse in North
Central Florida. Med Myco 2015;53:674-683.

Vilela R, Montalva C, Luz C, Humber RA, Mendoza L. Pythium insid-
josum isolated from infected mosquito larvae in central Brazil. Acta
Trop 2018;185:344-348.

Nobrega de Almeida J, Del Negro GM, Grenfell RC, Vidal MS,
Thomaz DY et al. Matrix-assisted laser desorption ionization-time
of flight mass spectrometry for differentiation of the dimorphic
fungal species Paracoccidioides brasiliensis and Paracoccidioides
lutzii. J Clin Microbiol 2015;53:1383-1386.

Farmer AR, Murray CK, Driscoll IR, Wickes BL, Wiederhold N et al.
Combat-Related Pythium aphanidermatum invasive wound infec-
tion: case report and discussion of utility of molecular diagnostics.
J Clin Microbiol 2015;53:1968-1975.

Chindamporn A, Vilela R, Hoag KA, Mendoza L. Antibodies in the
sera of host species with pythiosis recognize a variety of unique
immunogens in geographically divergent Pythium insidiosum
strains. Clin Vaccine Immunol 2009;16:330-336.

Kittichotirat W, Patumcharoenpol P, Rujirawat T, Lohnoo T,
Yingyong W et al. Draft genome and sequence variant data of the
oomycete Pythium insidiosum strain Pi45 from the phylogeneti-
cally-distinct Clade-lll. Data Brief 2017;15:896-900.

Anderson NW, Buchan BW, Riebe KM, Parsons LN, Gnacinski S et al.
Effects of solid-medium type on routine identification of bacterial
isolates by use of matrix-assisted laser desorption ionization-time
of flight mass spectrometry. J Clin Microbiol 2012;50:1008-1013.

Wieme AD, Spitaels F, Aerts M, De Bruyne K, Van Landschoot A
et al. Effects of growth medium on matrix-assisted laser Desorp-

tion—lonization time of flight mass spectra: a case study of acetic
acid bacteria. Appl Environ Microbiol 2014;80:1528-1538.



	Identification of ﻿Pythium insidiosum﻿ complex by matrix-assisted laser desorption ionization-time of flight mass spectrometry
	Abstract
	Introduction
	Methods
	Media and isolates
	Protein extraction of fungal and fungal-like identification by MALDI-TOF
	Addition of protein spectra to the MALDI-TOF reference database
	Culture media based variation of MALTI-TOF scores
	Determination of identification specificity within ﻿Pythium﻿ spp
	Visual protein spectra of some isolates
	Cladistics analysis of ﻿Pythium insidiosum﻿ spectra

	Results
	Morphological and molecular identification
	﻿Pythium insidiosum﻿ incubation temperature and media
	﻿Pythium insidiosum﻿, fungal and fungal-like microbes' MALDI-TOF identification
	Cladistics analysis using MALDI-TOF spectra identification

	Discussion
	References


