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Abstract

Blastocystis is an extracellular, enteric pathogen that induces intestinal disorders in a range of hosts including humans.
Recent studies have identified potential parasite virulence factors in and host responses to this parasite; however, little is
known about Blastocystis-host attachment, which is crucial for colonization and virulence of luminal stages. By utilizing 7
different strains of the parasite belonging to two clinically relevant subtypes ST-4 and ST-7, we investigated Blastocystis-
enterocyte adhesion and its association with parasite-induced epithelial barrier disruption. We also suggest that drug
resistance in ST-7 strains might result in fitness cost that manifested as impairment of parasite adhesion and, consequently,
virulence. ST-7 parasites were generally highly adhesive to Caco-2 cells and preferred binding to intercellular junctions.
These strains also induced disruption of ZO-1 and occludin tight junction proteins as well as increased dextran-FITC flux
across epithelial monolayers. Interestingly, their adhesion was correlated with metronidazole (Mz) susceptibility. Mz resistant
(Mz") strains were found to be less pathogenic, owing to compromised adhesion. Moreover, tolerance of nitrosative stress
was also reduced in the Mz" strains. In conclusion, the findings indicate that Blastocystis attaches to intestinal epithelium and
leads to epithelial barrier dysfunction and that drug resistance might entail a fitness cost in parasite virulence by limiting
entero-adhesiveness. This is the first study of the cellular basis for strain-to-strain variation in parasite pathogenicity. Intra-
and inter-subtype variability in cytopathogenicity provides a possible explanation for the diverse clinical outcomes of
Blastocystis infections.
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Introduction

Blastocystis is a unicellular, genetically diverse protist, phyloge-
netically placed within the Stramenopiles [1], and it is the only
member of this group associated with human pathological changes
[2,3]. It is a species complex comprising 17 subtypes (ST') at least
9 of which are found in humans [4,5]. The prevalence of this
parasite is usually higher in developing countries, ranging from
30% to 50%, and 1.5% to 15% in developed countries [2,6].
However, some select populations in developed countries may
have much higher prevalence [7]. It is frequently reported in
human fecal samples from symptomatic patients as well as healthy
individuals [8-10]. The parasite induces enteritis, manifested in
mucous and watery diarrhea, bloating, abdominal pain and/or
vomiting [3]. Clinical studies also associate Blastocystis with other
intestinal and dermatological inflammatory disorders, such as
irritable bowel syndrome and urticaria [11-14], respectively.
Patients immunocompromised due to HIV or cancer are
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particularly susceptible to infections [15-18], suggesting that
Blastocystis is also an opportunistic pathogen.

Despite being discovered more than 100 years ago [19-21], it is
difficult to argue the clinical significance and pathogenic potential
of Blastocystis [21], since infections do not consistently lead to
intestinal symptoms [22-24]. While a large number of infected
individuals present with clinical symptoms [22,25], asymptomatic
carriage of the parasite is also common [26]. Moreover, in
symptomatic patients, the duration and severity of symptoms vary
from acute enteritis to chronic, mild diarrhea [24,27]. There is no
consensus on the reasons for the observed diverse intestinal
symptoms. A number of reports have suggested a strain- or
subtype-dependent variation in parasite pathogenicity [1,24,27—
31]. Studies associate ST-1, -4, and -7 with pathological alterations
in humans, whereas ST-2 and ST-3 are considered apathogenic
[22,24,28]. Also, the presence of both pathogenic and apathogenic
strains within one subtype has been reported [32,33]. Yet, the
factors determining this variation in pathogenicity across different
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Author Summary

Since it was first described more than a century ago, the
question as to whether the protistan parasite Blastocystis
causes disease or is a commensal of the human gut still
remains unresolved. Strain- or subtype-dependent vari-
ability in Blastocystis pathogenicity has been proposed to
contribute to this controversy. Currently, the factors
determining this variation are unknown. For seven strains
from two clinically relevant Blastocystis subtypes, we
evaluated their ability to adhere to human intestinal
epithelium and to disturb barrier function. We showed that
the more adhesive strains exhibited greater pathogenicity.
We also observed an inverse correlation between adhe-
siveness and drug resistance, suggesting that drug
resistance might compromise the fitness of the parasite.
This is the first study highlighting the important role of
adhesion in Blastocystis pathogenesis. We conclude that
the extensive variation in Blastocystis pathogenicity is a
plausible factor contributing to the disparate outcomes of
Blastocystis infections.

Blastocystis  strains have not been resolved. Although recent
advances have been made in the knowledge of its molecular and
cellular biology [3,21,34,35], as well as pathogenic mechanisms
[30,36], many gaps remain unfilled regarding the pathogenesis of
Blastocystis. 'The chain of events leading to parasite-induced
pathological changes are largely unknown, the most important
early event being Blastocystis-enterocyte contact [37].

Extracellular, enteric pathogens have to overcome the intes-
tinal luminal peristaltic flow to remain in the intestine [38,39].
Adhesion to epithelial cell surfaces is thus a critical step for their
infection and effective colonization of the host [40]. Studies have
suggested the level of adhesion is directly linked to the virulence
properties of pathogens [40,41]. Highly adhesive strains of
Giardia, Entamoeba, Trichomonas and other eukaryotes have been
shown to result in more severe damage of the epithelium
compared with less adherent strains [42—44]. Unlike other
luminal parasites, Blastocystis is immotile [26]; hence, efficient
anchoring to epithelial cells is even more crucial for its survival in
the host gut as well as the induction of entero-pathogenesis. The
ability of Blastocystis to adhere to the intestinal epithelium has not
yet been investigated. Clearly, it is important to determine
adhesiveness of the parasite with enterocytes across different
Blastocystis strains and investigate its association with parasite
pathogenicity.

Another issue complicating the pathogenic potential of
Blastocystis is reports of treatment failure [25,27,45-48]. Although
metronidazole is the treatment of choice, physicians are often
skeptical about prescribing antibiotics for Blastocystis infections
due to frequent reports of non-responsiveness to chemotherapy
[24]. Strain-to-strain variation within Blastocystis in susceptibility
to Mz and other antiparasitic agents among Blastocystis strains is
commonly reported [49,50], and has been proposed to be the
reason for frequent treatment failures in parasite infections
[25,49]. However, from an evolutionary standpoint, mutations
associated with drug resistance may impair essential biological
functions or impose energy demands on the organism, leading to
decreased microbial fitness [51,52]. Studies of a variety of
pathogens, including different species of viruses, bacteria and
parasites, indicate that antimicrobial resistance places a toll on
the organisms’ fitness as well as virulence [53]. A recent study in
an intestinal protozoan parasite, Giardia, revealed impaired
attachment and decreased infectivity in Mz resistant (Mz") strains
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compared with parental Mz sensitive (Mz®) strains [54] and was
given as a possible reason for the scarcity of treatment failure in
people with symptomatic parasite infections. The interplay
among drug resistance, fitness and virulence in Blastocystis has
never been studied. Considering the frequent reports of treatment
failure in humans with symptomatic Blastocystis infections, it will
be interesting to establish whether drug resistance exerts any
effects on the pathogenicity as well as other aspects of parasite
fitness.

In the present study, using seven isolates from two clinically
important subtypes Blastocystis ST-4 and ST-7, we first demon-
strated extensive intra- and inter-subtype variability in inducing
intestinal barrier dysfunction, and then investigated whether
adhesion contributed to this variation. We found that Mz
resistance correlates with impairment of parasite adhesion and
adhesion-associated cytopathic effects. Additionally, we also
showed that Mz resistance was associated with nitrosative stress
tolerance, an important factor assisting parasite survival in the gut
lumen.

Materials and Methods

Culture of Caco-2 colonic epithelial cell line

All Blastocystis-host interaction experiments were performed
using Caco-2 human colonic cell line (ATCC). Caco-2 stock
cultures were maintained in T-75 flasks in a humidified incubator
with 5% COg at 37°C. Cell cultures were grown in Dulbecco’s
modified Eagle’s medium (HyClone) supplemented with 10%
heat-inactivated fetal bovine serum (FBS) and 1% each of sodium
pyruvate and MEM, antibiotic Penicillin-Streptomycin (Gibco;
final concentrations are 1,000 units/mL of penicillin and
1,000 pg/mL of streptomycin). Culture health was evaluated
using trypan blue assay; only cultures with >95% viability were
used for the experiments. Cells were trypsinzed with 0.25%
trypsin-EDTA for subculture and cell seeding. For Western blot
analysis, Caco-2 monolayers were grown on 6-well cell culture
plates (Corning) until 100% confluency. For immunofluorescence
and confocal microscopy, Caco-2 monolayers were cultured on
Poly-L-lysine-treated 15 mm glass coverslips placed in standard
24-well culture plates. For epithelial permeability experiments,
cells were grown on Millipore transwell filters with PET
membranes of a 3 um pore-size, placed in 24-well tissue culture
plates. In order to synchronize cells before experiments, all
cultures were serum-starved overnight in antibiotic- and serum-

free DMEM.

Parasite culture

Seven axenized isolates of Blastocystis (designated B, C, E, G, H,
S-1 and WR-1) were used in the present study (Figure SI). All
seven 1solates were subtyped previously by small-subunit of
ribosomal RNA gene analyses [55]. Isolates B, C, E, G and H
were originally recovered from symptomatic patients at the
Singapore General Hospital [56] and they all belonged to ST-7
according to recent classification system [57]. Isolates S-1 and
WR-1 were isolated from a rat during an animal survey [58] and
they belonged to ST-4.

Both ST-4 and ST-7 are well characterized zoonotic Blastocystis
isolates commonly detected in humans with gastrointestinal
symptoms [24]. Stock cultures of all seven isolates were
maintained under the same conditions as described previously
[49]. In brief, the parasites were maintained in 10 ml of pre-
reduced Iscove’s modified Dulbecco’s medium (IMDM) contain-
ing 10% heat-inactivated horse serum in an anaerobic jar (Oxoid)
with an AnaeroGen gas pack (Oxoid) at 37°C.
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Ethics statement

All Blastocystis isolates used in this study were obtained from an
existing collection at the Department of Microbiology of the
National University of Singapore (NUS). Human isolates were
obtained from patients at the Singapore General Hospital in the
early 1990s, before Institutional Review Board was established in
NUS. All samples were anonymized.

Parasite viability assay

The optimized Blastocystis viability assay was used to measure
50% inhibitory concentrations (IC50s) of different drugs for the
Blastocystis strains  [49]. Briefly, stock solutions of drugs were
prepared in dimethyl sulfoxide (DMSO), diluted in pre-reduced
Blastocystis culture medium, transferred to 96-well plates and pre-
reduced in anaerobic jar for 4 h at 37°C. Parasites were counted
and 0.5x10° cells were incubated in each well of a standard 96-
well plate with dilutions of different drugs ranging between 0 and
100 ug/ml. The drug concentration range was reduced or
increased depending on the results of the first test. A range of
parasite counts between zero and 0.5x10° per well were used for
viability control. The final DMSO concentration was kept
constant at 0.5% in each well. Since the parasite redox activity
varies with volume, the final total volume of each well was kept
constant at 200 pl. After 24 h of drug exposure, resazurin solution
(Sigma) was added to each well at a final concentration of 10% (v/
v); 3 h after incubation, under anaerobic conditions at 37°C,
fluorescence readings of resazurin were taken at 550-nm excitation
and 580-nm emission wave lengths using a Tecan Infinite M200
reader. Values were imported into GraphPad Prism5 software and
1C50s were calculated.

Growth curve

The growth curve of each of the seven isolates was made by
culturing over a period of 96 h. Briefly, 5x10° parasites of each
isolate were inoculated into IMDM and cultured under anaerobic
conditions at 37°C.. At each of the five time points (0, 24, 48, 72
and 96 h), parasite pellets were resuspended and cell numbers
were counted using appropriate dilutions in a hemocytometer.

Azocasein assay for cysteine protease activity

Parasite protease activity was determined using an azocasein
assay [59]. Briefly, lysates of 4x10° parasites were co-incubated
with 2 mM dithiothreitol (DTT) (Sigma) at 37°C for 10 min to
activate protease activity. 100 ul of a 5 mg/ml solution of
azocasein (Sigma) was prepared in PBS (pH 7.4) and incubated
with 100 pl of parasite lysate for 1 h at 37°C. The reaction was
stopped by adding 300 pl of 10% trichloroacetic acid (TCA), and
samples were incubated on ice for 30 min. Undigested azocasein
was removed by centrifugation (5,000xg for 5 min), and the
resultant supernatant was transferred to a clean tube containing
500 ul of 525 mM NaOH. Absorbance was measured using a
spectrophotometer at 442 nm (Tecan Magellan). PBS was used as
a negative control. For inhibition experiment, 2 mM iodoaceta-
mide (IA) were added to the parasite lysate and incubated for 1 h
at room temperature (22-24°C) to inhibit the cysteine proteases

[60].

Adhesion assay

One-day-old Blastocystis cells were collected and stained with
carboxyfluorescein diacetate succinimidyl ester (CFSE; Invitrogen)
at a final concentration of 20 uM. Pellets were then centrifuged at
900 g for 10 min to remove the excessive stain and were diluted
with pre-warmed (37°C) serum-free culture medium. For each well
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of Caco-2 cells grown on coverslips in 24-well tissue culture plates,
1.25x107 parasites were added onto Caco-2 cell monolayer and
incubated for 1 hour at 37°C. After incubation, cells were washed
5 times with sterile PBS and fixed with 2% formaldehyde for
30 min. The monolayers were then washed and stained with
DAPI for 10 min and washed again. All monolayers were
mounted onto glass slides using fluorescence mounting media
(VECTASHIELD) prior to confocal microscopic examination
(Olympus Fluoview FV1000, Olympus, Japan).

Epithelial permeability

Caco-2 monolayers were grown on Millipore transwell system
until they reached confluency and tight junction maturation on
day 21. After confirmation of maturation by TER measurement,
monolayers were co-incubated with parasite live cells for 24 h.
Following co-incubation, epithelial and basolateral compartments
were washed twice, followed by addition of 400 ul of warm (37°C)
HBSS at the basolateral compartments, and 200 pl of 100 mg/ml
FITC-conjugated Dextran 4000 (Sigma) solution in HBSS to
apical compartments. After 1 h at 37°C, 300 pul of HBSS was
taken from basolateral compartments and was transferred to a
black 96-well plate (NUNC) to estimate dextran—FITC flux across
monolayers. Fluorescence was measured using an ELISA reader
(Tecan Infinite M200) at excitation and emission wavelengths of
492 nm and 518 nm respectively.

Western blotting

Caco-2 cells were plated at a density of 2x10*/cm? on a 6-well
culture plate and allowed to reach confluency. After treatments,
cell monolayers were then rinsed three times with chilled sterile
PBS (pH 7-4) and lysed on ice for 40 min with 150 pl of ice-cold
radioimmunoprecipitation assay (RIPA) buffer (150 mMNaCl,
1.0% Triton X-100, 0.5% sodium deoxycholate, 0.1% SDS, 50
mMTris-HCL, pH 8.0), including protease and phosphotase
inhibitors for proteins extraction. After centrifugation at 16,000 g
for 30 min at 4°C, the supernatant was collected for further
analysis. Equal amounts of total protein were separated on 10%
SDS-polyacrylamide gels and then transferred to a nitrocellulose
membrane. After blocking for 2 h in PBS containing 0.1% Tween
and 5% (w/v) skim milk, membranes were incubated overnight at
4°C, in primary antibody (1:3000, mouse anti-ZO-1, ant-
Occludin; Zymed). After five washes for 5 min each with PBS-
T, the membranes were incubated for 1 h with horseradish
peroxidase-conjugated secondary antibody (1:2000). After another
five washes with PBS-T, the membranes were developed using
enhanced chemiluminescence reagent (Amersham, Princeton, NJ,
USA) to detect proteins.

Confocal microscopy

Nitric oxide cytotoxicity against Blastocystis was investigated by
confocal microscopy (Annexin-FITC/PI staining). Live Blastocystis
were treated for 3 h with a 50 pg/ml concentration of GSNO (S-
Nitrosoglutathione), a nitric oxide donor. After drug exposure, the
parasites were washed and re-suspended in Annexin V binding
buffer (BioVision). Fluorescein isothiocyanate (FITC)-labeled
annexin V and propidium iodide (PI) (BioVision) were then added
to the cell suspension at the ratio of 1:100. Imaging of cell
suspensions was conducted using a confocal microscope (Olympus
Fluoview FV1000, Olympus, Japan). Images were captured using
Olympus Fluoview v. 1.6b.

To study tight junction proteins in Caco-2 cells, Caco-2 cells
were grown on Poly-L-lysine treated glass coverslips to 100%
confluency. After treatment, monolayers of cells were rinsed
three times with chilled sterile PBS (pH 7-4), fixed with 2%
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Intra-and inter-subtype variation among Blastocystis ST-4 and ST-7 strains in inducing permeability increase. Graph

representing epithelial permeability of Caco-2 monolayers after co-incubation with live cells of Blastocystis ST-7 and ST-4 for 24 h. All strains in ST-7
induced significant increase in flux of dextran-FITC across epithelial monolayer of Caco-2 cells compared with control monolayers (p<<0.01). No
significant change in permeability was observed in Blastocystis ST-4-infected Caco-2.Within ST-7, an intra-subtype variation in the capability of
inducing permeability change was observed. Isolates C, G and H induced much higher permeability increase compared to isolates B and E within the
same subtype (p<<0.01). **, p<<0.01 vs. ST-7 (B, E)-infected cells; #+#, p<<0.01 vs. ST-4-infected cells; , p<<0.01 vs. non-infected cells. Each value
represents mean of twelve samples, taken from three independent experiments, four samples from each. Error bars represent the standard errors.
doi:10.1371/journal.pntd.0002885.g001

Table 1. Comparisons of effects of luminal pathogens/toxins on intestinal permeability increase.

Permeability Increase
(fold change normalized

Pathogen/Toxin Cell Line Strain Infection Dose Infection time to control) Reference
Blastocystis Caco-2 ST-7 (H) 10%/ml 24 h 16 Current study
ST-7 (G) 11.8
ST-7 (O 14.5
ST-7 (B) 55
ST-7 (E) 4.2
ST-4 (WR-1) NS?
ST-4 (S-1) NS?
Clostridium difficile T84 Clostridium difficile 10 nM 5h 3 [106]
Toxin A
Cryptosporidium parvum Caco-2 GCH1, UCP 2x10%/ml 48 h 214 [107]
2x10%ml 186
Entamoeba histolytica Human intestinal HMT:IMSS strain 107/ml 24 h >100 [108]
xenografts
Giardia lamblia SCBN NF strain 2x107/ml 24 h >4 [109]
48 h 9
SCBN S2 isolate 107/ml 24 h >40 [110]
SCBN S2 isolate 10%/ml 2h 56 M1
NS, Not Significant.
doi:10.1371/journal.pntd.0002885.t001
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Figure 2. Differential effects on tight junction protein degradation in Caco-2 cell monolayers by different strains of Blastocystis. (A)
Representative Western blot analysis of occludin and ZO-1 level in Caco-2 epithelium. Monolayers were harvested after infection with Blastocystis ST-4
and ST-7 isolates; normal culture media was used as the negative control. No obvious change in occludin and ZO-1 was observed in ST-4-treated
samples. Within ST-7, a more prominent decrease or loss of occludin band could be seen in cells treated by isolates C, G and H, while the changes in
B-, E-treated cells were not obvious; for ZO-1 tight junction protein, loss of band was observed in Caco-2 cells after coincubation with ST-7 (C, G, H),
whereas a decrease in band intensity was also noticed in B- and E-treated cells. (B) Quantification of tight junction levels through densitometry
analysis of Western blot radiographs. Densitometric values of occludin and ZO-1 signals were quantified and expressed as the ratio to a-Tubulin. ST-4-
treated samples did not differ significantly from control in occludin and ZO-1 level; ST-7 (C, G, H) induced significant occludin and ZO-1 degradation
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compared with ST-4 and ST-7 (B, E) isolates (p<<0.01). ST-7 (B, E), however, were able to induce significant ZO-1 degradation compared with control
and ST-4, but not for occludin. **, p<<0.01 vs. ST-7 (B, E)-infected cells; #, p<<0.05 vs. ST-4-infected cells; #+#, p<0.01 vs. ST-4-infected cells; £, p<<0.01
vs. non-infected cells. Results were from three independent experiments. Error bars represent the standard errors. (C) Representative confocal
micrographs illustrating occludin integrity in Caco-2 monolayers. Caco-2 cells are labelled with DAPI (Blue) and an antibody targeting tight junction
protein occludin and Cy3® goat anti-mouse IgG (Red). Corresponding with Western blot results, in ST-4 and ST-7 (B, E)-treated samples, no obvious
change in occludin was observed. Infection with ST-7 (C, G, H), however, induced focal disruptions and degradation in occludin, as shown by the
decreased occludin staining intensity in Caco-2 cell line. Scale bar=10 um. (D) Representative confocal micrographs illustrating ZO-1 integrity in
Caco-2 monolayers. Caco-2 cells are labelled with DAPI (Blue) and an antibody targeting tight junction protein ZO-1 and Cy3® goat anti-mouse IgG
(Red). Compared with the negative control and ST-4-treated samples, where ZO-1 appeared continuous with sharp pericellular staining patterns, all
ST-7 isolates resulted in focal disruption as well as degradation of ZO-1 in Caco-2 cells. In ST-7 (C, G, H)-treated samples, ZO-1 staining almost became
invisible, indicating more degradation of the protein, which corresponded with the western blot results. Notably, treatments with ST-7 (B, E) resulted

in both focal disruptions (green arrows) as well as reorganizations of ZO-1 (yellow arrows). Scale bar=10 um.

doi:10.1371/journal.pntd.0002885.9002

formaldehyde for 30 min, permeabilized with 0.1% Triton X100
for 10 min, blocked with 10% FBS for 2 h at room temperature
and then incubated with respective primary antibodies to ZO-1
and occludin overnight at 4°C. After five washes for 5 min each
with PBS, the monolayer was then incubated with Cy3-conjugated
secondary antibodies. Glass coverslips were then mounted onto
clean glass slides using fluorescence mounting media (VECTA-
SHIELD) and examined under confocal laser microscopy.

To explore the spatial relationship between Blastocystis and
Caco-2 monolayers after attachment, Caco-2 monolayers were
grown to confluency on glass converslips and were then co-
incubated for 1 h with live Blastocystis cells. After 1 h incubation,
cells were washed 5 times with sterile PBS and fixed with 2%
formaldehyde for 30 min, blocked with 10% FBS for 2 h at room
temperature and then incubated with legumain antibody-
mAbID5 [35], an in house murine IgM monoclonal antibody
[61], and secondary Alexa Fluor® 594 goat anti-mouse IgM (red).
Phalloidin-FITC (green) was used to label F-actin of Caco-2 cells
and DAPI (blue) for nuclei. All monolayers were mounted on to
glass slides using fluorescence mounting media (VECTASHIELD)
before confocal microscopic examination.

Drug preparation

Mz, GSNO and NaNO, were purchased from Sigma. Stock
solutions of each compound to be tested were prepared fresh in
DMSO. For drug sensitivity determination, stock solutions were
diluted in prereduced Blastocystis medium and transferred to 96-
well plates and pre-reduced again for 4 h. The final DMSO
concentration was kept constant at 0.5%.

Statistical analysis

The ANOVA test was used to confirm the statistical significance
of the results. Correlation analyses between Mz resistance and
fitness parameters (i. e. attachment, permeability increase and
nitric oxide tolerance) were performed using the Pearson
correlation method in GraphPad Prism 6 (GraphPad Software
Inc., San Diego, CA, USA).

Results

Blastocystis exhibits intra- and inter-subtype variation in
ability to induce epithelial permeability increase in
human epithelium

Given that Blastocystis induces barrier dysfunction in an m vitro
model [36] and that clinical and animal studies suggest an
induction of barrier defects by Blastocystis [2,8,33,62], we
investigated the variability in the ability of different parasite
isolates to breach the epithelial barrier. Live parasites of all
Blastocystis isolates used were applied apically on to Caco-2 cell
monolayers differentiated on transwell inserts. Permeability
changes caused by the parasites were analyzed by measuring the
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flux of a dextran—fluorescein isothiocyanate (FITC) probe across
the intestinal epithelial barrier from the apical to the basolateral
compartment. Exposure to ST-4 isolates WR-1 and S-1 did not
change permeability significantly compared with that of the
control (Figure 1). In contrast, all five ST-7 strains of Blastocystis
could induce significant increase in epithelial permeability
compared with the control and ST-4-treated monolayers (p<
0.01). Within ST-7, extensive variations in the ability to induce
permeability increase were observed. Compared with the negative
control monolayers, the fold increase in permeability to FITC-
dextran in ST-7-infected monolayers were 16, 11.8, 14.5, 5.5, 4.2,
respectively, for isolates H, G, C, B and E (Table 1). Among them,
C, G and H induced a significantly higher permeability increase
compared with isolates B and E (p<<0.01) (Figure 1). The
permeability change caused by isolate H was the most prominent
and was more than three times higher than that by isolate E
(Table 1). Altogether, it suggested intra- and inter-subtype
variation in barrier disruptive activity of different Blastocystis
isolates.

Blastocystis exhibits intra- and inter-subtype variability in
ability to disrupt epithelial tight junction proteins

Tight junction (IJ) complexes regulate epithelial barrier
function [63]. Given that observed previously a ST-7 isolate of
Blastocystis induced epithelial barrier defect by disruption of tight
junction protein ZO-1 [36], we proceeded to conduct an in-depth
analysis of the changes in Caco-2 tight junction proteins occludin
and ZO-1 after exposure to all of the seven strains of Blastocystis.
Consistent with the permeability results, the profile of tight
junction degradation shown by Western blot analysis differed from
strain to strain and correlated with the degree of permeability
increase caused by each strain (Figure 2A&B). ST-4 treatments did
not alter the two tight junction proteins significantly which might
explain the insignificant permeability increase seen above
(Figure 1). Expression of occludin, a transmembrane protein
which plays a direct role in the paracellular permeability [64], was
significantly decreased compared with the control and ST-4
treatments by exposure to ST-7 isolates C, G, and H (p<<0.01)
(Figure 2A&B). But no changes in occludin were observed in ST-7
1isolates B- and E-treated cells, which might contribute to the less
pronounced permeability increase by B and E compared with C,
G and H. The other tight junction protein ZO-1, a multi-domain
scaffold protein localized at the tight junction, however, showed a
different pattern of disruption from that of occludin. All ST-7
strains induced a significant decrease in ZO-1 band intensity
compared with the negative control, which might explain the
prominent permeability increase in B-, E-treated cells compared
with control monolayers; nevertheless, the degree of ZO-1
degradation by B and E was again significantly less than C, G
and H (p<<0.01) (Figure 2A&B), suggesting a more potent ability in
disrupting ZO-1 by C, G and H among ST-7 isolates.
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Figure 3. Blastocystis exhibits intra- and inter-subtype variation in attachment to Caco-2 cells. (A) Representative confocal micrographs
illustrating intra- and inter-subtype variation in Blastocystis attachment to Caco-2 cells. Caco-2 monolayers were grown to confluency on glass
converslips and were then co-incubated with the same number of parasites of different strains of Blastocystis pre-stained with CFSE (green). Normal
culture media was used as a negative control. After co-incubation, the non-attached parasites were washed away. The Caco-2 monolayers were then
stained with DAPI and then were viewed using confocal microscope (Olympus Fluoview FV1000; Olympus, Japan). More green in the field represents
more parasites attached to the monolayer. Both ST-4 strains adhere with a negligible number. An intra-subtype variation in the number of
attachment within ST-7 is obvious. Isolates C, G, H appeared to attach at a much higher level than B and E to Caco-2 cells. Scale bar=100 um. (B)
Graph representing number of Blastocystis parasites attached to host cells. ST-7 strains C, G and H exhibited a significantly higher number of attached
parasites than ST-4 strains and ST-7 isolates B and E. *, p<<0.05 vs. ST-7 (B, E); **, p<<0.01 vs. ST-7 (B, E); ##, p<<0.01 vs. ST-4. Each value represents a
mean of six readings derived from 3 independent experiments. Error bar represents standard error. (C) Relationship between attachment and
permeability increase by Blastocystis ST-4 and ST-7 parasites. The data points indicate individual strains. x and y error bars indicate the standard error
for the respective measurements (n=3). The R? for the trend line shown is 0.8506, and the p value is 0.0031. There is a positive correlation between
the level of attachment and permeability increase (R=0.9223).

doi:10.1371/journal.pntd.0002885.g003

In addition, immunofluorescence was performed to observe the
distribution and integrity of the tight junction proteins. Indirect
immunolabelling of occludin in control monolayers showed a
bright and continuous band lining cell-to-cell contact regions
(Figure 2C). The staining pattern in cells treated by ST-4 (WR-1
and S-1) and ST-7 (B and E) isolates did not differ from that of
the controls. In contrast, infection of Caco-2 cell monolayers with
ST-7 (C and G) led to focal disruptions and punctate

concentration along pericellular junctions, while there was almost

PLOS Neglected Tropical Diseases
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a complete loss of occludin in H-treated cells. As expected, ZO-1
proteins in cells after ST-4 infection appeared to be similar to
those of control monolayers, where they showed a typical,
continuous pericellular organization. Treatments with ST-7 (B
and E), however, resulted in both a reduction in ZO-1 intensity
and reorganization of ZO-1 (Figure 2D), as reported previously
for ST-7 (B)-treated Caco-2 cells [36], whereas exposure to ST-7
(C, G and H) isolates led to a complete degradation of ZO-1 at
the apical junctions (Figure 2D).

May 2014 | Volume 8 | Issue 5 | e2885



Blastocystis Adhesion Correlates with Pathogenesis

A
Ll S, P O
Blastocystis ST-7 (H)
B
Control
Blastocystis ST-7(H)
C
1800 -
1600 - —=— Control
—— Blastocystis ST-7 (H)
1400
« 1200
©
x
0. 1000 -
e
o
S 800
£
=
< 600 -
400
200

1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 18 19 20 21 22 23 24
Number of Cell Slice: From Basolateral to Apical

PLOS Neglected Tropical Diseases | www.plosntds.org 8 May 2014 | Volume 8 | Issue 5 | e2885



Blastocystis Adhesion Correlates with Pathogenesis

Figure 4. Blastocystis ST-7 isolate H attaches to an intestinal monolayer. Caco-2 monolayers were grown to confluency on glass coverslips
and were then coincubated with Blastocystis ST-7 (H). Normal culture media was used as the negative control. (A) Representative confocal
micrographs illustrating attachment of Blastocystis ST-7 (H) to Caco-2 monolayers. Blastocystis was labelled with legumain antibody-mAb1D5and
secondary AlexaFluro 594 goat anti-mouse IgM (red). Phalloidin-FITC (green) was used to label F-actin of Caco-2 cells and DAPI (blue) for nuclei.
Compared with the negative control, attachment of Blastocystis ST-7 to Caco-2 apical side could be seen clearly. (B) Expanded section views of
epithelium of control and ST-7 (H)-treated-monolayers. Parasites could be seen intimately adhering to the epithelium and it could also be noted that
the parasites adhered preferentially to the cell-cell junction site (yellow arrows) and induced an increase in actin polymerization. Compared with the
negative control which displayed a properly organized epithelium, there was loss of cellular symmetry in the cells treated by ST-7 (H) (black
arrowheads). Scale bar =20 um. (C) Quantification of F-actin staining in Blastocystis-infected Caco-2 monolayers. Each cell slice (1-25) corresponds to
series of images from Z-stack sections taken at 1 um thickness through the cell monolayer. X-axis illustrates cell layers from basolateral to apical. Y-
axis illustrates the number of pixels present over the entire area of image. Monolayers treated with ST-7 (H) resulted in marked increase in actin

intensity compared to the negative control (p<<0.01).
doi:10.1371/journal.pntd.0002885.g004

Blastocystis isolates exhibits strain-to-strain variation in
attachment to human enterocytes

In many parasites and other pathogens, adhesion is directly
associated with the virulence properties of the strains [40,42].
Therefore, we tested whether there was a difference in the adhesion
properties of different isolates and whether it correlated with the
ability of the parasites to induce a permeability increase in intestinal
monolayers. To detect and quantify adhesion of different Blastocystis
isolates to host cells, an adhesion assay was developed using Caco-2
cell line. Both of the ST-4 strains, WR-1 and S-1, showed negligible
adhesion (Figure 3A&B). Within ST-7, isolates B and E adhered to
host cells in a significantly lower number than C, G and H (p<<0.05)
(Figure 3B). From the merged image, it was clear that C, G and H
parasites attached in large numbers (Figure 3A). Isolate H, which
induced highest epithelial permeability increase, was also the most
adhesive to host cells (Figure 3B). The results suggested an
association between the level of attachment and the ability to
induce permeability increase. An analysis of these two phenotypes
showed a significant positive correlation, suggesting that adherence
might play a role in virulence (R*=0.8506, p<<0.01) (Figure 3C).
Even though isolates S-1 and E exhibited similar level of attachment
(Figure 3B), the former failed to induce a permeability increase in
Caco-2 monolayers (Figure 1), suggesting that additional factors of
isolate E might contribute to the permeability increase. Further-
more, we also provided confocal microscopic evidence of Blastocystis-
induced pathological changes through parasite-enterocyte contact
(Figure 4). Blastocystis ST-7 (H) preferentially adhered at the apical
junction region (Figure 4A). The percentage of parasites preferen-
tially attached to the intercellular junctions was 80% *£3.8% of all
attached cells (values are means = SE). Parasites adhered intimately
with host cells at the cell-cell junction site and induced an increase in
actin polymerization (Figure 4B&C). In addition, a loss of cellular
symmetry in host cells was observed compared with the negative
control (which displayed an intact and normally organized
epithelium) (Figure 4B), indicating adhesion-mediated intestinal
epithelial injury. Moreover, we tested whether disruption of
adhesion could restore the pathological alterations induced by
Blastocystis. Results obtained with the most adhesive isolate H,
showed that galactose effectively decreased H adhesion in a dose-
dependent manner (67.7%*14.1%, 33%=*0.3% of control at 50
and 100 mM, respectively) (Figure 5A) (p<0.01 for both values),
while glucose, as a control sugar, did not have any significant effect
on Blastocystis adhesion. Importantly, the ZO-1 tight junction
protein was prevented from degradation by ST-7 (H) in the
presence of galactose at 100 mM (Figure 5B&C), reiterating the
significant role of adhesion in mediating the pathogenesis of disease.

Blastocystis exhibits extensive intra- and inter-subtype
variation in cysteine protease activity

As cysteine proteases (CPs) have been suspected to be virulence
factors in Blastocystis and shown to play a role in inducing barrier
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compromise [36], we compared the cysteine protease activity of all
the seven Blastocystis isolates. CP activities in respective parasite
lysates were determined using the azocasein assay. All tested strains
tested showed significantly higher protease activity than the PBS
control. Variation in protease activity was observed among different
Blastocystis isolates (Figure 6). ST-4 isolates WR-1 and S-1 showed
protease activity of 13.86+2.5 and 13.25%4.2 azocasein units.
Except isolate G, most of the ST-7 strains showed significantly
higher protease activity than ST-4 isolates (p<<0.01), with
30.41%0.94, 34.99+3.04, 26.03£2.10, 26.83+4.17 azocasein units
for B, E, C, and H, respectively. Lysate of G isolate showed activity
of 16.77%3.98 units, which was not significantly different from ST-4
strains. There was no correlation between the total CP activities and
the virulence of each strain, suggesting that total cellular cysteine
protease is not responsible for the variation in pathogenicity within
ST-7 isolates in inducing intestinal barrier dysfunction.

Blastocystis ST-7 isolates exhibit extensive variation in
resistance to Mz, and the level of Mz resistance is
inversely correlated with an ability to attach and induce a
permeability increase

Previously, we reported that isolates B and E belonging to ST-7
were Mz resistant [49]. As both of them also exhibited impaired
ability to adhere to host cells, we tested whether there was an
association between attachment and Mz resistance in ST-7, as
seen in Guardia [54]. 1C-50s of C, G and H isolates (2.98%0.97,
3.63£0.96, 1.05%0.32 ug/ml, respectively; Table 2) were signif-
icantly lower than the previously reported IC50s of isolates B and
E (p<<0.01; Figure 7), indicating an intra-subtype variation in Mz
resistance in Blastocystis ST-7 parasites. Correlation analysis
showed a significant negative correlation between the level of
Mz resistance of an isolate and its ability to adhere to host cells
(R?=0.8908, p=0.0158) (Figure 8A and Table 3). Our results
suggest that Mz resistance might entail an attachment defect in
Blastocystis ST-7 strains.

As we showed that the level of attachment was correlated with
the ability to induce permeability increase (Figure 3C), the
impaired attachment in Mz" strains might indicate a less potent
ability in inducing a permeability increase. Indeed, the correlation
analysis between drug resistance and permeability increase showed
a significant negative correlation (R? = 0.9644, p<<0.01) (Figure 8B
and Table 3). Our results suggested that Mz resistance was
negatively correlated with barrier disruptive ability of Blastocystis
which in turn dampens its virulence.

Mz resistance in Blastocystis does not lead to decrease in

cell proliferation in Blastocystis ST-7

Most drug resistance mechanisms are associated with a fitness
cost that is typically observed as a reduced growth rate [51,65]. To
mvestigate the functional consequences of Mz resistance in
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Figure 5. Inhibition of Blastocystis ST-7 (H) adhesion by galactose rescues Blastocystis ST-7 (H)-induced ZO-1 tight junction
degradation. (A) Dose-dependent inhibition of galactose on Blastocystis ST-7 (H) adhesion to Caco-2 monolayers. Blastocystis ST-7 (H) were
incubated with epithelial cells in the presence of different concentrations of galactose and glucose (50 and 100 mM, respectively). A value of 100%
was assigned to number of binding parasites without addition of sugars as control. The numbers of attached parasites with galactose addition were
normalized to control.*, p<<0.01 vs. control. (B) Representative western blot analysis of ZO-1 level in Caco-2 epithelium. Caco-2 monolayers were
infected with Blastocystis ST-7 (H) in the presence of saccharides galactose and glucose at 100 mM and incubated for 1 h. Monolayers were washed
and prepared for western blotting. Normal culture media with no sugar addition was used as the negative control. Galactose rescued Blastocystis—
induced ZO-1 tight junction degradation. (C) Quantification of ZO-1 levels through densitometry analysis of Western blot radiographs. Densitometric
values of ZO-1 signals were quantified and expressed as the ratio to a-Tubulin. ZO-1 degradation was significantly rescued by addition of galactose. *,
p<<0.01 vs. ST-7 (H)-treated sample. Values are the means = standard errors from data of three experiments. Error bars represent the standard errors.
Glu, glucose; Gal, Galactose.

doi:10.1371/journal.pntd.0002885.g005

Blastocystis, we examined the proliferative potential of Mz" and Mz’ intestinal lumen [37]. Nitric oxide (NO) is a potent innate immune
strains from growth curves assayed over 96 h. The growth rates of response against a range of pathogens and nitrosative stress
Mz" isolates were not always lower than Mz isolates (Figure S2). prevents colonization of host tissues by parasites and bacteria

Isolate E, being highly resistant to Mz, consistently grew more susceptible to NO [66,67]. Previous studies [30,68] have already
rapidly than Mz’ isolates C and G, suggesting that drug resistance in suggested NO induces cell death in Blastocystis. Thus, the ability of

Blastocystis ST-7 might not necessarily result in slower growth. Blastocystis to tolerate nitrosative stress is likely to be important for
its survival in the gut lumen. Previously, we observed that a Mz"

Extensive variation in resistance to nitrosative stress strain of Blastocystis exhibited lower tolerance to nitric oxide
among Blastocystis ST-7 isolates toxicity compared with a Mz’ strain [30]. Here, we tested the
Aside from adhesion, microorganisms also need to evolve means IC50s of NO donors against the Mz" and Mz strains, to examine
to counter the host immune system for effective colonization in the their ability to tolerate nitrosative stress. Interestingly, Mz' isolates
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doi:10.1371/journal.pntd.0002885.9006

C, G and H of Blastocystis ST-7, all exhibited significantly higher
1C-50s of GSNO (61.79%4.03, 75.24%3.99, 121.73%8.17 pug/ml,
respectively; p<0.01; Figure S3A and Table 2) than Mz" isolates B
and E (30.63%1.67, 30.92%=1.73 pug/ml, respectively). Therefore,
Mz" strains were more susceptible to GSNO. An analysis again
showed a significant negative correlation between the level of Mz
resistance of an isolate and its ability to tolerate GSNO toxicity
(R?2=0.7972, p<0.05) (Figure S3B and Table 3). IC50s with
another NO donor NaNOs for all these strains exhibited similar
trends to those with GSNO (Table 2). Taken together, the results
suggested that, although Mz resistance helps Blastocystis survive

stress from chemotherapy, it makes Mz" strains less capable of

coping with nitrosative stress.

Concomitantly, to determine the morphological changes
resulting from nitrosative stress, isolates H and B were stained
with propidium iodide and annexin V-FITC after exposure to NO
[35,49]. Necrotic cells incorporated both PI and annexin V-FITC

PLOS Neglected Tropical Diseases | www.plosntds.org

1

stain and cells undergoing programmed cell death bind annexin
V-FITC alone. After treatment with 50 pg/ml concentration of
GSNO, features of both necrosis and apoptosis were observed in
the Mz" isolate B, whereas the Mz’ isolate H were less affected
(Figure S3C). Compared with cultures of C, G and H, Mz" isolate
B and E exhibited a significantly higher percentage of cells
undergoing cell death (37.54% and 32.93% for B and E
respectively; 12.38%, 10.2%, 7.21% for isolates C, G and H,
respectively; p<0.01) (Figure S3D), which also indicates that the
parasite cell death induced by NO was predominantly by necrosis
with a minority of cells dying by apoptosis.

Discussion

Although it is one of the commonest eukaryotic organisms
present in the alimentary tract of human and nonhuman hosts
worldwide [69], the debate about the pathogenicity of Blastocystis
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?See Reference[49].
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continues [3,21,70-72], and arguments for and against its
pathogenicity both abound [69]. The enigmatic role of Blastocystis
has mainly been due to a lack of basic knowledge about its biology
and convincing evidence of its pathogenicity [69]. A major
obstacle or challenge is the potential for intra- and inter-subtype
variation in Blastocystis pathogenicity [1,21]. Although previous
research attempted to validate this argument by using animal
models [32], the number of strains used were limited and no
consensus on the appropriate i vivo infection model was reached
for Blastocystis; thus, the infection outcomes might be reflective of
infectivity rather than pathogenicity. Our study, using a well-
established n vitro system mimicking the host-pathogen interplay,
provides, for the first time, a comprehensive analysis of different
strains from two clinically relevant subtypes, and gives evidence
that Blastocystis exhibited not only inter- but also intra-subtype
variability in causing barrier dysfunction. Disturbances in epithe-
lial barrier function are commonly associated with intestinal
inflammatory disorders and have been reported in symptomatic
cases of Blastocystis infection [2,4,62,73]. Thus, our findings might
help explain the conflicting data concerning the inconsistency in
reports of Blastocystis-induced intestinal inflammatory disorders.
Besides, compared to other pathogens, Blastocystis requires a higher
infectious dose to induce comparable damage (Table 1). Previous
studies have also shown that greater Blastocystis parasite load shows
higher pathogenicity [15,17]. Notwithstanding, some Blastocystis
isolates (e. g., C and H) could induce intestinal barrier compromise
at a level comparable to accepted pathogens like some of the
Giardia and Cryptosporidium strains (Table 1).

Paracellular permeability was regulated by tight junctions,
which seal the space between neighboring cells, generating an
impermeable barrier between the epithelium and the extracellular
environment, protecting deeper tissues from external aggressions
including microbial infections [74]. However, this first line of
defense against infection has become one of the most exploited
gates for pathogens to access and colonize the host organism [74].
Enteric pathogens have developed a broad and complex range of
mechanisms to subvert the host tight junction [75]. In general, key
mechanisms identified to date include direct rearrangement or
degradation of specific tight junction proteins, reorganization of
the cell cytoskeleton, and activation of host cell signaling events
[76-78]. In this study, we observed disruption of tight junctions
(IJs) which mainly resulted from degradation in at least two TJ
proteins: ZO-1 protein, which is linked to the cytoskeleton and
plays a pivotal role in the I architecture [79], and occludin,
which is important in maintaining the integrity and barrier
function [64,80]. Previously, we reported that Blastocystis phophor-
ylates MLC and leads to cytoskeletal and ZO-1 rearrangement
[36]. Indeed, we also observed myosin light chain phosphorylation
and TJ rearrangement in B- and E-treated Caco-2 cells besides
degradation of ZO-1 protein (Figure S4). However, for Blastocystis
isolates C, G, and H, although MLC was phosphorylated,
degradation of TJs appeared to be the main mechanism,
indicating the strategies utilized by Blastocystis to induce perme-
ability increase are likely to be diverse and different isolates may
have developed different major mechanism to compromise barrier
function. In our previous study, the observation that ROCK
inhibition did not completely rescue the increase in the epithelial
permeability induced by the parasite [36] also suggested that
Blastocystis utilizes more than one mechanism to breach the
epithelial barrier.

Epithelial attachment is an important factor determining
the persistence and virulence of luminal pathogens [38,39].
Indeed, in our study, pathogenicity of Blastocystis was also found
to be correlated with their ability to attach to epithelial cells.
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doi:10.1371/journal.pntd.0002885.g007

Importantly, inhibition of adhesion ameliorates the parasite’s
pathogenic effects on degradation of ZO-1 tight junction protein.
How adhesion leads to intestinal barrier dysfunction needs to be
investigated further. Giardia inlestinalis was shown to produce
harmful substances as a result of the host-pathogen contact [81].
Several enzymes from the secreted products have been identified
in G. intestinalis, which are suggested to facilitate effective parasite
adhesion and colonization of the human small intestine [82,83].
Whether the adhesion of Blastocystis with host cells also enables
particular enzymes to be released and to participate in pathogen-
esis would be interesting to investigate. The Blastocystis genome has
been available and i silico analysis of the ST-7 secretome
predicted 75 putative secreted proteins, some of which may have
a direct connection with pathogenicity [34]. Recently, two cysteine
proteases (legumain and cathepsin B) have been characterized in
the ST-7 culture supernatant; these enzymes showed proteolytic
activities by gelatin zymograms [84]. However, whether these
secreted proteins act on intestinal cells and disturb gut function has
not been studied. It would be interesting to investigate whether
adhesion of Blastocystis to the epithelium might trigger the parasite
to actively produce virulence factors that possibly activate
signaling cascade leading to tight junction disruption. The
observation of preferential adherence of cytopathic Blastocystis
strains to intercellular junctions also raised the interesting question
as to whether the preferred attachment at junctional area
facilitates tight junction degradation by Blastocystis.

Parasites such as Giardia intestinalis and Entamoeba histolytica have
distinct virulent and non-virulent strains that may be attributable
to qualitative and quantitative variation in their cysteine proteases
activity [60,85,86]. Blastocystis cysteine proteases are also implicat-
ed in the activation of NF-kB in colonic epithelium, leading to an
upregulation of the pro-inflammatory cytokine IL-8 [87]. Our
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most recent study [36] has also shown that cysteine proteases could
cause human epithelial barrier compromise. Indeed, isolate E,
even though being the least adhesive in ST-7, has yet the highest
cysteine protease activity, which might explain the permeability
increase observed in E-infected epithelium; while isolate S-1, with
equivalent level of attachment to E, and at the same time the
lowest CP activity, failed to induce any increase in intestinal
permeability. Interestingly, the highly adhesive G isolate, though
with similar CP activity to ST-4 isolates, could induce prominent
epithelial barrier disruption, highlighting the important role of
adhesion in mediating intestinal pathology. Taken together, both
adhesion and CP activity might contribute to Blastocystis—induced
barrier dysfunction. ST-4 isolates, low in both adhesion and CP
activity, appeared to be avirulent for human intestinal monolayer,
whereas all ST-7 isolates studied are capable of infection because
of being either adhesive or exhibiting high CP activity, or both.
Moreover, adhesion is a major determinant in the pathogenicity of
a strain. The results of our study provide evidence that the
pathogenesis of blastocystosis is complex and parasite adhesion
and cysteine proteinases might be important virulence factors.
Specific virulence factors and their mechanisms remain to be
explored in depth.

Besides the observation that Blastocystis ST-7 exhibited intra-
subtype variation in epithelial attachment, we also observed an
association between epithelial attachment and Mz susceptibility.
Mz" isolates in ST-7 exhibited a defect in epithelial attachment.
How Mz resistance would affect Blastocystis adhesion to host cells
remains to be addressed. Drug resistance has been shown to
modulate adhesion in some bacterial and parasitic agents, such as
Escherichia coli, Giardia, and Stenotrophomonas [54,88-94]. Tejman-
Yarden e al. [54] showed that in Giardia lamblia, epithelial
attachment was linked to glucose metabolism. Glucose promoted
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Figure 8. Correlation analyses between Mz resistance and (A) attachment, as well as (B) permeability increase in Blastocystis ST-7
parasites. (A) Relationship between Mz resistance and attachment for Blastocystis ST-7 parasites. The data points indicate individual strains. Error
bars indicate the standard error for the respective measurements (n=3). There was a negative correlation between the level of resistance and
attachment (p<<0.05, R?=0.8908). (B) Relationship between Mz resistance of Blastocystis ST-7 parasites and their ability in inducing permeability
increase. The data points indicate individual strains. Error bars indicate standard errors for the respective measurements (n =3). There was a negative
correlation between the level of resistance and permeability increase (p<<0.01, R2=0.9644).

doi:10.1371/journal.pntd.0002885.9008

parasite attachment and Mz" lines were shown to consume less
glucose than their parental Mz® lines, providing a possible
explanation for the attachment defect observed in Mz" lines. In
Blastocystis, we also measured the glucose consumption of all seven
strains used in the study. However, their respective glucose
consumption rate did not correlate with the level of Mz resistance
(Figure S5), suggesting that glucose metabolism may play a
different role in Blastocystis from that in Giardia. In addition, it was
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suggested that specific variable surface proteins (VSPs) might play
a role in Giardia adherence and that to analyze the impact of Mz
resistance on the VSP pattern may reveal new insights into the
functions of specific VSPs in parasite attachment [54]. In
Blastocystis, whether the decreased adhesion observed in Mz"
strains indicated that Mz selection negatively affected the synthesis
or expression of surface adhesion molecules might be worth
exploring. On the other hand, little is known about the nature of
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Table 3. Correlation of Mz resistance

Blastocystis Adhesion Correlates with Pathogenesis

with attachment, permeability increase and nitric oxide IC-50 in Blastocystis ST-7.

Pearson Correlation (R) R2 P value
Attachment —0.9438 0.8908 0.0158°
Permeability Increase —0.9821 0.9644 0.0029°
Nitric Oxide 1C-50 —0.8929 0.7972 0.0414°

“Correlation is significant at the 0.05 level (2-tailed).
doi:10.1371/journal.pntd.0002885.t003

adhesion of Blastocystis to host cells and many basic questions (such
as what molecules mediate parasite-host adhesion and what factors
influence the process) need to be addressed. Further dissection of
the mechanisms of Blastocystis attachment to host cells will shed
new light on the association between Mz resistance and
attachment.

Mz" strains not only exhibited a defect in attachment, they also
showed impaired NO tolerance in Blastocystis ST-7. NO is an
important aspect in human innate immunity and limits microbial
persistence in the gut by inducing cell death and preventing their
growth and encystations [66]. Therefore, the ability to tolerate
nitrosative stress would be an important aspect for parasite
survival. Our study suggests that Mz resistance might limit its
survivability to host innate immune response, such as coping with
nitrosative stress. How Mz resistance affects the susceptibility to
NO needs to be investigated further. Development of Mz
resistance in microorganisms is a multifactorial process and the
mechanisms are diverse [95]. In Giawrdia and Trichomonas, Mz
resistance usually develops due to impairment of Mz activation
enzymes in the parasite. For example, resistance to Mz has been
associated with down-regulation or decreased activity of pyruvate:
ferredoxinoxidoreductase (PFOR), which activates the 5-nitroimi-
dazole (5-NI) pro-drugs to the toxic radical states inside the
parasite in conjunction with the electron acceptor ferredoxin
[54,96,97]. These Mz activation enzymes are oxygen-sensitive and
are also important components of parasite anaerobic respiratory
system. Anaerobic respiratory enzymes also play an essential role
in free radical (e.g., HyOy or NO) scavenging and, if these
enzymes are impaired, as expected in Mz resistant parasite strains,
it would lead to decreased free radical tolerance in these isolates
[98,99]. However, the mechanism of Mz activation has not been
studied in Blastocystis, although PFOR and other oxidoreductase
enzymes are present in the organism [34,100]. Further investiga-
tion of Mz activation and/or resistance mechanisms as well as
NO-scavenging mechanisms in Blastocystis would be necessary to
elucidate the association between NO susceptibility and Mz
resistance. Recent studies of Giardia and Trichomonas suggested that
Mz was activated by the nitroreductase activity of flavin-
dependent thioredoxinreductase and Mz resistance was associated
with decreased NADPH oxidase activity [95,101]. A flavohemo-
globin (FlavoHDb), which plays a pivotal role in NO detoxification,
has been characterized recently in Giardia ntestinalis [102].
Interestingly, other studies have suggested flavoHb also demon-
strates NADPH oxidase activity [103]. Furthermore, flavoHb
seems to be important in the pathogenesis of disease [104,105]. It
would be intriguing to explore whether flavoHb or its homolog
exists in Blastocystis and whether it plays any function in Mz
resistance, NO-scavenging or pathogenesis.

In conclusion, our study, for the first time, showed extensive
intra- and inter- subtype variability in pathogenicity in Blastocystis
ST-4 and ST-7 in witro. The existence of both pathogenic and
apathogenic isolates might help explain the disparity in symptoms
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of among patients with Blastocystis infection. The modes of
pathogenesis of blastocystosis are diverse, and the range of clinical
symptoms observed is unlikely to be attributed to a single virulence
factor or pathogenic mechanism. Moreover, our study indicates
that adhesion is an important biomarker for the pathogenicity of
the parasite and subsequent outcome of infection/disease, and that
adhesion can be impaired by Mz resistance. Interestingly, the five
ST-7 strains tested here were morphologically indistinguishable
from each other, but varied significantly in many aspects of their
pathobiology, including attachment and drug resistance. A deeper
analysis and systematic comparison of the genome and protein
expression profiles among these Blastocystis strains could aid in the
identification and analysis of the key factors associated with the
pathobiology of blastocystosis.

Supporting Information

Figure S1 Blastocystis ST-4 and ST-7 strains used in the study.
(A) Phylogenic tree of Blastocystis ST-4 and ST-7 strains based on
the small subunit ribosomal RNA gene sequences. The evolution-
ary history was inferred using the Neighbour-Joining method. The
tree was drawn to scale, with branch lengths in the same units as
those of the evolutionary distances used to infer the phylogenetic
tree. The evolutionary distances were computed using the
Maximum Composite Likelithood method and are in the units of
the number of base substitutions per site. The analysis involved 8
nucleotide sequences which are available in GenBank [55]. The
GI numbers are 51291182, 51291156, 51291129, 51291116,
51291092, 51291080 and 51291104, respectively, for isolates WR-
1, S-1, H, G, C, B and E. Proteromonas lacerate was used as the
outgroup with the GI number 1304397. The tree clearly clusters
strains belong to one subtype together. (B) Micrographs repre-
senting morphology of the vacuolar forms of Blastocystis ST-4 and
ST-7 strains in axenic laboratory cultures. Scale bar =20 um.

(TIF)

Figure 82 Mz resistance in Blastocystis does not lead to decreased
growth in Blastocystis ST-7. Graph representing growth curve of
Blastocystis ST-7 isolates tested in the study over a period of 96 h.
The growth rates of Mz" isolates B and E were not significantly
different from that of Mz’ isolates C, G and H within the same
subtype. Each point represents a mean of 6 readings derived from
two independent experiments, triplicate each. Error bars represent
the standard errors.

(TIF)

Figure 83 Mz resistant isolates in Blastocystis ST-7 exhibit
susceptibility to nitric oxide. (A) Graph representing 1C50s of
NO donor GSNO against Blastocystis ST-7 strains tested. ST-7
isolates G, G and H showed significantly higher tolerance to
GSNO (p<0.01) than Mz" strains B and E. ** p<<0.01 vs. ST-7
(B, E). Each point represents a mean of nine readings derived from
three independent experiments, triplicate each. The error bar
represents standard errors. (B) Relationship between Mz resistance
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and GSNO resistance in Blastocystis ST-7 parasites. The data
points indicate individual strains. Error bars indicate the standard
error for the respective measurements (n=3). There was a
negative correlation between level of Mz resistance and tolerance
of nitric oxide toxicity (p<<0.05, R*=0.7972). (C) Confocal
micrographs illustrating cell death features of Blastocystis isolates
H and B under nitrosative stress. Blastocystis were cultured under
culture conditions, in the presence of 50 pg/ml of GSNO. The
cells were then stained with Annexin-V-FITC and PI to identify
cells undergoing cell death. Features of necrosis (yellow arrows)
and programmed cell death (red arrows) were observed. Blastocystis
cells undergoing necrosis incorporated both PI and annexin V-
FITC stain, cells undergoing programmed cell death, on the other
hand bind annexin V-FITC alone. A significantly higher number
of dying cells were observed in cultures of ST-7 (B) compared with
ST-7 (H) cultures. Scale bar=10 um. The micrographs are
representative of 15 pictures taken in three separate experiments
(five from each). (D) Graph representing percentage of cell death
in Blastocystis ST-7 strains after treatment with NO donor GSNO.
Compared with Mz’ isolates ST-7 (C, G, H), percentages of dead
cells in ST-7 (B, E) are significantly higher (p<<0.01). **, p<<0.01
vs. ST-7 (B, E). Each value represents a mean of nine readings
derived from three independent experiments, triplicate each. Error
bars represent the standard errors.

(TIF)

Figure S4 Differential effects on myosin light chain phosphor-
ylation in Caco-2 cell monolayers by different strains of Blastocystis.
(A) Representative Western blots exhibiting level of MLCp
after incubation with Blastocystis ST-4 and ST-7 parasites. Total
MLC was used as a loading control. An obvious increase in MLCp
could be noticed in ST-7-treated samples. (B) Graph represents
MLCp/MLC ratio normalized to the negative control in Caco-2
cells calculated through densitometry analysis of Western blot

References

1. Scanlan PD (2012) Blastocystis: past pitfalls and future perspectives. Trends
Parasitol 28: 327-334.

2. Tan KS (2008) New insights on classification, identification, and clinical
relevance of Blastocystis spp. Clin Microbiol Rev 21: 639-665.

3. Tan KS, Mirza H, Teo JD, Wu B, Macary PA (2010) Current Views on the
Clinical Relevance of Blastocystis spp. Curr Infect Dis Rep 12: 28-35.

4. Poirier P, Wawrzyniak I, Vivares CP, Delbac F, El Alaoui H (2012) New
insights into Blastocystis spp.: a potential link with irritable bowel syndrome.
PLoS Pathog 8: ¢1002545.

5. Alfellani MA, Taner-Mulla D, Jacob AS, Imeede CA, Yoshikawa H, et al.
(2013) Genetic diversity of blastocystis in livestock and zoo animals. Protist 164:
497-509.

6. Kulik RA, Falavigna DL, Nishi L, Araujo SM (2008) Blastocystis sp. and other
intestinal parasites in hemodialysis patients. Braz J Infect Dis 12: 338-341.

7. Parkar U, Traub RJ, Kumar S, Mungthin M, Vitali S, et al. (2007) Direct
characterization of Blastocystis from faeces by PCR and evidence of zoonotic
potential. Parasitology 134: 359-367.

8. Puthia MK, Sio SW, Lu J, Tan KS (2006) Blastocystis ratti induces contact-
independent apoptosis, F-actin rearrangement, and barrier function disruption
in IEC-6 cells. Infect Immun 74: 4114-4123.

9. Stenzel DJ, Boreham PF (1996) Blastocystis hominis revisited. Clin Microbiol

Rev 9: 563-584.

. Tan KS (2004) Blastocystis in humans and animals: new insights using modern
methodologies. Vet Parasitol 126: 121-144.

. Jimenez-Gonzalez DE, Martinez-Flores WA, Reyes-Gordillo J, Ramirez-
Miranda ME, Arroyo-Escalante S, et al. (2012) Blastocystis infection is
associated with irritable bowel syndrome in a Mexican patient population.
Parasitol Res 110: 1269-1275.

. Pasqui AL, Savini E, Saletti M, Guzzo C, Puccetti L, et al. (2004) Chronic
urticaria and blastocystis hominis infection: a case report. Eur Rev Med
Pharmacol Sci 8: 117-120.

. Stark D, van Hal S, Marriott D, Ellis J, Harkness J (2007) Irritable bowel
syndrome: a review on the role of intestinal protozoa and the importance of
their detection and diagnosis. Int J Parasitol 37: 11-20.

. Vogelberg C, Stensvold CR, Monecke S, Ditzen A, Stopsack K, et al. (2010)
Blastocystis sp. subtype 2 detection during recurrence of gastrointestinal and
urticarial symptoms. Parasitol Int 59: 469-471.

PLOS Neglected Tropical Diseases | www.plosntds.org

16

Blastocystis Adhesion Correlates with Pathogenesis

radiographs. A significant increase in MLCp was observed in all
ST-7-treated Caco-2 epithelium compared with the negative
control and ST-4-treated samples (p<<0.01). {, p<<0.01 vs. control.
Error bars represent the standard error of the mean of 3 values
obtained from three independent Western blots.

(TIF)

Figure 85 Differential consumption rate of glucose by Blastocystis
ST-4 and ST-7 strains. Different strains of Blastocystis from ST-4
and ST-7 were cultured in medium containing 5 mM glucose and
incubated under anaerobic conditions, and levels of glucose
remaining in the medium were measured after a 24-h incubation
period. Glucose consumption was expressed as the mean glucose
consumption for 10° cells over the period (mmol/day). No
correlation was found between the rate of glucose consumption
and the level of attachment or Mz resistance. Each value
represents a mean of nine readings derived from three indepen-
dent experiments, triplicate each. FError bars represent the
standard errors.

(TTEF)

Acknowledgments

The authors thank Dr. Ch’ng Jun Hong and Lee Yan Quan for critical
discussions on the project. Laboratory support from Ng Geok Choo,
Joshua Teo and John Yason is greatly appreciated. The authors
acknowledge kind and patient help from NUS Confocal Unit staff Shu
ying and Wei an.

Author Contributions

Conceived and designed the experiments: ZW HM KSWT. Performed the
experiments: ZW. Analyzed the data: ZW HM KSWT. Contributed
reagents/materials/analysis tools: KSWT. Wrote the paper: ZW HM
KSWT.

. Garavelli PL, Orsi P, Scaglione L (1988) Blastocystis hominis infection during
AIDS. Lancet 2: 1364.

. Kurniawan A, Karyadi T, Dwintasari SW, Sari IP, Yunihastuti E, et al. (2009)
Intestinal parasitic infections in HIV/AIDS patients presenting with diarrhoea
in Jakarta, Indonesia. Trans R Soc Trop Med Hyg 103: 892-898.

. Llibre JM, Tor J, Manterola JM, Carbonell C, Foz M (1989) Blastocystis
hominis chronic diarrhoea in AIDS patients. Lancet 1: 221.

. Tasova Y, Sahin B, Koltas S, Paydas S (2000) Clinical significance and
frequency of Blastocystis hominis in Turkish patients with hematological
malignancy. Acta Med Okayama 54: 133-136.

. Alexeieff A (1911) Sur la nature des formations dites "Kystes de Trichomonas
intestinalis". C' R Soc Biol 71: 296-298.

. Brumpt E (1912) Blastocystis hominis n sp. et formes voisines. Bull Soc Pathol
Exot 5: 725-730.

. Clark CG, van der Giezen M, Alfellani MA, Stensvold CR (2013) Recent
developments in Blastocystis research. Adv Parasitol 82: 1-32.

. Eroglu F, Genc A, Elgun G, Koltas IS (2009) Identification of Blastocystis
hominis isolates from asymptomatic and symptomatic patients by PCR.
Parasitol Res 105: 1589-1592.

. Kaneda Y, Horiki N, Cheng X, Tachibana H, Tsutsumi Y (2000) Serologic
response to Blastocystis hominis infection in asymptomatic individuals.
Tokai J Exp Clin Med 25: 51-56.

. Stensvold CR, Lewis HC, Hammerum AM, Porsbo L], Nielsen SS, et al. (2009)
Blastocystis: unravelling potential risk factors and clinical significance of a
common but neglected parasite. Epidemiol Infect 137: 1655-1663.

. Mirza H, Tan KS (2012) Clinical Aspects of Blastocystis Infections:

Advancements Amidst Controversies. In: Mehlhorn H, Tan KS, Yoshikawa

H, editors. Blastocystis: Pathogen or Passenger? Verlag Berlin Heidelberg:

Springer. pp. 65-84.

Boorom KF, Smith H, Nimri L, Viscogliosi E, Spanakos G, et al. (2008) Oh my

aching gut: irritable bowel syndrome, Blastocystis, and asymptomatic infection.

Parasit Vectors 1: 40.

Nagel R, Cuttell L, Stensvold CR, Mills PC, Bielefeldt-Ohmann H, et al. (2012)

Blastocystis subtypes in symptomatic and asymptomatic family members and

pets and response to therapy. Intern Med J 42: 1187-1195.

Dominguez-Marquez MV, Guna R, Munoz C, Gomez-Munoz MT, Borras R

(2009) High prevalence of subtype 4 among isolates of Blastocystis hominis

26.
27.

28.

May 2014 | Volume 8 | Issue 5 | e2885



29.

30.

31

34.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51,

52.

54.

55.

from symptomatic patients of a health district of Valencia (Spain). Parasitol Res
105: 949-955.

Mirza H, Tan KS (2009) Blastocystis exhibits inter- and intra-subtype variation
in cysteine protease activity. Parasitol Res 104: 355-361.

Mirza H, Wu Z, Kidwai F, Tan KS (2011) A metronidazole-resistant isolate of
Blastocystis spp. is susceptible to nitric oxide and downregulates intestinal
epithelial inducible nitric oxide synthase by a novel parasite survival
mechanism. Infect Immun 79: 5019-5026.

Stensvold CR, Arendrup MC, Nielsen HV, Molbak K (2009) [Blastocystis—an
enigmatic parasite]. Ugeskr Laeger 171: 2388-2390.

. Iguchi A, Ebisu A, Nagata S, Saitou Y, Yoshikawa H, et al. (2007) Infectivity of

different genotypes of human Blastocystis hominis isolates in chickens and rats.
Parasitol Int 56: 107-112.

Hussein EM, Hussein AM, Eida MM, Atwa MM (2008) Pathophysiological
variability of different genotypes of human Blastocystis hominis Egyptian
isolates in experimentally infected rats. Parasitol Res 102: 853-860.

Denocud F, Roussel M, Noel B, Wawrzyniak I, Da Silva C, et al. (2011)
Genome sequence of the stramenopile Blastocystis, a human anacrobic
parasite. Genome Biol 12: R29.

. Wu B, Yin J, Texier C, Roussel M, Tan KS (2010) Blastocystis legumain is

localized on the cell surface, and specific inhibition of its activity implicates a
pro-survival role for the enzyme. J Biol Chem 285: 1790-1798.

5. Mirza H, Wu Z, Teo JD, Tan KS (2012) Statin pleiotropy prevents rho kinase-

mediated intestinal epithelial barrier compromise induced by Blastocystis
cysteine proteases. Cell Microbiol 14: 1474-1484.

Tan KS, Mirza H (2012) Blastocystis—Host Interactions: Insights from In Vitro
Model Systems. In: Mehlhorn H, Tan KS, Yoshikawa H, editors. Blastocystis:
Pathogen or Passenger? Verlag Berlin Heidelberg: Springer. pp. 51-63.
Elmendorf HG, Dawson SC, McCaffery JM (2003) The cytoskeleton of Giardia
lamblia. Int J Parasitol 33: 3-28.

Tavares P, Rigothier MC, Khun H, Roux P, Huerre M, et al. (2005) Roles of
cell adhesion and cytoskeleton activity in Entamoeba histolytica pathogenesis: a
delicate balance. Infect Immun 73: 1771-1778.

Brooks AE, Parsamand T, Kelly RW, Simoes-Barbosa A (2013) An improved
quantitative method to assess adhesive properties of Trichomonas vaginalis to
host vaginal ectocervical cells using flow cytometry. J Microbiol Methods 92:
73-78.

Park BJ, Haines T, Abu-Lail NI (2009) A correlation between the virulence and
the adhesion of Listeria monocytogenes to silicon nitride: an atomic force
microscopy study. Colloids Surf B Biointerfaces 73: 237-243.

Rojas L, Sariego I, Fraga J, Sarria CA, Sarracent J, et al. (2004) Use of in vitro
cytoadherence assays in the comparative study of the virulence of isolates of
Trichomonas vaginalis. Parasitol Res 93: 332-337.

Flores-Romo L, Estrada-Garcia T, Shibayama-Salas M, Campos-Rodriguez R,
Bacon K, et al. (1997) In vitro Entamoeba histolytica adhesion to human
endothelium: a comparison using two strains of different virulence. Parasitol
Res 83: 397-400.

Muller N, von Allmen N (2005) Recent insights into the mucosal reactions
associated with Giardia lamblia infections. Int J Parasitol 35: 1339-1347.

van Hellemond JJ, Molhoek N, Koelewijn R, Wismans PJ, van Genderen PJ]
(2013) Is paromomycin the drug of choice for eradication of Blastocystis in
adults? J Infect Chemother 19: 545-548.

Moghaddam DD, Ghadirian E, Azami M (2005) Blastocystis hominis and the
evaluation of efficacy of metronidazole and trimethoprim/sulfamethoxazole.
Parasitol Res 96: 273-275.

Stensvold CR, Arendrup MC, Nielsen HV, Bada A, Thorsen S (2008)
Symptomatic infection with Blastocystis sp. subtype 8 successfully treated with
trimethoprim-sulfamethoxazole. Ann Trop Med Parasitol 102: 271-274.
Stensvold CR, Smith HV, Nagel R, Olsen KE, Traub R]J (2009) Eradication of
Blastocystis carriage with antimicrobials: reality or delusion? J Clin Gastro-
enterol 44: 85-90.

Mirza H, Teo JD, Upcroft J, Tan KS (2011) A rapid, high-throughput viability
assay for Blastocystis spp. reveals metronidazole resistance and extensive
subtype-dependent variations in drug susceptibilities. Antimicrob Agents
Chemother 55: 637-648.

Dunn LA, Tan KS, Vanelle P, Juspin T, Crozet MD, et al. (2012)
Development of metronidazole-resistant lines of Blastocystis sp. Parasitol Res
111: 441-450.

Andersson DI, Hughes D (2010) Antibiotic resistance and its cost: is it possible
to reverse resistance? Nat Rev Microbiol 8: 260-271.

Ben-Ami R, Kontoyiannis DP (2012) Resistance to echinocandins comes at a
cost: the impact of FKS1 hotspot mutations on Candida albicans fitness and
virulence. Virulence 3: 95-97.

. Muregi FW, Ohta I, Masato U, Kino H, Ishih A (2011) Resistance of a rodent

malaria parasite to a thymidylate synthase inhibitor induces an apoptotic
parasite death and imposes a huge cost of fitness. PLoS One 6: €21251.
Tejman-Yarden N, Millman M, Lauwaet T, Davids BJ, Gillin FD, et al. (2011)
Impaired parasite attachment as fitness cost of metronidazole resistance in
Giardia lamblia. Antimicrob Agents Chemother 55: 4643-4651.

Noel C, Dufernez F, Gerbod D, Edgcomb VP, Delgado-Viscogliosi P, et al.
(2005) Molecular phylogenies of Blastocystis isolates from different hosts:
implications for genetic diversity, identification of species, and zoonosis. J Clin
Microbiol 43: 348-355.

PLOS Neglected Tropical Diseases | www.plosntds.org

17

56.

57.

58.

59.

60.

61.

62.

64.

65.

66.

67.

68.

69.

71.

72.
73.

74.

77.

78.

80.

81.

82.

83.

84.

85.

86.

87.

Blastocystis Adhesion Correlates with Pathogenesis

Ho LC, Singh M, Suresh G, Ng GC, Yap EH (1993) Axenic culture of
Blastocystis hominis in Iscove’s modified Dulbecco’s medium. Parasitol Res 79:
614-616.

Stensvold CR, Suresh GK, Tan KS, Thompson RC, Traub R], et al. (2007)
Terminology for Blastocystis subtypes—a consensus. Trends Parasitol 23: 93
96.

Chen XQ, Singh M, Ho LC, Moe KT, Tan SW, et al. (1997) A survey of
Blastocystis sp. in rodents. Lab Anim Sci 47: 91-94.

Sio SW, Puthia MK, Lee AS, Lu J, Tan KS (2006) Protease activity of
Blastocystis hominis. Parasitol Res 99: 126-130.

Puthia MK, Vaithilingam A, Lu J, Tan KS (2005) Degradation of human
secretory immunoglobulin A by Blastocystis. Parasitol Res 97: 386-389.

Tan SW, Ho LC, Moe KT, Chen XQ, Ng GC, et al. (1996) Production and
characterization of murine monoclonal antibodies to Blastocystis hominis.
Int J Parasitol 26: 375-381.

Dagci H, Ustun S, Taner MS, Ersoz G, Karacasu F, et al. (2002) Protozoon
infections and intestinal permeability. Acta Trop 81: 1-5.

53. Anderson JM, Van Itallie CM (2009) Physiology and function of the tight

junction. Cold Spring Harb Perspect Biol 1: a002584.

Furuse M, Hirase T, Itoh M, Nagafuchi A, Yonemura S, et al. (1993) Occludin:
a novel integral membrane protein localizing at tight junctions. J Cell Biol 123:
1777-1788.

Andersson DI (2006) The biological cost of mutational antibiotic resistance: any
practical conclusions? Curr Opin Microbiol 9: 461-465.

Eckmann L, Laurent F, Langford TD, Hetsko ML, Smith JR, et al. (2000)
Nitric oxide production by human intestinal epithelial cells and competition for
arginine as potential determinants of host defense against the lumen-dwelling
pathogen Giardia lamblia. ] Immunol 164: 1478-1487.

Lewis ND, Asim M, Barry DP, Singh K, de Sablet T, et al. (2010) Arginase II
restricts host defense to Helicobacter pylori by attenuating inducible nitric
oxide synthase translation in macrophages. J Immunol 184: 2572-2582.

Eida OM, Hussein EM, Eida AM, El-Moamly AA, Salem AM (2008)
Evaluation of the nitric oxide activity against Blastocystis hominis in vitro and
in vivo. J Egypt Soc Parasitol 38: 521-536.

Stensvold CR, Nielsen HV, Molbak K, Smith HV (2009) Pursuing the clinical
significance of Blastocystis—diagnostic limitations. Trends Parasitol 25: 23-29.

. Garcia LS (1984) Clinical relevance of Blastocystis hominis. Lancet 1: 1233~

1234.

Waghorn DJ, Hancock P (1991) Clinical significance of Blastocystis hominis.
Lancet 337: 609.

Barry M (2004) Travelers’ Diarrhea. N Engl J Med 350: 1801-1803.
Turner JR (2009) Intestinal mucosal barrier function in health and disease. Nat
Rev Immunol 9: 799-809.

Bonazzi M, Cossart P (2011) Impenetrable barriers or entry portals? The role
of cell-cell adhesion during infection. J Cell Biol 195: 349-358.

. O’Hara JR, Buret AG (2008) Mechanisms of intestinal tight junctional

disruption during infection. Front Biosci 13: 7008-7021.

. Sears CL (2000) Molecular physiology and pathophysiology of tight junctions

V. assault of the tight junction by enteric pathogens. Am J Physiol Gastrointest
Liver Physiol 279: G1129-1134.

Berkes J, Viswanathan VK, Savkovic SD, Hecht G (2003) Intestinal epithelial
responses to enteric pathogens: effects on the tight junction barrier, ion
transport, and inflammation. Gut 52: 439-451.

Fasano A, Nataro JP (2004) Intestinal epithelial tight junctions as targets for
enteric bacteria-derived toxins. Adv Drug Deliv Rev 56: 795-807.

. Peiffer I, Bernet-Camard MF, Rousset M, Servin AL (2001) Impairments in

enzyme activity and biosynthesis of brush border-associated hydrolases in
human intestinal Caco-2/TC7 cells infected by members of the Afa/Dr family
of diffusely adhering Escherichia coli. Cell Microbiol 3: 341-357.

McCarthy KM, Skare IB, Stankewich MC, Furuse M, Tsukita S, et al. (1996)
Occludin is a functional component of the tight junction. J Cell Sci 109 (Pt 9):
2287-2298.

Maia-Brigagao C, Morgado-Diaz JA, De Souza W (2012) Giardia disrupts the
arrangement of tight, adherens and desmosomal junction proteins of intestinal
cells. Parasitol Int 61: 280-287.

Ringqvist E, Avesson L, Soderbom F, Svard SG (2011) Transcriptional changes
in Giardia during host-parasite interactions. Int J Parasitol 41: 277-285.
Rodriguez-Fuentes GB, Cedillo-Rivera R, Fonseca-Linan R, Arguello-Garcia
R, Munoz O, et al. (2006) Giardia duodenalis: analysis of secreted proteases
upon trophozoite-epithelial cell interaction in vitro. Mem Inst Oswaldo Cruz
101: 693-696.

Wawrzyniak I, Texier C, Poirier P, Viscogliosi E, Tan KS, et al. (2012)
Characterization of two cysteine proteases secreted by Blastocystis ST7, a
human intestinal parasite. Parasitol Int 61: 437-442.

Reed SL, Keene WE, McKerrow JH (1989) Thiol proteinase expression and
pathogenicity of Entamoeba histolytica. ] Clin Microbiol 27: 2772-2777.
Guimaraes S, Sogayar MI, Franco MF (2003) Protease activity in Giardia
duodenalis trophozoites of axenic strains isolated from symptomatic and
asymptomatic patients. Mem Inst Oswaldo Cruz 98: 77-81.

Puthia MK, Lu J, Tan KS (2008) Blastocystis ratti contains cysteine proteases
that mediate interleukin-8 response from human intestinal epithelial cells in an
NF-kappaB-dependent manner. Eukaryot Cell 7: 435-443.

May 2014 | Volume 8 | Issue 5 | e2885



88.

89.

90.

91.

92.

94.

95.

96.

97.

98.

99.

100.

Deneke CF, Thorne GM, Larson AD, Gorbach SL (1985) Effect of tetracycline
on the attachment of K88+ enterotoxigenic Escherichia coli to porcine small-
intestinal cells. J Infect Dis 152: 1032-1036.

Klein U, Pawelzik M, Opferkuch W (1985) Influence of beta-lactam antibiotics,
fosfomycin and vancomycin on the adherence (hemagglutination) of Esche-
richia coli-containing different adhesins. Chemotherapy 31: 138-145.
Carlone NA, Borsotto M, Cuffini AM, Savoia D (1987) Effect of fosfomycin
trometamol on bacterial adhesion in comparison with other chemotherapeutic
agents. Eur Urol 13 Suppl 1: 86-91.

Li Pira G, Pruzzo C, Schito GC (1987) Monuril and modification of
pathogenicity traits in resistant microorganisms. Eur Urol 13 Suppl 1: 92-97.
Gismondo MR, Drago L, Fassina C, Garlaschi ML, Rosina M, et al. (1994)
Escherichia coli: effect of fosfomycin trometamol on some urovirulence factors.

J Chemother 6: 167-172.
. Nilsson AI, Berg OG, Aspevall O, Kahlmeter G, Andersson DI (2003)

Biological costs and mechanisms of fosfomycin resistance in Escherichia coli.
Antimicrob Agents Chemother 47: 2850-2858.

Pompilio A, Catavitello C, Picciani C, Confalone P, Piccolomini R, et al. (2010)
Subinhibitory concentrations of moxifloxacin decrease adhesion and biofilm
formation of Stenotrophomonas maltophilia from cystic fibrosis. J Med
Microbiol 59: 76-81.

Leitsch D, Burgess AG, Dunn LA, Krauer KG, Tan K, et al. (2011)
Pyruvate:ferredoxin oxidoreductase and thioredoxin reductase are involved in
5-nitroimidazole activation while flavin metabolism is linked to 5-nitroimida-
zole resistance in Giardia lamblia. ] Antimicrob Chemother 66: 1756-1765.
Leitsch D, Kolarich D, Duchene M (2010) The flavin inhibitor diphenyle-
neiodonium renders Trichomonas vaginalis resistant to metronidazole, inhibits
thioredoxin reductase and flavin reductase, and shuts off hydrogenosomal
enzymatic pathways. Mol Biochem Parasitol 171: 17-24.

Upcroft P, Upcroft JA (2001) Drug targets and mechanisms of resistance in the
anaerobic protozoa. Clin Microbiol Rev 14: 150-164.

Ellis JE, Wingfield JM, Cole D, Boreham PF, Lloyd D (1993) Oxygen affinities
of metronidazole-resistant and -sensitive stocks of Giardia intestinalis.
Int J Parasitol 23: 35-39.

Rasoloson D, Tomkova E, Cammack R, Kulda J, Tachezy J (2001)
Metronidazole-resistant strains of Trichomonas vaginalis display increased
susceptibility to oxygen. Parasitology 123: 45-56.

Wawrzyniak I, Roussel M, Diogon M, Couloux A, Texier C, et al. (2008)
Complete circular DNA in the mitochondria-like organelles of Blastocystis
hominis. Int J Parasitol 38: 1377-1382.

PLOS Neglected Tropical Diseases | www.plosntds.org

18

101.

102.

103.

104.

105.

106.

107.

108.

109.

110.

111.

Blastocystis Adhesion Correlates with Pathogenesis

Leitsch D, Kolarich D, Binder M, Stadlmann J, Altmann F, et al. (2009)
Trichomonas vaginalis: metronidazole and other nitroimidazole drugs are
reduced by the flavin enzyme thioredoxin reductase and disrupt the cellular
redox system. Implications for nitroimidazole toxicity and resistance. Mol
Microbiol 72: 518-536.

Mastronicola D, Testa F, Forte E, Bordi E, Pucillo LP, et al. (2010)
Flavohemoglobin and nitric oxide detoxification in the human protozoan
parasite Giardia intestinalis. Biochem Biophys Res Commun 399: 654-658.
Rafferty S, Luu B, March RE, Yee J (2010) Giardia lamblia encodes a
functional flavohemoglobin. Biochem Biophys Res Commun 399: 347-351.
Sebbane F, Lemaitre N, Sturdevant DE, Rebeil R, Virtaneva K, et al. (2006)
Adaptive response of Yersinia pestis to extracellular effectors of innate
immunity during bubonic plague. Proc Natl Acad Sci U S A 103: 11766—
11771.

Roos V, Klemm P (2006) Global gene expression profiling of the asymptomatic
bacteriuria Escherichia coli strain 83972 in the human urinary tract. Infect
Immun 74: 3565-3575.

Chen ML, Pothoulakis C, LaMont JT (2002) Protein kinase C signaling
regulates ZO-1 translocation and increased paracellular flux of T84
colonocytes exposed to Clostridium difficile toxin A. J Biol Chem 277: 4247
4254.

Griffiths JK, Moore R, Dooley S, Keusch GT, Tzipori S (1994) Cryptospo-
ridium parvum infection of Caco-2 cell monolayers induces an apical
monolayer defect, selectively increases transmonolayer permeability, and
causes epithelial cell death. Infect Immun 62: 4506-4514.

Stenson WF, Zhang Z, Riehl T, Stanley SL, Jr. (2001) Amebic infection in the
human colon induces cyclooxygenase-2. Infect Immun 69: 3382-3388.

Chin AC, Teoh DA, Scott KG, Meddings JB, Macnaughton WK, et al. (2002)
Strain-dependent induction of enterocyte apoptosis by Giardia lamblia disrupts
epithelial barrier function in a caspase-3-dependent manner. Infect Immun 70:
3673-3680.

Buret AG, Mitchell K, Muench DG, Scott KG (2002) Giardia lamblia disrupts
tight junctional ZO-1 and increases permeability in non-transformed human
small intestinal epithelial monolayers: effects of epidermal growth factor.
Parasitology 125: 11-19.

Scott KG, Meddings JB, Kirk DR, Lees-Miller SP, Buret AG (2002) Intestinal
infection with Giardia spp. reduces epithelial barrier function in a myosin light
chain kinase-dependent fashion. Gastroenterology 123: 1179-1190.

May 2014 | Volume 8 | Issue 5 | e2885



