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response in quarters due to synergistic effects, and it might be related
to abnormal SCC and clinical signs. Published reports on synergism
between two or three Mycoplasma species are rare and, thus, synergism
between these Mycoplasma species in bovine intramammary infections
should be clarified.
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Kudoa septempunctata is the causative agent of a foodborne disease associated with the
consumption of raw Paralichthys olivaceus (olive flounder). Chickens were used to establish
specific antibodies against K. septempunctata spores. A specific antiserum, CS#3, raised
against sonicated spores, also recognized intact spores. The CS#3 antiserum showed high
titers for sonicated and intact K. septempunctata spores and was suitable for both ELISA and
immunohistochemical staining. Using homogenated raw olive flounder meat, the ELISA system
detected more than 5.0X10° spores in 1 g of tissue, which was consistent with the number
determined by microscopic examination. The preparation of rapid detection kits for K. septem-
punctata spores in P. olivaceus muscle tissue using immunochromatography with CS#3 anti-
serum should be useful for preventing the foodborne disease in the field.
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Immunohistochemical staining.

INTRODUCTION

Outbreaks of a foodborne disease associated with
the consumption of raw Paralichthys olivaceus (olive
flounder) have increased within the last decade in
Japan, and there are now an average of more than 100
cases per year (Kawai et al, 2012). The causative
agent of this novel foodborne disease is Kudoa septem-
punctata (Kawai et al., 2012). K. septempunctata

*Corresponding author. Tel: +81-3-3700-1141, Fax: +81-3-
3707-6950, E-mail : kikuchi(a)nihs.go.jp

spores are composed of six or seven shell valves and
polar capsules (Matsukane et al., 2010). At present,
two methods are used to detect K. septempunctata in
P. olivaceus: microscopic observation (Matsukane et
al., 2010) and PCR analysis (Kawai et al., 2012).
However, these methods are not suitable for multiple
samples and high-throughput screening. Therefore, a
chicken anti-K. septempunctata antiserum was devel-
oped that would support the identification of spores in
olive flounder meat by ELISA and immunohistochemical
staining.
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MATERIALS AND METHODS

Preparation of Kudoa spores

P, olivaceus meat infected with K. septempunctata
was obtained from the fish farm at the Forestry and
Fisheries Research, Oita Prefectural Agriculture. A
portion was used for purification of K. septempunctata,
while the rest was used 1o test the ELISA assay. The
spores were purified from the trunk muscles of olive
flounders using Percoll density gradient centrifugation
(Chase et al., 2001). The purified intact spores were
suspended in 50% glycerin-phosphate-buffered saline
(PBS) and sonicated using a Sonifier Cell Disruptor
185 (power 1.5, 60 sec, 4°C) (Branson Ultrasonics,
Danbury, CT, USA). The BCA protein assay was used
to determine protein concentration (Thermo Scientific,
Rockford, IL, USA). One milligram (wet weight) of
sonicated K. septempunctata spores was equivalent to
3.2 1 g of bovine serum albumin (BSA).

Microscopic examination of Kudoa spores

The number of Kudoa spores in raw fish meat was
counted using a hemocytometer (Kawai et al., 2012).
A 1-g portion of . olivaceus muscle tissue was
suspended in 4 mL of phosphate-buffered saline (PBS)
and sieved through a 200-um nylon sheet. The extract
was passed through a 100-pm cell strainer (BD) and
centrifuged at 1500 g for 15 min at 4°C. The pellet
containing Kudoa spores was suspended in 1 mL of
PBS, and any spores that were present were counted
using a hemocytometer.

Strains

K. iwatai was obtained from the muscle tissues of
Acanthopagrus latus obtained from Oita Prefecture. P,
olivaceus muscle tissues infected with K. lateolabralis
and K. thyrsites were obtained from Oita and Ehime
Prefectures, respectively.

Preparation of Antiserum :

Chicken anti-Kudoa antiserum was raised against
sonicated K. septempunctata spores as previously
described (Matsuda et al., 1999). Briefly, 1.5 mg (wet
weight) of sonicated K. septempunctata spores in 150
ul of 50% glycerin-PBS combined with an equal volume
of alum solution was used as an immunogen. Four
12-week-old White Leghorn chickens (Line-M 6, £ )
(Nippon Institute for Biological Science, Japan) were
immunized with intramuscular injections of 1.5 mg of
the immunogen at 14- to 28-day intervals. ELISA-
positive antiserum against K. septempunctata spores
was obtained from one of the Leghorns and labeled
CS#3.

Enzyme-linked immunosorbent assay (ELISA) and
competitive ELISA

ELISAs were performed as previously described
(Kikuchi et al., 1991). A dilution buffer of 0.1% casein-
PBS (C-PBS) was used throughout this study, and all
washes were completed with 0.05% Tween 20-PBS.
Briefly, 50 1| of sonicated Kudoa spores [40 g (wet
weight) /ml] were added to a 96-well flat-bottomed
plate. The plates were centrifuged (1,600 g) at 4°C
for 15 min and incubated at 4°C overnight. Before the
assay, the wells were blocked with C-PBS for 30 min
and washed three times. Serially diluted antiserum was
added to the wells and incubated at room temperature
for 60 min. After washing, 3 -galactosidase-conjugated
goat anti-chicken IgG antibody (American Qualex
Antibodies, San Clemente, CA, USA) in C-PBS was
added to each well and incubated for 60 min. After
washing, 4-methylumbelliferyl- 3 -p-galactoside
substrate in 0.1 M phosphate buffer-1.5 mM MgCl,-0.1
M 2-mercaptoethanol (pH 7.2) was added to the wells
and incubated at 37°C for 60 min. Enzyme activity was
determined by fluorescence intensity using a Arvo-SX
(Perkin Elmer, Waltham, MA, USA). The titer of anti-
serum against K. septempunctata was defined as the
reciprocal of the dilution that yielded half maximum
binding.

The antiserum was then tested for use against K.
septempunctata spores in olive flounder. Briefly, 100 mg
of the trunk muscles of the olive flounder and 1.0 ml of
10% glucose-PBS were homogenated using a Multi-
Beads Shocker (Yasui Kikai, Japan). After centrifuga-
tion (20,000 g) for 5 min, the supernatants (50 u1)
were added 1o the wells. Plates were centrifuged
(1,600 g) at 4°C for 15 min and incubated overnight
at 4°C. The plates were treated as described above.
The results confirmed that the antiserum recognized
coated K. septempunctata spores as the solid-phase
antigen.

In competitive ELISA, appropriately diluted inhibitors
or samples were added to antigen-coated wells and
incubated, in a total volume of 50 |, with the CS#3
serum diluted to a concentration giving half-maximal
binding. Wells were treated as described above, and
the ratio of fluorescence intensity in the presence of an
inhibitor to that in the absence of the inhibitor (B/Bo)
was determined. The ICs, value is defined as the
concentration of inhibitor giving 50% inhibition.

Immunostaining

Kudoa spores were immunostained using the chicken
anti-Kudoa antiserum CS#3 with a modified peroxidase
protocol (Sumi et al., 1993). After deparaffination and
hydration of the tissue sections, endogenous peroxi-
dase activity was removed. The sections were then



overlaid with goat serum (Dako, Glostrup, Denmark)
for 30 min and CS#3 (1:200) for 50 min at room
temperature. Normal chicken serum (Nippon Biotest
Laboratories, Tokyo, Japan) was used as an immunos-
taining control. After washing, HRP-conjugated goat
anti-chicken IgG (1:400) (American Qualex Antibodies,
San Clemente, CA, USA) was allowed to react with the
sections for 30 min at room temperature. The sections
were stained with 0.02% 3,3'-diaminobenzi-
dine-0.003% H,0,-50 mM Tris-HCI (pH 7.4) for 10 min
at room temperature, followed by washing with running
tap-water. The sections were then counterstained with
hematoxylin, dehydrated, cleared, and mounted.

Olive flounder was used as an immunohistochemical
control. Sections prepared from tissues infected with K.
septempunctata or without infection were stained in the
same manner as described above.

RESULTS

Production and characterization of the chicken anti-
Kudoa antiserum

The reactivities of the chicken anti-Kudoa antiserum
CS#3 were investigated after it was obtained following
immunization with sonicated K. septempunctata spores.
CS#3 recognized both sonicated and intact spores as
solid-phase antigens (FIG. 1). The titer of CS#3 anti-
serum against sonicated spores was 18,000 and 7,700
against intact spores (FIG. 1).

Cross-reactivity of the serum with various Kudoa
spores was determined by competitive ELISA. The ICq,
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FIG. 1. ELISA using K. septempunctata spores as solid-
phase antigens. The wells were coated with sonicated (@)
or intact (O) K. septempunctata spores, and the ELISA was
performed with serial dilutions of the chicken anti-K. septem-
punctata serum CS#3. The panel shows a plot of fluores-
cence intensity versus serum dilution. The results are shown
as the means from two wells.
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value of CS#3 was 70 ng (BSA equivalent)/ml for soni-
cated K. septempunctata spores and 200 ng (BSA
equivalent)/ml for intact spores (FIG. 2A). The assay
quantified sonicated K. septempunctata spores within
the range of 0.5-10 ng (BSA equivalent)/50 u l/well. In
contrast, CS#3 did not recognize another species of
Kudoa spores, K. iwatai. The |Cg, values of CS#3 anti-
serum for sonicated K. iwatai spores purified from the
trunk muscles of Pagrus major was greater than 15 u g
(BSA equivalent)/ml under the conditions used (FIG.
2B).

Immunohistochemical staining of K. septempunctata
spores in the trunk muscles of P, olivaceus is shown in
FIG. 3. Hematoxylin and eosin staining (HE staining)
revealed the characteristic pseudocysts of Kudoa spp.
in a section of muscle tissue infected with K. septem-
punctata (FIG. 3A). In another section of muscle tissue
infected with K. septempunctata, immunostaining for K.
septempunctata reaction products localized in the same
manner as HE staining (FIG. 3B). The CS#3 antiserum
also recognized K. lateolabralis (C) and K. thyrsites
(D) spores in tissue sections. Tissue sections from
the control trunk muscles of P. olivaceus showed no
positive reaction products following immunostaining
for K. septempunctata (FIG. 3E).

To validate the ELISA system, K. septempunctata
spore content in the trunk muscles of the olive flounder
was determined by both ELISA and microscopic exami-
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FIG. 2. Competitive ELISA using the chicken anti-K. septem-
punctata serum CS#3. A. Inhibition of sonicated K.
septempunctata spores (solid-phase antigen) by soni-
cated ( @ ) orintact ( O ) K. septempunctata spores. B.
Inhibition of sonicated K. septempunctata spores (solid-
phase antigen) by sonicated K. septempunctata (®) or K.
iwatai ( O ) spores. The ratio of the signal of bound soni-
cated K. septempunctata spores in the presence of inhibi-
tors to the signal in the absence of inhibitors (B/Bo) was
plotted against inhibitor concentrations. The results are
shown as the means & SD from triplicate wells.
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nation. Using homogenated raw olive flounder meat, the
ELISA system found more than 5.0% 10° spores in 1 g
of tissue (FIG. 4). The number of spores determined by
ELISA was consistent with that obtained by microscopic
examination.

DISCUSSION

Several monoclonal antibodies (mAbs) have been
raised against K. thyrsites spores (Chase et al., 2001).
They recognize polar capsules, polar filaments and
spore surface antigens. However, hybridoma techniques
were not able to produce mAbs with sufficient speci-
ficity and affinity to detect K. septempunctata spores.
Attempts to raise rabbit polyclonal antisera against K.
septempunctata spores have also failed. It is well known
that the chicken is a useful animal for the development
of the specific antibodies against the mammalian
conserved proteins. In this study, chickens were then
used to acquire specific antibodies against Kudoa spp.

From one of four immunized Leghorn chickens, an
ELISA-positive anti-K. septempunctata serum (CS#3)
was obtained. The CS#3 antiserum was suitable for
both ELISA and immunohistochemical staining, and

FIG. 3. Immunostaining of Kudoa spores using the chicken
anti-K. septempunctata serum. P. olivaceus muscle tissues
infected with K. septempunctata (A, B), K. lateolabralis (C)
or K. thyrsites (D) were subjected to hematoxylin and eosin-
staining (A) or immunohistochemical staining with CS#3
(B-D) as described under MATERIALS AND METHODS. R
olivaceus muscle tissue without Kudoa spp infection was
used as an immunohistochemical control (E). Scale bars are
100 um.

was adaptable for detection of K. septempunctata
sporoplasm inversion of Caco-2 cells by indirect immu-
nofluorescence (Ohnishi et al, 2013).

The CS#3 antiserum raised against sonicated spores
also recognized intact spores. Consequently, this
competitive ELISA system is applicable for specific
detection of both sonicated and intact spores. The ratio
of ICs values of CS#3 antiserum for sonicated and
intact K. septempunctata spores (intact spores/soni-
cated spores) was 2.86 (FIG. 2A). It is possible the
system tends to underestimate the content of Kudoa
spores in intact samples. Thus, we homogenized raw
materials using a Multi-Beads Shocker to estimate
Kudoa spore content before using the ELISA system.
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FIG. 4. Correlation between K. septempunctata spore
content in raw olive flounder meat determined by ELISA and
microscopic examination. Homogenated raw olive flounder
meat (1 to 20; black bars) was coated onto the wells.
Homogenated olive flounder meat infected with (positive
control, P; magenta bars) or without (negative control, N;
cyan bars) K. septempunctata spores, and sonicated K.
septempunctata spores (K; yellow bars) were also coated
onto wells of each plate. The coated plates were then used
for ELISAs with CS#3 antiserum as described under
MATERIALS AND METHODS. The panels show fluorescence
intensity (bars on the vertical axis) versus spore contents as
determined by microscopic examination (horizontal axis).
Each panel shown as distinct ELISA-plate. Bars represent
means * SD (n=6). *Counts of K. septempunctata spores in
tissues by hemocytometer; -, not detected.



To confirm the efficiency of the ELISA for detection of
K. septempunctata spores in raw olive flounder meat,
the system was tested using raw olive flounder with
or without K. septempunctata infection. More than 5
X 10° K. septempunctata spores per gram of meat
per assay was detected by the ELISA (FIG. 4). From
35 outbreaks of unidentified food-borne illness asso-
ciated with the consumption of raw fish, it was
observed that there were 2.4 X 10° (median) Kudoa
spores in one gram of each food-borne outbreak
sample (Kawai et al., 2012). The specificity of the
CS#3 antiserum makes it appropriate for use in the
estimation of Kudoa spore content in food-borne
outbreak samples. In addition, the ELISA system
established in this study might be applicable to the
simultaneous evaluation of a large number of raw fish
meat.

Competitive ELISA showed that CS#3 antiserum is
less reactive with the spores of K. iwatai, which is a
parasite of the Perciformes species (FIG. 2B).
However, immunohistochemical staining revealed that
CS#3 reacts with the spores of K. lateolabralis or K.
thyrsites, which are parasites of the olive flounder
(FIGS. 3C and 3D). Therefore, the antiserum appears
to cross-react with at least two other species of Kudoa
spores in raw fish meat. These results suggest that this
anti-Kudoa serum recognizes a common structure of
Kudoa that parasitizes raw fish meat. At present the
toxicities of both K. lateolabralis and K. thyrsites are
unknown. Nevertheless, this ELISA system seems to be
useful for the monitoring and detection of Kudoa
species in food-borne disease specimens. The prepara-
tion of rapid detection kits for K. septempunctata
spores in P, olivaceus muscle tissue using immunochro-
matography is now in progress.
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Kudoa septempunctata Invasion Increases the Permeability
of Human Intestinal Epithelial Monolayer

Takahiro Ohnishi, Yutaka Kikuchi, Hiroko Furusawa, Yoichi Kamata, and Yoshiko Sugita-Konishi

Abstract

Kudoa septempunctata is a myxosporean parasite of Paralichthys olivaceus (olive flounder) and causes a foodborne
illness that affects more than 100 cases in Japan each year. We previously reported that the consumption of raw
olive flounder meat containing a high concentration of K. septempunctata spores induces transient but severe
diarrhea and emesis through an unknown mechanism. Here, we demonstrate that K. septempunctata sporoplasm
plays an important role in mediating the toxicity of K. septempunctata. When K. septempunctata spores were
inoculated in Caco-2 human intestinal cells, K. septempunctata sporoplasms were released from spores, and they
invaded the cells. Electron microscopic observations revealed that the sporoplasm invasion severely damaged
the Caco-2 cells. The inoculation of K. septempunctata spores eliminated the transepithelial electrical resistance
(TER) across the cell monolayer. Inhibiting the invasion of the sporoplasms prevented the observed loss in cell
layer integrity, as illustrated by the rapid elimination of the TER. These results suggest that the invasion by

sporoplasms severely damaged individual intestinal cells, resulting in a loss of cell monolayer integrity.

Introduction

OUTBREAKS OF AN UNIDENTIFIED foodborne disease
associated with the consumption of raw Paralichthys
olivaceus (olive flounder) have increased in Japan and average
more than 100 cases per year; however, no known agents of
foodborne disease, such as foodborne bacteria, viruses, or
toxic chemicals, have been recovered from the foods ingested
by affected individuals (Kawai ef al., 2012). The lag phase is
only 1-20h, and symptoms include transient but severe di-
arrhea and emesis (Kawai et al., 2012). The causative agent of
this disease has been long debated, but in our previous study,
we demonstrated that Kudoa septempunctata, a recently de-
scribed myxosporean species, is the causative agent of this
novel foodborne disease (Kawai et al., 2012).

The K. septempunctata spore has six or seven shell valves
and polar capsules (Matsukane et al., 2010). The spore of this
parasite has a pouch-like shape and is about 10 ym in di-
ameter (Matsukane et al., 2010). K. septempunctata cells dwell
in the trunk muscles of P. olivaceus, and its spores are found
uniformly distributed throughout P. olivaceus muscles. It has
been suggested that the life cycle of K. septempunctata is
maintained between P. olivaceus and an oligochaete or
polychaete worm, but this has not been thoroughly studied
(El Matbouli et al., 1998). Oral administration of K. septem-
punctata spores to suckling mice caused fluid accumulation
in the gut within 1.5 h of administration, with recovery after

4h (Kawai et al., 2012). The feeding of olive founder meat
containing K. septempunctata spores to house musk shrews
induced vomiting after 20-30 min with recovery within 2h
(Kawai et al., 2012). Together, these experiments demon-
strate the short lag phase and quick recovery from this
parasite, and the symptoms observed in the animal experi-
ments coincide with the symptoms exhibited by human
patients with this disease (Kawai et al., 2012). Despite this
research, however, the mechanisms of this disease are
poorly understood. Many species of protozoa induce diar-
rhea. In fact, protozoa such as Giardia lamblia, Toxoplasma
gondii, Cryptosporidium parvum, and Entamoeba histolytica can
invade and reproduce in the intestine, which is a cause of
infection-associated diarrhea (Brandborg et al., 1967; Chen
et al., 2000; Dubey et al., 1997; Saha et al., 1977; Yoshida et al.,
2011). Since some myxosporean parasites invade and re-
produce in the intestinal cells of the worm (El Matbouli et al.,
1998), it has been hypothesized that Kudoa spp. are also able
to invade the intestinal cell. However, it has not been shown
whether K. septempunctata is able to invade and reproduce
in the intestine of the worm. Moreover, we know that
K. septempunctata causes disease in humans, but the behavior
of K. septempunctata in the human intestine has not been well
studied. In order to examine possible mechanisms by which
K. septempunctata may cause diarrhea, we studied the tox-
icity and behavior of K. septempunctata in cultured human
intestinal cells.
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Materials and Methods
Cell monolayer permeability assay

The human adenocarcinoma cell line Caco-2 cells (American
Type Cell Culture [ATCC] HTB37) was normally maintained
in Dulbecco’s modified Eagle’s medium (Life Technologies,
Grand Island, NY) supplemented with 10% fetal calf serum
(FCS), antibiotics (100U/mL penicillin and 100 pg/mL
streptomycin; Life Technologies) and 1% non-essential amino
acids (Life Technologies) at 37°C in 5% CO,. For differentia-
tion, Caco-2 cells were suspended in enterocyte differentiation
medium (EDM; BD Biosciences, Bedford, MA) supplemented
with 0.08% MITO+ Serum Extender (BD Biosciences) and
antibiotics, and seeded at 2x10° cells/well in Biocoat cell
culture inserts (pore size of 1 um; BD Biosciences). Cultures
were incubated at 37°C for 3 days, and the culture medium
was replaced every day. After 3 days, the transepithelial
electrical resistance (TER) values were measured using
Millicell-ERS (Milipore, Billerica, MA) to ensure the state of
differentiation and cell monolayer integrity. Inserts that
showed a TER of >800 Q cm? were subjected to experimen-
tation. P. olivaceus infected with K. septempunctata were pur-
chased from a local fish market in Japan, and K. septempunctata
spores were purified as described previously (Kawai et al.,
2012). Purified K. septempunctata spores (5x 10° spores/well)
were inoculated in cell culture inserts, and the TER was
measured every hour.

In some experiments, purified K. septempunctata spores
were suspended in phosphate-buffered saline (PBS) and
sonicated by Branson Sonifier 200 (Branson Ultrasonics,
Danbury, CT). The sonicated spores (equivalent to 5x10°
spores/well) were inoculated in cell culture inserts, and the
TER was measured.

To examine toxin production, K. septempunctata spores
(1x10” spores/mL) were suspended in EDM supplemented
with 0.08% MITO+ Serum Extender. The suspension was
incubated 37°C for 18h. After centrifugation at 1,500x g for
15min at 4°C, the supernatant was recovered. The culture
medium of differentiated Caco-2 cells was replaced with the
supernatant of K. septempunctata spores, and the TER was
measured.

Sporoplasm release assay

K. septempunctata spores purified as above were suspended
in PBS, H,O, or H,O (pH 2) to a final concentration of 107
spores/mlL, with or without protease inhibitor (Nacalai Tes-
que, Inc., Kyoto, Japan). These suspensions were then incu-
bated with FCS, trypsin (Thermo Fisher Scientific Inc.,
Rockford, IL), or pepsin (Wako Pure Chemical Industries,
Ltd., Osaka, Japan) at the final concentration indicated in
Table 1. The suspensions were incubated at room temperature
for 1h, and sporoplasm release was observed under a bright-
field microscope. The release of sporoplasm was counted in 10
randomly selected microscopic fields, and a positive result
was indicated by sporoplasm release from >30% of the
spores.

Transmission electron microscopy (TEM)

After plating Caco-2 cells (8x10° cells/dish) in 6-cm cell
culture dish coated with Cellmatrix type I collagen solution
(Nitta Gelatin Inc., Osaka, Japan), the cells were differentiated
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TaBLE 1. STIMULANT FOR SPOROPLASM RELEASE

Release of
Stimulants sporoplasm
10% FCS in PBS +
10% FCS+Protease inhibitor -
cocktail in PBS
Trypsin (400 ug/mL) in PBS +
PBS -

Pepsin (5 ug/mL) in H,O -
Pepsin (5 ug/mlL) in H,O, pH 2 -

H;O -

ECS, fetal calf serum; PBS, phosphate-buffered saline.

as described above. Three days later, the purified K. septem-
punctata spores (6x10° spores/dish) were inoculated into
cells, and the cultures were incubated at 37°C for 1h. After
incubation, the cultures were fixed with 2% paraformalde-
hyde, 2% glutaraldehyde in 0.1 M phosphate buffer (PB) pH
7.4 at 37°C, and incubated af 4°C for 30min to lower the
temperature. Thereafter, they were fixed with 2% glutaral-
dehyde in 0.1 M PB at 4°C overnight. Following fixation, the
samples were rinsed three times with 0.1M PB for 30 min
each, followed by post fixation with 2% osmium tetroxide in
0.1MPB at4°C for 1 h. The samples were dehydrated through
an ethanol series (50%, 70%, 90%, 100%). The schedule was as
follows: 50% and 70% for 15 min each at 4°C, 90% for 5 min at
room temperature, and three changes of 100% for 5 min each
at room temperature. After dehydration, the samples were
transferred to a resin (Quetol-812; Nisshin EM Co., Tokyo,
Japan) and polymerized at 60°C for 48 h. Ultra-thin sections
(70nm) of the blocks were prepared with a diamond knife by
using an ultramicrotome (Ultracut UCT; Leica Microsystems
GmbH, Wetzlar, Germany), and the sections were placed on
copper grids, stained with 2% uranyl acetate at room tem-
perature for 15min, and then rinsed with distilled water,
followed by secondary staining with lead stain solution
(Sigma-Aldrich Co., St. Louis, MO) at room temperature for
3min. The grids were observed by TEM (JEM-1200EX; JEOL
Ltd., Tokyo, Japan) at an acceleration voltage of 80 kV. Digital
images were taken with a charge-coupled device (CCD)
camera (Veleta; Olympus Soft Imaging Solutions GmbH,
Miinster, Germany).

Scanning electron microscopy (SEM)

Caco-2 cells (8x 10° cells/dish) were seeded and differen-
tiated as mentioned above. Three days later, the purified
K. septempunctata spores (6 x 10° spores/dish) were inoculated
into cells, and the cultures were incubated at 37°C for 1h.
After incubation, the samples were fixed and dehydrated as
described above. The samples were treated with tert-butyl
alcohol three times for 30 min each, followed by freezing at
4°C. The frozen samples were dried using a dry vacuum
pump (DAP-6D; ULVAC KIKO, Inc., Miyazaki, Japan) with
slow decompression. After drying, the samples were coated
with a thin layer (30nm) of osmium by using an osmium
plasma coater (NL-OPC80ONS; Nippon Laser: & Electronic
Laboratory, Nagoya, Japan). The samples were observed by
SEM (S-800; Hitachi High-Tech Fielding Co., Tokyo, Japan) at
an acceleration voltage of 10kV.
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Inhibition of sporoplasm release and confocal
microscopy

After plating Caco-2 cells (4 x 10° cells/ culture) in a cover
glass coated with Cellmatrix type I collagen solution, the
cells were differentiated as described above. Three days
later, the purified K. septempunctata spores (3x10° spores/
culture) were inoculated into Caco-2 cells with or without
cytochalasin D (Wako Pure Chemicals) dissolved in DMSO
(Wako Pure Chemicals), and the cultures were incubated at
37°C for 1 or 2h. The cells were washed two times with PBS
and fixed with 4% paraformaldehyde in PB for 30 min at
room temperature. After fixation, the cells were washed two
times with PBS, and then incubated with chicken anti-
K. septempunctata antiserum in PBS containing 10% normal
goat serum at 4°C for 18 h. Chicken anti-Kudoa antiserum
was raised against sonicated K. septempunctata spores ac-
cording to the method described by Matsuda et al. (1999).
After incubation, the cells were washed five times with PBS,
and then incubated with Alexa 488 goat anti-chicken IgG
(Life Technologies) and rhodamine phalloidin (Life Tech-
nologies) in PBS containing 10% normal goat serum at 4°C
for 1 hin the dark. After five washes with PBS, the cover slips
were mounted on slide glass with SlowFade Gold antifade
reagent (Life Technologies). Confocal microscopy and dif-
ferential interference contrast microscopy were conducted
with a confocal laser scanning microscope (FV1000-D;
Olympus Co., Tokyo, Japan).

To examine the effects of cytochalasin D, we differentiated
Caco-2 in Biocoat cell culture inserts as mentioned above,
inoculated the spores of K. septempunctata to Caco-2 cells in the
presence of cytochalasin D at the concentration indicated, and
measured the TER. Since cytochalasin D and DMSO showed
weak toxicity on Caco-2 cells, TER was presented as a ratio to
the culture without inoculation of spores.

Results and Discussion

Effects of K. septempunctata on the permeability
across the Caco-2 cell monolayer

Caco-2 cell line has been widely used as an in vitro model
for evaluating intestinal permeability because of its structural
and functional similarity to mature intestinal epithelium
(Lytton et al., 2005; Dickman et al., 2000). The cell monolayer
permeability assay was performed to investigate the toxicity
of K. septempunctata towards Caco-2 cells. We obtained
P. olivaceus infected with K. septempunctata and purified spores
from the trunk muscles. The spores were inoculated in Caco-2
cells, and the TER across the Caco-2 cell monolayer was
measured as an indicator of permeability. The inoculation of
purified K. septempunctata spores rapidly decreased TER by
80% within 1h, indicating an increase in the permeability of
the Caco-2 cell monolayer (Fig. 1). Our previous study
showed that freezing inactivates K. septempunctata (Kawai
et al., 2012); indeed, K. septempunctata purified from frozen
P. olivaceus did not affect TER (Fig. 1). To determine whether
K. septempunctata produces a toxic substance, spores were
incubated in EDM at 37°C for 18, and the supernatant was
recovered. When the culture medium from the Caco-2 cells
was replaced with the supernatant from the spore, TER was
not changed (Fig. 1). The inoculation of sonicated K. septem-
punctata spores also did not affect TER. These results
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FIG. 1. Increased permeability across the Caco-2 cell
monolayer induced by Kudoa septempunctata spores. Differ-
entiated Caco-2 cells were treated with purified live spores,
frozen spores, sonicated spores, or culture supernatant
from spores. Transepithelial electrical resistance (TER) was
measured for up to 5h. TER at time 0 is represented as
100%. Values are the mean*SD from three independent
experiments.

suggested that K. septempunctata reduced TER by mechanisms
other than production of toxin.

Release of sporoplasms from spores

To further investigate whether K. septempunctata spores
directly affect Caco-2 cells, we inoculated Caco-2 cells with
spores and observed the cells under the microscope (Fig. 2).
Within 1h after inoculation, we observed the release of pro-
toplasm from the spores on the surface of Caco-2 cells (Fig. 2,
left panel), and this protoplasm, as well as the spores them-
selves, reacted with anti-Kudoa antiserum (Fig. 2, right panel).
As it has been reported previously that some myxosporean
parasites release sporoplasm into the host intestine (El Mat-
bouli et al., 1998), we believe that this material is likely the
sporoplasms of K. septempunctata.

Next, we aimed to determine the stimulant responsible for
the release of sporoplasms. Since the release of sporoplasm
has been observed on Caco-2 cells cultured in the presence of
FCS (T. Ohnishi, unpublished data), we first treated K. sep-
tempunctata spores with 10% FECS in PBS (Table 1). This
treatment induced the release of sporoplasm, and the release
was inhibited by the addition of a protease inhibitor cocktail
(Table 1). These results indicated that one of the inducers is a
protease present in FCS. We were not able to identify the
specific protease in FCS, but a protease inhibitor cocktail
blocking serine-, cysteine-, and trypsin-like protease activities
inhibited sporoplasm release in FCS. Since one of the major
proteases secreted in the intestine is trypsin, we treated
K. septempunctata spores with trypsin and found that trypsin
also stimulated sporoplasm release (Table 1). Interestingly,
treatment with the protease pepsin did not induce the release
of sporoplasm. These results suggest that some proteases se-
creted in the intestine can induce the release of sporoplasms
from the spore. In our Caco-2 cell model, the cells were
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FIG. 2. Release of sporoplasms from spores induced by inoculation of spores into Caco-2 cells. Differentiated Caco-2 cells
were inoculated with Kudoa septempunctata spores and incubated for 1h at 37°C. Samples were stained with oK. septem-
punctata antiserum and rhodamine phalloidin, and analyzed by differential interference contrast microscopy (A) and confocal
microscopy (B). Since the depth of field of confocal laser scanning microscope is very small, the staining of actin hardly

appears in panel B. 1, spore; 2, sporoplasm.

differentiated under serum-free conditions prior to experi-
ments. However, it has been shown that the active forms of
glycosylphosphatidylinisotol (GPI)-anchored trypsin-like
proteases are expressed on the apical surface of Caco-2 cells
(Friis et al., 2011). Caco-2 cells also express other proteases on
their apical surface (Buzza et al., 2010; Wang et al., 2009).
Therefore, we hypothesize that K. septempunctata spores
utilize the proteases expressed on the apical surface of the

intestinal cells to induce the release of sporoplasms in our
Caco-2 cell model.

We used electron microscopy to investigate the role of
sporoplasms in the pathogenesis (Fig. 3). The electron mi-
croscopy showed that K. septempunctata spores have an
asymmetrically stellate shape in apical view (Fig. 3A)
(Matsukane et al., 2010). When K. septempunctata spores were
inoculated in Caco-2 cells, TEM confirmed the release of

FIG. 3. Morphological observations of Kudoa septempunctata by electron microscopy. Differentiated Caco-2 cells were in-
oculated with K. septempunctata spores and incubated for 1h at 37°C. Samples were observed using both scanning electron
microscopy (SEM) and transmission electron microscopy (TEM). (A) SEM of K. septempunctata spores. (B) TEM of K. sep-
tempunctata spore and sporoplasm. (C) SEM of K. septempunctata spore and sporoplasm. (D) TEM of sporoplasm. (E) Mag-
nification of panel D. (F} SEM of spore. 1, spore; 2, sporoplasm; 3, inner space for sporoplasm; 4, pseudopod; 5, cell nucleus; 6,
mitochondria like organelle; 7, cytoskeleton; 8, polar filament; 9, Caco-2 cell.
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FIG. 4. Cell damage caused by sporoplasm invasion of Caco-2 cells. Differentiated Caco-2 cells were inoculated with Kudoa
septempunctata spores and incubated for 1h at 37°C. Samples were observed using both scanning electron microscopy (SEM)
and transmission electron microscopy (TEM). (A) TEM of K. septempunctata sporoplasm. (B) SEM of K. septempunctata
sporoplasm. (C) TEM of K. septempunctata sporoplasm. 1, sporoplasm; 2, spore; 3, Caco-2 cell; 4, hole on Caco-2 cell; 5, point

of invasion. Dotted line indicates the sporoplasm outline.

sporoplasms on the Caco-2 cell monolayer (Fig. 3B). Cross
section analysis of the spore revealed two spaces for the
sporoplasms (Fig. 3B). After release from the spore, the
sporoplasm swelled and obtained an amoeba-like shape
(Fig. 3C,D). Dense cytoskeletons were developed in the
sporoplasm (Fig. 3E), and the sporoplasm developed pseu-
dopodia (Fig. 3C). The discharge of polar filaments from the
spore was also observed, and the polar filaments adhered to
the cell surface (Fig. 3F).

Sporoplasm invasion of Caco-2 cells

During infection, examination of cross section using TEM
indicated that the sporoplasm intruded directly into the
cytoplasm of Caco-2 cells (Fig. 4A). Examination of infecting
sporoplasms by SEM suggested that this intrusion resulted
in large holes on the Caco-2 cell surface (Fig. 4B). Following
release from the spore, we observed that the cytoskeleton
within sporoplasms became more defined (Fig. 4C). This
reflects the condensation of actin filaments (Alama-Bermejo
et al., 2012), likely to aid in the movement of the sporoplasm
in the Caco-2 cell. We hypothesized that inhibiting actin
polymerization in the sporoplasm would prevent the
movement of sporoplasm, resulting in the inability to re-
lease from spores or invade cells. When we inoculated
K. septempunctata in Caco-2 cells in the presence of cyto-
chalasin D, treatment with 2 uM cytochalasin D completely
inhibited the release of sporoplasm from spores (Fig. 54,
lower panel). In contrast, 1h after infection without cyto-
chalasin D, the sporoplasms had reached the basolateral side
of the Caco-2 cells, as evidenced by confocal microscopy
(Fig. 5A, upper panel). The reduction of TER induced by K.
septempunctata was suppressed by cytochalasin D in a dose-
dependent manner and was completely inhibited at a
concentration of 2uM (Fig. 5B). Collectively, our results
demonstrate that invasion by K. septempunctata sporoplasms
eliminated TER across the Caco-2 cell monolayer. Stopping
cell invasion either by inactivating the spores or by inhibit-
ing the release of sporoplasm prevented loss in TER. The
sporoplasm of K. septempunctata very quickly intruded into
Caco-2 cells and reached the basolateral side of Caco-2 cells
within 1h of infection. This rapid invasion coincides with
the quick reduction of TER and the short lag phase before the
appearance of clinical symptoms.
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FIG.5. Effect of increasing concentrations of cytochalasin D
on sporoplasm-mediated reduction in the transepithelial
electrical resistance. (A) Kudoa septempunctata spores were
inoculated onto differentiated Caco-2 monolayers in medium
containing dimethyl sulfoxide (DMSO) and/or cytochalasin
D and incubated for 1 h at 37°C. Inoculated monolayers were
stained with a-K. septempunctata antiserum and rhodamine
phalloidin, and analyzed by confocal microscopy. 1, cross
section of Caco-2 cell monolayer (actin); 2, spore; 3, spor-
oplasm. (B) K. septempunctata spores were inoculated in dif-
ferentiated Caco-2 cells with various concentrations of
cytochalasin D 2uM, O), (0.2uM, A), (0.02uM, O), or
DMSO (<). Transepithelial electrical resistance (TER) was
measured for up to 3h. Because both cytochalasin D and
DMSO affected permeability of Caco-2 cells, TER is pre-
sented as a ratio to the culture without the inoculation of
spores. Values are the mean+SD from three independent
experiments. *p<0.05; **p<0.01 versus DMSO (Student’s
t-test).
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Conclusion

Our results demonstrate that the invasion of human epi-
thelial cells by K. septempunctata sporoplasms occurs quite
rapidly, resulting in the termination of monolayer confluence
as illustrated by the rapid loss of the TER due to severe damage
of individual cells within the monolayer. Rapid invasion of gut
epithelial cells by K. septempunctata sporoplasms may be a
contributing factor to the diarrhea associated with this patho-
gen, although additional work will be required to further elu-
cidate the mechanisms of pathogenesis in K. septempunctata.
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