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ABSTRACT

The pathogenic oomycete Pythium insidiosum is a fungus-like microorganism that causes a life-
threatening infectious disease, called pythiosis, in humans and animals living in tropic and subtropic
countries. Thailand is an edemic area of human pythiosis. Basic information about P. insidiosum’s
natural history is still very limited. New cases of pythiosis have been increasingly reported. Patients
suffer from this disease and have poor prognosis. Diagnosis of pythiosis is difficult. Conventional
antifungal drugs are ineffective for treatment. Surgical removal of infected organs (mostly, eyes and legs;
leading to life-long disabilities) and death from progressive infection are common outcomes. Regarding
diagnosis, there are needs for rapid, reliable, and easy-to-use diagnostic tests. Regarding treatment, it is
apparent that more needs to be done in the way of basic research to provide insights into P.
insidiosum’s biology and pathogenesis, and thereby lead to the discovery of novel strategies for
pathogen and infection control, such as, new antimicrobial agents and vaccines. Here, we report two
newly-developed serodiagnostic tests (user-friendly formats of immunochromatography and
hemagglutination) for facilitating rapid and reliable diagnosis of human pythiosis. The tests have high
detection specificity and sensitivity, and a short turn around time of 30-60 minutes. We also report a
genetic identification and characterization of the 74-kDa immunodominant protein of P. insidiosum, which
is a potential virulence factor, diagnostic target, and vaccine candidate. The 74-kDa immunodominant
antigen is encoded by a putative exo-1,3-beta glucanase gene. Glucanase genes are an interesting
group of genes since in some pathogenic fungi, they have roles play in pathogenesis (adhesion and
invasion) and host immune responses (stimulation of host immunity). Based on the glucanase gene, 22
P. insidiosum clinical isolates are divided into 2 phylogenetic groups. Because genetic and genomic
information is lacking for P. insidiosum, which makes molecular studies of this pathogen difficult, we
have undertaken an EST study, and report on the first dataset of 486 ESTs, assembled into 217
unigenes. Of these, 144 had significant sequence similarity with know genes, including 47 with ribosomal
protein homology. Potential virulence factors included genes involved in antioxidation, thermal
adaptation, immunomodulation, and iron and sterol binding. Effectors resembling pathogenicity factors of
plant-pathogenic oomycetes, were also discovered. In conclusion, our project, supported by the Thailand
research fund and the commission on higher educationhave, as a final report, has successfully
developed two useful tests for rapid diagnosis of human pythiosis, shown that the 74-kDa immungen is
glucanase (a potential candidate for diagnostic test and vaccine development), and reported the first
EST dataset of P. insidiosum for exploring genetic diversity and better understanding pathogenesis of

the pathogen.
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Microorganisms and antigen preparations: Twenty-two clinical isolates of Pythium insidiosum
used in this study, and clinical details, including the form of pythiosis and the geographic origin of
patients for each isolate, are listed in Table 1. Antigen preparation was as previously described (18).
Briefly, P. insidiosum strain P1 was cultured on Sabouraud dextrose agar for 3 days at 37°C. Ten small
agar pieces, containing hyphal elements from the growing culture, were transferred to 100 ml of
Sabouraud dextrose broth and shaken (150 rpm) for 10 days at 37°C. Merthiolate (0.02% [wt/vol]) was
added to kill the cultures before they were filtered through a Durapore membrane filter (0.22-um pore
size; Millipore, County Cork, Ireland). The filtered broth containing phenylmethylsulfonyl fluoride (PMSF;
0.1 mg/ml) and EDTA (0.3 mg/ml) is referred to as culture filtrate antigen (CFA). The retained hyphal
mass was transferred to a mortar in the presence of 25 ml of cold sterile distilled water containing PMSF
(0.1 mg/ml) and EDTA (0.3 mg/ml). The hyphal mass was ground on ice and centrifuged at 4,800 x g,
for 10 min at 4°C. The resulting supernatant, referred to as soluble antigen from broken hyphae (SABH),
was filtered through a Durapore membrane filter (0.22-um pore). SABH and CFA were concentrated
~80-fold using an Amicon Ultra 15 centrifugal filter (10,000 nominal molecular weight limit; Millipore,
Bedford, MA). The concentrated preparations were stored at -20°C until use.

Serum samples: Sera from 5 patients with vascular pythiosis (T1-T5; diagnosed by culture
identification and serological tests) and 5 healthy blood donors (C1-C5) who came to the Blood Bank
Division, Ramathibodi Hospital were used for evaluating immunoreactivity of synthetic peptides in this
study. All sera were stored at -20°C until use.

SDS-PAGE and Western blot: SDS-PAGE and Western blot analysis were performed
according to the procedures previously described (18). Briefly, ~15 ug of SABH or CFA was mixed with
loading buffer (60 mM Tris-HCI, pH 6.8, 25% glycerol, 2% sodium dodecyl sulfate [SDS], 14.4 mM
mercaptoethanol, and 0.1% bromophenol blue), boiled for 5 min, and centrifuged at 14,000 x g for 5 min.
Supernatant proteins were separated at 100 V in an SDS-polyacrylamide gel (4% stacking gel, 12%
separating gel) on a minigel apparatus (Bio-Rad, Hercules, CA). The gel was stained with Coomassie
brilliant blue. Prestained SDS-PAGE molecular weight standards (Bio-Rad) were run in parallel.

For Western blot analysis, separated antigens were electro-transferred from SDS-PAGE gels to

polyvinylidene difluoride membranes (Bio-Rad) for 1 h at 100 V. Membranes were blocked with 5%



gelatin in Tris-buffered saline (TBS), pH 7.5, and incubated overnight at room temperature with a
pythiosis serum T1 diluted at 1:1,000 with antibody buffer (TBS, pH 7.5, 0.05% Tween 20, 1% gelatin).
The membranes were washed twice with washing buffer (TBS, pH 7.5, 0.05% Tween 20) and incubated
at room temperature for 2 h with goat anti-human immunoglobulin G (heavy plus light chains) conjugated
with horseradish peroxidase (Bio-Rad) at a 1:3,000 dilution with antibody buffer. The membranes were
washed with washing buffer three times. Signals were developed by adding a fresh mixture of 10 ml of
0.3% 4-chloro-1-naphthol in methanol and 50 ml of TBS with 30 pl of 30% H,O,. Reactions were
stopped by immersing the membranes in distilled water. Color developed membranes were immediately
photographed.

Mass spectrometric analysis: SABH and CFA protein bands corresponding to the 43- and 74-
kDa immunonodominant antigens, separated by one-dimension SDS-PAGE, were excised from a
Coomassie brilliant blue-stained gel, and cut into 1-mm pieces. Destaining, trypsin in-gel digestion,
extraction and peptide purification were performed using the protocol of Saveliev et al. (37). The
peptides were subjected to analysis on the MDS SCIEX 4800 MALDI-Tof/Tof mass spectrometer (MS;
Applied Biosystems, Foster City, CA, USA) at the Biotechnology Center, University of Wisconsin-
Madison. Peptide mass fingerprints (PMF) were generated and used to match to theoretical trypsin-
digested proteins in the National Center for Biotechnology Information (NCBI) non-redundant database
using the program MASCOT (37). Some peptide masses were selected for generating de novo amino
acid sequence tags by MALDI-Tof/Tof tandem mass spectrometric (MS/MS) analysis. The de novo
amino acid sequence of each peptide was BLASTed against the NCBI non-redundant protein database
(blastp).

Genomic DNA extraction, PCR and DNA sequencing: Genomic DNA extraction was
performed using the protocol of Pannanusorn et al. (31) or Vanittanakom et al. (43). The 1.1-kb region of
the P. insidiosum [3-glucanase gene sequence was PCR amplified using degenerate primer Pr1 (5'-
ACNTTYGARCAYTGGCCNAT-3’) and Pr4 (5-ARRTGCCARTAYTGRTTRAA-3'). Alternatively, Pr7 (5-
ACGTTCGAGCACTGGCCTAT-3’) and Pr10 (5-AGGTGCCAGTACTGGTTGAA-3’) (which are subset
primers of Pr1 and Pr4, respectively, that were derived from the sequence of the putative exo-1,3-8
glucanase gene EXO1 of Phytophthora infestans) were used to amplify glucanase DNA sequence of
some P. insidiosum isolates. The amplifications were carried out in 50-pl, containing 200 ng genomic
DNA, 0.2 mM dNTPs, 1 uM of each primer, and 1 pl of Elongase DNA polymerase mixture (Invitrogen)

in 1x Elongase buffer (buffer A:B = 1:4). Amplifications were performed in a MyCycler Thermal Cycler
(Bio-Rad, USA), with the following cycling temperatures: denaturation at 94°C for 2.5 min for the first
cycle and 30 sec for subsequent cycles, annealing for 30 sec at 40°C and elongation for 1.5 min at

68°C for a total of 35 cycles, followed by a final extension for 10 min at 68°C. The PCR products were
assessed for amount and size by 1% agarose gel electrophoresis.

Direct sequencing of PCR products was performed using the Big Dye Terminator v. 3.1 Cycle
Sequencing  Kit  (Applied  Biosystems, USA). Primer  Pr1, Prr and Prd6 (5-
ACCTCATGTCCAAGAAGCTCAACG-3’) were used to obtain the forward sequences and primer Pr4,
Pr10 and Pr43 (5-CGCGCATAAAGTCGAGCCAGAA-3’) were used for the reverse sequence.
Automated sequencing was carried out using an ABI 3100 Genetic Analyzer (Applied Biosystems, USA)

and analyzed using the Applied Biosystems Sequencing software.



Synthetic peptides and ELISA: s74-1 (WTSIASTQPVGTTTFEHWPIR) and s74-2
(FLTLEEQCDWAFNQYWHLNR) synthetic peptides (> 95% pure) were purchased from BioSynthesis
Inc. (Lewisville, Texas, USA). Each peptide was dissolved in sterile distilled water. The s74-1 and s74-2
peptides were diluted to a final concentration of 0.1 pg/ml in 50 mM phosphate buffer with 0.6 M NaCl
(pH 5.6) or 50 mM acetate buffer with 0.6 M NaCl (pH 2.6). Each peptide was used to coat a 96-well
polystyrene plate (COSTAR, Corning Incorporated, New York) (100 pl/well) at 4 °C, overnight. Unbound
antigens were removed by washing 4 times with washing buffer (0.1M Tris-NaCl buffer with 0.1%
Tween). Serum samples from pythiosis patients and blood donors were 200-fold diluted in 0.15 M PBS
(pH 7.2) with 1% BSA (PBS-BSA), added to wells in triplicate (100ul/well), incubated at 37 °C for 30 min
and washed 4 times. Peroxidase-conjugated goat anti-human IgG Fc antibody (AffiniPure, Jackson
ImmunoResearch Laboratories Inc.) was diluted 100,000-fold in PBS-BSA, added to each well
(100pl/well), and incubated at 37 °C for 30 min. After washing unbound conjugate antibody 4 times, 100
pl of the TMB solution (the galactomannan ELISA kit, Bio-Rad) was added to each well. The reaction
was stopped by adding 100 pl of 1.5 N H,SO, to each well. The optical density was measured with an
ELISA reader (Behring Diagnostic) at 450 and 650 nm.

Phylogenetic analysis: The putative exo-1,3-R glucanase partial gene sequences of all P.
insidiosum isolates (Table 1) were aligned by using the Clustal W program (11) and were manually
edited. The phylogenic tree of the P. insidiosum glucanase gene sequences, and the P. infestans EXO1
sequence (set as the outgroup for rooting) was generated by neighbor-joining (NJ) algorithm in the
Phylip program, and drawn using the Treeview program (30). The reliability of the inferred trees was

tested using bootstrap re-sampling with 1,000 replicates (7).

WaN13398

Mass spectrometric analysis revealed 74-kDa antigen is R-glucanase: Two abundant
antigenic proteins, namely s74 and c74, corresponding to the 74-kDa major immunodominant bands of
SABH and CFA, respectively (18), were excised from a one-dimension SDS-PAGE gel to use for peptide
mass fingerprinting (PMF) by mass spectrometric analysis following trypsin digestion. Comparison of the
PMFs of s74 and c74 antigens did not reveal any significant spectrum similarity (Fig. 1). Peptide masses
of each PMF were used to search theoretical trypsin-digested proteins in the NCBI non-redundant
database and two peptide masses of the s74 antigen, 2415.3 (relative intensity, 34%) and 2671.4
(relative intensity, 3%), matched to 2 peptides, WTSIASTQPVGTTTFEHWPIR (= s74-1 peptide) and
FLTLEEQCDWAFNQYWHLNR (= s74-2 peptide), of a putative exo-1,3-R glucanase (EXO1) from the
plant-pathogenic oomycete P. infestans (accession number AAM18483) (Fig. 1). The s74-1 and s74-2
peptides were matched to amino acid positions 278-298 and 634-653 of P. infestans EXO1, respectively.
The de novo sequence of the s74-1 peptide determined by MS/MS analysis showed the same amino
acid sequence as predicted by the initial MS analysis. For the PMFs generated for the c74 protein, no
peptide mass matched to any protein in the NCBI database. Some of the c74 peptide masses with
strong relative intensity (i.e., 1109.6, 1155.5, 1238.6, 1281.6, 1564.8 and 2154.1) underwent de novo
sequencing by MS/MS analysis. The de novo amino acid sequences obtained (Table 2) were subjected
to BLAST of the NCBI database, but none of them matched to any protein. Another abundant protein,

namely s43, corresponding to the 43-kDa immunodominant band of SABH (18) was isolated from the



SDS-PAGE gel, and was subjected to the MS and MS/MS analyses. Neither PMF of this peptides nor de
novo sequences of selected peptide masses with strong intensity (i.e., 1842.8, 1859.8 and 2153.0; Table
1) matched to any protein in the NCBI database.

Partial DNA sequence of the P. insidiosum B-glucanase gene: PCR primers were designed
from within the reverse translated amino acid sequences of the s74-1 and s74-2 peptides. Degenerate
primer Pr1 (128-fold degeneracy) and Pr4 (64-fold degeneracy) were used to amplify genomic DNA of P.
insidiosum strains P17, P24 and P40 (Table 1), generating an intense 1.1-kb fragment. DNA sequences
of the 1.1-kb PCR product of each strain were analyzed by BLAST of the NCBI nucleotide database
(blastn). The highest blastn match (identity, 71%; E-value, < 1e-146) was to a putative exo-1,3-R
glucanase gene of P. infestans (EXO7; accession number AF494014). The deduced amino acid
sequence (363 amino acids) of the partial putative exo-1,3- glucanase gene of P. insidiosum amplified
from strain P17 had in-frame translations with the s74-1 and s74-2 peptides (Fig. 2A). The amino acid
sequence deduced from the PCR product, fused with the complete s74-1 and s74-2 peptide sequences
(all together 379 amino acids) was used to BLAST against the NCBI protein database (blastp) and the
best match (identity, 72% (276/379); positivity, 83% (315/379); gap, 0.8% (3/379); E-value, 8e-170) was
a exo-1,3-B glucanase protein of P. infestans (EXO1; accession number AAM18483) (Fig. 2A). An NCBI
Conserved Domain Database search (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) revealed two
conserved domains, BgIC and the X8 superfamily (Fig. 2B). Similar results were observed for P.
insidiosum strain P24 and P40.

Immunoreactivity of P. insidiosum R-glucanase peptides: Synthetic = s74-1 and s74-2

peptides were each used to coat ELISA plates and tested against pythiosis (T1-T5) and control (C1-C5)
serum samples. Among pythiosis sera, T1 (Hemagglutination (HA) titer (12) = 1:5,120) and T5 (HA titer
= 1:40,960) pythiosis sera gave remarkably high ELISA signals (1.2 and 0.8, respectively, for s74-1; 1.2
and 1.0, respectively, for s74-2), while T2 (HA titer = 1:2,560), T3 (HA titer = 1:1,280) and T4 (HA titer =
1:1,280) pythiosis sera gave weak to moderate ELISA signals (0.4, 0.3 and 0.3, respectively, for s74-1;
0.1, 0.2 and 0.2, respectively, for s74-2). In general, the s74-1 (Fig. 3A) or the s74-2 (Fig. 3B) peptide
gave similar ELISA signal patterns with the different sera.
For the s74-1 peptide, the mean ELISA signal of pythiosis sera was 0.48 (range, 0.26-1.17; SD, 0.39),
while the mean ELISA signal of control sera was 0.15 (range, 0.07-0.27; SD, 0.09). If a cutoff point of
0.32 is set, which equals the mean ELISA signal of control sera plus two standard deviations of the
mean (2SDs), 60% of pythiosis sera had ELISA signals were above this cutoff, but 100% of the control
sera were below the cutoff (Fig. 3A). For the s74-2 peptide, the mean ELISA signal of the pythiosis sera
was 0.57 (range, 0.33-1.22; SD, 0.39), while mean ELISA signal of the control sera was 0.09 (range,
0.05-0.18; SD, 0.06). Based on the cutoff point of 0.21 (the mean ELISA signal of control sera plus
2SDs), all pythiosis sera were clearly differentiated from all control sera (Fig. 3B).

Phylogenetic analysis of P. insidiosum R-glucanase genetic sequences: R-glucanase
gene sequences of 22 P. insidiosum isolates from patients with different forms of pythiosis, who lived in
different regions of Thailand (Table 1), were successfully amplified and sequenced using primers Pr1
and Pr4, or Pr7 and Pr10. These sequences were analyzed for phylogenetic relatedness using the NJ
algorithm, (setting the P. infestans EXO1 as an outgroup for rooting). From this analysis, P. insidiosum

can be divided into two phylogenetic groups (clade-A and clade-B) with 98% and 100% reliability (Fig.
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4). Distribution of the forms of pythiosis and the geographic origins of the patients in the two clades were

similar.

Note: Please see the tables, figures, and references in the published version in the appendix
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Tasan1sdasd 2: Initial screening for gene diversity in the human pathogen Pythium insidiosum
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Strain, growth condition and RNA extraction

The P. insidiosum strain CBS119452, isolated from a Thai patient with vascular pythiosis, was
used to prepare RNA. The microorganism was cultured in a Petri dish containing 10 ml of Sabouraud
dextrose broth and incubated at 37 °C for 5 days. Two loops full of growing mycelium were disrupted
with glass beads (diameter, 710-1,180 pm; Sigma, St. Louis, MO), using TissueLyzer MM301 (Qiagen,
Germany). Total RNA was extracted using Trizol Reagents (Invitrogen, Carlsbad, CA) according to the
manufacturer's protocol. The RNA concentration and purity were measured using spectrophotometry
(UV-1700, Shimadzu Corp., Japan), and the integrity was evaluated by agarose gel electrophoresis. The
RNA was stored at -80 °C until use.

Construction of cDNA library

Full-length cDNAs of P. insidiosum were generated from 3.5 pg of total RNA, using the
GeneRacer kit (Invitrogen) according to the manufacturer’s protocol. Using 0.5 ul of freshly-prepared
cDNAs as template, they were amplified with 0.025 U of proof-reading Platinum Pfx DNA polymerase
(Invitrogen), in 1x Pfx amplification buffer with 1 mM of MgSO,, 0.3 mM each of dNTPs, 0.9 uM each of
the GeneRacer 5’ primer (5'—CGACTGGAGCACGAGGACACTGA-3') and the GeneRacer 3’ primer (5'—
GCTGTCAACGATACGCTACGTAACG-3'), in a MyCycler thermal cycler (Bio-Rad, Hercules, CA) with
the following cycling temperatures: an initial denaturation at 94 °C for 2 min, and a total of 35
amplification cycles: 5 cycles of denaturation for 30 s at 94 °C and annealing and elongation for 3 min at
72 °C, 5 cycles of denaturation for 30 s at 94 °C and annealing and elongation for 3 min at 70 °C, 25
cycles of denaturation for 30 s at 94 °C, annealing for 30 s at 60 °C and elongation for 3 min at 68 °C,
and followed by a final extension for 10 min at 68°C. The PCR products were assessed for the expected
heterogeneous-sized bands by 1% agarose gel electrophoresis. The PCR products were inserted to the
pCR4-blunt-TOPO vector using the Zero Blunt TOPO PCR cloning kit (Invitrogen) and then transformed
to the electrocompetent Escherichia coli strain DH5Q, according to the manufacturer's protocol. The

transformed bacteria were incubated overnight on LB agar containing 100 pug of ampicillin.

Colony PCR and DNA sequencing

A small portion of a transformed bacterial colony was suspended in 5 pl sterile water (to serve
as PCR template) and was all added to a 25-ul PCR reaction in the presence of 1 U of Tag DNA
polymerase (Fermentas, Glen Burnie, MD), 1x amplification buffer (with KCI), 0.1 uM each of the
GeneRacer 5 primer and the GeneRacer 3’ primer, 2.5 mM of MgCl,, and 0.2 mM each of dNTPs.

Amplifications were performed in a MyCycler thermal cycler (Bio-Rad) with the following cycling
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temperatures: initial denaturation at 95 °C for 5 min, 20 cycles of denaturation for 30 s at 94 °C,
annealing for 1 min at 68 °C and elongation for 3 min at 72 °C, and followed by a final extension for 15
min at 72 °C. Size of each PCR product was estimated by 1% agarose gel electrophoresis.

Direct sequencing of PCR products was performed using the Big Dye Terminator v. 3.1 Cycle
Sequencing Kit (Applied Biosystems, USA). The GeneRacer 5’ primer was used to obtain the forward
sequences. Automated sequencing was carried out using an ABI 3100 Genetic Analyzer (Applied

Biosystems, Carlsbad, CA) and analyzed using the Applied Biosystems Sequencing software.

EST assembly and sequence analyses

All ABI-formatted chromatogram sequences were manually edited to remove poor-quality base
reads and were converted to FASTA-formatted sequences by BioEdit
(http://www.mbio.ncsu.edu/bioedit/bioedit.html). The FASTA sequences were assembled into contigs by
the CAP3 program (http://deepc2.psi.iastate.edu/aat/cap/cap.html) [x01]. All unigenes were searched for
significant similarities (E-value cut-off < 1e'4) by the ESTexplorer, an online comprehensive ESTs
management program that utilizes the BLASTX algorithm and the NCBI's non-redundant protein
database (http://estexplorer.biolinfo.org) [x02, x03]. Annotated unigenes of P. insidiosum were searched
against the previously-reported virulence genes of other pathogens in the literatures (i.e. Pubmed). The
ESTexplorer also utilizes (i) ESTscan [x69] and InterProScan [x32] to predict protein domains, (ii)
KOBAS [x70] to map proteins to metabolic pathways, and (iii) BLAST2GO [x71] to assign Gene
Ontology (GO) term to each annotated unigene. All GO terms were categorized into groups by the
CateGOrizer program [x06].

The open reading frame (ORFs) of each unigene was converted into an amino acid sequence
using the Python programming language (http://www.python.org) and the Biopython [x49]. All deduced
amino acid sequences were subjected to the SignalP 3.0 program
(http://www.cbs.dtu.dk/services/SignalP) to predict signal peptides and cleavage sites [x04]. Using the
criteria set by Win et al. [x05], a gene product was identified as an extracellular (secreted) protein, if the
SignalP Hidden Markov Model (HMM) had a probability higher than 0.900, and the SignalP Neural
Network (NN) predicted a cleavage site between amino acid position 10 and 40. To identify orthologs of
the P. insidiosum genes in other oomycetes, BLASTX and TBLASTX analyses were performed against
the genomes or ESTs of P. ultimum [x23], P. sojae [x22], P. ramorum [x22], P. infestans [x24], H.
arabidopsidis [x84] and S. parasitica, at the VBI Microbial database (http://vmd.vbi.vt.edu/) and the

Broad Institute database (http://www.broadinstitute.org/).

Phylogenetic analysis

Phylogenetic analyses were performed locally, using PHYLIP [x42a] and TreeView [x40], and
online, using BioNJ [x42b] and TreeDyn [x43] via Phylogeny.fr [x41]. A total of 45 amino acid sequences
of the elicitin domains from P. insidiosum [n=7; INSL1-7; this study] and from Pythium oligandrum [n=1],
Pythium vexans [n=2], Phytophthora cryptogea [n=1], Phytophthora brassicae [n=3], P. infestans [n=9], P.
ramorum [n=12] and P. sojae [n=10] (see Figure 5 for reference codes for obtaining protein sequences
[x17]) were aligned by Clustal W program [x39]. Unrooted phylogenic trees of all elicitin domain

sequences were generated by the Phylip and BioNJ programs using the neighbor-joining (NJ) algorithm.
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Trees were viewed in the Treeview and TreeDyn programs. The reliability of the inferred trees was

tested using bootstrap re-sampling with 1,000 replicates [x38].

Homology modeling of P. insidisum elicitins

Homology modeling for all elicitin-like (ELL) proteins of P. insidiosum (INSL1-7) was performed
using the SWISS-MODEL (http://swissmodel.expasy.org/), according to the instructions described
elsewhere [x53, x54, x55, x56]. Briefly, the elicitin (ELI) 1bxm chain A (the protein data bank (PDB)
code: 1bxm) and 2pos chain D (the PDB code: 2pos) [x37, x52] were used as the prototypic templates
to generate three-dimensional structures of INSL1-7. To predict whether P. insidiosum ELLs can bind
ergosterol or cholesterol, the Dock Prep program (http://www.cgl.ucsf.edu/chimera/) [x57] was used to
prepare the predicted three-dimensional structures of INSL1-7 for docking analysis. Then, the SwissDock
(http://lausanne.isb-sib.ch/~agrosdid/projects/eadock/eadock_dss.php; http://swissdock.vital-
it.ch/index.php) was used to analyze molecular docking between the P. insidiosum elicitins and the sterol
ligands (the ZINC database IDs for cholesterol and ergosterol are 3875383 and 4084618, respectively
(http://zinc.docking.org/) [x58]). Three-dimensional structures of ELI-sterol complexes were visualized by

using the UCSF Chimera [x57].

HaN13398

Generation of EST dataset: Full-length cDNAs, prepared from RNA extracted from young P.
insidiosum mycelium grown at 37 °C, were cloned into the pCR4-blunt-TOPO vector and transformed
into E. coli electrocompetent cells. A total of 486 clones were randomly selected for colony PCR using
the GeneRacer 5 and 3’ primers. Size of each PCR product (representing mRNA length) was evaluated
by agarose gel electrophoresis. Of 486 ESTs obtained, 83% (n=403) were 400 — 900 bp long [Figure 1].
The shortest and the longest ESTs were ~200 and ~2200 bp, respectively. PCR products were
sequenced using the GeneRacer 5 primer. Plasmid and adaptor sequences were manually removed
using the BioEdit program. The CAP3 program [x01] assembled all ESTs to 217 unique sequences (so
called “unigenes”): 137 singletons and 80 contigs. Each contig was derived from multiple clones, with 2
to 37 clones per unigene [Figure 1]. Of the 217 unigenes, 68% (n=147) appear to represent full-length
transcripts, because they contained both the GeneRacer RNA oligo sequence (which is attached to the

5’ end of full-length mRNAs) and poly-A tail.

Gene diversity of P. insidiosum: The P. insidiosum unigene sequences were annotated using
ESTexplorer [x02, x03]. Although 73 unigenes (34%) did not match any protein in the database, 144
unigenes (66%) had significant hits (E-value < -4): 47 unigenes (22%) encoding ribosomal proteins and
97 unigenes (44%) encoding non-ribosomal proteins, including 9 hypothetical proteins [Table 1]. In
addition, 13 of 73 unigenes with no significant BLASTX hits and 2 of 9 unigenes matched to a
hypothetical proteins were assigned a protein domain by InterProScan [x32] [Table 2]. Thirty highly-
representative unigenes (at least 4 clones per unigene) are shown in Table 3. Several sets of similar
genes (gene families) were identified: 47 unigenes encode ribosomal proteins, 7 encode elicitin-like
proteins (ELLs), 3 encode peptidylprolyl isomerases, and 2 each encode eukaryotic translation initiation

factors, histones, RNA polymerases, small nuclear riboproteins, thioredoxin-like proteins, ubiquitins, and
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V-type ATPase proteolipid subunits

The BLAST2GO program [x33] assigned 90 GO terms to 60 annotated unigenes. which can be
divided into 3 categories: (i) Biological processes (37.8%), including proteins involved in cell organization
and biogenesis, transport, nucleic acid binding, protein metabolism, developmental processes, cell cycle
and proliferation, RNA metabolism, signal transduction and RNA transcription; (ii) Cellular components
(28.9%), including proteins associated with specific sub-cellular fractions, including internal or plasma
membrane, ribosome, mitochondrion, nucleus, cytosol, cytoskeleton, and vacuole; and (iii) Molecular
function (33.3%), including transcription regulation, ribosome binding, kinase activity and transport. The
KOBAS program [x34] indicated that 21 non-ribosomal protein-encoding genes are in 11 metabolic
pathways: polyunsaturated fatty acid biosynthesis (PinsEST#104 and 146), methionine metabolism
(PinsEST#037, 141 and 215), styrene degradation (PinsEST#103), tyrosine metabolism (PinsEST#074,
078 and 103), selenoamino acid metabolism (PinsEST#037, 141 and 215), chaperones and folding
catalysts (PinsEST#067, 156, 158 and 200), protein folding and associated processing (PinsEST#016,
197 and 209), pyrimidine metabolism (PinsEST#021, 034 and 114), nitrogen metabolism (PinsEST#027
and 158), small cell lung cancer (PinsEXT#096), and C5-branched dibasic acid metabolism
(PinsEST#069).

The SignalP 3.0 program [x04], with the criteria set by Win et al. [x05], predicts that 20
unigenes encode extracellular (secreted) proteins. Nine of them (PinsEST#007, 014, 026, 050, 072, 083,
084, 153 and 217) had no BLASTX hits, while the rest (n=11) include seven putative P. insidiosum ELLs
(PinsEST#003, 025, 042, 045, 046, 066 and 176), two hypothetical proteins (PinsEST#149 and 151),
and one each of an 0Os09g0542200-similar protein (PinsEST#052) and a cellulose binding elicitor lectin
(CBEL; PinsEST#112).

Putative pathogenicity genes of P. insidiosum: Based on sequence homology to virulence
genes of other pathogens, a handful of P. insidiosum genes encode putative virulence factors [Table 4].
These include ELLs, CBEL, and RXLR effector, which are pathogenicity proteins of plant-pathogenic
oomycetes [x17, x47, x45]. Other P. insidiosum genes are predicted to encode enzymes with antioxidant
functions, which can be important for pathogen survival in response to radical oxygen species produced
by host organisms. These include superoxide dismutase [x10], thioredoxin-like protein [x15], and
glutaredoxin [x11]. Predicted genes for calmodulin [x08] and heat shock transcription factor [x13] may
facilitate growth and thermal adaptation at the animal host body temperature (37°C). There is a predicted
P. insidiosum gene for B-carbonic anhydrase [x09]. This enzyme could promote a superficial infection on
host surface (i.e., eye, skin) where CO, content is low. Finally, there are predicted genes with homology
to macrophage migration inhibitory factor [x14] and ferrochelatase, an enzyme required for the final step

in heme biosynthesis and is important for microbial virulence [x12].
Putative effectors of P. insidiosum: Effectors are a group of secreted molecules that

manipulate host cell structure and function, in order to facilitate infection processes of many pathogens,

including oomycetes [x68]. We identified P. insidiosum genes that encode effectors, including ELI or
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ELL, CBEL, and RXLR homoloques. PinsEST#112 significantly matched the P. parasitica CBEL surface
protein (E-value is 1.02E-09), and a “Conserved Domain Search”
(http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi) revealed domains shared with the P. parasitica
CBEL, including a signal peptide, and repeats of the PAN/Apple domain (four copies in PinsEST#112 vs.
two in P. parasitica) [Figure 2]. In contrast, PinsEST#112 lacks the cellulose-binding domains of P.
parasitica CBEL [Figure 2]. Since cell wall associated proteins are often O- and N-glycosylated, we used
the NetOGlyc and NetNGlyc software [http://www.cbs.dtu.dk/services/NetNGlyc/] to predict O- and N-
glycosylation sites and found two asparagine residuals (position 76 and 91) of PinsEST#112 protein with
the predicted potential as N-glycosylation sites.

ELIs share the highly-conserved 98-amino acid elicitin domain with six cysteine residues, while
ELLs contain either shorter or longer domains, with more diverse sequences [x17]. Seven ELLs were
identified by BLASTX (n=6) and InterProScan (n=1) search, and were named INSL1 (PinsEST#003),
INSL2 (PinsEST#025), INSL3 (PinsEST#042), INSL4 (PinsEST#045), INSL5 (PinsEST#046), INSL6
(PinsEST#066), and INSL7 (PinsEST#176). The mean protein length of all P. insidiosum ELLs, was 133
amino acids (range, 112 — 181), signal peptides were 16-20 amino acids long, the elicitin domain (Pfam
PF00964) varied from 66 — 96 amino acids, and C-terminal domains were 5 — 51 amino acids long
[Figure 2]. Only INSL2 and INSL7 had predicted O-glycosylation sites (20 and 13 sites, respectively).
The big-Pl Fungal Predictor [x36] identified no glycosylphosphatidylinositol (GPI) anchor in any P.
insidiosum ELLs. The elicitin domain sequences of all P. insidiosum ELLs were aligned with that of some
other oomycetes, such as, Phytophthora cryptogea (CRY; assession number, P15570.2), Pythium
vexans (VEX1; assession number, AAB34416.1), Phytophthora brassicae (BRA2; assession number,
AAQ92424.1), P. sojae (SOJB; assession number, AAO24640.1), P. ramorum (RAM3B; assession
number, ABB55984.1), and P. infestans (INF5; assession number, AAL16012.1) [Figure 4]. The
alignment shows that all P. insidiosum ELLs have the six conserved cysteine residues, a main
characteristic of elicitins (ELIs) for the predicted formation of 3 disulfide bonds [x49, x17] [Figure 4].

Structurally, an RXLR effector has an N-terminus portion that comprises a signal peptide (for
secretion of effector), an RXLR-dEER domain (for translocation of effector), and a C-terminus functional
domain, necessary for pathogenicity [x18, x19, x68]. The RXLR motif usually resides between the
position 31 and 58, while that of the dEER motif is between positions 51 and 86 [x20, x21]. The dEER
motif is less conserved than the RXLR motif, and characterized by a stretch of mainly acidic amino acids
(D/E) [x18, x19]. To find a putative RXLR effector of P. insidiosum, the string “RXLR” was initially
searched in all 217 predicted protein sequences. Proteins with this RXLR motif were then searched for
the signal peptide and dEER motif. A total of 12 proteins contained the RXLR motif within the first 60
amino acids of the N-terminus. Two of these (PinsEST#107 and 113) had both RXLR and dEER motifs,
but no predicted signal peptide. Only one protein (PinsEST#176) had a signal peptide and the RXLR-
dEER domain. The gene products of PinsEST#107 and 113 had no BLAST hit, whereas that of
PinsEST#176 was described above as an ELL (INSL7). The RXLR-dEER domains from INSL7 and four
prototypic oomycete RXLR effectors (Avr1b from P. sojae [x79], Avr3a from P. infestans [x80], and ATR1
and ATR13 from Hyaloperonospora parasitica [x77, x78]) are aligned in Figure 3. All sequences have the
conserved RXLR motif, but diverse dEER motif sequences. Similar to ATR13, the INSL7 has only one
acidic amino acid (E) in the dEER motif.
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Phylogenetic analysis of P. insidiosum elicitins: Jiang et. al. [x17] reported that 156 elicitin
domain sequences from Phytophthora and Pythium species can be phylogenetically divided into 17
distinct clades: four ELIs and 13 ELLs. The elicitin domain sequences from all 7 ELLs (INSL1-7) of P.
insidiosum and 38 ELIs/ELLs of other oomycetes [x17] were used to construct an unrooted phylogenetic
tree based on Neighbor-Joining analysis with 1,000 bootstrap replicates. Analyses using the programs
PHYLIP, TreeView, BioNJ and TreeDyn via Phylogeny.fr provided similar trees (Figure 5). Bootstrap
scores = 70% were present at each corresponding node. All of the elicitin domain sequences, except six
from P. insidiosum (INSL1-6), fell into the 17 clades, as reported by Jiang et al. [x17]. Of all seven P.
insidiosum ELLs, INSL7 was in clad ELL-06, and the rest, INSL1-6, were in novel clades: INSL1, INSL3
and INSL6 located in clade ELL-A, ELL-C and ELL-D, respectively, while INSL2, INSL4, and INSL5
formed clade ELL-B.

Predicted structure of P. insidiosum elicitins: Sequence alignment of 13 elicitin domain
sequences, including that of the structure- and function-defined elicitin CRY [x37], showed up to 16
possible ergosterol interactive sites in the elicitin domains of P. insidiosum ELLs [Figure 4]. Using
homology modeling based on the structure-defined elicitin 1bxm [x37] and 2pos [x52], all P. insidiosum
elicitins, except INSL7, have predicted three-dimentional structures with a small pocket-like cavity.
Protein-ligand docking analysis using SwissDock (see the methods for details) predicts that three P.
insidiosum elicitins (INSL1, INSL2 and INSL5) could encapsulate either cholesterol or ergosterol in the

cavity. Predicted structures of the complex between INSL2 and cholesterol are depicted in Figure 6.

EST comparative analysis: BLASTX and TBLASTX were used to search protein databases
from the genomes of six oomycete species: P. ultimum, P. sojae, P. ramorum, P. infestans, H.
arabidopsidis and S. parasitica. These species were chosen because of the availability of their genome
sequences. While most of our ESTs showed homology to other sequences in these oomycete
databases, we found one putative gene, with unknown function, that is unique to P. insidiosum
(PinsEST#086). Orthologs of PinsEST#119 are only found in P. infestans (AAY43427.1) and S.
parasitica (SPRG_10907) genomes. Sequence alignment and domain analyses showed that
PinsEST#119 and its S. parasitica orthologs contain a domain of the Rickettsia 17-kDa surface antigen,

while that of P. infestans does not (data not shown).

Note: Please see the tables, figures, and references in the full manuscript in the appendix
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Tasenstiasi 3A: Development of a rapid serological test for diagnosis of human pythiosis
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Microorgansim and growth condition: The Pythium insidiosum strain CBS119452 isolated
from Thai patients with vascular pythiosis was used to prepare antigen in this study. The organism had
been maintained on Sabouruad dextrose agar at 37°C until antigen preparation.

Antigen preparation: The P. insidiosum CBS119452 isolate was subcultured on Sabouraud

dextrose agar and incubated at 37°C for 2 days. Several small agar pieces containing hyphal elements

from the growing culture were transferred to 200 ml of Sabouraud dextrose broth and shaken (150 rpm)

at 37°C for one week. Merthiolate (final concentration 0.02% wt/v) was added to kill the cultures before
they were filtered through a Durapore membrane filter (0.22-uym pore size; Millipore, County Cork,
Ireland). PMSF (0.1 mg/ml) and EDTA (0.3 mg/ml) were added to minimize protein degradation in the
filtrated broth before it was concentrated ~80 folds using an Amicon Ultra-15 centrifugal filter (10,000
nominal molecular weight limit (NMWL); Millipore, Bedford, MA). The concentrated filtered broth was
referred to as culture filtrate antigen (CFA), and was measured for protein concentration by
spectrophotometer. The CFA was stored at 4°C until use.

Serum samples: A total of 33 sera from known cases of human pythiosis (27 vascular, 4
ocular, and 2 cutaneous) were recruited for test evaluation. Diagnosis of human pythiosis was based on
previously reported criteria (9): (i) culture isolation of P. insidiosum (n=15), (ii) serodiagnosis (n=9), and
(iii) presence of the unique clinicopathological features of vascular pythiosis (n=9). Additional 181 sera
were collected for use in 4 control groups. The first group included 100 sera randomly collected from
healthy blood donors who came to the Blood Bank Division, Ramathibodi Hospital. The second group
included 19 healthy thalassemic patients with no clinical evidence for pythiosis. The third group included
sera from 6 patients with non-infectious diseases (5 highly-positive antinuclear antibody titer and 1
thromboangiitis obliteran (TAO)). The forth group included 56 sera from patients with other infections (7
each of penicillosis and galactomannan positive, 6 cryptococcosis, 5 malaria, 4 each of aspergillosis and
mycoplasmosis, 3 each of zygomycosis, histoplasmosis, syphilis, and anti-human immunodeficiency virus
positive, 2 each of toxoplasmosis, leptospirosis, and mellioidosis, and 1 each of amoebiasis,
disseminated candidiasis, anti-hepatitis A virus positive, anti-hepatitis B virus positive, and anti-hepatitis
C virus positive). All sera were kept at -20°C until use.

Immunochromatographic test:

Conjugation of antibody to colloidal gold: The 40-nm colloidal gold suspension (Arista, Allentown,

PA) was adjusted to pH 9.65 by using 0.2 M Na,CO,. To each 500 Ll of colloidal gold, 3 ug rabbit anti-
human IgG (Dako, Glostrup, Denmark) was added and incubated for 30 min at room temperature. The
residual surface of the colloidal gold particles was blocked by 5% (wt/v) bovine serum albumin (BSA;
Sigma, St. Louis, Mo) and incubated for 10 min. The conjugate was centrifuged at 6,000g for 15 min

and the supernatant was then discarded. The conjugate pellet was washed in 0.5% (wt/v) casein and
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centrifuged at 6,000g for 15 min. After removing the supernatant, the conjugate was pooled and

resuspended in 0.5% (wt/v) casein and 20% (wt/v) sucrose in 0.02 M Tris-HCI (pH 8.0) with 40-time less

volume than the original. This IgG-colloidal gold conjugate (2.5[ll) was impregnated on a piece of
2.5x2.5mm glass fiber (GF33; Whatman/Schleicher & Schuell, Dassel, Germany) and dried in a
dehumidifier cabinet for an hour.

Immobilization of antigen and antibody onto nitrocellulose membrane: A 1.5cm-width

nitrocellulose membrane (AE99; Whatman/Schleicher & Schuell, Dassel, Germany) was lined with CFA
(1:5 dilution; the test line) and sheep anti-rabbit IgG (150 Llg/ml in 50 mM ammonium acetate buffer, pH
4.5; the control line) at 1 Lll/cm, by a dispenser (Biodot ZX 1000, Bio-Dot, Irvine, CA) (Figure 1A, B).

The membrane was dried, blocked with 1% (wt/v) BSA, and dried again in a dehumidifier cabinet.

Assembly of ICT strip: The immobilized nitrocellulose membrane, glass fiber with the colloidal

gold conjugate, sample pad (903 paper; Whatman/Schleicher & Schuell, Dassel, Germany) and wicking
pad (3MM chromatography; Whatman, Maidstone, England) were assembled on a backing plastic, and
was then cut into 2.5mm-width strips by the strip-cutting machine (Biodot CM 4000 R, Bio-Dot, Irvine,
CA) (Figure 1A, B).

Detection of human anti-P. insidiosum antibody by ICT: Each individual sample was diluted to

1:10,000 in phosphate buffer (pH 7.4). The ICT was tested in duplicate in 100 pl of diluted sera in 96-

well microtiter plate. Test signal of each ICT strip was read by naked eye at 30 min by 3 independent
laboratory personnels. To quantify ICT signal, each strip was scanned by a scanner (Epson perfection
1670 photo, Seiko Epson Crop., Japan) to obtain tagged image file format picture. Test and background
signal intensities were measured by the Quantity-One program (Bio-Rad). Intensity value derived from a
test signal subtracted by a background signal was referred as ICT value (IV). Sensitivities and
specificities were calculated for all cutoff levels of IV and graphically displayed in receiver-operating
characteristic (ROC) curves using the Stata v10 program (StataCorp, Texus, USA).

Immunodiffusion test: The ID test was modified from the method of Pracharktam et al. (18).
Briefly, agar gel diffusion was carried out on a 5-cm-diameter Petri dish with 2% agar in Veronal buffer
(0.9% (wtiv) CgHy1N,NaO; 0.05% (wt/v) NaN; pH 8.6). The CFA and serum to be tested were each
added to 4-mm-diameter wells separated by 4 mm. The Petri dish was incubated in a moist chamber at
room temperature for 24 hr. The appearance of a precipitation line by the eye was considered a positive

test result.

HAN1339Y

Development of ICT: The components of an ICT strip are depicted in Figure 1. CFA was
blotted on nitrocellulose membrane (indicated as test line), and used as the specific P. insidiosum
antigen for detecting anti-P. insidiosum 1gG in serum samples. Sheep anti-rabbit IgG (indicated as
control line) was blotted distal to CFA. When human IgGs in serum moved upward by capillary action
through the glass fiber, they formed complexes with the rabbit anti-human IgG-colloidal gold conjugate.
The complexes migrated through the nitrocellulose membrane. Immune complexes containing human
anti-P. insidiosum 1gG bound CFA and developed a purple signal at the test line. In contrast, immune

complex lacking human anti-P. insidiosum 1gG passed through the test line without developing a signal.
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The sheep anti-rabbit IgG bound the remaining immune complexes containing rabbit anti-human IgG-
colloidal gold conjugate, and exhibited an internal test validation signal at the control line.

Diagnostic performance of ICT in comparison to ID: ICT and ID results were read by 3
independent laboratory personnels. Based on results from all sera of pythiosis patients (27 vascular, 4
ocular, and 2 cutaneous) and the control groups, ICT showed 88% sensitivity, 100% specificity, 100%
positive predictive value (PPV), and 98% negative predictive value (NPV), while ID showed 61%
sensitivity, 100% specificity, 100% PPV, and 93% NPV, respectively. False negative ICT results were
obtained from sera of all ocular pythiosis patients. False negative ID results were obtained from sera of
all ocular pythiosis patients, 8 patients with vascular pythiosis, and 1 patient with cutaneous pythiosis.
ICT signals generated from all sera were quantified and converted to IV unit (see the method; Figure 2).
Mean |V of vascular pythiosis patients was 67.2 units (Range, 22.4-113.3), whereas that of cutaneous
pythiosis patients was 17.7 (16.0-19.4), ocular pythiosis patients was 4.3 (0-7.4), blood donors was 3.8
(0-12.3), patients with other infectious diseases was 2.5 (0-11.9), thalassemic patients was 2.7 (0-5.9),
and patients with autoimmune diseases and TAO was 2.1 (0-3.8). Alternative to determining the result
by 3 independent laboratory personnels, the IV cutoff point was selected by a ROC analysis to
differentiate between patients with or without human pythiosis. ICT has a very good discriminative power
for identifying patients with human pythiosis as shown by the large area under the curve (0.95) of the
ROC curve (Figure 3). The IV of 16.0 was selected as the cutoff value, because it gave the highest sum
of sensitivity (88%) and specificity (100%). For comparison, the IV cutoff value of 12.3 yielded a
sensitivity of 88% and specificity of 99%, and the IV cutoff value of 19.4 yielded a sensitivity of 85% and
a specificity of 100%.

Note: Please see the tables, figures, and references in the published version in the appendix
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Serum samples: A total of 33 sera from patients with pythiosis (27 vascular, 4 ocular, and 2
cutaneous) were recruited for the assay evaluation. Clinical information was recorded for each pythiosis
patient and included clinical features, duration of symptoms before the first medical visit, underlying
diseases and method of diagnosis (Table 1). All pythiosis patients were diagnosed based on at least one
of following criteria: (i) P. insidiosum isolated from infected tissue and confirmed by induction and
identification of zoospores, or (ii) presence of anti—P. insidiosum antibodies in blood samples, as detected
by at least one of the following well-established serodiagnostic tests: ID test, ELISA, Western blot
analysis, or ICT (3, 11-13, 15-18, 20-23, 25, 32). Additional sera (n=289) were collected as control
samples that included (i) 186 randomly-collected sera from healthy blood donors at the Blood Bank
Division of Ramathibodi Hospital; (ii) 21 sera from healthy thalassemic patients without clinical evidence
of pythiosis; (iii) 5 sera from patients with highly positive antinuclear antibody; and (iv) 77 sera from
patients positive for other infectious diseases. The latter included 19 sera obtained from patients with
proven cryptococcosis (n=11), penicillosis (n=7) or candidiasis (n=1) as determined by criteria for
invasive fungal diseases of the European Organization for Research and Treatment of Cancer/Invasive
Fungal Infections Cooperative Group and the National Institute of Allergy and Infectious Diseases
Mycoses Study Group (EORTC/MSG)(6). Of the remaining 58 sera, 20 were obtained from patients with
aspergillosis (n=4) or mucormycosis (n=4) confirmed by culture identification, from patients (n=9) that
were fungal galactomannan antigen positive, and from patients (n=3) that were anti-Histoplasma
capsulatum antibody positive. However, information on host factors, clinical features and other
mycological evidence for revalidation by EORTC/MSG criteria were missing for these 20 sera. The
remaining 38 out of 77 sera comprised samples from cases with proven non-fungal infections according
established criteria (4, 34). These included samples that were positive for anti-human immunodeficiency
virus (n=10), syphilis (n=9), malaria (n=5), mycoplasmosis (n=4), toxoplasmosis (n=2), leptospirosis
(n=2), melliodosis (n=2), anti-Entamoea histolytica antibody (n=1), hepatitis A virus (n=1), hepatitis B virus
(n=1), and hepatitis C virus (n=1). One positive-control serum sample was obtained from a rabbit
immunized with P. insidiosum antigen. All sera were stored at -20°C until used.

Antigen preparation: The P. insidiosum strain CBS119452 isolated from a Thai patient with
vascular pythiosis was used to prepare antigen. The microorganism was subcultured on Sabouraud
dextrose agar and incubated at 37°C for 3 days. Several small blocks of mycelium were transferred to
Sabouraud dextrose broth and shaken (150 rpm) at 37°C for 9 days. Merthiolate was added to the
culture at a final concentration of 0.02% (wt/vol). The culture was filtered through a Durapore membrane

filter (0.22-lAm pore size). Phenylmethylsulfonyl fluoride (0.1mg/ml) and EDTA (0.3 mg/ml) were added to

the culture filtrate broth before concentration to ~80-fold using an Amicron® 8400 apparatus and an

Amicon Ultra-15 centrifugal filter (10,000 nominal molecular weight limit; Millipore, Bedford, MA). The
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concentrated broth was referred to as culture filtrate antigen (CFA), and was measured for protein
concentration by spectrophotometer. CFA was stored at -20°C.
Hemagglutination test:

Stabilization of sheep red blood cells: Preparation of sheep red cells (SRC) for the HA test was

modified from the methods of Hirata et. al. and Petchclai et. al. (7, 24). The SRC were packed by
washing with normal saline and centrifuging at 5,000 rpm for 3 minutes, for 3 times. Then, 1.25 ml of
0.15 M phosphate-buffered saline (pH 7.2) (PBS) and 0.25 ml of 2.5% glutaraldehyde in distilled water
were added to 0.1 ml of the packed SRC followed by gentle mixing by rotator at room temperature for 2
h. The SRC were washed with normal saline and centrifuged 3 times as above. PBS with 0.1% sodium
azide was added to the SRC to make a 10% glutaraldehyde-stabilized SRC suspension.

Preparation of P. insidiosum antigen-coated SRC: To coat SRC with P. insidiosum antigens, 0.1

ml of 2 mg/ml CFA and 1 ml of 0.1 M acetate buffer (pH 4) were sequentially added to 0.1 ml of 10%

glutaraldehyde-stabilized SRC suspension, before mixing and incubating at 37°C for 30 min. The CFA-
coated SRC were washed with normal saline and centrifuged 3 times (as above), and re-suspended in
PBS with 0.1% bovine serum albumin and 0.1% sodium azide to make a 0.5% CFA-coated SRC
suspension.

Hemagglutination assay: To perform the HA test, 25 ul of 1:10-diluted serum was added to the

first well of a 96 U-shaped-well microtiter plate. Then, the serum was diluted 2-fold from 1:10 to 1:20,480
using diluent (0.5% bovine serum albumin, 1% normal rabbit serum and 0.1% sodium azide in PBS).
Twenty-five pl of the 0.5% CFA-coated SRC suspension was added to each well and mixed gently. The
positive control well contained the CFA-coated SRC suspension mixed with a positive serum. The
negative control wells contained CFA-coated SRC suspension and the diluent or a negative serum. Each
sample was tested in duplicate. The plate was incubated for 1 h at room temperature. The presence of
hemagglutination was read as a positive test result for P. insidiosum, whereas the absence of
hemagglutination was read as a negative test result.

Immunodiffusion test: The ID test was modified from the original method of Pracharktam et. al.
(25). Briefly, agar gel diffusion was carried out in a 5-cm-diameter Petri dish with 2% agar in Veronal
buffer (0.9% (wt/v) CgH{;N,NaO; 0.05% (wt/v) NaN; pH 8.6). The CFA and a serum were each added to
4-mm-diameter wells that were set 4 mm apart from each other. The plates were incubated in a moist
chamber at room temperature for 24 h. The presence of an identity precipitation line with the positive
control serum was considered as a positive test result for P. insidiosum.

Statistical analysis: Sensitivities, specificities and accuracies were calculated from each cutoff
titer of the HA test and displayed in a receiver-operating characteristic (ROC) curve using the Stata

program Version 10.0 (StataCorp, Texus, USA).

HAN13I08

The area under the ROC curve for the HA test results was 0.99 (Figure 1). The best cutoff titer
chosen for the HA test was 1:160 because it provided the highest accuracy (98.1%; Table 2). At this
cutoff titer, all 29 sera from vascular and cutaneous pythiosis patients, serum from one healthy blood
donor and serum from a patient with mycoplasmosis (i.e., 2 from the negative control group) gave

positive test results, while all 4 sera from the ocular pythiosis patients and the remaining 287 sera from
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the negative control patients gave negative test results. Therefore, sensitivity and specificity of the HA
test were 87.9% and 99.3%, respectively. Incubation time for the HA test was 1 h.

To calculate positive and negative predictive values of the HA test, prevalence of pythiosis, test
sensitivity (88%), and test specificity (99%) were used as in the statistic equation described elsewhere
(1). At Ramathibodi hospital during year 2008, the prevalence of pythiosis in all patients (n=190,415) and
in patients (n=372) with thalassemia (a prominent predisposing factor for pythiosis) were 0.002% and
0.8%, respectively. The PPV and NPV of the HA test using the prevalence in all patients were 0.2% and
100.0%, respectively, while the PPV and NPV using the prevalence in thalassemic patients were 41.7%
and 99.9%, respectively.

To test the precision of the HA test, one each of the control positive and negative control sera
were repeatedly assayed 20 times in both within-run and between-run analyses. Highest HA titers
obtained from each precision analysis were 1:640 for the positive control serum and negative at all titers
for the negative control serum. The CFA-coated SRC were stable for at least 6 months since reactions
of the positive control serum remained unchanged at the highest HA titer (1:640) over the interval (i.e.,
at 2 wks, 1 mo, 3 mo, 5 mo and 6 mo after the preparation of coated-SRC).

For the ID test, only 20 sera from patients with vascular (n=19) and cutaneous (n=1) pythiosis
gave positive results. All of the control sera and 13 sera from patients with vascular (n=8), ocular (n=4)
and cutaneous (n=1) pythiosis gave negative test results. Therefore, sensitivity, specificity and accuracy

of the ID test were 60.6%, 100.0% and 96.0%, respectively. Incubation time for ID test was ~24 h.

Note: Please see the tables, figures, and references in the published version in the appendix
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ABSTRACT

Oomycetes are unique eukaryotic microorganisms that share a mycelial morphology with fungi.
Many oomycetes are pathogenic to plants, while some oomycetes are pathogenic to animals. P. insidiosum
is the only oomycete that is capable of infecting both humans and animals, and causes a life-threatening
infectious disease, called “pythiosis”. In the majority of pythiosis patients life-long handicaps result from
the inevitable radical excision of infected organs, and many die from advanced infection. Better
understanding P. insidiosum pathogenesis at molecular levels could lead to new forms of treatment.
Genetic and genomic information is lacking for P. insidiosum, so we have undertaken an EST study, and
report on the first dataset of 486 ESTs, assembled into 217 unigenes. Of these, 144 had significant
sequence similarity with know genes, including 47 with ribosomal protein homology. Potential virulence
factors included genes involved in antioxidation, thermal adaptation, immunomodulation, and iron and
sterol binding. Effectors resembling pathogenicity factors of plant-pathogenic oomycetes, were also
discovered, such as, a CBEL-like protein (possible involvement in host cell adhesion and
hemagglutination), a putative RXLR effector (possibly involved in host cell modulation) and elicitin-like
(ELL) proteins. Phylogenetic analysis mapped P. insidiosum ELLs to several novel clades of oomycete
elicitins, and homology modeling predicted that P. insidiosum elicitins should bind sterols. Most of the P.
insidiosum ESTs showed homology to sequences in the genome or ESTs databases of other oomycetes, but
one putative gene, with unknown function, was found to be unique to P. insidiosum. The EST dataset
reported here represents the first steps in identifying genes of P. insidiosum and beginning transcriptome
analysis. This genetic information will facilitate understanding of pathogenic mechanisms of this
devastating pathogen.

INTRODUCTION
Oomycetes are eukaryotic organisms that belong to the Stramenopiles of the supergroup
Chromalveolates, and comprise many genera, including Pythium, Albugo, Peronospora, Phytophthora,
Plasmopara, Bremia, Aphanomyces, Lagenidium and Saprolegnia [x59, x60]. These organisms share
microscopic morphology with the fungi. However, phylogenetic analysis demonstrates that the oomycetes
are more closely related to diatoms and algae than the true fungi [x61]. Many oomycetes are pathogenic to
plants, while some oomycetes (e.g. Pythium spp., Aphanomyces spp., Lagenidium spp., and Saprolegnia
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spp.) are pathogenic to humans and animals, such as, horses, dogs, cats, cattle, fish, and mosquitoes [x59].
Since anti-mycotic agents are mostly ineffective in controlling the comycetes, treating infection caused by
the oomycetes is problematic and challenging.

To date, P. insidiosum appears to be the only oomycete that is capable of infecting both humans
and animals, causing a life-threatening infectious disease, called pythiosis. The most common sites of
infection in humans are the arteries and eyes [x62], while in animals cutaneous/subcutaneous and
gastrointestinal infections dominate [x63]. Probably because the pathogen is sensitive to low temperature
[x65], pythiosis is more prevalent in tropical and subtropical areas of the world [x63]. Natural habitats of P.
insidiosum are swampy areas, where the organism is present as broad, right-angle branching mycelium.
Like other oomycetes, P. insidiosum produce motile, biflagellate asexual zoospores, which germinate to
produce mycelia on natural hosts (water plants) [x64]. The zoospore, considered the infective morphotype,
also adheres to surface of humans or animals, and germinates as hyphae into host tissues [x64].

High rates of morbidity and mortality of pythiosis are exacerbated by the lack of effective
treatment [x62, x63]. Available antifungal drugs have been tested for treatment of pythiosis, but have been
mostly unsuccessful. This failure likely results from the lack of the drug-targeted ergosterol biosynthesis
pathway [x62, x66]. Radical excision of infected tissues or organs (i.e., eyes, legs) is the main option for
treatment of pythiosis [x62, x63]. The extensive surgeries result in life-long handicaps for the majority of
pythiosis patients, and many die from an advanced and uncontrolled infection. An immunotherapeutic
vaccine, prepared from P. insidiosum crude proteins, showed limited success, with rates of disease
clearance of ~50% for humans, ~30% for dogs, and ~60% for horses with pythiosis [x62, x67]. Thus,
improvement of final outcomes for effective treatment of patients, who suffer from pythiosis, is still an
important healthcare goal.

Little is known about biology and pathogenesis of P. insidiosum at the molecular level. Only four
genes of P. insdisiosum have been reported in GenBank. These include the rRNA gene cluster, as well as
genes for exo-1,3-beta glucanase, chitine synthase 2, and cytochrome c¢ oxidase subunit Il. The genome
sequence of P. insidiosum, a crucial resource for exploring the pathogen, is not available, although those of
several other plant- and animal-pathogenic oomycetes are published, including Phytophthora sojae,
Phytophthora ramorum, Phytophthora infestans, Phytophthora capsici, Hyaloperonospora arabidopsidis,
Pythium ultimum, and Saprolegnia parasitica [x22, x23, x24, x25, x84]. As an alternative to the generation
of a whole genome sequence, which is expensive and time consuming, we have undertaken the faster and
less costly generation of expressed sequence tags (EST) of P. insodiosum, as an effective way to discover
new genes and to explore genetic diversity between organisms within the oomycetes and with more
distantly related species [x26, x27, x28, x29, x30, x31]. We report the first EST dataset for P. insodiosum,
provide initial assessments of gene expression for P. insidiosum, and through sequence comparison with
other oomycetous species, identify possible targets for the discovery of novel strategies for the treatment of
pythiosis.

MATERIALS AND METHODS

Strain, growth condition and RNA extraction

The P. insidiosum strain CBS119452, isolated from a Thai patient with vascular pythiosis, was
used to prepare RNA. The microorganism was cultured in a Petri dish containing 10 ml of Sabouraud
dextrose broth and incubated at 37 C for 5 days. Two loops full of growing mycelium were disrupted
with glass beads (diameter, 710-1,180 um; Sigma, St. Louis, MO), using TissueLyzer MM301 (Qiagen,
Germany). Total RNA was extracted using Trizol Reagents (Invitrogen, Carlsbad, CA) according to the
manufacturer’s protocol. The RNA concentration and purity were measured using spectrophotometry (UV-
1700, Shimadzu Corp., Japan), and the integrity was evaluated by agarose gel electrophoresis. The RNA
was stored at -80 °C until use.

Construction of cDNA library

Full-length cDNAs of P. insidiosum were generated from 3.5 pg of total RNA, using the
GeneRacer kit (Invitrogen) according to the manufacturer’s protocol. Using 0.5 pl of freshly-prepared
cDNAs as template, they were amplified with 0.025 U of proof-reading Platinum Pfx DNA polymerase
(Invitrogen), in 1x Pfx amplification buffer with 1 mM of MgSQO,, 0.3 mM each of dNTPs, 0.9 uM each of
the GeneRacer 5’ primer (5'-CGACTGGAGCACGAGGACACTGA-3') and the GeneRacer 3’ primer (5'-
GCTGTCAACGATACGCTACGTAACG-3"), in a MyCycler thermal cycler (Bio-Rad, Hercules, CA) with
the following cycling temperatures: an initial denaturation at 94 °C for 2 min, and a total of 35
amplification cycles: 5 cycles of denaturation for 30 s at 94 °C and annealing and elongation for 3 min at
72 °C, 5 cycles of denaturation for 30 s at 94 °C and annealing and elongation for 3 min at 70 °C, 25 cycles
of denaturation for 30 s at 94 °C, annealing for 30 s at 60 °C and elongation for 3 min at 68 °C, and
followed by a final extension for 10 min at 68°C. The PCR products were assessed for the expected
heterogeneous-sized bands by 1% agarose gel electrophoresis. The PCR products were inserted to the
pCR4-blunt-TOPO vector using the Zero Blunt TOPO PCR cloning kit (Invitrogen) and then transformed
to the electrocompetent Escherichia coli strain DH5a, according to the manufacturer’s protocol. The

27



transformed bacteria were incubated overnight on LB agar containing 100 pg of ampicillin.

Colony PCR and DNA sequencing

A small portion of a transformed bacterial colony was suspended in 5 pl sterile water (to serve as
PCR template) and was all added to a 25-ul PCR reaction in the presence of 1 U of Taqg DNA polymerase
(Fermentas, Glen Burnie, MD), 1x amplification buffer (with KCI), 0.1 uM each of the GeneRacer 5’
primer and the GeneRacer 3’ primer, 2.5 mM of MgCl,, and 0.2 mM each of dNTPs. Amplifications were
performed in a MyCycler thermal cycler (Bio-Rad) with the following cycling temperatures: initial
denaturation at 95 °C for 5 min, 20 cycles of denaturation for 30 s at 94 °C, annealing for 1 min at 68 °C
and elongation for 3 min at 72 °C, and followed by a final extension for 15 min at 72 °C. Size of each PCR
product was estimated by 1% agarose gel electrophoresis.

Direct sequencing of PCR products was performed using the Big Dye Terminator v. 3.1 Cycle
Sequencing Kit (Applied Biosystems, USA). The GeneRacer 5’ primer was used to obtain the forward
sequences. Automated sequencing was carried out using an ABI 3100 Genetic Analyzer (Applied
Biosystems, Carlsbad, CA) and analyzed using the Applied Biosystems Sequencing software.

EST assembly and sequence analyses

All ABI-formatted chromatogram sequences were manually edited to remove poor-quality base
reads and were converted to FASTA-formatted sequences by BioEdit
(http://lwww.mbio.ncsu.edu/bioedit/bioedit.html). The FASTA sequences were assembled into contigs by
the CAP3 program (http://deepc2.psi.iastate.edu/aat/cap/cap.html) [x01]. All unigenes were searched for
significant similarities (E-value cut-off < 1e™) by the ESTexplorer, an online comprehensive ESTs
management program that utilizes the BLASTX algorithm and the NCBI’s non-redundant protein database
(http://estexplorer.biolinfo.org) [x02, x03]. Annotated unigenes of P. insidiosum were searched against the
previously-reported virulence genes of other pathogens in the literatures (i.e. Pubmed). The ESTexplorer
also utilizes (i) ESTscan [x69] and InterProScan [x32] to predict protein domains, (ii) KOBAS [x70] to
map proteins to metabolic pathways, and (iii) BLAST2GO [x71] to assign Gene Ontology (GO) term to
each annotated unigene. All GO terms were categorized into groups by the CateGOrizer program [x06].

The open reading frame (ORFs) of each unigene was converted into an amino acid sequence using
the Python programming language (http://www.python.org) and the Biopython [x49]. All deduced amino
acid sequences were subjected to the SignalP 3.0 program (http://www.cbs.dtu.dk/services/SignalP) to
predict signal peptides and cleavage sites [x04]. Using the criteria set by Win et al. [x05], a gene product
was identified as an extracellular (secreted) protein, if the SignalP Hidden Markov Model (HMM) had a
probability higher than 0.900, and the SignalP Neural Network (NN) predicted a cleavage site between
amino acid position 10 and 40. To identify orthologs of the P. insidiosum genes in other oomycetes,
BLASTX and TBLASTX analyses were performed against the genomes or ESTs of P. ultimum [x23], P.
sojae [x22], P. ramorum [x22], P. infestans [x24], H. arabidopsidis [x84] and S. parasitica, at the VBI
Microbial database (http://vmd.vbi.vt.edu/) and the Broad Institute database
(http://lwww.broadinstitute.org/).

Phylogenetic analysis

Phylogenetic analyses were performed locally, using PHYLIP [x42a] and TreeView [x40], and
online, using BioNJ [x42b] and TreeDyn [x43] via Phylogeny.fr [x41]. A total of 45 amino acid sequences
of the elicitin domains from P. insidiosum [n=7; INSL1-7; this study] and from Pythium oligandrum [n=1],
Pythium vexans [n=2], Phytophthora cryptogea [n=1], Phytophthora brassicae [n=3], P. infestans [n=9], P.
ramorum [n=12] and P. sojae [n=10] (see Figure 5 for reference codes for obtaining protein sequences
[x17]) were aligned by Clustal W program [x39]. Unrooted phylogenic trees of all elicitin domain
sequences were generated by the Phylip and BioNJ programs using the neighbor-joining (NJ) algorithm.
Trees were viewed in the Treeview and TreeDyn programs. The reliability of the inferred trees was tested
using bootstrap re-sampling with 1,000 replicates [x38].

Homology modeling of P. insidisum elicitins

Homology modeling for all elicitin-like (ELL) proteins of P. insidiosum (INSL1-7) was performed
using the SWISS-MODEL (http://swissmodel.expasy.org/), according to the instructions described
elsewhere [x53, x54, x55, x56]. Briefly, the elicitin (ELI) 1bxm chain A (the protein data bank (PDB) code:
1bxm) and 2pos chain D (the PDB code: 2pos) [x37, x52] were used as the prototypic templates to generate
three-dimensional structures of INSL1-7. To predict whether P. insidiosum ELLs can bind ergosterol or
cholesterol, the Dock Prep program (http://www.cgl.ucsf.edu/chimera/) [x57] was used to prepare the
predicted three-dimensional structures of INSL1-7 for docking analysis. Then, the SwissDock
(http://lausanne.ish-sib.ch/~agrosdid/projects/eadock/eadock_dss.php; http://swissdock.vital-
it.ch/index.php) was used to analyze molecular docking between the P. insidiosum elicitins and the sterol
ligands (the ZINC database IDs for cholesterol and ergosterol are 3875383 and 4084618, respectively
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(http://zinc.docking.org/) [x58]). Three-dimensional structures of ELI-sterol complexes were visualized by
using the UCSF Chimera [x57].

RESULTS

Generation of EST dataset

Full-length cDNAs, prepared from RNA extracted from young P. insidiosum mycelium grown at
37 °C, were cloned into the pCR4-blunt-TOPO vector and transformed into E. coli electrocompetent cells.
A total of 486 clones were randomly selected for colony PCR using the GeneRacer 5’ and 3’ primers. Size
of each PCR product (representing mRNA length) was evaluated by agarose gel electrophoresis. Of 486
ESTs obtained, 83% (n=403) were 400 — 900 bp long [Figure 1]. The shortest and the longest ESTs were
~200 and ~2200 bp, respectively. PCR products were sequenced using the GeneRacer 5° primer. Plasmid
and adaptor sequences were manually removed using the BioEdit program. The CAP3 program [x01]
assembled all ESTs to 217 unique sequences (so called “unigenes”): 137 singletons and 80 contigs. Each
contig was derived from multiple clones, with 2 to 37 clones per unigene [Figure 1]. Of the 217 unigenes,
68% (n=147) appear to represent full-length transcripts, because they contained both the GeneRacer RNA
oligo sequence (which is attached to the 5’ end of full-length mRNAS) and poly-A tail.

Gene diversity of P. insidiosum

The P. insidiosum unigene sequences were annotated using ESTexplorer [x02, x03]. Although 73
unigenes (34%) did not match any protein in the database, 144 unigenes (66%) had significant hits (E-value
< -4): 47 unigenes (22%) encoding ribosomal proteins and 97 unigenes (44%) encoding non-ribosomal
proteins, including 9 hypothetical proteins [Table 1]. In addition, 13 of 73 unigenes with no significant
BLASTX hits and 2 of 9 unigenes matched to a hypothetical proteins were assigned a protein domain by
InterProScan [x32] [Table 2]. Thirty highly-representative unigenes (at least 4 clones per unigene) are
shown in Table 3. Several sets of similar genes (gene families) were identified: 47 unigenes encode
ribosomal proteins, 7 encode elicitin-like proteins (ELLs), 3 encode peptidylprolyl isomerases, and 2 each
encode eukaryotic translation initiation factors, histones, RNA polymerases, small nuclear riboproteins,
thioredoxin-like proteins, ubiquitins, and V-type ATPase proteolipid subunits.

The BLAST2GO program [x33] assigned 90 GO terms to 60 annotated unigenes. which can be
divided into 3 categories: (i) Biological processes (37.8%), including proteins involved in cell organization
and biogenesis, transport, nucleic acid binding, protein metabolism, developmental processes, cell cycle
and proliferation, RNA metabolism, signal transduction and RNA transcription; (ii) Cellular components
(28.9%), including proteins associated with specific sub-cellular fractions, including internal or plasma
membrane, ribosome, mitochondrion, nucleus, cytosol, cytoskeleton, and vacuole; and (iii) Molecular
function (33.3%), including transcription regulation, ribosome binding, kinase activity and transport. The
KOBAS program [x34] indicated that 21 non-ribosomal protein-encoding genes are in 11 metabolic
pathways: polyunsaturated fatty acid biosynthesis (PinsSEST#104 and 146), methionine metabolism
(PinsEST#037, 141 and 215), styrene degradation (PinsEST#103), tyrosine metabolism (PinsEST#074, 078
and 103), selenoamino acid metabolism (PinsEST#037, 141 and 215), chaperones and folding catalysts
(PinsEST#067, 156, 158 and 200), protein folding and associated processing (PinsEST#016, 197 and 209),
pyrimidine metabolism (PinsEST#021, 034 and 114), nitrogen metabolism (PinsEST#027 and 158), small
cell lung cancer (PinsEXT#096), and C5-branched dibasic acid metabolism (PinsEST#069).

The SignalP 3.0 program [x04], with the criteria set by Win et al. [x05], predicts that 20 unigenes
encode extracellular (secreted) proteins. Nine of them (PinsEST#007, 014, 026, 050, 072, 083, 084, 153
and 217) had no BLASTX hits, while the rest (n=11) include seven putative P. insidiosum ELLS
(PinsEST#003, 025, 042, 045, 046, 066 and 176), two hypothetical proteins (PinsEST#149 and 151), and
one each of an 0s09g0542200-similar protein (PinsEST#052) and a cellulose binding elicitor lectin
(CBEL; PinsEST#112).

Putative pathogenicity genes of P. insidiosum

Based on sequence homology to virulence genes of other pathogens, a handful of P. insidiosum
genes encode putative virulence factors [Table 4]. These include ELLs, CBEL, and RXLR effector, which
are pathogenicity proteins of plant-pathogenic oomycetes [x17, x47, x45]. Other P. insidiosum genes are
predicted to encode enzymes with antioxidant functions, which can be important for pathogen survival in
response to radical oxygen species produced by host organisms. These include superoxide dismutase [x10],
thioredoxin-like protein [x15], and glutaredoxin [x11]. Predicted genes for calmodulin [x08] and heat shock
transcription factor [x13] may facilitate growth and thermal adaptation at the animal host body temperature
(37°C). There is a predicted P. insidiosum gene for B-carbonic anhydrase [x09]. This enzyme could
promote a superficial infection on host surface (i.e., eye, skin) where CO, content is low. Finally, there are
predicted genes with homology to macrophage migration inhibitory factor [x14] and ferrochelatase, an
enzyme required for the final step in heme biosynthesis and is important for microbial virulence [x12].
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Putative effectors of P. insidiosum

Effectors are a group of secreted molecules that manipulate host cell structure and function, in
order to facilitate infection processes of many pathogens, including oomycetes [x68]. We identified P.
insidiosum genes that encode effectors, including ELI or ELL, CBEL, and RXLR homoloques.
PinsEST#112 significantly matched the P. parasitica CBEL surface protein (E-value is 1.02E-09), and a
“Conserved Domain Search” (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsh.cgi) revealed domains
shared with the P. parasitica CBEL, including a signal peptide, and repeats of the PAN/Apple domain (four
copies in PinsEST#112 vs. two in P. parasitica) [Figure 2]. In contrast, PinsEST#112 lacks the cellulose-
binding domains of P. parasitica CBEL [Figure 2]. Since cell wall associated proteins are often O- and N-
glycosylated, we used the NetOGlyc and NetNGlyc software [http://www.cbs.dtu.dk/services/NetNGlyc/]
to predict O- and N-glycosylation sites and found two asparagine residuals (position 76 and 91) of
PinsEST#112 protein with the predicted potential as N-glycosylation sites.

ELlIs share the highly-conserved 98-amino acid elicitin domain with six cysteine residues, while
ELLs contain either shorter or longer domains, with more diverse sequences [x17]. Seven ELLs were
identified by BLASTX (n=6) and InterProScan (n=1) search, and were named INSL1 (PinsEST#003),
INSL2 (PinsEST#025), INSL3 (PinsEST#042), INSL4 (PinsEST#045), INSL5 (PinsEST#046), INSL6
(PinsEST#066), and INSL7 (PinsEST#176). The mean protein length of all P. insidiosum ELLs, was 133
amino acids (range, 112 — 181), signal peptides were 16-20 amino acids long, the elicitin domain (Pfam
PF00964) varied from 66 — 96 amino acids, and C-terminal domains were 5 — 51 amino acids long [Figure
2]. Only INSL2 and INSL7 had predicted O-glycosylation sites (20 and 13 sites, respectively). The big-PlI
Fungal Predictor [x36] identified no glycosylphosphatidylinositol (GPI) anchor in any P. insidiosum ELLs.
The elicitin domain sequences of all P. insidiosum ELLs were aligned with that of some other comycetes,
such as, Phytophthora cryptogea (CRY/; assession number, P15570.2), Pythium vexans (VEX1; assession
number, AAB34416.1), Phytophthora brassicae (BRAZ2; assession number, AA092424.1), P. sojae (SOJB;
assession number, AAO24640.1), P. ramorum (RAM3B; assession number, ABB55984.1), and P. infestans
(INF5; assession number, AAL16012.1) [Figure 4]. The alignment shows that all P. insidiosum ELLs have
the six conserved cysteine residues, a main characteristic of elicitins (ELIs) for the predicted formation of 3
disulfide bonds [x49, x17] [Figure 4].

Structurally, an RXLR effector has an N-terminus portion that comprises a signal peptide (for
secretion of effector), an RXLR-dEER domain (for translocation of effector), and a C-terminus functional
domain, necessary for pathogenicity [x18, x19, x68]. The RXLR motif usually resides between the position
31 and 58, while that of the dEER motif is between positions 51 and 86 [x20, x21]. The dEER motif is less
conserved than the RXLR motif, and characterized by a stretch of mainly acidic amino acids (D/E) [x18,
x19]. To find a putative RXLR effector of P. insidiosum, the string “RXLR” was initially searched in all
217 predicted protein sequences. Proteins with this RXLR motif were then searched for the signal peptide
and dEER motif. A total of 12 proteins contained the RXLR motif within the first 60 amino acids of the N-
terminus. Two of these (PinsEST#107 and 113) had both RXLR and dEER motifs, but no predicted signal
peptide. Only one protein (PinsEST#176) had a signal peptide and the RXLR-dEER domain. The gene
products of PinsEST#107 and 113 had no BLAST hit, whereas that of PinsEST#176 was described above
as an ELL (INSL7). The RXLR-dEER domains from INSL7 and four prototypic oomycete RXLR effectors
(Avrlb from P. sojae [x79], Avr3a from P. infestans [x80], and ATR1 and ATR13 from Hyaloperonospora
parasitica [x77, x78]) are aligned in Figure 3. All sequences have the conserved RXLR motif, but diverse
dEER motif sequences. Similar to ATR13, the INSL7 has only one acidic amino acid (E) in the dEER
motif.

Phylogenetic analysis of P. insidiosum elicitins

Jiang et. al. [x17] reported that 156 elicitin domain sequences from Phytophthora and Pythium
species can be phylogenetically divided into 17 distinct clades: four ELIs and 13 ELLs. The elicitin domain
sequences from all 7 ELLs (INSL1-7) of P. insidiosum and 38 ELIS/ELLs of other oomycetes [x17] were
used to construct an unrooted phylogenetic tree based on Neighbor-Joining analysis with 1,000 bootstrap
replicates. Analyses using the programs PHYLIP, TreeView, BioNJ and TreeDyn via Phylogeny.fr
provided similar trees (Figure 5). Bootstrap scores > 70% were present at each corresponding node. All of
the elicitin domain sequences, except six from P. insidiosum (INSL1-6), fell into the 17 clades, as reported
by Jiang et al. [x17]. Of all seven P. insidiosum ELLs, INSL7 was in clad ELL-06, and the rest, INSL1-6,
were in novel clades: INSL1, INSL3 and INSL6 located in clade ELL-A, ELL-C and ELL-D, respectively,
while INSL2, INSL4, and INSL5 formed clade ELL-B.

Predicted structure of P. insidiosum elicitins

Sequence alignment of 13 elicitin domain sequences, including that of the structure- and function-
defined elicitin CRY [x37], showed up to 16 possible ergosterol interactive sites in the elicitin domains of
P. insidiosum ELLs [Figure 4]. Using homology modeling based on the structure-defined elicitin 1bxm
[x37] and 2pos [x52], all P. insidiosum elicitins, except INSL7, have predicted three-dimentional structures
with a small pocket-like cavity. Protein-ligand docking analysis using SwissDock (see the methods for
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details) predicts that three P. insidiosum elicitins (INSL1, INSL2 and INSL5) could encapsulate either
cholesterol or ergosterol in the cavity. Predicted structures of the complex between INSL2 and cholesterol
are depicted in Figure 6.

EST comparative analysis

BLASTX and TBLASTX were used to search protein databases from the genomes of six
oomycete species: P. ultimum, P. sojae, P. ramorum, P. infestans, H. arabidopsidis and S. parasitica.
These species were chosen because of the availability of their genome sequences. While most of our ESTs
showed homology to other sequences in these oomycete databases, we found one putative gene, with
unknown function, that is unique to P. insidiosum (PinsEST#086). Orthologs of PinsEST#119 are only
found in P. infestans (AAY43427.1) and S. parasitica (SPRG_10907) genomes. Sequence alignment and
domain analyses showed that PinsEST#119 and its S. parasitica orthologs contain a domain of the
Rickettsia 17-kDa surface antigen, while that of P. infestans does not (data not shown).

DISCUSSION

The present study reports the first molecular genetics insights into the human pathogenic
oomycete, P. insidiosum, through EST analysis. Approximately, 500 P. insidiosum ESTs were generated
from young mycelium actively grown at body temperature (37 °C). As implied by the size of ESTs, most
genes of P. insidiosum obtained were small- to medium-size genes (83% were 400 — 900 bp in length). The
ESTs can be assembled into 217 unigenes. BLASTX searches demonstrated that 66% (n=144) of the
unigenes matched with annotated proteins. Not surprisingly, one third of these (n=49) encode ribosomal
proteins. The remaining annotated matches (two thirds; n=95) include proteins with roles in a broad
spectrum of biological processes, molecular functions or cellular composition [Table 1]. Not unexpectedly,
34% (n=73) of all unigenes did not match any proteins in the NCBI database, indicating that these genes
are unique to P. insidiosum or their orthologs have not been reported yet from other organisms. These
unmatched predicted proteins were further analyzed with InterProScan, and possible functional domains
were assigned to 15 proteins [Table 2]. In addition, 10 unigenes, with no BLASTX hit, were predicted to
encode secreted proteins by SignalP [x72].

Based on the EST sequences, sixteen putative proteins of P. insidiosum have homology to
virulence factors of some fungal, parasitic, and bacterial pathogens of humans, animals and plants [Table
4]. Three P. insidiosum genes involved in oxidative stress response were identified: copper-zinc superoxide
dismutase [x10], thioredoxin [x15], and glutaredoxin [x11]. In Cryptococcus neoformans, the gene SOD1
(encoding copper-zinc superoxide dismutase) is essential to protect the pathogen from the toxic effects of
reactive oxygen intermediates and subsequent production of toxic hydroxyl radicals. Glutaredoxins (or
glutathione reductases) are ubiquitous cytosolic enzymes that catalyze reduction of glutathione disulphide.
In Candida albicans, the glutaredoxin gene GRX2 is upregulated in response to either polymorphonuclear
cells or H,O, challenge. Also in C. albicans, the thioredoxin gene, Trx1, encodes a protein with
antioxidative activity and also plays a central role in coordinating the response of the pathogen to oxidative
stress [x15]. The capacity to respond to reactive oxygen species (ROS) is essential for survival of the
systemic fungal pathogens in the host. Unsurprisingly, disruption of a gene encoding each of these
antioxidant enzymes (SOD1, GRX2 or Trx1) leads to attenuation of virulence of these pathogens [x10, x11,
x15].

It is important for a successful pathogen to retain its physiological balance against not only ROS,
but some other host stress conditions, such as, high body temperature (37°C), limited essential nutrients,
and host immune responses. Our EST dataset contains calmodulin [x08] and heat shock transcription factor
[x13] both of which play a role in growth and thermal adaptation of pathogens inside the host. For example,
upon sensing and binding to Ca?*, the C. neoformans calmodulin CAM1 undergoes conformational change
and then activates the heterodimeric calcineurin, which is required for growth at high temperature.
Disruption of the C. neoformans CAM1 shows abnormal morphogenesis and impaired growth at body
temperature [x08]. The heat shock transcription factor gene Hsfl of C. albicans is an essential gene and
plays a central role in thermal adaptation by activation of chaperones in response to increased temperature
[x13]. When the CE2 domain of Hsfl was mutated, the pathogen remained viable, but was sensitive to
body temperature and lost virulence. Another EST-encoded protein with possible involvement in virulence
for P. insidiosum is B-carbonic anhydrase. When the carbonic anhydrase-encoding gene NCE103 of C.
albicans was disrupted, the pathogen failed to grow and invade tissue at low CO,, (0.033%, which is
equivalent to atmospheric CO, content) [x09]. In contrast, when the mutant strain is supplied with high CO,
content (5%, which is equivalent to CO, content inside hosts), it can grow and invade tissue. These findings
suggest a possible role for carbonic anhydrase in low CO, conditions, such as in superficial infections of
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the skin and eye.

In the hosts, a diverse set of innate and adaptive immune responses is employed to guard against
various pathogens. In the malaria parasite Plasmodium falciparum, a homolog of human macrophage
migration inhibitory factor, called P. falciparum macrophage migration inhibitory factor (PfMIF), plays a
role in modification of host immunity [x14]. For example, the recombinant PfMIF inhibits the migration of
monocytes. Expressions of some Toll-like receptors (i.e., TLR2 and TLR4) on monocytes are significantly
reduced in response to PfMIF. It will be of interest to determine what role the identified PfMIF homolog of
P. insidiosum plays during infections.

P. insodiosum causes both deep tissue (i.e., artery and some other internal organs) and superficial
(i.e., skin and eye) infections, and therefore, must adapt itself to high temperature, low CO, content, and
host immune responses. P. insidiosum genes encoding putative calmodulin, heat shock transcription factor,
carbonic anhydrase and macrophage migration inhibitory factor could be very important for ensuring a
well-being of the pathogen inside its hosts, as well as, for participating in the pathogenesis process.

P. insidiosum was found to express a gene encoding ferrochelatase. In both prokaryotes and
eukaryotes, this enzyme is required for the final step of the heme biosynthesis by catalyzing the
introduction of an iron molecule into porphyrin [x12]. Since unbound iron is toxic to cells, a microbial
heme could bind and store iron as a source for further metabolic uses [x44]. Heme is a tightly-bound
cofactor of enzymes responsible for oxygen transport, production of energy, and signal transduction. In the
pathogenic bacterium Brucella abortus, which causes the infectious disease “brucellosis” in humans and
animals, ferrochelatase is necessary for survival inside the host [x12]. Deletion of the ferrochelatase-
encoding gene hemH transforms B. abortus to hemin auxotrophy and attenuates its virulence. Of particular
interest for P inidiosum infections in regard to iron metabolism is that a major predisposing factor for
pythiosis is thalassemia. Since the majority of pythiosis patients are in a state of iron overload as a result of
the thalassemia and associated blood transfusions used for treatment [x62, x73], it will be interesting to
explore the roles of the putative ferrochelatase of P. insidiosum in iron metabolism and virulence.

Many pathogens produce secretory molecules, so called effectors, which can manipulate host cell
structure and function in order to facilitate the infection processes [x68]. Based on target sites, effectors can
be simply divided into two groups: extracellular (or apoplastic in the case of plant pathogens) effectors
which are secreted to interact with extracellular targets, and intracellular (or cytoplasmic) effectors which
are secreted and translocated inside host cells [x68]. Several P. insidiosum genes had sequences similar to
extracellular (elicitin [x17] and CBEL [x45]) and intracellular (RXLR [x19]) effectors of the plant-
pathogenic oomycetes. The adhesion molecule CBEL was first described in the plant-pathogenic oomycete
P. parasitica [x45]. It has two tandem repeats of cellulose-binding domain and PAN/apple domain [Figure
2]. It is a potent inducer of necrosis and defense-gene expression during invasion of its host plant [x45].
Interestingly, the P. parasitica CBEL can agglutinate human red blood cells, indicating it has lectin-like
activity. Although the PinsPAN1 (PinsEST#112) of P. insidiosum has a high degree of sequence similarity
to the P. parasitica CBEL, it does not contain any cellulose-binding domain, but has four tandem repeats of
the PAN/apple domain [Figure 2]. The apicomplexan parasite Toxoplasma gondii produces micronemal
proteins (i.e., MIC1, MIC2, MIC3 and MIC4), which are involved in host cell attachment and penetration
[x46]. It has been shown that MIC4 possesses 6 copies of the PAN/apple domain, one of which is required
for efficient host cell binding [x46] (Figure 2). These results suggest possible roles for the PinsPAN1 of P.
insidiosum in host cell attachment and intravascular hemagglutination, processes responsible for occlusion
of affected arteries.

So far, ELIs and ELLs have been found only in Phytophthora and some Pythium species, and
form a large protein family with the highly-conserved elicitin domain [x17, x48]. In host plants, ELIs
trigger defense responses and programmed cell death in the so-called hypersensitive response. For some
interactions, this response is thought to promote infection by some pathogens that colonize the dying plant
tissue [x17, x48]. Expression of ELLs can be stage specific, as seen for the prototypic elicitin, INF1, of P.
infestans that is highly expressed in mycelium, but is not found at other growth stages, such as in the
zoospore or cyst [x47]. The sequences of elicitin domains derived from 156 ELIs and ELLs of
Phytophthora and Pythium species are phylogenetically categorized into 17 clades (ELI1-4 and ELL1-13)
[x17]. Sequences of all elicitin domains from P. insidiosum and 38 elicitins from other oomycetes were
used to construct a phylogenetic tree [Figure 5]. All, except one (INSL7 in clad ELL6), of the P. insidiosum
elicitins locate in several novel clades (namely, ELL-A, -B, -C, and -D), indicating divergence of P.
insidiosum elicitins from those of other oomycetes. However, in the phylogenetic distribution in Figure 5,
as well as in previously published studies, the various ELIs and ELLs of Phytophthora and Pythium are
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intermixed across the tree, suggesting that the diversification began before divergence of these species from
a common ancestor [x17, x26].

Based on the clone frequency in the EST library, the P. insidiosum elicitins, especially INSL1
(PinsEST#003), INSL2 (PinsEST#025) and INLS4 (PinsEST#045), are highly expressed in young mold
cultures [Table 3], suggesting that their function is important for the pathogen. Biochemical studies and the
X-ray crystal structures of elicitin-ergosterol complexes indicate that ELIs can function as sterol carrier
proteins [x37]. This sterol-carrying function of ELIs is thought to be an alternative mechanism for
acquiring exogenous sterols for growth of Phytophthora and Pythium species, which lack enzymes for
endogenous ergosterol synthesis [x30, x50, x51]. This is consistent with the fact that use of antifungal
drugs targeting the ergosterol synthesis pathway fails to control P. insidiosum infections [x62]. Model
predictions based on protein-ligand docking analysis showed that some P. insidiosum elicitins should bind,
not only ergosterol, but also cholesterol (an abundant human/animal sterol) in the pocket-like cavity [Figure
6]. Whether or not P. insidiosum can synthesize its own sterol, the discovery of the sterol-carrier, elicitins,
could explain why the pathogen can grow against the effects of conventional antifungal drugs. The
prediction of many O-glycosylation sites of INSL2 and INSL7 suggests that these P. insidiosum ELLs are
cell wall-associated proteins, whereas the rest (INSL1 and INSL3-6), which contained neither O-
glycosylation nor GPI anchor site, are predicted to function extracellularly. The ELIs from plant-pathogenic
oomycetes are pathogen-associated molecular patterns (or PAMPS) [x85] and they stimulate plant host
defenses [x17, x48]. Further experimentation will be required to reveal the biological and pathogenesis
roles of the ELLs in P. insidiosum interaction with human hosts.

In recent years, advances have been made on the elucidation of the role of RXLR effectors of the
plant-pathogenic oomycetes [x19, x68, x18, x74, x25]. Well-studied RXLR effectors include Avr3a of P.
infestans [x80], Avrlb of P. sojae [x79], and ATR1 and ATR13 of H. parasitca [x77, x78]. These effectors
are secreted into extracellular space and translocated into the host cell cytosol (via the RXLR-dEER
domain) where they alter host responses (via the functional domain in the C-terminus) [x19, x18, x25, x76]
(Figure 2). Unlike the type 1l secretion system of pathogenic bacteria, which requires a number of pore-
forming molecules to facilitate entry of its effector into host cells [x18], the RXLR-dEER domain is solely
responsible for translocation of the effector molecule, without any help from other pathogen molecules
[x75]. This function of the RXLR-dEER domain mimics the PEXEL domain (which also contains an
RXLX motif) of many P. falciparum effectors, such as, the knob-associated histidine-rich protein, KAHRP
(Figure 2) [x81, x82, x83]. The parasite employs the PEXEL to transfer its secreted effectors across the
parasitophorous vacuole membrane to the erythrocyte cytosol as part of the infection cycle. The oomycete
RXLR domain and the P. falciparum PEXEL are functionally interchangeable [x19, x18, x25], suggesting
a conserved mechanism for translocation. While the genomes of most oomyctes studied to date encode
many RXLR effectors, that of P. ultimum, the only complete genome sequence of a Pythium species
available, does not encode any RXLR-containing proteins [x23]. In addition, the large-scale EST database
of Aphanomyces euteiches [x30] does not contain RXLR effectors. These results suggest that RXLR
effectors are not present in all oomycete pathogens, and that the pathogenic strategy using RXLR effectors
is lost in some oomycetes. The P. insodiosum EST—encoded protein, INSL7, contains a putative RXLR-
dEER domain, shortly following a predicted signal peptide [Figure 2], and the RXLR motif of INSL7 is
flanked by a few acidic amino acid residues (similar to the prototypic RXLR effector ATR13) [Figure 3].
In addition, an elicitin domain was found in the C-terminus of INSL7 [Figure 2]. Future works should
address whether the INSL7 is a functional RXLR effector that is secreted by P. insodiosum, enters host
cells, and thereby promotes the infection process.

Among the pathogenic oomycetes, P. insidiosum is the only one that infects humans. It is still a
mystery as to what molecules and strategies P. insidiosum has developed to be a successful pathogen of
humans. Identification of P. insidiosum genes that are absent in other saprophytic or pathogenic oomycetes
may give some genetic clues to address this important question. Here, we performed an initial comparison
between P. insidiosum ESTs and the ESTs and/or genomes of 6 other oomycetes. Although most of the P.
insidosum genes have homology to sequences of other oomycetes, one gene with unknown function,
PinsEST#086, was found to be unique to P. insidiosum. We also found that orthologs of PinsEST#119 are
only present in P. infestans and S. parasitica. So, while several intriguing genes have been identified as
possible virulence factors, the current P. insidiosum EST dataset is too small for comprehensive
comparative analyses among the saprophytic and pathogenic ocomycetes. It will be necessary to generate a
much larger set of ESTs, as well as the genome sequence, of P. insidiosum to provide a thorough
elucidation of its pathogenic processes and their evolution.

The main clinical concern for pythiosis, with its high morbidity and mortality rates, is the lack of
an effective medical treatment, such as, antimicrobial drug and vaccine. A better understanding of
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pathogenic mechanisms should lead to better methods of infection control. We report here the first EST
dataset of this orphan pathogen. The information gained from these studies, while limited, already provides
many potentially useful avenues for further research, toward the long-term goal of discovering new
methods for treatment of pythiosis.
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TABLES AND FIGURES

Table 1. Best BLASTX match for all 97 non-ribosomal protein-encoding genes derived from the EST
dataset of P. insidiosum

Pinlsg ST Best BLASTX match E-value Species Accession No.
001 Calmodulin 5.84E-79 Pythium splendens p27165
003 Elicitin-like protein RAL8B 2.81E-16 Phytophthora ramorum ABB55971.1
004 Glutaredoxin 8.48E-26 Ricinus communis CAAB89699.1
006 Hydrogen-transporting ATP synthase 2.51E-06 Arabidopsis thaliana NP_175576.1
016 Peptidylprolyl isomerase (FKBP-type) 1.02E-39 Tetrahymena thermophila XP_001014237.1
021 Putative abnormal wing disc-like protein 5.18E-56 Maconellicoccus hirsutus ABMb55663.1
025 Elicitin-like protein SOL7 1.48E-16 Phytophthora sojae ABB56030.1
027 Carbonic anhydrase 2 5.00E-80 Neurospora crassa XM_954583.2
031 CDP-alcohol phosphatidyltransferase 6.00E-06 Spirosoma linguale YP_003386374.1
034 Uridine phosphorylase 1.89E-37 Aedes aegypti EAT42652.1
035 Annexin 7.32E-79 Saprolegnia monoica ABC59142.1
036 Elongation factor alpha-like protein 2.06E-83 Chlamydomonas incerta ABA01120.1
037 Wheat adenosylhomocysteinase-like protein 1.00E-56 Oryza sativa AAO072664.1
038 Glutamine amidotransferase 7.16E-26 Bradyrhizobium sp. ZP_00857064.1
039 Mitochondrial carrier protein 2.18E-59 Trypanosoma brucei XP_827321.1
042 Elicitin-like protein 5 precursor 8.80E-05 Phytophthora phaseoli ABG91746.1
044 Qm CG17521-PB, isoform B 2.98E-85 Drosophila melanogaster NP_730773.3
045 Elicitin-like protein RAL7A 4.72E-18 Phytophthora ramorum ABB55968.1
046 Elicitin-like protein SOL7 4.02E-16 Phytophthora sojae ABB56030.1
052 Similar to 0s09g0542200 1.30E-28 Strongylocentrotus purpuratus XP_790435.1
054 Actin-depolymerizing factor 7.92E-25 Platanus x acerifolia CAL25339.1
055 Superoxide dismutase 2.86E-38 Aplysia californica AAM44291.1
056 V-type atpase 16 kda proteolipid subunit 2.52E-45 Pleurochrysis carterae Q43362
059 Endopeptidase/ peptidase/ threonine endopeptidase 2.91E-46 Arabidopsis thaliana NP_191641.1
066 Elicitin-like protein BRL1B 4.39E-09 Phytophthora brassicae AA092427.1
067 Thioredoxin-like protein 1.59E-08 Bombyx mori ABJ97191.1
068 COX17 cytochrome ¢ oxidase assembly homolog 2.16E-13 Apis mellifera XP_001122739.1
069 Succinate-coa ligase 5.94E-32 Dictyostelium discoideum XP_645537.1
070 Mitochondrial import inner membrane translocase subunits 1.23E-08 Aedes aegypti ABF18336.1
071 V-atpase subunit ¢" proteolipid 4.75E-38 Xerophyta viscosa AAR26002.1
073 Acyl-CoA-binding protein 5.69E-14 Photobacterium profundum YP_130412.1
074 Catechol O-methyltransferase 4.85E-37 Bos taurus XP_875703.2
077 Peptidylprolyl isomerase (cyclophilin-type) 2.00E-77 Phytophthora infestans AAN31483.1
078 Macrophage migration inhibitory factor 3.18E-17 Maconellicoccus hirsutus ABM55630.1
082 Copine 5.49E-46 Entamoeba histolytica XP_656751.1
086 Hypothetical protein 5.64E-06 Magnaporthe grisea XP_364019.1
087 Hypothetical protein 7.40E-06 Ostreococcus tauri CAL51758.1
089 Ubiquinol--cytochrome c reductase 1.32E-10 Solanum tuberosum P48504
091 C-Myc-binding protein 6.00E-15 Perkinsus marinus EER12924.1
096 Cytochrome ¢ 4.50E-35 Spinacia oleracea P00073
097 Transmembrane protein 93 6.00E-14 Saccoglossus kowalevskii XP_002739344.1
099 Ankyrin repeat-containing protein 6.00E-17 Zygosaccharomyces rouxii CAQ43291.1
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100 Hypothetical protein 1.75E-05 Plasmodium falciparum XP_001349024.1
103 Maleylacetoacetate isomerase 8.26E-62 Dictyostelium discoideum XP_642170.1
104 Fatty acid elongase 1.90E-39 Trypanosoma cruzi XP_818064.1
106 Acyl-CoA independent ceramide synthase 3.86E-29 Arabidopsis thaliana NP_567660.1
108 Eukaryotic translation initiation factor 5A 9.91E-47 Spodoptera frugiperda P62924

112 CBEL protein 1.02E-09 Phytophthora parasitica CAA65843.1
114 Nucleoside phosphorylase 8.48E-45 Danio rerio NP_998476.1
115 Mitochondrial ATP synthase gamma-subunit 7.85E-17 Acyrthosiphon pisum ABD91518.1
116 Branched-chain-amino-acid aminotransferase 1.00E-66 Phytophthora infestans EEY63223.1

118 Small nuclear riboprotein Sm-D1 4.71E-38 Arabidopsis thaliana NP_192193.1
119 Hypothetical protein 1.12E-14 Phytophthora infestans AAY43427.1
120 Small ribonucleoprotein D2-like protein 1.05E-37 Chlamys farreri AAMI4277.1
121 Thioredoxin-like protein 8.62E-26 Gallus gallus XP_424463.1
124 Ubiquitin ubia 4.71E-60 Aspergillus fumigatus XP_750152.1
129 Nucleolar protein 16 1.00E-06 Homo sapiens NP_057475.2
131 Eukaryotic translation initiation factor 6 1.82E-82 Bombyx mori NP_001040517.1
135 3-hydroxybutyryl-coa dehydrogenase 1.93E-25 Acidobacteria bacterium YP_590288.1
136 Phosphoglycerate mutase 2.06E-73 Dictyostelium discoideum XP_638289.1
138 FYVE-type zinc finger-containing protein 8.00E-20 Polysphondylium pallidum EFA78347.1

140 RNA polymerase I11, subunit C34 2.50E-31 Ostreococcus tauri CAL58583.1
141 S-adenosyl methionine synthetase 1.72E-117 Phytophthora infestans AAN31489.1
142 Hypothetical protein 7.86E-06 Tetrahymena thermophila XP_001022125.1
146 Polyunsaturated fatty acid elongase 1 7.91E-58 Thalassiosira pseudonana AAV67799.1
147 Retrotransposon protein 1.00E-04 Oryza sativa Indica Group ABR26094.1
148 Ubiquitin-like protein 3.51E-16 Arabidopsis thaliana CAA67923.1
149 Hypothetical protein 3.42E-27 Phytophthora infestans AAN31498.1
150 Hypothetical protein 3.00E-06 Chlamydomonas reinhardtii XP_001701958.1
151 Hypothetical protein 1.82E-08 Aspergillus terreus XP_001211584.1
152 Hypothetical protein 3.84E-10 Arabidopsis thaliana NP_566572.1
156 Rotamase 7.69E-33 Aedes aegypti EAT38181.1

158 Nucleoredoxin 7.09E-25 Homo sapiens EAW90639.1
160 Ferrochelatase 2.58E-96 Bos taurus NP_776479.1
161 Small GTP binding protein Rab2A 3.82E-88 Saccharum officinarum ABD59354.1
162 pCr)(/)ctle(i)reropane—fatty—acyl—phospholipid synthase family 1.27E-14 Synechococeus sp. YP_475654.1
165 Histidine triad protein 3.69E-40 Medicago truncatula ABEB3728.1
166 Heat shock transcription factor 2 1.82E-13 Gallus gallus XP_419760.2
168 Putative endonuclease 5.92E-26 Myxococcus xanthus YP_630638.1
173 Similar to Lsm3 protein 3.93E-31 Gallus gallus XP_414380.1
174 Histone H2A 451E-11 Saccharomyces cerevisiae NP_010429.1
177 Aspartyl aminopeptidase 3.38E-79 Neosartorya fischeri XP_001263609.1
179 RNA polymerase Il core subunit 3.88E-30 Dictyostelium discoideum XP_642084.1
182 Small cysteine rich protein SCR76 4.11E-33 Phytophthora infestans AAN31495.1
184 Translocase of inner mitochondrial membrane 13 homolog 3.40E-11 Tribolium castaneum XP_972097.1
186 Translation factor 1.41E-129 Medicago truncatula ABE83172.1

191 Histone H4 5.87E-39 Ostreococcus tauri CAL50535.1
194 Actin 6.65E-180 Pythium splendens AAG01044.1
197 Peptidylprolyl isomerase (FKBP-type) 4.03E-46 Vicia faba 004287

200 Chaperonin 10 1.57E-19 Brassica napus Q96539

202 Methionine sulfoxide reductase 1.21E-46 Plantago major CAJ34818.1

203 Transmembrane protein c200rf108 1.00E-07 Ixodes scapularis XP_002407904.1
205 Rac GTPase activator 3.86E-06 Arabidopsis thaliana NP_187756.1
208 Cytoplasmic membrane protein 6.00E-09 Leptospira interrogans YP_003621.1
209 Nascent polypeptide-associated complex alpha polypeptide 2.70E-08 Oreochromis niloticus Q8AWF2

215 Aminoacyl-trna synthetase 3.16E-21 Medicago truncatula ABE91897.1

216 TB2/DP1/HVA22 family integral membrane protein 1.10E-31 Cryptosporidium parvum XP_628022.1
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Table 2: Utilization of InterProScan [x32] for identification of protein domains of P. insidiosum’s
predicted gene products those either matched to hypothetical proteins of other organisms (as indicated by
“*) or had no BLASTX hit.

Pinls g ST Protein domain ngg;'i‘gr?%? E-value
002 B12D IPR010530 7.50E-05
007 NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 4 IPR019550 7.00E-06
024 Cytochrome c oxidase, subunit Via IPR001349 8.20E-06
030 Armadillo IPR000225 2.30E-06
149* B-cell receptor-associated 31-like IPR0O08417 7.60E-07
050 MARVEL-like domain IPR021128 5.30E-14
152* Complex 1 LYR protein IPR008011 6.50E-07
076 Ribosomal protein 60S IPR001813 7.10E-10
102 Ubiquinol-cytochrome C reductase, UQCRX/QCR9-like IPR008027 2.20E-15
113 Phox-like IPR001683 1.40E-10
127 Lipid-binding START IPR002913 8.70E-15
143 Mitochondrial outer membrane translocase complex, subunit Tom7 IPR012621 6.30E-09
170 Uncharacterised protein family UPF0197 IPR007915 2.80E-12
176 Elicitin IPR002200 8.50E-06
196 Cytochrome c oxidase, subunit Vb IPR002124 1.30E-10

Table 3: Unigenes of P. insidiosum that are highly represented (> 4 clones) in the EST dataset. “*”
indicates the P. insidiosum genes those are predicted to contain signal peptide by the SignalP 3.0 program

(x04).

P'”ISSST (’}“Cmirs BLASTX hit
014* 37 --- no hit ---
003* 20 Elicitin-like protein RAL8B
004 20 Glutaredoxin
013 9 Ribosomal protein S21e
028 9 Ribosomal protein L9
001 8 Calmodulin
008 8 --- no hit ---
061 8 Ribosomal protein S11
009 7 --- no hit ---
017 7 Ribosomal protein L23
025* 7 Elicitin-like protein SOL7
045* 7 Elicitin-like protein RAL7A
050 7 --- no hit ---
022 6 Ribosomal protein L36
023 6 Ribosomal protein L37
047 6 Ribosomal protein S15e
057 6 Ribosomal protein L39
063 6 Ribosomal protein S27
006 5 Hydrogen-transporting ATP synthase
053 5 --- no hit ---
072* 5 --- no hit ---
078 5 Macrophage migration inhibitory factor
016 4 Peptidylprolyl isomerase (FKBP-type)
024 4 --- no hit ---
026* 4 ---no hit --- ---
033 4 --- no hit ---
035 4 Annexin
051 4 Ribosomal protein L7
056 4 V-type ATPase
080 4 Ribosomal protein L27e
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Table 4: Identification of putative pathogenicity genes of P. insidiosum by literature review of the
previously-reported pathogenicity genes of other pathogens.

PinsEST Matched pathogenicity genes of other pathogens

- Function Ref
ID Gene Gene product E-value? Accession no. Pathogen Host
001 CAM1 Calmodulin 2.00E-71 XP_569886 Cryptococcus neoformans Human Body temperature growth x08
055 SOD1 Cu-Zn superoxide dismutase 8.00E-38 AAK31918.1 Cryptococcus neoformans Human Antioxidant and virulence x10
160 hemH Ferrochelatase 4.00E-29 AY027659 Brucella abortus Human Heme metabolism and virulence x12
027 NCE103 f-carbonic anhydrase 1.00E-31 AACQ01000013.1 Candida albicans Human Growth in CO,-limited condition x09
166 Hsfl Heat shock transcription factor 3.00E-14 orf19.4775 Candida albicans Human Thermal adaptation and virulence x13
004 CaGRX2 Glutaredoxin 3.00E-25 orf19.6059 Candida albicans Human Antioxidant and virulence x11
078 PfMIF Macrophage migration inhibitory factor 7.00E-15 AY561832.1 Plasmodium falciparum Human Immunomodulator x14
067 Trxl Thioredoxin 3.00E-16 orf19.7611 Candida albicans Human Antioxidant and virulence x15
112 CBEL1 Cellulose binding elicitor lectin (CBEL) 1.00E-12 X97205.1 Phytophthora parasitica Plant Effector, aghegon and x45

hemagglutination
003° INF1 Elicitin 2.00E-13 AY830090.1 Phytophthora infestans Plant Effector x17, x47
Footnote:

& Accession numbers of the C. albicans genes for the C. albicans genome database
(http://lwww.candidagenome.org/cgi-bin/seqTools).
b E-value from two-sequence BLASTP analysis of putative pathogenicity gene of P. insidiosum and that of
pathogenicity gene from other pathogens.
¢ Encoded protein of PinsEST# was assigned to be INSL1. There are six other P. insidosum elicitin-like
proteins [INSL2 (PinsEST#025), INSL3 (PinsEST#042), INSL4 (PinsEST#045), INSL5 (PinsEST#046),
INSL6 (PinsEST#066) and INSL7 (PinsEST#176)] with E-value ranging from 3.00E-06 to 8.00E-10, when
compared to the elicitin INF1 of Phytophthora infestans.

Figure 1: Characteristics of the P. insidiosum EST dataset: (A) Length distribution of all 486 EST; and (B)
Redundancy of all 217 P. insidiosum unigenes, as indicated by number of clone(s) per unigene.
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Figure 2 Protein domain organization of some representative effectors from oomycetes and pathogenic
parasites. Schematic structures showing functional domains of effecotrs include that of (i) elicitins (INF1
from P. infestans, RAL8A from P. ramorum, and INSL1 (PinsEST#003), INSL2 (PinsEST#025) and
INSL7 (PinEST#176) from P. insidiosum), (iii) RXLR-dEER domain or Plasmodium export element
(PEXEL; containing RXLX motif)-containing molecules (Avrlb from P. sojae, ATR13 from H. parasitica,
the knob-associated histidine-rich protein (KAHRP) from the malaria parasite P. falciparum, and INSL7
(PINEST#176) from P. insidiosum), and (iii) PAN/Apple domain-containing proteins (CBEL for P.
parasitica, MIC4 from T. gondii, and PinsPAN1 (PinsEST#112) from P. insidiosum). All structures were
depicted in relative proportion, with the ruler on the top to indicate length (in amino acids) of each protein.
Abbreviations: SP, signal peptide; R, the RXLR domain or PEXEL; W and Y, conserved domains in C-
terminus of the RXLR effectors of Pytophthora species [x74]; CBD, cellulose binding domain;
PAN/Apple, the PAN/Apple domain.

Figure 3: Multiple sequence alignment of the RXLR-dEER domains of a putative RXLR effector from P.
insidiosum (INSL7) and that of four prototypic RXLR effectors from other pathogenic oomycetes: ATR1
and ATR13 from H. parasitica, Avrlb from P. sojae and Avr3a from P.infestans. The box indicates the
highly-conserved RXLR motif. The underlines indicate acidic residues (D/E) of the dEER motif.
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Figure 4. Multiple protein sequence alignment of the elicitin domains of all identified P. insidiosum
elicitin-like proteins (INSL1-7) and some elicitins from other comycetes: Phytophthora cryptogea (CRY),
Pythium vexans (VEX1), Phytophthora sojae (SOJB), Phytophthora brassicae (BRA2), Phytophthora
ramorum (RAM3B), and Phytophthora infestans (INF5). The 6 conserved cysteine residues were marked
with C1, C2, C3, C4, C5 and C6. Based on the defined structure of CRY, these cysteine residues form 3
pairs of disulfide bonds: C1-C5, C2-C4 and C3-C6). “*” indicates ergosterol interactive sites of CRY
[x37].
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Figure 5. An unrooted phylogenetic tree of 45 elicitin domain sequences from Pythium insidiosum (INSL1-
7; n=7), Pythium oligandrum (OLI; n=1), Pythium vexans (VEX1 and VEX2; n=2), Phytophthora
cryptogea (CRY; n=1), Phytophthora brassicae (BRL1B, BRA2, and BRAG6; n=3), Phytophthora infestans
(INF1, INF2A, INF5, INL1, INL2, INL3A, INL4B, INL11B and INL13; n=9), Phytophthora ramorum
(RAM3B, RAL2A, RALS, RAL6, RAL7B, RAL8A, RAL9, RAL10A, RAL10B, RAL11A, RAL12, and
RAL13A; n=12), and Phytophthora sojae (SOJ1E, SOJ3B, SOL3A, SOL4B, SOL5, SOL6, SOL7, SOLS,
SOL9 and SOL12; n=10), using Neighbor-Joining analysis. The reliability of the inferred trees was tested
using bootstrap re-sampling with 1,000 replicates (indicated by the percentage of replicates supporting each
branch). Amino acid sequences of ELIs and ELLs used in this analysis are obtained from the report of Rays
et. al. [x17].
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Figure 6. Predicted three-dimentional structures of the putative elicitin-like INSL2 (PinsEST#025) of P.
insidiosum in complex with one molecule of cholesterol (shown as ball and stick model, indicated by an
arrow), which is encapsulated in the pocket-like cavity of the INSL2 elicitin: (A) Ribbon structure model,
and (B) Surface structure model of INSL2. See the methods for details of the construction and docking

analyses.
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The oomycetous, fungus-like, aquatic organism Pythium insidiosum is the causative agent of pythiosis, a
life-threatening infectious disease of humans and animals living in tropical and subtropical areas of the world.
Common sites of infection are the arteries, eyes, cutaneous/subcutaneous tissues, and gastrointestinal tract.
Diagnosis of pythiosis is time-consuming and difficult. Radical excision of the infected organs is the main
treatment for pythiosis because conventional antifungal drugs are ineffective. An immunotherapeutic vaccine
prepared from P. insidiosum crude extract showed limited efficacy in the treatment of pythiosis patients. Many
pythiosis patients suffer lifelong disabilities or die from an advanced infection. Recently, we identified a 74-kDa
major immunodominant antigen of P. insidiosum which could be a target for development of a more effective
serodiagnostic test and vaccines. Mass spectrometric analysis identified two peptides of the 74-kDa antigen
(s74-1 and s74-2) which perfectly matched a putative exo-1,3-B-glucanase (EXO1) of Phytophthora infestans.
Using degenerate primers derived from these peptides, a 1.1-kb product was produced by PCR, and its
sequence was found to be homologous to that of the P. infestans exo-1,3-B-glucanase gene, EXO1. Enzyme-linked
immunosorbent assays targeting the s74-1 and s74-2 synthetic peptides demonstrated that the 74-kDa antigen
was highly immunoreactive with pythiosis sera but not with control sera. Phylogenetic analysis using part of
the 74-kDa protein-coding sequence divided 22 Thai isolates of P. insidiosum into two clades. Further char-
acterization of the putative P. insidiosum glucanase could lead to new diagnostic tests and to antimicrobial
agents and vaccines for the prevention and management of the serious and life-threatening disease of pythiosis.

Oomycetes are a unique group of fungus-like eukaryotic
microorganisms that belong to the stramenopiles of the super-
group Chromalveolates and are biochemically and genetically
different from true fungi (13, 14, 20). Phylogenetic analysis
showed that the oomycetes are more closely related to diatoms
and algae (20). Many of the oomycetes are plant pathogens
that cause significant agricultural losses each year, while some
are capable of infecting humans and animals, including horses,
dogs, cats, cattle, sheep, fish, and mosquitoes (13). Finding a
way to control the infections caused by the oomycetes is chal-
lenging.

Pythium insidiosum is the only oomycete that causes life-
threatening infectious disease in humans and animals (mostly
horses and dogs). The disease state is called pythiosis, and it is
endemic to tropical and subtropical regions (13, 19, 24). In
nature, P. insidiosum inhabits swampy areas, where it is present
in one of two forms: a right-angle branching mycelium and a
biflagellate zoospore (25). The zoospore is a motile asexual
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morphotype that can germinate to produce mycelia on its nat-
ural hosts, such as water plants (25). Infection occurs when
zoospores come in contact with humans or animals and invade
as germinating hyphae (25). In humans, the most common sites
of infection are arteries and eyes (19), while in animals, cuta-
neous/subcutaneous and gastrointestinal sites predominate
(24).

High rates of morbidity and mortality of pythiosis are exac-
erbated by the lack of early diagnosis and effective treatments
(19, 24). Diagnosis by culture identification is time-consuming
and limited to experienced clinical laboratories (6, 29). Sero-
logical and PCR-based assays have been developed for facili-
tating the diagnosis of pythiosis (4, 9, 10, 12, 15-18, 26, 27, 34,
39, 42, 43). The PCR-based diagnostic procedure is compli-
cated, and the necessary materials and equipment are not
widely available. All of the reported serology-based assays re-
quire a crude extract of P. insidiosum as the antigen source. In
our experience, batch-to-batch variation in the quality of the
crude antigen leads to problems with the reproducibility of the
serological assays. For each new antigen preparation, the assay
protocol needs extensive reevaluation in regards to antigen
concentration, the optimal dilution of the serum samples, cut-
off points, and the effective concentration of other reagents
before it is suitable for clinical use. In addition, recent reports
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TABLE 1. P. insidiosum isolates from Thai patients with pythiosis used in this study

Clinical Geographic origin Form of Reference GenBank
isolate (province) infection accession no.”
P1 Bangkok Artery Personal collection GU994090
P2 Lopburi Artery Personal collection GU994091
P3 Chantaburi Artery Personal collection GU994092
P6 Nan Artery CBS119452 GU994093
P7 Ayuthaya Artery Personal collection GU994094
P9 Lumpang Artery CBS119453 GU994095
P10 NA® Cut CBS673.85 GU994096
P11 Saraburi Cut Personal collection GU994097
P15 Yasothon Cornea Personal collection GU994098
P16 Saraburi GI° Personal collection GU994099
P17 Chonburi Cornea Personal collection GU994100
P19 NA Cornea Personal collection GU994101
P20 NA Cornea Personal collection GU994102
P22 Patomthani Cornea Personal collection GU994103
P24 Supanburi Artery Personal collection GU994104
P25 Nakornpatom Artery Personal collection GU994105
P27 NA Cornea Personal collection GU994106
P28 NA Artery Personal collection GU994107
P29 NA Artery Personal collection GU994108
P30 Rachaburi Artery Personal collection GU994109
P32 NA Cornea Personal collection GU994110
P40 Pichit Artery Personal collection GU994111

¢ Accession number of the putative exo-1,3-B-glucanase partial gene sequence of each P. insidiosum isolate used in this study.

” NA, not available.
¢ GI, gastrointestinal tract.

of false-positive results for some diagnostic tests (12, 15) indi-
cate a problem regarding the specificity of detection of the
crude extract antigen. Taken together, these complications in-
dicate an ongoing need for a more reliable and specific antigen
source for the development of serological assays.

Use of conventional antifungal agents for treatment of
pythiosis is ineffective because the oomycetes lack the drug-
targeted ergosterol biosynthesis pathway (19, 38). Surgical re-
moval of the affected organs (i.e., the eye or leg) is the main
treatment to control the disease, but it leads to lifelong phys-
ical handicaps (19, 24). Despite intensive care, many pythiosis
patients die from an advanced and aggressive infection. An
immunotherapeutic vaccine prepared from crude extracts of P.
insidiosum showed curative rates of up to 60% for horses, 56%
for humans, and 33% for dogs with pythiosis (19, 28, 44).
Improved outcomes can result from early diagnosis and effec-
tive treatment, so these are still important health care goals.

A major immunodominant antigen of P. insidiosum could be
a target for development of a more reliable serodiagnostic test,
as well as a more effective vaccine, for patients with pythiosis.
We recently identified 74- and 34- to 43-kDa major immuno-
dominant antigens in the extracts of P. insidiosum human iso-
lates by Western blot analysis (18). Only the 74-kDa immuno-
dominant antigen was found in all P. insidiosum isolates and
recognized by all pythiosis sera tested. Control sera from
healthy individuals, patients with thalassemia (a major predis-
posing factor of pythiosis), and patients with various other
infectious diseases failed to react with this 74-kDa immunogen
(18), suggesting that this protein is specifically recognized by
anti-P. insidiosum antibodies. The Western blot profiles of P.
insidiosum extracts (probed with anti-P. insidiosum antibodies)
were compared to those of Pythium aphanidermatum and
Pythium deliense (which are phylogenetically related to P. in-

sidiosum but which are not pathogenic for humans or animals),
as well as those of Conidiobolus coronatus and Rhizopus spp.
(which are zygomycetic fungi that share microscopic features
with P. insidiosum) (18). The 74- and 34- to 43-kDa immuno-
gens were absent in the Western blot profiles of the nonpatho-
genic Pythium spp. and zygomycetic fungi tested, suggesting
that these immunogens are unique to P. insidiosum. Identifi-
cation and characterization of these immunogenic proteins and
their genes are the first step to explore their functional roles
and to develop downstream clinical applications. Here, we
report on our use of mass spectrometric (MS) and molecular
genetic analyses to identify and characterize the proteins and
their encoding genes corresponding to the 74- and 34- to 43-
kDa major immunodominant antigens of P. insidiosum.

MATERIALS AND METHODS

Microorganisms and antigen preparations. The 22 clinical isolates of Pythium
insidiosum used in this study and clinical details, including the form of pythiosis
and the geographic origins of the patients for each isolate, are listed in Table 1.
The method of antigen preparation was that described previously (18). Briefly, P.
insidiosum strain P1 was cultured on Sabouraud dextrose agar for 3 days at 37°C.
Ten small agar pieces, containing hyphal elements, from the growing culture
were transferred to 100 ml of Sabouraud dextrose broth and shaken (150 rpm)
for 10 days at 37°C. Merthiolate (0.02% [wt/vol]) was added to kill the cultures
before they were filtered through a Durapore membrane filter (0.22-um pore
size; Millipore, County Cork, Ireland). The filtered broth containing phenyl-
methylsulfonyl fluoride (PMSF; 0.1 mg/ml) and EDTA (0.3 mg/ml) is referred to
as culture filtrate antigen (CFA). The retained hyphal mass was transferred to a
mortar in the presence of 25 ml of cold sterile distilled water containing PMSF
(0.1 mg/ml) and EDTA (0.3 mg/ml). The hyphal mass was ground on ice and
centrifuged at 4,800 X g for 10 min at 4°C. The resulting supernatant, referred to
as soluble antigen from broken hyphae (SABH), was filtered through a Durapore
membrane filter (0.22-um pore). SABH and CFA were concentrated ~80-fold
using an Amicon Ultra 15 centrifugal filter (10,000 nominal-molecular-weight
limit; Millipore, Bedford, MA). The concentrated preparations were stored at
—20°C until use.



VoL. 17, 2010

Serum samples. Sera from five patients with vascular pythiosis diagnosed by
culture identification and serological tests (serum samples T1 to T5) and five
healthy blood donors (serum samples C1 to C5) who came to the Blood Bank
Division, Ramathibodi Hospital, were used for evaluating the immunoreactivities
of the synthetic peptides in this study. All sera were stored at —20°C until use.

SDS-PAGE and Western blotting. Sodium dodecyl sulfate (SDS)-PAGE and
Western blotting analysis were performed according to the procedures described
previously (18). Briefly, ~15 ng of SABH or CFA was mixed with loading buffer
(60 mM Tris-HCI, pH 6.8, 25% glycerol, 2% SDS, 14.4 mM mercaptoethanol,
0.1% bromophenol blue), boiled for 5 min, and centrifuged at 14,000 X g for 5
min. The proteins in the supernatant were separated at 100 V in an SDS-
polyacrylamide gel (4% stacking gel, 12% separating gel) on a minigel apparatus
(Bio-Rad, Hercules, CA). The gel was stained with Coomassie brilliant blue.
Prestained SDS-PAGE molecular weight standards (Bio-Rad) were run in par-
allel.

For Western blot analysis, the separated antigens were electrotransferred from
SDS-polyacrylamide gels to polyvinylidene difluoride membranes (Bio-Rad) for
1 h at 100 V. The membranes were blocked with 5% gelatin in Tris-buffered
saline (TBS), pH 7.5, and incubated overnight at room temperature with pythio-
sis serum sample T1 diluted 1:1,000 with antibody buffer (Tris-buffered saline
[TBS], pH 7.5, 0.05% Tween 20, 1% gelatin). The membranes were washed twice
with washing buffer (TBS, pH 7.5, 0.05% Tween 20) and incubated at room
temperature for 2 h with goat anti-human immunoglobulin G (heavy plus light
chains) conjugated with horseradish peroxidase (Bio-Rad) at a 1:3,000 dilution
with antibody buffer. The membranes were washed with washing buffer three
times. Signals were developed by adding a fresh mixture of 10 ml of 0.3%
4-chloro-1-naphthol in methanol and 50 ml of TBS with 30 pl of 30% H,O,. The
reactions were stopped by immersing the membranes in distilled water. Mem-
branes in which the color developed were immediately photographed.

Mass spectrometric analysis. SABH and CFA protein bands corresponding to
the 43- and 74-kDa immunodominant antigens, separated by one-dimension
SDS-PAGE, were excised from a Coomassie brilliant blue-stained gel and cut
into 1-mm pieces. Destaining, trypsin in-gel digestion, extraction, and peptide
purification were performed using the protocol of Saveliev et al. (37). The
peptides were subjected to analysis on a MDS SCIEX 4800 matrix-assisted laser
desorption ionization-tandem time of flight (MALDI-TOF/TOF) mass spec-
trometer (Applied Biosystems, Foster City, CA) at the Biotechnology Center,
University of Wisconsin—Madison. Peptide mass fingerprints (PMFs) were gen-
erated and used to match theoretical trypsin-digested proteins in the National
Center for Biotechnology Information (NCBI) nonredundant database using the
program MASCOT (37). Some peptide masses for generating de novo amino
acid sequence tags by MALDI-TOF/TOF tandem MS/MS analysis were selected.
The de novo amino acid sequence of each peptide was compared with the
sequences in the NCBI nonredundant protein database (blastp) by BLAST
analysis.

Genomic DNA extraction, PCR, and DNA sequencing. Genomic DNA extrac-
tion was performed using the protocol of Pannanusorn et al. (31) or Vanittana-
kom et al. (43). The 1.1-kb region of the P. insidiosum B-glucanase gene sequence
was amplified by PCR using degenerate primers Pr1 (5'-ACNTTYGARCAYT
GGCCNAT-3") and Pr4 (5'-ARRTGCCARTAYTGRTTRAA-3'). Alterna-
tively, primers Pr7 (5'-ACGTTCGAGCACTGGCCTAT-3') and Pr10 (5'-AGG
TGCCAGTACTGGTTGAA-3") (which are subset primers of Prl and Pr4,
respectively, that were derived from the sequence of the putative exo-1,3-8-
glucanase gene, EXOI, of Phytophthora infestans) were used to amplify the
glucanase DNA sequences of some P. insidiosum isolates. The amplifications
were carried out in a 50-pl reaction mixture containing 200 ng genomic DNA, 0.2
mM deoxynucleoside triphosphates, 1 uM each primer, and 1 pl of Elongase
DNA polymerase mixture (Invitrogen) in 1X Elongase buffer (ratio of buffer
A/buffer B = 1:4). Amplifications were performed in a MyCycler thermal cycler
(Bio-Rad) with the following cycling temperatures: denaturation at 94°C for 2.5
min for the first cycle and 30 s for subsequent cycles, annealing for 30 s at 40°C,
and elongation for 1.5 min at 68°C for a total of 35 cycles, followed by a final
extension for 10 min at 68°C. The PCR products were assessed for amount and
size by 1% agarose gel electrophoresis.

Direct sequencing of PCR products was performed using the BigDye Termi-
nator (version 3.1) cycle sequencing kit (Applied Biosystems). Primers Pr1, Pr7,
and Pr46 (5'-ACCTCATGTCCAAGAAGCTCAACG-3") were used to obtain
the forward sequences; and primers Pr4, Pr10, and Pr43 (5'-CGCGCATAAAG
TCGAGCCAGAA-3") were used for the reverse sequence. Automated sequenc-
ing was carried out using an ABI 3100 genetic analyzer (Applied Biosystems),
and the sequences were analyzed using the Applied Biosystems sequencing
software.
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Synthetic peptides and ELISA. Synthetic peptides s74-1 (WTSIASTQPVGT
TTFEHWPIR) and s74-2 (FLTLEEQCDWAFNQYWHLNR) (=95% pure)
were purchased from BioSynthesis Inc. (Lewisville, TX). Each peptide was dis-
solved in sterile distilled water. The s74-1 and s74-2 peptides were diluted to a
final concentration of 0.1 pg/ml in 50 mM phosphate buffer with 0.6 M NaCl (pH
5.6) or 50 mM acetate buffer with 0.6 M NaCl (pH 2.6). Each peptide was used
to coat a 96-well polystyrene plate (100 pl/well; Costar; Corning Incorporated,
Corning, NY) at 4°C overnight. Unbound antigens were removed by four washes
with washing buffer (0.1 M Tris-NaCl buffer with 0.1% Tween). Serum samples
from pythiosis patients and blood donors were diluted 200-fold in 0.15 M phos-
phate-buffered saline (PBS; pH 7.2) with 1% bovine serum albumin (BSA)
(PBS-BSA) and added to wells in triplicate (100 pl/well), and the plates were
incubated at 37°C for 30 min and washed four times. Peroxidase-conjugated goat
anti-human IgG Fcy antibody (AffiniPure; Jackson ImmunoResearch Laborato-
ries Inc.) was diluted 100,000-fold in PBS-BSA and added to each well (100
wl/well), and the plates were incubated at 37°C for 30 min. After unbound
conjugate antibody was washed four times, 100 pl of tetramethylbenzidine solu-
tion (galactomannan enzyme-linked immunosorbent assay [ELISA] kit; Bio-
Rad) was added to each well. The reaction was stopped by adding 100 pl of 1.5
N H,SO, to each well. The optical densities at 450 and 650 nm were measured
with an ELISA reader (Behring Diagnostic).

Phylogenetic analysis. The putative partial gene sequences of the exo-1,3-8-
glucanases of all P. insidiosum isolates (Table 1) were aligned by using the
ClustalW program (11), and the alignments were manually edited. The phylo-
genetic tree of the P. insidiosum glucanase gene sequences and the P. infestans
EXOI sequence (set as the outgroup for rooting) was generated by the neighbor-
joining (NJ) algorithm in the Phylip program and drawn using the Treeview
program (30). The reliability of the inferred trees was tested using bootstrap
resampling with 1,000 replicates (7).

Nucleotide sequence accession numbers. All 22 P. insidiosum putative exo-
1,3-B-glucanase sequences derived in this study have been submitted to GenBank
under accession numbers GU994090 to GU994111 (Table 1).

RESULTS

Mass spectrometric analysis revealed that the 74-kDa anti-
gen is B-glucanase. Two abundant antigenic proteins, namely,
s74 and c74, corresponding to the 74-kDa major immunodom-
inant bands of SABH and CFA, respectively (18), were excised
from a one-dimension SDS-polyacrylamide gel to use for PMF
by mass spectrometric analysis following trypsin digestion.
Comparison of the PMFs of the s74 and c74 antigens did not
reveal any significant spectrum similarity (Fig. 1). The peptide
masses of each PMF were used to search for theoretical tryp-
sin-digested proteins in the NCBI nonredundant database; and
two peptide masses of the s74 antigen, 2,415.3 (relative inten-
sity, 34%) and 2,671.4 (relative intensity, 3%), matched two
peptides, WTSIASTQPVGTTTFEHWPIR (s74-1 peptide)
and FLTLEEQCDWAFNQYWHLNR (s74-2 peptide), of a
putative exo-1,3-B-glucanase (EXO1) from the plant-patho-
genic oomycete P. infestans (GenBank accession number
AAM18483) (Fig. 1). The s74-1 and s74-2 peptides were
matched to amino acid positions 278 to 298 and 634 to 653 of
P. infestans EXO1, respectively. The de novo sequence of the
s74-1 peptide determined by MS/MS analysis showed the same
amino acid sequence predicted by the initial MS analysis. For
the PMFs generated for the c74 protein, no peptide mass
matched that of any protein in the NCBI database. Some of the
c74 peptide masses with strong relative intensities (i.e., 1,109.6,
1,155.5, 1,238.6, 1,281.6, 1,564.8, and 2,154.1) underwent de
novo sequencing by MS/MS analysis. The de novo amino acid
sequences obtained (Table 2) were subjected to BLAST anal-
ysis of the sequences in the NCBI database, but none of them
matched any protein. Another abundant protein, namely, s43,
corresponding to the 43-kDa immunodominant band of SABH
(18), was isolated from the SDS-polyacrylamide gel and was
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FIG. 1. Peptide mass fingerprints of s74 and c¢74 immunodominant proteins of P. insidiosum after isolation from one-dimension SDS-
polyacrylamide gels, in-gel tryptic digestion, and MS analysis. s74-1 and s74-2 were peptides (indicated by the names in the figure) of the s74 protein
that matched a putative exo-1,3-B-glucanase of Phytophthora infestans (EXO1).

subjected to the MS and MS/MS analyses. Neither the PMF of
this peptide nor the de novo sequences of selected peptide
masses with strong intensity (i.e., 1,842.8, 1,859.8, and 2,153.0;
Table 1) matched any protein in the NCBI database.

Partial DNA sequence of the P. insidiosum B-glucanase gene.
PCR primers were designed from within the reverse-translated
amino acid sequences of the s74-1 and s74-2 peptides. Degen-
erate primer Prl (128-fold degeneracy) and Pr4 (64-fold de-
generacy) were used to amplify the genomic DNA of P. insidio-
sum strains P17, P24, and P40 (Table 1), generating an intense
1.1-kb fragment. The DNA sequences of the 1.1-kb PCR prod-
uct of each strain were analyzed by BLAST analysis of the
sequences in the NCBI nucleotide database (blastn). The high-

est blastn match (identity, 71%; E value, <le—146) was to a
putative exo-1,3-B-glucanase gene of P. infestans (EXOI; Gen-
Bank accession number AF494014). The deduced amino acid
sequence (363 amino acids) of the partial putative exo-1,3-3-
glucanase gene of P. insidiosum amplified from strain P17 had
in-frame translations with the s74-1 and s74-2 peptides (Fig.
2A). The amino acid sequence deduced from the PCR product
fused with the complete s74-1 and s74-2 peptide sequences
(379 amino acids all together) was used for BLAST analysis
against the sequences in the NCBI protein database (blastp),
and the best match (identity, 73%; positivity, 83%; gap, 0.8%; E
value, 8¢ —170) was an exo-1,3-B-glucanase protein of P. infes-
tans (EXOL; accession number AAM18483) (Fig. 2A). An

TABLE 2. Peptide mass, relative intensity, and BLAST search result for de novo amino acid sequences of selected
peptide masses of s43, s74, and ¢74 immunodominant proteins

Relative

Protein Peptide mass intensity (%) De novo amino acid sequence BLAST search result

s74 2,415.3 34 WTSIASTQPVGTTTFEHWPIR Putative exo-1,3-B-glucanase

c74 1,109.6 55 QMGLNYNPR No significant similarity found
c74 1,155.5 27 QKAGVSMFDR No significant similarity found
c74 1,238.6 97 DIAPGMKGMMR No significant similarity found
c74 1,281.6 36 IYGLADASMKGR No significant similarity found
c74 1,564.8 37 EGDMNSATGAGMVHR No significant similarity found
c74 2,154.1 25 KLNVMSGGTTLVTINTAGGG No significant similarity found
s43 1,842.8 16 HVIMDDISDGTGKR No significant similarity found
s43 1,859.8 12 CGYVDKGMICGKR No significant similarity found
s43 2,153.0 >30 MNLQGLGATLATANAHPMPAR No significant similarity found
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FIG. 2. Protein alignment and conserved domain of the putative glucanase of P. insidiosum. (A) Alignment of the deduced amino acid of the
s74 partial protein of P. insidiosm (query; a 379-amino-acid long protein) and P. infestans EXO1 (subject; positions 278 to 653 of the 745-amino-
acid long protein). Boxes at the beginning and at the end of the protein sequence indicate the locations of the s74-1 and s74-2 peptides of P.
insidiosum that were predicted by MS analysis, respectively. Dotted lines at the beginning and at the end of the protein sequence indicate the
positions of degenerate primers Prl and Pr4, respectively. In respect to the s74-2 peptide sequence of P. insidiosum, 3 deduced amino acids at
positions 360, 364, and 369 (arrows) were different from the amino acids predicted by MS analysis. (B) Predicted conserved protein domains of
the deduced amino acid sequence of the s74 partial protein gene of P. insidiosum.

NCBI conserved-domain database search (http://www.ncbi.nlm
.nih.gov/Structure/cdd/wrpsb.cgi) revealed two conserved do-
mains, BglC and the X8 superfamily (Fig. 2B). Similar results
were observed for P. insidiosum strains P24 and P40.

Immunoreactivity of P. insidiosum B-glucanase peptides.
Synthetic peptides s74-1 and s74-2 were each used to coat
ELISA plates and tested against the serum samples from pa-
tients with pythiosis (samples T1 to T5) and controls (samples
Cl1 to C5). Among the pythiosis sera, pythiosis serum samples
T1 (hemagglutination [HA] titer [12] = 1:5,120) and T5 (HA
titer = 1:40,960) gave remarkably high ELISA signals (1.2 and
0.8, respectively, for s74-1; 1.2 and 1.0, respectively, for s74-2),
while pythiosis serum samples T2 (HA titer = 1:2,560), T3
(HA titer = 1:1,280), and T4 (HA titer = 1:1,280) gave weak
to moderate ELISA signals (0.4, 0.3, and 0.3, respectively, for
s74-1; 0.5, 0.4, and 0.3, respectively, for s74-2). In general, the
s74-1 (Fig. 3A) or the s74-2 (Fig. 3B) peptide gave similar
ELISA signal patterns with the different serum samples.

For the s74-1 peptide, the mean ELISA signal of the pythio-
sis sera was 0.48 (range, 0.26 to 1.17; standard deviation [SD],
0.39), while the mean ELISA signal of the control sera was 0.15
(range, 0.07 to 0.27; SD, 0.09). If a cutoff point of 0.32 (which
equals the mean ELISA signal of the control sera plus 2 SDs of
the mean) is set, 60% of the pythiosis sera had ELISA signals
above this cutoff, but 100% of the control sera had signals
below the cutoff (Fig. 3A). For the s74-2 peptide, the mean
ELISA signal of the pythiosis sera was 0.57 (range, 0.33 to 1.22;
SD, 0.39), while the mean ELISA signal of the control sera was
0.09 (range, 0.05 to 0.18; SD, 0.06). On the basis of the cutoff

point of 0.21 (the mean ELISA signal of control sera plus 2
SDs), all pythiosis sera were clearly differentiated from all
control sera (Fig. 3B).

Phylogenetic analysis of P. insidiosum B-glucanase genetic
sequences. The B-glucanase gene sequences of 22 P. insidiosum
isolates from patients with different forms of pythiosis who
lived in different regions of Thailand (Table 1) were success-
fully amplified and sequenced using primers Prl and Pr4 or
primers Pr7 and Pr10. These sequences were analyzed for
phylogenetic relatedness using the NJ algorithm (setting the P.
infestans EXOI gene as an outgroup for rooting). From this
analysis, P. insidiosum can be divided into two phylogenetic
groups, clade A and clade B, with 98% and 100% reliability,
respectively (Fig. 4). The distributions of the forms of pythiosis
and the geographic origins of the patients in the two clades
were similar.

DISCUSSION

Several proteins with immunodominant reactivity against
pythiosis patient sera were analyzed by mass spectrometry of
tryptic digests to determine their protein identities. These
analyses included proteins corresponding to the 74- and 43-
kDa antigens of P. insidiosum cytoplasmic proteins (SABH;
s74 and s43 antigens) and the 74-kDa antigen of secreted
proteins (CFA; c¢74 antigen) (18). The topologies of the PMFs
of the s74 and c74 antigens were different (Fig. 1), suggesting
that although these antigens coincidentally had the same mo-
lecular size (74 kDa) and are major immunodominant anti-
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FIG. 3. Immunoreactivity of s74-1 (A) and s74-2 (B) peptides against pythiosis sera (samples T1 to T5) and control sera (samples C1 to C5)
by ELISA. For the s74-1 peptide, the ELISA cutoff point (dashed line; the mean ELISA signal of the control sera plus 2 SDs) is 0.32, and the mean
ELISA signals of the pythiosis and control sera are 0.48 (range, 0.26 to 1.17; SD, 0.39) and 0.15 (range, 0.07 to 0.27; SD, 0.09), respectively. For
the s74-2 peptide, the ELISA cutoff point is 0.21 and the mean ELISA signal of the pythiosis and control sera are 0.57 (range, 0.33 to 1.22; SD,

0.39) and 0.09 (range, 0.05 to 0.18; SD, 0.06), respectively.

FIG. 4. Phylogenetic analysis of 22 clinical isolates of P. insidio-
sum, based on partial putative exo-1,3-B-glucanase DNA sequences,
reveals that the organism can be divided into two clades, clade A
(n = 16) and clade B (n = 6). P. infestans EXOI is used as an
outgroup for rooting.

gens, they were not the same protein. For the peptide masses
of the s74 antigen, two matches were found by searching for
theoretical trypsin-digested proteins in the NCBI nonredun-
dant protein database. These two peptide masses of the s74
antigen, s74-1 and s74-2, had predicted amino acid composi-
tions identical to those of the predicted tryptic peptides of
EXOL1 of P. infestans, an oomycete member in a genus closely
related to Pythium. The s74-1 peptide was selected for de novo
sequencing because from the s74 PMF, it had a stronger in-
tensity than the s74-2 peptide (34% and 3%, respectively). The
de novo sequence of the 74-1 peptide amino acid sequence
perfectly matched that of P. infestans EXO1, confirming that
the predicted amino acid sequence of this peptide determined
by the MS analysis was correct, and thus, the identity of the s74
protein, a putative glucanase, was confirmed. Some of the
strong-intensity peptide masses of c74 and s43 proteins (Table
2) were selected for de novo sequencing. None of these addi-
tional de novo sequences matched the sequence of any protein
in the protein database; therefore, these peptides may be
unique to P. insidiosum.

For P. infestans EXO1 (745 amino acids long), the sequence
encompassing the s74-1 and s74-2 peptides and the region in
between is predicted to be 376 amino acids, and the length of
corresponding DNA sequence is predicted to be 1,128 bp long.
This prediction is consistent with the fact that the degenerate
primers (Prl and Pr4) designed from the s74-1 and s74-2 pep-
tide sequences successfully amplified a 1.1-kb PCR product,
and the DNA sequence significantly matched that of P. infes-
tans EXOI (data not shown). The amino acid sequence de-
duced from this P. insidiosum DNA sequence had high degrees
of identity and similarity to the P. infestans EXO1 peptide over
its entire length (Fig. 2A). Searches of NCBI conserved-do-
main databases revealed that the putative P. insidisoum glu-
canase had two predicted conserved domains, namely, BglC
and X8 (Fig. 2B). These domains are found in proteins in-
volved in carbohydrate transportation, metabolism, and bind-
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ing. Three consecutive amino acids corresponding to amino
acid positions 250 to 252 of the P. insidiosum glucanase were
absent in the P. infestans EXO1, making this portion of P.
infestans EXOL1 a little shorter (Fig. 2A). In respect to the s74-2
peptide sequence derived from the MS analysis, there were 3
discrepant amino acids found in the P. insidiosum deduced
amino acid sequences, at positions 360, 364, and 369 (indicated
by arrows in Fig. 2A). In spite of this error in the sequence
prediction by the MS analysis, the proteomic, molecular ge-
netic, and bioinformatic evidence consistently supports the
conclusion that the 74-kDa protein of P. insidiosum is an exo-
1,3-B-glucanase. Glucanases are an interesting group of hydro-
lytic enzymes that are present in many organisms, including
fungi (2, 22, 33). Glucans are major cell wall components that
give strength and rigidity to fungal cells, and fungal glucanase
hydrolytic activity is necessary in order to remodel the cell wall
for hyphal elongation or growth (2, 22, 33). Although putative
glucanases have been identified in some oomycetes (8, 23),
little is know about their biological and pathological roles. In
the pathogenic fungus Candida albicans (21, 35), glucanases
have roles in morphogenesis (hyphal formation and growth),
pathogenesis (adhesion and hyphal invasion), and host im-
mune responses (stimulation of host immunity).

Although the characterization of the glucanase of P. insidio-
sum began with a 74-kDa major immunodominant band in the
Western blot analysis (18), we sought further evidence for its
immunoreactivity. To provide a specific test for immune rec-
ognition, an ELISA was developed using either the s74-1 or
s74-2 synthetic peptide of the glucanase. The mean ELISA
signal for the pythiosis sera was higher than that of the control
sera for both the s74-1 and the s74-2 peptides (3.2-fold and
6.3-fold higher, respectively). The ELISA results for individual
pythiosis sera were higher than those for all of the control sera
in 60% of the cases using the s74-1 peptide and 100% of the
cases using the s74-2 peptide (Fig. 3). These results confirm the
immunoreactivity of the P. insidiosum glucanase and indicate
that the s74-2 peptide is more robustly immunoreactive than
the s74-1 peptide in ELISAs. Furthermore, the high ELISA
signals for serum samples T1 and TS5 correlated with their high
HA titers, while the low ELISA signals for serum samples T2,
T3, and T4 correlated with the low HA titers of these sera (Fig.
3). Further optimizations of the ELISA by increasing the purity
and the concentration of each peptide might improve the assay
discrimination power, a factor necessary for development of a
serodiagnostic test.

Use of the exo-1,3-B-glucanase gene sequence of P. insidio-
sum for phylogenetic analysis revealed two separable groups
(clades A and B) of P. insidiosum in Thailand (Fig. 4). This
finding is consistent with previous rDNA sequence analyses
that also showed two clades for P. insidiosum in Thailand (5,
40, 41). It is noteworthy that for both glucanase- and rDNA-
based analyses, there is no correlation of the phylogenetic
group with either the geographic distribution or the clinical
presentation of pythiosis patients.

Because other oomycetes have -glucan as a major cell wall
component (20), it is expected that P. insidiosum would as well.
The discovery, in P. insidiosum, of a putative glucanase (a
glucan-hydrolyzing enzyme, which may be necessary for cell
wall remodeling in the fungi [33, 35]) further supports this
possibility. The presence of B-glucan in their cell wall could
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mean that the oomycetes would be sensitive to a new class of
antifungal drugs, the echinocandins (i.e., caspofungin, anidu-
lafungin, and micafungin), whose mechanism of antifungal ac-
tion is to inhibit cell wall B-glucan synthesis (1). However, in
both in vivo and in vitro experiments, caspofungin failed to
adequately control the growth of P. insidiosum (3, 32). The
reason for this failure is unknown but could result from differ-
ences between the fungal and oomycete glucan synthases or
from other differences, such as the uptake, binding, or metab-
olism of the drug.

In the present study, we have successfully used a proteomic
approach to characterize a 74-kDa major immunoreactive an-
tigen of P. insidiosum as a putative exo-1,3-B-glucanase. Mo-
lecular genetic analysis showed that this protein was encoded
by a gene sequence homologous to a P. infestans exo-1,3-3-
glucanase gene, EXOI. The P. insidiosum EXOI DNA se-
quence can be classified into two phylogenetic groups. Because
the s74-1 and s74-2 peptides, representing portions of the P.
insidiosum 74-kDa glucanase, were strongly recognized by sera
from patients with pythiosis (Fig. 3), they could be new anti-
genic targets in the development of serodiagnostic tests. The P.
insidiosum 74-kDa glucanase could also be tested as a new
vaccine candidate in an established animal model of pythiosis
(36).
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Human pythiosis is an emerging and life-threatening infectious disease caused by the fungus-like organism
Pythium insidiosum. High rates of morbidity and mortality for patients with pythiosis are exacerbated by the
lack of early diagnosis and an effective treatment. Here, we developed and evaluated an immunochromato-
graphic test (ICT) for the diagnosis of human pythiosis, in comparison to a standard serological test of
immunodiffusion (ID). Culture filtrate antigen of P. insidiosum was used to detect human anti-P. insidiosum
antibody. Sheep anti-human immunoglobulin G-colloidal gold conjugate was used to generate an ICT signal.
Thirty-three sera from patients with vascular (n = 27), ocular (n = 4), and cutaneous (n = 2) pythiosis and
181 control sera from healthy blood donors (2 = 100), as well as patients with a variety of infectious (n = 56)
and noninfectious (n = 25) diseases, were included in the test evaluation. The turnaround time for generating
a result by the ICT was less than 30 min, while that for ID was ~24 h. Based on the results for all sera of
pythiosis patients and the control groups, the ICT showed 88% sensitivity and 100% specificity and ID showed
61% sensitivity and 100% specificity. By both tests, false-negative results for sera from all ocular pythiosis
patients were obtained. In addition, the ID test yielded false-negative results for sera from eight patients with
vascular pythiosis and one patient with cutaneous pythiosis. It was concluded that the ICT is a rapid,

user-friendly, and reliable serological test for the early diagnosis of vascular and cutaneous pythiosis.

Pythiosis is a life-threatening infectious disease caused by
the oomycete, fungus-like, aquatic organism Pythium insidio-
sum, which is the only Pythium species of the kingdom Stram-
enopila known to infect humans and some animals, such as
horses, dogs, cats, and cattle, in tropical and subtropical coun-
tries (5, 11). Although microscopic features of oomycete or-
ganisms are similar to those of fungi, a phylogenic analysis
shows that Pythium spp. are more closely related to diatoms
and algae than to the true fungi (10). P. insidiosum inhabits
swampy areas, where it exists in two stages: perpendicular
branching hyphae and biflagellate zoospores (12). Infection
has been proposed to occur by invasion of the zoospores into
host tissue after attachment and germination (12).

Human pythiosis is endemic in Thailand, where the disease
has been increasingly reported from all over the country (2, 3,
8, 9, 19-24, 26, 27). Four forms of human pythiosis have been
described: (i) cutaneous pythiosis, affecting the face or limbs as
a granulomatous and ulcerating lesion; (ii) vascular pythiosis,
affecting arteries and resulting in arterial occlusion or an an-
eurysm; (iii) ocular pythiosis, causing corneal ulcers; and (iv)
disseminated pythiosis, featuring the infection of internal or-
gan (9). Vascular and ocular infections are the most common
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forms of pythiosis. The majority of vascular pythiosis patients
have an affected leg amputated, while most ocular pythiosis
patients have an infected eye removed (9). Many vascular
pythiosis patients die from a ruptured aneurysm. Thalassemias
and agriculture-related careers are known as predisposing fac-
tors (9, 21, 27).

Culture identification is a definite diagnostic method for
pythiosis, but it is a time-consuming procedure and requires
expertise and often hard-to-obtain internal tissue (1, 9, 11, 17,
23). Conventional antifungal drugs are not effective to control
the infection (9). The main treatment option for pythiosis is
surgery, which should be urgently performed to limit disease
progression and ensure better prognoses for patients (9). Some
serodiagnostic tests have been developed to facilitate the early
diagnosis of pythiosis (4, 6, 7, 13-15, 18, 25). In-house enzyme-
linked immunosorbent and Western blot assays show high de-
grees of sensitivity and specificity for the diagnosis of pythiosis
(6, 7, 13). However, the tests require skilled personnel, stable
and reproducible reagents, expensive equipment, and long
turnaround times. Immunodiffusion (ID) (4, 14, 18) is a simple
serological test that has been commonly used in laboratories
for the diagnosis of pythiosis and is considered to be a standard
serodiagnostic test for pythiosis. Although the ID test is easy to
perform and has high specificity, it shows poor sensitivity and
requires a long turnaround time, which may lead to a false-
negative result and delayed treatment. Therefore, improve-
ment in the diagnostic procedure is an important health care
goal.

The immunochromatographic test (ICT) has been popularly
applied for the serodiagnosis of many infectious diseases be-
cause of its user-friendly format, rapid result generation, and
high degrees of detection sensitivity and specificity. Most im-
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FIG. 1. Schematic diagrams of an ICT strip: top view (A, E, F, and G) and side view (B, C, and D). (A and B) An ICT strip consists of a plastic
backing support (BS), two sample pads (SP), a glass fiber (GF; containing rabbit anti-human IgG-colloidal gold conjugate), a nitrocellulose
membrane (NM; containing test [T] and control [C] lines), and a wicking pad (WP). (C) Positive result. The test and control lines are visible.
(D) Negative result. Only the control line is visible. (E) Actual ICT strip corresponding to the diagrams in panels A and B. (F) Actual ICT strip
with a positive result, corresponding to the diagram in panel C. (G) Actual ICT strip with a negative result, corresponding to the diagram in panel
D. Arrows show the direction of serum flow. SAR, sheep anti-rabbit antibody; aPi-IgG, anti-P. insidiosum 1gG; Hu-IgG, human IgG; RAH-CG,

rabbit anti-human IgG-colloidal gold conjugate.

portantly, the test can be used in remote areas or areas where
pythiosis is endemic which lack diagnostic facilities. In the
present study, we aimed to develop an in-house ICT for the
rapid detection of specific human anti-P. insidiosum immuno-
globulin G (IgG) in serum samples. The performance of the
ICT was evaluated in comparison to that of an ID test for the
serodiagnosis of pythiosis.

MATERIALS AND METHODS

Microorganism and growth conditions. The P. insidiosum strain CBS119452,
isolated from Thai patients with vascular pythiosis, was used to prepare antigen
in this study. The organism had been maintained on Sabouraud dextrose agar at
37°C until antigen preparation.

Antigen preparation. The P. insidiosum CBS119452 isolate was subcultured on
Sabouraud dextrose agar and incubated at 37°C for 2 days. Several small agar
pieces containing hyphal elements from the growing culture were transferred
into 200 ml of Sabouraud dextrose broth and shaken (150 rpm) at 37°C for 1
week. Thimerosal (Merthiolate; final concentration, 0.02% [wt/vol]) was added
to kill the cultures before they were filtered through a Durapore membrane filter
(0.22-pm pore size; Millipore, County Cork, Ireland). Phenylmethylsulfonyl flu-
oride (0.1 mg/ml) and EDTA (0.3 mg/ml) were added to minimize protein
degradation in the filtered broth before it was concentrated ~80-fold using an
Amicon Ultra-15 centrifugal filter (nominal molecular weight limit, 10,000; Mil-
lipore, Bedford, MA). The concentrated filtered broth was referred to as culture
filtrate antigen (CFA) and was measured for protein concentration by a spec-
trophotometer. The CFA was stored at —20°C until use.

Serum samples. A total of 33 sera from patients with known cases of human
pythiosis (27 vascular, 4 ocular, and 2 cutaneous) were used for the test evalu-
ation. The diagnosis of human pythiosis was based on previously reported criteria
(9), as follows: (i) culture isolation of P. insidiosum (n = 15), (ii) serodiagnosis
(n = 9), and (iii) the presence of the unique clinicopathological features of
vascular pythiosis (n = 9). An additional 181 sera were collected for use in four
control groups. The first group included 100 sera randomly collected from
healthy blood donors who came to the Blood Bank Division, Ramathibodi
Hospital. The second group included sera from 19 healthy thalassemic patients
with no clinical evidence of pythiosis. The third group included sera from six
patients with noninfectious diseases (five with highly positive antinuclear anti-
body titers and one with thromboangiitis obliterans [TAO]). The fourth group
included sera from 56 patients with other infections (7 with penicilliosis, 7
galactomannan positive, 6 with cryptococcosis, 5 with malaria, 4 with aspergillo-
sis, 4 with mycoplasmosis, 3 with zygomycosis, 3 with histoplasmosis, 3 with syphilis,
3 positive for anti-human immunodeficiency virus [HIV] antibody, 2 with toxo-
plasmosis, 2 with leptospirosis, 2 with melioidosis, 1 with amoebiasis, 1 with

disseminated candidiasis, 1 positive for anti-hepatitis A virus antibody, 1 positive
for anti-hepatitis B virus antibody, and 1 positive for anti-hepatitis C virus
antibody). All sera were kept at —20°C until use.

ICT. (i) Conjugation of antibody to colloidal gold. The 40-nm-particle colloi-
dal gold suspension (Arista, Allentown, PA) was adjusted to pH 9.65 by using 0.2
M Na,COj3. To each 500 pl of colloidal gold, 3 pg of rabbit anti-human IgG
(Dako, Glostrup, Denmark) was added, and the mixture was incubated for 30
min at room temperature. The residual surfaces of the colloidal gold particles
were blocked by incubation with 5% (wt/vol) bovine serum albumin (Sigma, St.
Louis, MO) for 10 min. The conjugate was centrifuged at 6,000 X g for 15 min,
and the supernatant was then discarded. The conjugate pellet was washed in
0.5% (wt/vol) casein and centrifuged at 6,000 X g for 15 min. After the removal
of the supernatant, the conjugate was resuspended in a solution of 0.5% (wt/vol)
casein and 20% (wt/vol) sucrose in 0.02 M Tris-HCI (pH 8.0) with 40 times less
volume than the original suspension. A piece of 2.5- by 2.5-mm glass fiber (GF33;
Whatman Schleicher & Schuell, Dassel, Germany) was impregnated with this
IgG-colloidal gold conjugate (2.5 pl) and dried in a dehumidifier cabinet for an
hour.

(ii) Immobilization of antigen and antibody onto a nitrocellulose membrane.
A 1.5-cm-wide nitrocellulose membrane (AE99; Whatman Schleicher & Schuell,
Dassel, Germany) was lined with CFA (1:5 dilution; the test line) and sheep
anti-rabbit IgG (150 wg/ml in 50 mM ammonium acetate buffer, pH 4.5; the
control line) at 1 pl/cm by a dispenser (ZX 1000; BioDot, Irvine, CA) (Fig. 1A
and B). The membrane was dried, blocked with 1% (wt/vol) bovine serum
albumin, and dried again in a dehumidifier cabinet.

(iii) Assembly of ICT strips. The immobilized nitrocellulose membrane, the
glass fiber with the colloidal gold conjugate, the sample pad (903 paper; What-
man Schleicher & Schuell, Dassel, Germany), and the wicking pad (3MM chro-
matography paper; Whatman, Maidstone, England) were assembled onto a back-
ing of plastic, which was then cut into 2.5-mm-wide strips by a strip-cutting
machine (CM 4000 R; BioDot, Irvine, CA) (Fig. 1A and B).

(iv) Detection of human anti-P. insidiosum antibody by the ICT. Each indi-
vidual sample was diluted 1:10,000 in phosphate buffer (pH 7.4). The ICT was
evaluated in duplicate with 100 wl of diluted serum in a 96-well microtiter plate.
The test signal of each ICT strip was read by the naked eye at 30 min by three
independent laboratory personnel. To quantify the ICT signal, each strip was
scanned by a scanner (Epson Perfection 1670 photo scanner; Seiko Epson Corp.,
Japan) to obtain a tagged image file format picture. Test and background signal
intensities were measured by the Quantity-One program (Bio-Rad). The inten-
sity value derived from a test signal after the subtraction of the background signal
was referred to as the ICT value (IV). Sensitivities and specificities for all cutoff
levels of IVs were calculated and graphically displayed in receiver-operating char-
acteristic (ROC) curves by using the Stata version 10 program (StataCorp, TX).

ID test. The ID test was modified from the method of Pracharktam et al. (18).
Briefly, agar gel diffusion was carried out on a 5-cm-diameter petri dish with 2%
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FIG. 2. IVs of all sera from patients with vascular pythiosis (VP),
cutaneous pythiosis (CP), and ocular pythiosis (OP), from blood do-
nors, and from patients with a variety of infectious diseases (ID) and
noninfectious diseases, including thalassemia (Thal) and other nonin-
fectious diseases (nonlD).

agar in barbital (Veronal) buffer (0.9% [wt/vol] CgH,;;N,NaO3, 0.05% [wt/vol]
NaNj, pH 8.6). The CFA and serum to be tested were each added to 4-mm-
diameter wells separated by 4 mm. The petri dish was incubated in a moist
chamber at room temperature for 24 h. The appearance of a precipitation line
visible to the naked eye was considered a positive test result.

RESULTS

Development of the ICT results. The components of an ICT
strip are depicted in Fig. 1. CFA was blotted onto a nitrocel-
lulose membrane (indicated as the test line) and used as the
specific P. insidiosum antigen for detecting anti-P. insidiosum
IgG in serum samples. Sheep anti-rabbit IgG (indicated as the
control line) was blotted distally from CFA. When human IgGs
in serum moved upward by capillary action through the glass
fiber, they formed complexes with the rabbit anti-human IgG-
colloidal gold conjugate. The complexes migrated through the
nitrocellulose membrane. Immune complexes containing hu-
man anti-P. insidiosum 1gG bound CFA and developed a pur-
ple signal at the test line. In contrast, immune complexes
lacking human anti-P. insidiosum 1gG passed through the test
line without developing a signal. The sheep anti-rabbit IgG
bound the remaining immune complexes containing rabbit
anti-human IgG-colloidal gold conjugate and exhibited an in-
ternal test validation signal at the control line.

Diagnostic performance of the ICT in comparison to ID.
ICT and ID results were read by three independent laboratory
personnel. Based on the results for all sera from pythiosis
patients (27 with vascular pythiosis, 4 with ocular pythiosis, and
2 with cutaneous pythiosis) and the control groups, the ICT
showed 88% sensitivity, 100% specificity, 100% positive pre-
dictive value, and 98% negative predictive value while ID
showed 61% sensitivity, 100% specificity, 100% positive pre-
dictive value, and 93% negative predictive value. False-nega-
tive ICT results were obtained for sera from all ocular pythiosis
patients. False-negative ID results were obtained for sera from

CLIN. VACCINE IMMUNOL.

FIG. 3. ROC curve. Pythiosis and control serum groups (total, 214
samples) are included in the ROC analysis. The cutoff value of 16 gave
the sensitivity and specificity of 88 and 100%, respectively. The area
under the ROC curve was 0.9546.

all ocular pythiosis patients, eight patients with vascular py-
thiosis, and one patient with cutaneous pythiosis.

ICT signals generated from all sera were quantified and
converted to IV units (see Materials and Methods) (Fig. 2).
The mean IV for vascular pythiosis patients was 67.2 U (range,
22.4 to 113.3 U), whereas that for cutaneous pythiosis patients
was 17.7 U (range, 16.0 to 19.4 U), that for ocular pythiosis
patients was 4.3 U (range, 0 to 7.4 U), that for blood donors
was 3.8 U (range, 0 to 12.3 U), that for patients with other
infectious diseases was 2.5 U (range, 0 to 11.9 U), that for
thalassemic patients was 2.7 U (range, 0 to 5.9 U), and that for
patients with autoimmune diseases or TAO was 2.1 U (range,
0to 3.8 U). As an alternative to the determination of results by
three independent laboratory personnel, the IV cutoff point
was selected by a ROC analysis to differentiate between pa-
tients with and without human pythiosis. The ICT has very
good discriminative power for identifying patients with human
pythiosis, as shown by the large area (0.95) under the ROC
curve (Fig. 3). The IV of 16.0 was selected as the cutoff value,
because it gave the highest sensitivity (88%) and specificity
(100%). For comparison, the IV cutoff value of 12.3 yielded a
sensitivity of 88% and a specificity of 99% and the IV cutoff
value of 19.4 yielded a sensitivity of 85% and a specificity
of 100%.

DISCUSSION

The ID test has high specificity but poor sensitivity and
requires a long turnaround time. Because early and accurate
diagnosis would improve the clinical outcomes for patients
with pythiosis, the ICT was developed to address this issue.
Thirty-three pythiosis patient sera and 181 control sera from
healthy blood donors and patients with thalassemia (a predis-
posing factor for pythiosis), various infectious diseases, auto-
immune diseases, and TAO, which clinically mimics vascular
pythiosis, were used for the comparison of ICT and ID per-
formances. Pythiosis can be misdiagnosed as aspergillosis and
zygomycosis because the causative agents have microscopic
morphologies similar to that of P. insidiosum (16). Sera from
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patients with aspergillosis, zygomycosis, and other endemic
infectious diseases (such as melioidosis, HIV infection, and
malaria) were tested for any background or cross-reactivity. All
control sera tested negative by the ICT and ID, demonstrating
100% specificity for both tests.

The sensitivity of the ICT to detect anti-P. insidiosum IgG in
all pythiosis sera was greater than that of ID (88% for the ICT;
61% for ID). Sera from all ocular pythiosis patients tested
negative by both the ICT and ID. The failure to detect anti-P.
insidiosum antibodies in these patients was due likely to poorly
induced antibody responses to localized infections of the eye
(6). Therefore, the serodiagnosis of ocular infection should be
avoided, because of an expected high rate of false-negative
results. When ocular pythiosis patient sera were excluded from
the evaluation, the sensitivity of the ICT increased to 100%
and that of ID increased to 69%. The ICT is a ready-to-use
test, while ID is complicated by a need to prepare a fresh
diffusion gel right before performing the test. The turnaround
time of the ICT was remarkably shorter than that of ID (30
min for the ICT; ~24 h for ID). Therefore, the ICT shows
better sensitivity and is more convenient than ID. It is suitable
for the serodiagnosis of vascular and cutaneous pythiosis but
not ocular pythiosis.

The two highest IVs among the controls (Fig. 2) were ob-
tained for a blood donor (12.3 U) and a patient with penicil-
liosis (11.9 U). The ICT results for the control sera from these
subjects were reported as negative by the readers, as no test
signal was grossly detected. Among patients positive for py-
thiosis (Fig. 2), two cutaneous pythiosis patients had the lowest
IVs (16.0 and 19.4 U). Low anti-P. insidiosum 1gG levels in
these cutaneous pythiosis patients were already expected be-
cause one patient had advanced HIV infection and a low CD4
cell count (52 cells/pl) and the other had an acute P. insidiosum
infection with a few-day history of symptoms prior to hospital
admission. Nevertheless, the sera were reported to be positive,
as faint test lines were consistently and unambiguously de-
tected by the three readers. These findings indicated that the
ICT had good discriminating power for negative and weakly
positive samples.

In conclusion, the in-house ICT had higher sensitivity and
specificity, required a shorter turnaround time, and was a more
user-friendly test than ID. In addition, the ICT is suitable for
use at the bedside, as well as in remote hospitals where skilled
personnel or diagnostic materials are lacking.
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Human pythiosis is an emerging, life-threatening infectious disease, caused by the oomycete Pythium
insidiosum. Thailand is an area where human pythiosis is endemic and the genetic blood disorder thalassemia
is a predisposing factor. Patients with pythiosis present with arterial occlusions of the lower extremities,
corneal ulcers, or chronic cutaneous infections. Diagnosis relies on time-consuming, relatively insensitive tests
such as culture identification and immunodiffusion assay. Most patients undergo surgical removal of infected
organs, and many die from the infection. Delayed diagnosis results in a poor prognosis. Here, we describe a
hemagglutination (HA) test for rapid diagnosis of human pythiosis. Sheep red blood cells were coated with P.
insidiosum protein extract and used in duplicated detection assays using serum samples from 33 patients with
vascular (n = 27), cutaneous (n = 2), or ocular (n = 4) pythiosis and serum samples from 289 control patients
with other infectious diseases (n = 77), with highly positive antinuclear antibody (» = 5), with thalassemia
(n = 21), or with no known disorder (i.e., healthy blood donors) (n = 186). Based on receiver-operating
characteristic analysis, a serum titer of 1:160 was selected as the cutoff point for the HA test. Serum samples
that generated HA at the cutoff titer were read as positive, while samples that did not were read as negative.
Positive results were obtained with the serum samples of all patients with vascular and cutaneous pythiosis and
with two serum samples from the control group. Negative results were obtained with serum samples from all
ocular pythiosis patients and the 287 remaining serum samples from the control group. Sensitivity and
specificity of the HA were 88% and 99%, respectively. In conclusion, the HA test for detection of anti-Pythium

antibodies is a simple, rapid, and reliable test for serodiagnosis of vascular and cutaneous pythiosis.

Pythiosis is can be a fatal infectious disease of humans and
animals living in tropical and subtropical countries (2, 9, 15, 16,
18, 27, 30). The causative agent is the fungus-like organism
Pythium insidiosum, which is a member of the family Pythia-
ceae, order Pythiales, class Oomycetes, and the phylum Pseudo-
fungi in the kingdom Chromista (Stramenopila) (5, 9, 18, 30).
Naturally, P. insidiosum inhabits swampy areas, where it is
present in the form of mycelium or biflagellate zoospores (5,
19). The zoospore is an infective stage where it can swim,
attach to, and penetrate host tissue, possibly leading to pathol-
ogy (18, 19).

Although pythiosis in animals has been increasingly reported
worldwide, most human pythiosis cases have been reported in
Thailand, where it is considered to be endemic (8, 14, 16, 17,
26, 28, 30, 33). Thalassemia and agriculture-related careers are
predisposing factors for human pythiosis (16, 17, 28). Clinical
features of human pythiosis can be categorized into four forms
as follows. (i) Vascular pythiosis (59% of reported cases) is an
infection of the arteries leading to arterial occlusion and an-
eurysm. In advanced cases, many patients die, and since the
main treatment is limb amputation, many patients become
handicapped. (ii) Ocular pythiosis (33%) is an infection of the
eyes, in which patients usually present with corneal ulcers or
keratitis. Most of these patients undergo enucleation therapy
to control the infection. (iii) Patients with cutaneous pythiosis
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(5%) present with granulomatous and ulcerative lesions con-
fined to cutaneous and subcutaneous tissues. (iv) Disseminated
pythiosis (3%) is an infection of other internal organs, such as
the brain, sinuses, or gastrointestinal tract. The use of conven-
tional antifungal drugs is ineffective in treatment of pythiosis
because Pythium is only distantly related phylogenetically to
fungi, and radical surgery is the main treatment option (16,
17, 29).

Delayed diagnosis leads to delayed treatment and a poorer
prognosis in patients with pythiosis. Diagnosis by culture iden-
tification of P. insidiosum is time-consuming and laborious (3,
23). Serodiagnosis of pythiosis commonly relies on an immu-
nodiffusion (ID) test. Although the ID test is highly specific, it
has very poor sensitivity (11, 12, 21, 25). Subsequently, other
diagnostic methods, such as an in-house enzyme-linked immu-
nosorbent assay (ELISA), an immunochromatographic test
(ICT), a Western blot assay, and a PCR assay, were developed
and have good specificity and sensitivity (11-13, 20, 22, 32).
However, the lack of diagnostic materials and special equip-
ment needed for these tests limits their use, especially in rural
areas where the disease is prevalent. Here, we describe a hem-
agglutination (HA) test to assist a rapid diagnosis of human
pythiosis. The test is easy to perform, requires only routine
laboratory equipment and could easily be adapted to a simple
kit format.

MATERIALS AND METHODS

Serum samples. A total of 33 serum samples from patients with pythiosis (27
vascular, four ocular, and two cutaneous) were recruited for the assay evaluation.
Clinical information was recorded for each pythiosis patient and included clinical
features, duration of symptoms before the first medical visit, underlying diseases,
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TABLE 1. Clinical information of pythiosis patients from whom serum samples were obtained for the HA test evaluation®

Diagnosis

Patient Form of infection Ug.derlylf s Clinical presentation Duration Sf HA titer

isease symptom Histology® Culture? Serology® (test result)’
S1 Vascular Thal Claudication, ulcer 5 mo (+) N/A# 1(+),4(+) 5,120 (+)
S2 Vascular Thal Claudication, ulcer 2 mo (+) (+) 1(—-),4(+) 1,280 (+)
S3 Vascular PNH Gangrenous ulcer 3 wk N/A (+) 1(+),4(+) 1,280 (+)
S4 Vascular Thal Claudication, ulcer 1 mo (+) (+) 1(+),2(+),4(+) 2,560 (+)
S5 Vascular Thal Claudication, ulcer 7 wk (+) (+) 1(+),2(+),4(+) 1,280 (+)
S6 Vascular Thal Claudication, ulcer 5 mo N/A (+) 1(—),4(+) 5,120 (+)
S7 Vascular Thal Claudication, ulcer 1 mo (+) N/A 1(+),4(+) 20,480 (+)
S8 Vascular Thal Claudication, ulcer 3 mo (+) N/A 1(+),4(+) 1,280 (+)
S9 Vascular Thal Claudication, ulcer 1 mo (+) (+) 1(-),4(+) 320 (+)
S10 Vascular Thal Claudication, ulcer 10 days (+) (+) 1(+),4(+) 5,120 (+)
S11 Vascular Thal Claudication, ulcer 3 mo (+) (+) 1(+),4(+) 2,560 (+)
S12 Vascular Thal Gangrenous ulcer 12 mo N/A N/A 1(+),3(+),4(+) 20,480 (+)
S13 Vascular Thal Claudication, ulcer N/A (+) N/A 1(+),4(+) 1,280 (+)
S14 Vascular Thal Claudication, ulcer N/A (+) N/A 1(-),4(+) 1,280 (+)
S15 Vascular Thal Claudication, ulcer N/A (+) N/A 1(=),4(+) 1,280 (+)
S16 Vascular Thal Claudication, ulcer 1 mo (+) N/A 1(-),4(+) 160 (+)
S17 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),4(+) 1,280 (+)
S18 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),4(+) 1,280 (+)
S19 Vascular Thal Claudication, ulcer N/A (+) (+) 1(-),4(+) 320 (+)
S20 Vascular Thal Claudication, ulcer 3 mo (+) N/A 1(+),4(+) 40,960 (+)
S21 Vascular Thal Claudication, ulcer 5 mo (+) N/A 1(+),4(+) 10,240 (+)
S22 Vascular Thal Claudication, ulcer N/A (+) N/A 1(+),4(+) 640 (+)
S23 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),3(+),4(+) 10,240 (+)
S24 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),3(+),4(+) 1,280 (+)
S25 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),3(+),4(+) 10,240 (+)
S26 Vascular N/A Claudication, ulcer N/A N/A N/A 1(+),3(+),4(+) 2,560 (+)
S27 Vascular N/A Claudication, ulcer N/A N/A N/A 1(=),3(+),4(+) 160 (+)
S28 Cutaneous Thal Necrotizing cellulitis 6 days N/A (+) 1(+),4(+) 320 (+)
S29 Cutaneous HIV, ITP  Chronic ulcer 3 mo N/A (+) 1(=),3(+),4(+) 640 (+)
S30 Ocular N/A Keratitis 10 days (+) (+) 1(-),4(-) 80 (—)
S31 Ocular N/A Corneal ulcer N/A N/A (+) 1(=),3(-),4(-) 40 (—)
S32 Ocular N/A Corneal ulcer N/A N/A (+) 1(-),3(—-),4(— 40 (—)
S33 Ocular N/A Corneal ulcer N/A N/A (+) 1(=),3(-),4() 80 (—)

¢ Thal, thalassemia; PNH, paroxysmal nocturnal hemoglobinuria; HIV, human immunodeficiency virus; ITP, idiopathic thrombocytopenic purpura.
> Duration of symptom starting from when it was first recognized by a patient before seeking medical attention.

¢ (+), positive Grocott’s methenamine silver staining for fungal elements compatible to P. insidiosum in infected tissue.

@ (+), successful isolation of P. insidiosum by culture identification method.

€1, ID test; 2, ELISA; 3, Western blotting; 4, ICT; (+), positive result; (—), negative result.

/HA titer represents reciprocal titer. (+), positive result; (—), negative result.

& N/A, data not available.

and method of diagnosis (Table 1). All pythiosis patients were diagnosed based
on at least one of following criteria: (i) P. insidiosum isolated from infected tissue
and confirmed by induction and identification of zoospores, or (ii) the presence
of anti—P. insidiosum antibodies in blood samples; antibody detection was by at
least one of the following well-established serodiagnostic tests: ID test, ELISA,
Western blot analysis, or ICT (3, 11-13, 15-18, 20-23, 25, 32). Additional serum
samples (n = 289) were collected as control samples that included (i) 186
randomly collected serum samples from healthy blood donors at the Blood Bank
Division of Ramathibodi Hospital, (ii) 21 serum samples from healthy thalasse-
mic patients without clinical evidence of pythiosis, (iii) five serum samples from
patients with highly positive antinuclear antibody, and (iv) 77 serum samples
from patients positive for other infectious diseases. The last group included 19
serum samples obtained from patients with proven cryptococcosis (n = 11),
penicillosis (n = 7), or candidiasis (n = 1), as determined by criteria for invasive
fungal diseases of the European Organization for Research and Treatment of
Cancer/Invasive Fungal Infections Cooperative Group and the National Institute
of Allergy and Infectious Diseases Mycoses Study Group (EORTC/MSG) (6). Of
the remaining 58 serum samples, 20 were obtained from patients with aspergil-
losis (n = 4) or mucormycosis (n = 4) confirmed by culture identification, from
patients that were fungal galactomannan antigen positive (n = 9), and from
patients that were anti-Histoplasma capsulatum antibody positive (n = 3). How-
ever, information on host factors and clinical features and other mycological
evidence for revalidation by EORTC/MSG criteria were missing for these 20
samples. The remaining 38 out of 77 serum samples comprised samples from
cases with proven nonfungal infections according to established criteria (4, 34).

These included samples that were positive for anti-human immunodeficiency
virus antibody (n = 10), syphilis (n = 9), malaria (n = 5), mycoplasmosis (n =
4), toxoplasmosis (n = 2), leptospirosis (n = 2), melioidosis (n = 2), anti-
Entamoeba histolytica antibody (n = 1), hepatitis A virus (n = 1), hepatitis B
virus (n = 1), and hepatitis C virus (n = 1). One positive control serum sample
was obtained from a rabbit immunized with P. insidiosum antigen. All serum
samples were stored at —20°C until used.

Antigen preparation. The P. insidiosum strain CBS119452 isolated from a Thai
patient with vascular pythiosis was used to prepare the antigen. The microor-
ganism was subcultured on Sabouraud dextrose agar and incubated at 37°C for
3 days. Several small blocks of mycelium were transferred to Sabouraud dextrose
broth and shaken (150 rpm) at 37°C for 9 days. Merthiolate was added to the
culture at a final concentration of 0.02% (wt/vol). The culture was filtered
through a Durapore membrane filter (0.22-pm pore size). Phenylmethylsulfonyl
fluoride (0.1 mg/ml) and EDTA (0.3 mg/ml) were added to the culture filtrate
broth before concentration to ~80-fold using an Amicron 8400 apparatus and an
Amicon Ultra-15 centrifugal filter (10,000 nominal molecular weight limit; Mil-
lipore, Bedford, MA). The concentrated broth was referred to as culture filtrate
antigen (CFA), and was measured for protein concentration by a spectropho-
tometer. CFA was stored at —20°C.

HA test. (i) Stabilization of sheep red blood cells. Preparation of sheep red
cells (SRC) for the HA test was modified from the methods of Hirata and
Brandriss (7) and Petchclai et al. (24). The SRC were packed by washing with
normal saline and centrifuging at 5,000 rpm for 3 min three times. Then, 1.25 ml
of 0.15 M phosphate-buffered saline (PBS) (pH 7.2) and 0.25 ml of 2.5% glu-
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FIG. 1. ROC curve for the HA test. The area under the ROC curve
is 0.9931.

taraldehyde in distilled water were added to 0.1 ml of the packed SRC, and then
they were gently mixed by rotator at room temperature for 2 h. The SRC were
washed with normal saline and centrifuged three times as described above. PBS
with 0.1% sodium azide was added to the SRC to make a 10% glutaraldehyde-
stabilized SRC suspension.

(ii) Preparation of P. insidiosum antigen-coated SRC. To coat SRC with P.
insidiosum antigens, 0.1 ml of 2-mg/ml CFA and 1 ml of 0.1 M acetate buffer (pH
4) were sequentially added to 0.1 ml of 10% glutaraldehyde-stabilized SRC
suspension, before mixing and incubating at 37°C for 30 min. The CFA-coated
SRC were washed with normal saline and centrifuged three times (as described
above) and resuspended in PBS with 0.1% bovine serum albumin and 0.1%
sodium azide to make a 0.5% CFA-coated SRC suspension.

(iii) HA assay. To perform the HA test, 25 pl of 1:10 diluted serum was added
to the first well of a 96-U-shaped-well microtiter plate. Then, the serum was
diluted twofold from 1:10 to 1:20,480 by using a diluent (0.5% bovine serum
albumin, 1% normal rabbit serum, and 0.1% sodium azide in PBS). Twenty-five
microliters of the 0.5% CFA-coated SRC suspension was added to each well and
mixed gently. The positive control well contained the CFA-coated SRC suspen-
sion mixed with a positive serum. The negative control wells contained CFA-
coated SRC suspension and the diluent or a negative serum. Each sample was
tested in duplicate. The plate was incubated for 1 h at room temperature. The
presence of HA was read as a positive test result for P. insidiosum, whereas the
absence of HA was read as a negative test result.

ID test. The ID test was modified from the original method of Pracharktam
et al. (25). Briefly, agar gel diffusion was carried out in a 5-cm-diameter petri dish
with 2% agar in Veronal buffer (0.9% [wt/vol] CgH;;N,NaO;, 0.05% [wt/vol]
NaNj; [pH 8.6]). The CFA and a serum sample were each added to 4-mm-
diameter wells that were set 4 mm apart from each other. The plates were
incubated in a moist chamber at room temperature for 24 h. The presence of an
identity precipitation line with the positive control serum was considered a
positive test result for P. insidiosum.

Statistical analysis. Sensitivities, specificities, and accuracies were calcu-
lated from each cutoff titer of the HA test and displayed in a receiver-
operating characteristic (ROC) curve using the Stata program, version 10.0
(StataCorp, TX).

RESULTS

The area under the ROC curve for the HA test results was
0.99 (Fig. 1). The best cutoff titer chosen for the HA test was
1:160 because it provided the highest accuracy (98.1%) (Table
2). At this cutoff titer, all 29 serum samples from vascular and
cutaneous pythiosis patients, serum from one healthy blood
donor, and serum from a patient with mycoplasmosis (i.e., two
samples from the negative control group) gave positive test
results, while all four serum samples from the ocular pythiosis
patients and the remaining 287 serum samples from the
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negative control patients gave negative test results. There-
fore, sensitivity and specificity of the HA test were 87.9%
and 99.3%, respectively. Incubation time for the HA test
was 1 h.

To calculate positive and negative predictive values of the
HA test, prevalence of pythiosis, test sensitivity (88%), and test
specificity (99%) were used as in the statistic equation de-
scribed elsewhere (1). At Ramathibodi Hospital during the
year 2008, the prevalences of pythiosis in all patients (n =
190,415) and in patients with thalassemia (a prominent predis-
posing factor for pythiosis) (n = 372) were 0.002% and 0.8%,
respectively. The positive predictive value (PPV) and negative
predictive value (NPV) of the HA test using the prevalence in
all patients were 0.2% and 100.0%, respectively, while the PPV
and NPV using the prevalence in thalassemic patients were
41.7% and 99.9%, respectively.

To test the precision of the HA test, one each of the
positive control and negative control serum samples was
repeatedly assayed 20 times in both within-run and between-
run analyses. The highest HA titer obtained from each pre-
cision analysis was 1:640 for the positive control serum, and
test were negative at all titers for the negative control se-
rum. The CFA-coated SRC were stable for at least 6
months, since reactions of the positive control serum re-
mained unchanged at the highest HA titer (1:640) over the
interval (i.e., at 2 weeks, 1 month, 3 months, 5 months, and
6 months after the preparation of coated SRC).

For the ID test, only 20 serum samples from patients with
vascular (n = 19) and cutaneous (n = 1) pythiosis gave positive
results. All of the control serum samples and 13 serum samples
from patients with vascular (n = 8), ocular (n = 4), and cuta-
neous (n = 1) pythiosis gave negative test results. Therefore,
sensitivity, specificity, and accuracy of the ID test were 60.6%,
100.0%, and 96.0%, respectively. Incubation time for the ID
test was ~24 h.

TABLE 2. Sensitivity, specificity, and accuracy of the HA test at
various cutoff serum titers?

Cutoff point Sensitivity Specificity Accuracy
(reciprocal titer) (%) (%)° (%)°
Undiluted 100.0 0.0 10.3
10 100.0 58.1 62.4
20 100.0 78.9 81.1
40 100.0 89.3 90.4
80 93.9 95.5 95.3
160 87.9 99.3 98.1
320 81.8 99.7 97.8
640 72.7 99.7 96.9
1,280 66.7 100.0 96.6
2,560 36.4 100.0 93.5
5,120 273 100.0 92.6
10,240 18.2 100.0 91.6
20,480 9.1 100.0 90.7
40,960 3.0 100.0 90.1

¢ Sensitivity = true positive/(false negative + true positive) X 100.

b Specificity = true negative/(false positive + true negative) X 100.

¢ Accuracy = (true positive + true negative)/(true positive + true negative +
false positive + false negative) X 100.

@ The titer of 1:160 was selected as the best cutoff point because it provided the
highest test accuracy (98.1%). This cutoff titer is indicated in boldface type.
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DISCUSSION

An HA test was developed to facilitate rapid serodiagnosis
of human pythiosis. The large area under the ROC curve for
the HA test (Fig. 1) indicated a very good discriminative power
for identifying patients with human pythiosis. The serum dilu-
tion of 1:160 was selected as the cutoff titer for reading agglu-
tination reactions, because it gave minimal nonspecific HA
reactions (i.e., false-positive results) and high sensitivity and
specificity (Table 2). The explanation for the two negative
control serum samples that gave positive HA test results (i.e.,
from a healthy blood donor and a patient with mycoplasmosis)
could be (i) the presence of anti-P. insidiosum antibodies in
patients with subclinical pythiosis or with a previous P. insidiosum
infection or (ii) nonspecific binding of antibodies to CFA or SRC.

As expected for the test, the calculated PPV was very low,
and the NPV was very high, because pythiosis is a disease of
very low prevalence. Thus, the results suggested that the diag-
nostic value of the HA test would be to rule out pythiosis.
Using the HA test for patients with thalassemia gave a mark-
edly higher PPV than that for general patients (i.e., 41.7%
versus 0.2%, respectively). Based on the within-run and between-
run analyses (see Results), the HA test showed good precision.
The coated SRC had a long shelf life (=6 months) when kept
refrigerated.

Among the patients with well-developed pythiosis that gave
positive HA results (Table 1), there were two cases (patients
S$28 and S29) with interesting and unusual clinical features.
Patient S28 presented a history of 6 days of acute necrotizing
cellulites in both legs. Initial diagnosis was in doubt because of
a relatively short history of illness and presentation of unlikely
symptoms for pythiosis. Another immunocompromised patient
(S29) had a high human immunodeficiency virus load (418,000
copies/ml serum) and a low CD4 count (52 cells/pl). The HA
test successfully detected anti-P. insidiosum antibodies in these
cases, indicating good diagnostic efficiency.

A pitfall of the test evaluation was that it lacked serum
samples from patients with early-stage pythiosis, during which
typical clinical features may be absent or minimal. Such early-
stage patients might have levels of anti-P. insidiosum antibody
too low to be detected by the HA test, and this might lead to
false-negative test results. In this regard, a prospective field
trial of the HA test would be necessary. Similarly, use of the
HA test in a seroprevalence study of thalassemic individuals
predisposed to pythiosis would provide useful information on
its possible application in screening people at risk and on the
nature and epidemiology of the disease.

All serum samples from ocular pythiosis patients gave neg-
ative results by both the HA and ID tests, suggesting that
patients with ocular pythiosis are seronegative. This phenom-
enon may due to the fact that the eye is classified as an immune
privileged site that lacks normal immune functions such as T-
and B-cell proliferation, generation and activation of NK cells,
development of cytotoxic T cells, and immunoglobulin produc-
tion in order to minimize immunopathology from local infec-
tions (10). Thus, due to very low antibody production, antibody
detection is not generally used for diagnosis of ocular infec-
tions such as mycoses (31), and our results agree, showing that
serological diagnosis of ocular pythiosis is not feasible due to
the high likelihood of false-negative results.
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When the HA test was compared to the ID test now com-
monly used for serodiagnosis of pythiosis, the specificity and
the accuracy of the HA test (99.3% and 98.1%, respectively)
and those of the ID test (100% and 96%, respectively) were
similar. However, the sensitivity of the HA test (88%) was
markedly higher than that of the ID test (61%). The ID test
gave false-negative test results for nine proven cases of vascu-
lar and cutaneous pythiosis, while the HA test correctly de-
tected these cases. Our work confirmed the results of previous
studies showing that the ID test has poor sensitivity (11, 12).
The assay turnaround time for the HA test (1 h) was signifi-
cantly shorter than that for the ID test (24 h).

Animal pythiosis has been increasingly reported worldwide
(9, 18, 27). Although Thailand is an area where human pythio-
sis is endemic (16), there have been no reports of animal
pythiosis from this country. It may be that this is due to lack of
a sensitive and specific test to facilitate its diagnosis rather than
lack of its occurrence. Our HA test for efficient detection of
anti-Pythium antibody in human patient sera does not require
a host species-specific conjugate antibody as do other highly
sensitive tests, such as ELISA, ICT, and Western blot analysis
(11-13, 20, 22). Thus, we have shown that the HA test detected
anti-Pythium antibody in the serum of the rabbit immunized
with P. insidiosum antigen, and this suggests that it could be
used to conveniently detect anti-Pythium antibody in the sera
of other animals as well. As such, the HA test could be re-
garded as a sensitive and specific test for rapid serodiagnosis of
pythiosis in both humans and animals.

Since the HA test had good precision, it was used for anti-
body tests during the follow-up period after surgical treatment
for pythiosis in two patients with vascular pythiosis. Gradual
decreases of the antibody titer occurred in both patients (drop-
ping from 1:5,120 to 1:80 in one case, and from 1:640 to 1:80 in
the other case) in a manner that correlated well with their
clinical improvement after surgery (data not shown). The anti-
body titer started to decrease within 1 month after leg ampu-
tation. These preliminary results indicate that the HA test may
be a useful tool for monitoring treatment success in human
pythiosis. A study of a larger group of pythiosis patients would
be required before this could be confirmed.

In conclusion, a reliable HA test for serodiagnosis of vascu-
lar and cutaneous pythiosis was developed, but it was not
suitable for diagnosis of ocular pythiosis due to a high likeli-
hood of false-negative results. Higher test sensitivity and
shorter turnaround time were advantages of the HA test over
the commonly used ID test. The HA test is easy to perform,
and it is suitable for diagnosis of pythiosis in hospitals in rural
areas where the disease is prevalent.
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