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SPECIAL GUEST EDITOR SECTION

Quantitative ELISA Kit for Paralytic Shellfish Toxins Coupled

with Sample Pretreatment

SBHIGERU SATO, YOSHINOBU T AKATA,! SUNAHO Konpo, Akiko Ko1opa, and NAOTO HONGO
Kitasato University, School of Marine Biosciences, 1-15-1 Kitasato, Minami-ku, Sagamihara, Kanagawa 252-0373, Japan
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University of Tokyo, Graduate School of Agricultural and Life Sciences, Department of Aquatic Bioscience, 1-1-1 Yayoi,

Bunkyo-ku, Tokyo 113-8657, Japan

A new ELISA kit to quantitate the level of paralytic
shellfish poisoning (PSP) toxins in crude shellfish
extracts was developed. A conjugate for preparing
antigen and a novel antibody used in the ELISA was
prepared based on the unique reactions between
C11-O-sulfate toxins such as gonyautoxins 2 and

3 (GTX2,3) and various thiol compounds, followed
by coupling to keyhole limpet hemocyanin. The
compounds necessary for competitive ELISA, labeled
toxin and an artificial standard toxin to replace
saxitoxin in the analysis, were also produced by the
same techniques. The resulting ELISA recognized all
the toxin components tested; however, carbamoyl-
N-sulfate derivatives such as B and C toxins and
N1-OH toxins such as neoSTX and GTX1,4 showed
low affinity to the antibody. The difference in the
reactivity of the antibody observed among the toxin
components prevents accurate quantification of

the toxin amounts in shellfish extracts. To address
this problem, the former toxin components were
transformed to corresponding carbamate toxins

by mild HCI treatment according to a conventional
method. The reduction of N1-OH of the latter toxins
to N1-H was performed by our original method using
hemin as a catalyst. We report here the new ELISA kit
coupled with the pretreatment process to transform
the toxin components favorable for the quantitative
analysis of PSP toxins.

become toxic by ingesting them. Human consumption of

toxic bivalves causes food poisonings, often including
lethal cases. Several types of shellfish poisonings are known.
Among them, paralytic shellfish poisoning (PSP) is the most
dangerous because of the potentially fatal paralytic shellfish
toxins (PSTs) and their global occurrence. In the areas where
PSTs are found, their levels in shellfish are regularly monitored.
When their total toxicity exceeds the quarantine limit, shellfish
harvesting in that area is closed to avoid the poisoning. This system
of harvest level monitoring is applied in various countries that

During a bloom of toxic plankton, filter feeding bivalves
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have PST-producing algal blooms. With the help of this system,
severe poisonings from commercial shellfish have been avoided.
Traditionally, shellfish toxicity has been analyzed by mouse
bioassay, or MBA (1), a simple and reliable means of detecting
the PSTs. MBA-based monitoring has protected public health,
since in the areas where shellfish toxicity has been monitored by
MBA, no significant poisoning has been reported (2). However,
the MBA has negative aspects since it requires the use of
laboratory animals. First, mice used for the assay are limited to
healthy males of a single strain, with weight between 18 to 23 g,
and this requirement causes practical problems since mice grow
quickly and so it is difficult to maintain them in the conditions
necessary for the assay. In addition, use of the MBA has been
recently criticized from the standpoint of animal ethics. Thus,
there is a compelling need for finding methods to replace the
MBA.

Several excellent methods for the analysis of PSTs offer
alternatives to the MBA (3). Among these, ELISA is the primary
candidate for a simple and convenient method. Johnson et
al. (4) developed a specific antibody against saxitoxin (STX)
by immunizing the antigen as a conjugate, in which the
guanidinium-N of STX was bound to amino residues on the
surface of a protein using formaldehyde as a linker, opening the
door to the development of ELISAs for PSTs. Using the method
of Johnson et al. (4), several groups have developed their own
antigens and prepared antibodies against PSP toxins using various
conjugated antigens (5-10). These antibodies showed specific
affinity to PSTs with high sensitivity. However, their affinity
showed remarkable differences among the toxin components. It
is quite interesting that N1-OH toxins such as neoSTX always
showed low affinity to the antibody (11-13). Cembella et al. (11)
also tried to develop the antibody by developing a new antigen
in which carrier proteins were replaced with artificial poly-lysine
with alanine as spacers, expecting a new antibody with high
affinity to various toxin components. However, these trials were
not successful in solving the affinity problems since antibodies
were reported to show the similar characteristics reported before.

We are addressing the affinity issues described above by
applying unique chemical reactions between PSP toxins and
thiol compounds we had previously discovered in our PST
metabolism studies, ie., the 1la-O-sulfate PSP derivatives
such as gonyautoxin 2 (GTX2) react with thiol compounds to
form stable conjugates in which C11 of toxins couple with the
sulfur atom of thiols covalently, and that further treatment of the
conjugates with excess amounts of thiols gives C11-O-sulfate-
free toxins (14, 15). These reactions allow us to easily produce
various compounds conjugated with PSTs. We report here a
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Figure 1. Preparation process and estimation sfructure of the
KLH-STX antigen.

simple, rapid, and quantitative assay for PSTs, a novel ELISA
using a new antibody, and a simple two-step sample pretreatment
procedure.

Experimental

Molluscan Shellfish

Scallops (Patinopecten yessoensis) were collected from a
culture farm in Ofunato Bay, Iwate Prefecture, Japan, before,
during, and after a bloom of Alexandrium tamarense. Oysters
(Crassostrea gigas) were collected from a culture farm in
Senzaki Bay, Yamaguchi Prefecture, Japan, during a bloom of
Gymmnodinium catenatum. Mussels (Perna viridis) harvested
during a bloom of Pyrodinium bahamense var. compressum were
obtained from Manila Bay, Luzon, the Philippines. The crude
extracts of bivalves were prepared according to the standard
protocol for MBA (1).

Isoiation of PSP Toxin Components

Equilibrated toxin mixtures such as GTX1 and GTX4
(GTX1,4) and GTX2 + GTX3 (GTX2,3) were purified from
the crude toxic extracts of toxic scallops described above by
column chromatography on activated charcoal (Wako, Osaka,
Japan), Bio-Gel P-2 (200-400 mesh; Bio-Rad, Hercules, CA),
and Bio-Rex 70 (200-400 mesh, Bio-Rad) successively. STX,
neoSTX, GTX5 (B1), and GTX6 (B2) were also purified from
the crude extracts of toxic oysters and mussels in a same way.
An equilibrated mixture of C1 and C2 (C1,2) was purified from
toxic oysters by column chromatography on activated charcoal,
Bio-Gel P-2, and Toyopearl SuperQ-650M (Tosoh, Tokyo,
Japan). Purified toxin components thus obtained were dissolved
in diluted HCI and kept in a freezer until use.

Chemical Analysis of PSP Toxins in Crude Extracts of
Shelffish

Toxin components in the crude extracts of toxic shellfish
collected from different areas of Japan were quantitated by
postcolumn  derivatization fluorometric HPLC according to

Figure 2. Estimation structure of biotin-STX, the competitive
labeled antigen.

Oshima (16) using toxin standards kindly provided by Yasukatsu
Oshima (Tohoku University, Faculty of Agriculture, Sendai,
Japan).

Preparation of Antibody Against STX

Using the reaction between toxin components with
110-O-sulfate and thiol compounds (15), GTX2 was treated with
1,2-ethanedithiol (EDT; Aldrich, St. Louis, MO) to obtain an EDT-
STX complex. Freeze-dried GTX2 (100 umol) was dissolved
in 200 mL of 0.1 M ammonium phosphate buffer (pH 7.4)
and mixed with 50 mL tetrahydrofuran containing 2 mL EDT.
After stirring gently overnight at room temperature, the reaction
mixture was extracted four times with an equivalent volume of
ethyl acetate to remove remaining EDT and tetrahydrofuran. The
EDT-STX conjugate in the aquatic phase was isolated by Bio-Gel
P-2 column chromatography.

Separately, 20 mg keyhole limpet hemocyanin-HG
(KLH, Wako, CAS. No. 9013-72-3) dissolved in 2.5 mL of
0.1 M sodium phosphate buffer (pH 7.4) was mixed with
10 mg N-(4-maleimidobutyryloxy) succinimide (GMBS,
Dojindo), CAS. No. 80307-12-6) dissolved in 150 pL
N-dimethylformamide. The mixture was left at room temperature
for 30 min and applied to a column of Sephadex G-25 (GE
Healthcare, Uppsala, Sweden), fine, 1.5x%35 cm, and eluted with
0.1 M sodium phosphate buffer (pH 6.0). Monitoring the eluate
by absorption at 280 nm, fractions containing the KLH-GMBS
conjugate were collected. After the pH of combined KLH-GMBS
fractions was adjusted to 7.2 by addition of 0.1 M sodium
hydroxide, the solution was mixed with 20 pmol EDT-STX
described above. The reaction mixture was left at 5°C for 2 days
and dialyzed four times against 1 L phosphate buffered saline
without Ca’™ and Mg~ [PBS ()]. Antigen thus obtained was
imnmmized to rabbits and goats using complete and incomplete
adjuvants.

Quantitation of STX Coupled with KLH by
2-Mercaptoethanol (ME)-Treatment

The amount of STX coupled with KLH was estimated from
STX released from the conjugate by ME treatment (14, 15).
Briefly, an aliquot of the solution containing thiol-STX conjugate
such as EDT-STX and the antigen, in which the C11 position of
toxin couples with sulfur atom of the thiol moiety, was diluted
10 or 100 times with 10% ME in 0.1 M sodium phosphate buffer
(pH 7.2) and heated in a boiling water bath for 5 min. Under
these conditions, the conjugates release STX quantitatively. The
amount of STX coupled with thiol at the C11 position can be
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Figure 3. Preparation process and the estimation structure of
PD-STX, the substitute standard of STX in ELISA.

quantitated by comparison of the amount of GTX2, GTX3, and
STX in the solution before and after ME treatment.

Immunization of Animals

The conjugate of KLH-STX was immunized to rabbits and a
goat. In the first month, the antigen was immunized to animals
biweekly with complete adjuvant. After 1 month, animals were
immunized with the antigen mixed with incomplete adjuvant
biweekly. One or 2 mL of blood was collected from each animal
before immunization, and antibody activity against STX was
analyzed.

Monitoring of the Antibody Activity During Immunization

During immunization, the antibody activity of test animals was
monitored as follows. A 50 pL portion of serum collected over
time was mixed with 50 pL of 50 uM STX and left at 5°C for
1 h. Then the mixture was filtered through an Ultrafree-MC filter
(NMWL 5000, EMD Millipore, Billerica, MA), and STX in the
filtrate was analyzed by HPLC fluorometric analysis according to
Oshima (16). The antibody activity of the serum was evaluated
by the amount of STX trapped by the antiserum. The reaction
mixture in which the antiserum was replaced with PBS(-) was
analyzed in the same way as a control.

Preparation of Biotin-STX, a Competitive Labeled Toxin
in ELISA

Biotin-labeled STX (biotin-STX), a competitive labeled
toxin in ELISA, was prepared as follows. Four pmol EDT-STX
dissolved in 2 mL of 0.1 M sodium phosphate buffer (pH 7.4)
was mixed with 4.8 mg maleimido-polyethylene glycol-biotin
(Thermo Scientific, Rockford, IL), and stirred for 2 h at room
temperature. The biotin-labeled STX formed in the reaction
mixture was purified by column chromatography on Bio-Gel P-2.
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Figure 4. UV spectrum of PD-STX.

The concentration of biotin-labeled STX was quantitated as the
amount of STX released by ME treatment as mentioned above.

Novel Fluorescent-Labeled STX, an Alternative
Standard Replaceable with STX in ELISA

A 100 mg amount of N-[2-(2-pyridylamino) ethyl] maleimide
hydrochloride (PAEM, Wako), a water-soluble thiol-reactive
fluorescent reagent, was dissolved in 30 mL of 0.01 M phosphoric
acid and mixed with 300 mg of (+)-dithiothreitol (DTT; Wako).
After the pH of the solution was adjusted to 7.3 by addition of
1% ammonium hydroxide, the solution was gently stirred at room
temperature for 2 h. The reaction mixture was then applied to
a column of Bio-Rex 70 (H" form, 200-400 mesh, 2.5% 6 cm).
After the column was washed with 200 mL water, adsorbed
substances containing PAEM-DTT conjugate were eluted with
200 mL of 0.5 M acetic acid. After freeze drying, the residue
dissolved in a small volume of water was mixed with 20 pmol
freeze-dried GTX2,3 in 20 mL of 10 mM ammonium phosphate
buffer (pH 7.4) and then left at room temperature for 1 day. The
conjugate of PAEM-DTT-STX (PD-STX) formed in the reaction
mixture was isolated by successive column chromatography
on Bio-Gel P-2 and Bio-Rex 70. During purification, the
concentration of PD-STX was monitored by the absorption at
308 nm and the amount of STX released by ME treatment.

Direct 1 Step ELISA for PSP Toxins

Direct 1 step competitive ELISA was designed for the analysis
of PSP toxins as follows. The antiserum from the goat that showed
relatively high antibody activity was stored in a deep freezer
(-80°C). Using a part of the antiserum, the immunoglobulin
G fraction was prepared by conventional ammonium sulfate
precipitation. The obtained fraction was then dissolved in the
same volume of the original antiserum by PBS(—) and used as the
stock antibody solution in the present study. A part of the stock
solution was then diluted 2000 times with PBS(-) and added to a
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Figure 5. Enhancement of antibody activity in a goat and rabbits
during immunization.

96-well ELISA plate (Maxisorp, Nunc, Roskilde, Denmark) for
coating. The plates were then treated with N101 (Nihon Yushi
Co. Lid, Tokyo, Japan) for blocking and used for the analysis.

InELISA, the sample solution, biotin-STX solution (2 nM), and
horseradish peroxidase (HRP)-labeled streptavidin (Funakoshi,
Tokyo, Japan) solution diluted 2000 times with PBS(-) were
added to each well in this order and reacted on the plate. After
washing the plate, orthophenylenediamine (OPD)-hydroperoxide
(H,0O,) solution was added for coloring. Samples were analyzed
in triplicate. The assay procedure is summarized as follows:

(a) Add 50 pL PD-STX reference (0.1, 1, and 10 aM) or
sample solutions to each well of the ELISA plate coated with the
antibody. [Note: Crude extract of shellfish prepared according
to AOAC protocol is diluted 400 times with 0.1 M sodium
phosphate buffer (pH 7.4).]

(b) Add 50 pL biotin-STX to each well.

(¢) Add 50 pL HRP-streptavidin to each well.

(d) Incubate the plate at 37°C for 30 min.

(e) Discard the reaction mixture and wash the wells three
times with PBS containing 0.1% Tween 20.

(f) Add 100 uL coloring reagent (OPD-H,0,) to each well.

(g) Incubate the plate at 37°C for 5 min.

(h) Add 100 pL HCI (2 M) to each well.

(i) Measure 492 nm absorbance of each well with a plate
reader (iMark, Bio-Rad).

(j) Calculate PSP concentration of the sample solution using
the calibration curve obtained from PD-STX references.

Chemical Conversion of PSP Toxins in Shellfish
Extracts

As described in the results, the antibody of the present study
recognized all the PSP toxin components tested. However, a big
difference was observed in the affinity of toxin components to
the antibody. These facts show that the quantitative toxin analysis
of the shellfish extracts is not possible by this ELISA, because
the toxic shellfish extracts are usually mixtures of several toxin
components. In order to use this ELISA as a tool for quantitative
analysis of the mixture of toxin components, it is necessary to
transform the toxin components to those with the same affinity
to the antibody before analysis. Carbamoyl-N-sulfate of the
toxins such as C toxins is well known to be removed by mild HC!
treatment (17). C11-O-sulfate of the toxins could be removed by
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Figure 6. Comparison of the reactivity to the antibody of isolated
toxins by ELISA. PD-8TX, an artificial standard, is also analyzed.

ME treatment. We have recently found that N1-OH toxins are
easily reduced to N1-H toxins by mild reductant such as ascorbic
acid under the presence of heme compounds as a catalyst (18).
Therefore, toxin components except decarbamoyl derivatives can
be converted to corresponding carbamate N1-H toxins such as
GTX2,3 and STX by mild HCI and heme/reductant treatments.
Thus, an aliquot of crude extract prepared from toxic scallops
according to the ACGAC protocol (1) was mixed with the same
volume of 0.3 M HCI and heated in boiling water for 5 min. A
1 mL amount of the HCl-treated extract corresponding to 0.25 g
shellfish tissue was combined with 1 mL of 80 mM ascorbic acid
(Wako) containing 0.4 mM hemin (Wako) in 0.5 M potassium
phosphate buffer (pH 7.4). The mixture was heated again in a
boiling water bath for 5 min. The ascorbic acid/hemin treated
extract was diluted 100 times with 0.1 M sodium phosphate
buffer (pH 7.4) and subjected to the ELISA as mentioned above.
Toxin composition of the crude extract, HCl-treated extract,
and ascorbic acid/hemin-treated extract were analyzed by
flucrometric HPLC according to Oshima (16).

Results and Discussion

PSTs

GTX1,4, GTX2,3, C1,2, neoSTX, GTX5, GTX6, and STX
were successfully purified from toxic shellfish extracts. After
the concentrations of purified toxins were determined by HPLC-
fluorometric analysis (16), these toxins were kept in a freezer
until use.

Conjugate of KLH and STX Used for Antigen

Figure 1 shows the estimation structure of antigen (KLH-STX
conjugate). A 21.3 mg amount of antigen was obtained as
a precipitate after dialysis against PBS(-). When a 2.13 ug
equivalent portion was suspended in 1 mL of 10% ME (w/w)
in 0.1 M sodium phosphate buffer (pH 7.2) and heated in a
boiling water bath for 5 min, 0.67 nmol of STX was detected by
fluorometric HPLC analysis, indicating that 9.4% (w/w) of STX
was coupled with KLH.

Conjugate of Biotin and STX

The conjugate of biotin and STX (biotin-STX; Figure 2) was
prepared by the reaction of EDT-STX and maleimide-PEG2-
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Figure 7. Comparison of the toxin concentration data obtained
from ELISA with those from HPLC-fluorometric analysis. X-axis:
crude extracts of shellfish were analyzed by a fluorometric HPLC
system according to Oshima (16); Y-axis: crude extracts of shellfish
were diluted with 0.1 M sodium phosphate (pH 7.2) and analyzed by
ELISA. Regression line: Y = 0.58X + 2.39 > [ELISA (nmol/g)] = 0.58 x
[HPLC (nmol/g)] + 2.39.

biotin. The conjugate in the reaction mixture was purified by
Bio-Gel P-2 column chromatography. A 2.9 mg amount of biotin-
STX was obtained as a white powder. A part of the conjugate thus
obtained was analyzed for confirmation by a quadrupole mass
spectrometer (API-2000; AB Sciex, Framingham, MA), positive
Q1 scan mode). The data showed significant peaks at m/z 917.8,
m/z 900.0, and m/z 459.5, cotresponding to the pseudo-molecular
ion peaks of [M + H|", [M + H - H,0]", and [M + 2H]"" of the
target compound, respectively.

PD-STX Conjugate

Spectrophotometric analysis of PAEM in 10 mM HCI showed
a characteristic absorbance at 308 nm with the molar extinction
coefficient (&) 7010. By Bio-Rex 70 column chromatography of
the reaction mixture, PAEM-DTT-STX (PD-STX) conjugate was
purified in diluted HCI fraction and obtained as a yellowish solid
(12.4 mg). Figure 3 shows the estimation structure of PAEM-
DTT-STX (PD-STX) conjugate. A quadrupcle mass spectrum
(positive Q1 scan mode) of the isolated material showed ion peaks
at miz 651.6, m/z 326.4, and m/z 217.9, which correspond to the
pseudo-molecular ion peaks of [M + H]", [M + 2H]"", and [M +
3H]™, respectively. Figure 4 shows a UV spectrum of isolated
PD-STX in acidic solution, indicating that UV absorption of PD-
STX is due to the PAEM moiety. Thus, a part of purified PAEM-
DTT-STX was dissolved in 0.01 M HCI. The concentration of the
solution was estimated to be 84.5 pM by UV absorption (308 nm).

R.T. {min)

Separately, the same solution treated with ME was analyzed for
STX by HPLC-fluorometric analysis gave 83.1 = 1.9 pM. These
results support the estimation structure of PD-STX conjugate and
that its concentration can be easily determined spectrometrically.

Development of Antibody Against STX

High antibody activity usually appeared after immunization
for 1 month (Figure 5). No significant difference in antibody
formation was observed between rabbits and goats. Because of
the greater yield of antibody due to animal size, the goat antisera
showing relatively high activity were combined and used for
ELISA.

Response of the Antiserum to Various PSP Toxin
Components

Direct 1 step ELISA was prepared using the goat antibody
described above. Biotin-STX described above was used as a
labeled toxin. Various toxin components such as neoSTX, GTXS5,
GTX6, and the equilibrated mixtures such as GTX1,4, GTX2,3,
and C1,2 were dissolved in PBS(-) and analyzed by ELISA
together with artificial toxin standard (PD-STX) described above.
As shown in Figure 6, STX and GTX2,3 showed the highest and
almost similar affinity to the antibody. Interestingly, the artificial
reference, PD-STX, also showed similar affinity to the antibody
as STX and GTX2,3. This means that PD-STX could be used
as the substitute standard of STX in ELISA. In contrast, other
toxin components such as N1-OH toxins and carbamoyl-N-
sulfate toxins showed much lower affinity to the antibody than
the N1-H toxins such as STX and GTX2,3. Poor correlation (R2=
0.48) was observed between the ELISA data and those of HPLC-
fluorometric analysis on the crude extracts of toxic shellfish
collected in Japan (Figure 7), indicating that some additional
improvement is necessary to quantitate the toxin level in the
crude extracts of shellfish by ELISA.

Figure 8 shows the fluorometric HPLC chromatograms of
diluted HCI extract of toxic scallops. The chromatogram of
the untreated extract is shown on the left: the intact extract. In
addition to the peaks of GTX2 and 3, a significantly higher peak
of GTX4 and a small peak of GTX1 are observed. On the right in
Figure 8 is the chromatogram of the same extract after reduction
with ascorbic acid in the presence of hemin. Note that peaks due
to the N1-OH toxins GTX1 and 4 in the extract have disappeared,
and the peaks arising from the N1-H toxins GTX2 and 3 have
been increased by the treatment. These results show that most of
the N1-OH toxins in the crude extract are transformed to N1-H
toxins such as GTX2 and 3 (and STX) following the reduction
reaction.

Thus, the shellfish extracts described above were treated with
diluted HCl in boiling water to transform the carbamoy! N-sulfate
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Figure 8. Chromatograms showing selective reduction of N1-OH of GTX1,4 to N1-H of GTX2,3 by ascorbic acid under presence of hemin as a
catalyst. Left: before reduction. Right: after reduction. R.T. = retention time.
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Figure 9. Comparison of the toxin concentration data of ELISA
after transformation of toxin components by HCI freatment and
selective reduction in the presence of hemin as a catalyst with
those from HPLC-fluorometric analysis. X-axis: toxin level of crude
extracts of shelifish analyzed by a fluorometric HPLC system
according to Oshima (16); Y-axis: toxin level of crude extracts of
shellfish analyzed by ELISA after the sample treatments with mild
HCI and then selective reduction by ascorbic acid in the presence
of hemin as a catalyst. Regression line: Y= 1.07X + 1.44 > [ELISA
{nmol/g)] = 1.07 x [HPLC (nmol/g)] + 1.44.

toxins to corresponding carbamate toxins. Then, the extracts were
treated with ascorbic acid in the presence of hemin to reduce
N1-OH toxins to N1-H toxins. In Figure 9, the amounts of PSP
toxins of the shellfish extracts treated with ascorbic acid in the
presence of hemin analyzed by ELISA are shown against those
analyzed by HPLC-fluorometry. Both data show good correlation
(R*=0.87), indicating that the ELISA of the present study could
be available for a simple and rapid quantitative analysis of PSP
toxins when combined with transformation procedures of toxins
using HCl treatment and reduction of N1-OH.

As shown in Figure 6, PD-STX reference, STX, and GTX2,3
show almost the same response in the ELISA of the present study.
By the pretreatment of the samples, toxin components other than
STX and GTX2,3 in the samples are transferred to STX and
GTX2,3 and expressed as a total nmols of the toxins. STX has
the highest specific toxicity (2483 MU/umol) among the PSP
toxins accumulated in shellfish (16). If shellfish contains STX
only as the toxic principle, 1.6 nmol of STX in 1 g shellfish tissue
corresponds to the regulation limit, 80 pg STX equivalent/100 g
internationally, or 4 MU/g in Japan. Usually, however,
contaminated shellfish contains more than one toxin component.
Therefore, the toxicity of total toxin concentration (1.6 nmol/g) is
always lower than the corresponding regulation limit on toxicity
because STX and GTX2,3 are the most toxic components. Thus,
the ELISA of the present study could be available for at least
the first screening even though all the toxin components in the
sample are the mixture of STX and GTX2,3.

On the other hand, it has been pointed out that the analysis
method of PSP toxins currently applied for food safety possesses
some problems. One of them is the presence of N21-sulfo toxins
with low toxicity in the shellfish extracts. These toxins easily
transform to N21-sulfo-free components with high toxicity by
mild HCI treatment. Currently, special care is taken for pH of
the extract during preparation of the test solution. If the safe

consumption of shellfish is evaluated by dose of toxins such as
nmole/g instead of the toxicity (MU/g), the cost and labor of
the monitoring will be much reduced. In this case, the current
safe consumption level (80 pg of toxins/100 g of shellfish meat)
is too severe because the specific toxicity of most of the toxin
components contained in the shellfish is much lower than that of
STX. Further discussion will be necessary.
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Abstract: Pufferfish accumulate tetrodotoxin (TTX) mainly in the liver and ovary.
This study aims at investigating the effect of TTX accumulation in the liver of cultured
specimens of torafugu 7akifugu rubripes on the hepatic gene expression by microarray
analysis on Day 5 after the intramuscular administration of 0.25 mg TTX/kg body weight
into the caudal muscle. TTX was detected in the liver, skin and ovary in the
TTX-administered individuals. The total amount of TTX accumulated in the body was
67 = 8% of the administered dose on Day 5. Compared with the buffer-administered
control group, a total of 59 genes were significantly upregulated more than two-fold in the
TTX-administered group, including those encoding chymotrypsin-like elastase family
member 2A, transmembrane protein 168 and Rho GTP-activating protein 29. In contrast,
a total of 427 genes were downregulated by TTX administration, including those encoding
elongation factor G2, R-spondin-3, nuclear receptor activator 2 and fatty acyl-CoA
hydrolase precursor. In conclusion, our results demonstrate that the intramuscular
administration of TTX changes the expression of hepatic genes involved in various
signaling pathways.

Keywords: tetrodotoxin; pufferfish Takifugu rubripes; microarray analysis; gene expression;
intramuscular administration; accumulation; toxification

1. Introduction

Tetrodotoxin (TTX) is a potent neurotoxin, which binds to voltage-gated sodium channels with a
very high affinity, and it is generally accepted that TTX is accumulated at high levels in specific tissues,
such as the liver, ovary and skin, of Takifugu pufferfish [1,2]. The hypothesis that pufferfish
themselves are unable to synthesize TTX is now widely accepted, which is mainly supported by the
fact that cultured specimens are non-toxic, but become toxic by feeding TTX-containing artificial
diets [3-7]. TTX was also found in various wild marine animals, such as worms, annelids, snails, starfish
and crabs [8]. In addition, TTX-producing marine bacteria were isolated from pufferfish, xanthid crab
and red calcareous alga, as well as from marine environments [9-14]. These results support that TTX
is an exogenous substance for TTX-bearing organisms, and the toxification occurs via the food chain,
bacterial parasitism or symbiosis [15,16].

We investigated the in vivo pharmacokinetics of TTX in cultured specimens of torafugu T. rubripes
given a single intravenous and gastrointestinal administration [17,18]. TTX was well introduced into
the systemic circulation from the gastrointestinal tract by a saturable mechanism and rapidly taken up
into the liver. In addition, we developed tissue models of in vitro accumulation/uptake of TTX in the
liver, revealing the involvement of the carrier-mediated transport system in the TTX uptake
mechanism of torafugu 7. rubripes [19-21]. These results strongly indicate that pufferfish have a
special function to actively accumulate TTX in the liver at high concentrations.

We previously investigated the genes related to the accumulation of TTX in the liver by comparing
mRNA expression patterns in the wild marine pufferfish, 7. chrysops and T. niphobles, which have
different concentrations of TTX in the liver using mRNA arbitrarily-primed (RAP) RT-PCR [22].
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Briefly, RAP RT-PCR provided a 383-bp ¢cDNA fragment, and its transcripts were higher in toxicity
than non-toxic pufferfish liver. Its deduced amino acid sequence was similar to those of fibrinogen-like
proteins reported for other vertebrates. The cDNA fragment of 383 bp was composed of at least three
fibrinogen-like protein (flp) genes (flps), flp-1, flp-2 and flp-3, in the liver of 7. chrysops and
T. niphobles containing high concentrations of TTX, and the relative mRNA levels of these genes
showed a linear correlation with TTX levels in the liver of the two species. The gene encoding flp-1 in
the liver of 7. niphobles located in scaffold 628 of the Fugu Genome Database, and the amino acid
sequence in a C-terminal region of flp-3 in 7. chrysops liver was homologous to hepeidin precursors of
the spotted green pufferfish, Tetraodon nigroviridis, European sea bass Dicentrarchus labrax, mouse
and human. In addition, we also examined the hepatic gene expression profile in cultured torafugu by
suppression subtractive hybridization (SSH) at 12 h after the intramuscular administration of
0.50 mg TTX/kg body weight into the caudal muscle [23]. The intramuscular administration of TTX
increased the transcripts encoding acute-phase response proteins, such as hepcidin, complement C3,
serotransferrin, apolipoprotein A-1 and high temperature adaptation protein Wap65-2 in the liver at
12 h after administration. Very recently, we performed DNA microarray analysis with total RNAs
from toxic and non-toxic wild pufferfish [24]. The mRNA levels of 1,108 transcripts were more than
two-fold higher in toxic than in nontoxic specimens, and the expression levels of nine genes were
upregulated more than 10-fold in toxic ones. It was noted that proteins encoded by these genes are
related to vitamin D metabolism and immunity. It is unclear, however, whether the transcripts of these
genes are involved in TTX disposition and how they function in pufferfish. Thus, the biological and
physiological significance of TTX in pufferfish remains unknown.

In this study, we performed DNA microarray analysis on the liver of marine pufferfish 7. rubripes
at five days after the intramuscular administration of 0.25 mg TTX/kg body weight into the caudal
muscle to investigate the effect of TTX accumulation into the liver on the hepatic gene expression and
to identify the genes possibly related to TTX accumulation in the liver. This study would answer
questions beyond just the transcriptomic changes that may help drive TTX accumulation in the liver
and also contribute to better understanding how the transcriptomic response can limit the toxicity of
TTX to pufferfish.

2. Experimental Section
2.1, Materials

Experimental marine pufferfish 7. rubripes specimens (18 months old, approximately 1 kg body
weight), cultured by the flow-through aquaculture system that efficiently utilized the underground
seawater from the Kanmon Tunnel at the Aquaculture Station, Kawaku Co., Ltd. in Shimonoseki,
Yamaguchi Prefecture, Japan, were used in the present study. The temperature of the seawater was
constant at around 20 °C throughout the year, and fish were fed arbitrarily with commercial diets.
TTX used in the administration study was purified from the ovary of wild pufferfish 7. rubripes
collected at the coastal area of the Genkai-nada Sea in Japan by a combination of ultrafiltration and
a series of column chromatographic separations, as reported previously [21]. Crystalline TTX (Wako Pure

92



Microarrays 2014, 3 229

Chemicals Industries, Osaka, Japan) was used as a standard for the liquid chromatography-fluorescence
detection (LC-FLD) analysis. All other reagents were of analytical grade.

2.2. TTX Administration and Sample Preparation

The administration experiments were carried out at Kawaku Aquaculture Station in September, 2010.
TTX was dissolved in modified Hank’s balanced salt solution buffer (160 mM NaCl, 5.4 mM KCl,
0.34 mM NaHPOs, 0.44 mM KH;POs, 10 mM 4-(2-hydroxyethyl)-1-piperazineethanesulfonic acid,
adjusted to pH 7.4 with NaOH solution), and five pufferfish specimens (0.99 + 0.06 kg body weight)
received an intramuscular injection of 0.25 mg TTX/500 pL/kg body weight into the caudal muscle
and were maintained in a 1000-L circular culture tank using the flow-through aquaculture system for
5 days at 20 °C (the TTX-administration group, city, state, country). On Day 5 after administration,
these fish were removed from the circular culture tank, and their tissues were dissected. The liver was
cut into 5-mm pieces, immediately stored in RNAlater solution (Applied Biosystems, Foster City, CA,
USA) and stored at —80 °C until use. For the control group, five pufferfish specimens (1.02 + 0.06 kg
body weight) were given an intramuscular injection of the buffer (500 pL/kg body weight) that did not
contain TTX, and the liver samples were prepared as described above. The remaining liver samples
and other tissues (ovary, skin, and muscle) were stored at —20 °C for TTX determination by LC-FLD.

2.3. TTX Extraction and Quantification

TTX was extracted from the tissue samples with 0.1% acetic acid by heating in a boiling water bath
for 10 min after ultrasonication for 1 min according to the standard assay procedures for TTX [25].
TTX quantification was performed by LC-FLD analysis according to the methods of Nagashima et al. [26]
and Shoji et al. [27] with some modifications. Briefly, the analytical column was a Wakopak Navi C30-5
(4.6 mm i.d. x 250 mm, 5 mm particle size, Wako Pure Chemical Industries, Osaka, Japan) and
maintained at 25 °C. The mobile phase consisted of 5 mM sodium heptanesulfonate in 10 mM
ammonium formate (pH 5.0) containing 1 vol% acetonitrile and was eluted at a flow rate of
1.0 mL/min. The eluates were heated at 105 °C with 4 N NaOH (flow rate 1.0 mL/min) in a Teflon
tubing (0.5 mm i.d. x 20 m). The reaction products were cooled by flowing through the stainless tube
(0.46 mm id. x 0.3 m) kept in ice-cold water and detected by an FP-2020 fluorescence detector
(JASCO, Tokyo, Japan) with excitation at 365 nm and emission at 510 nm.

2.4. RNA Extraction for Microarray Analysis

Total RNAs were extracted from the liver samples of each group using the RNeasy Lipid Tissue Mini
Kit (Qiagen, Hilden, Germany), as described in the manufacturer’s instructions. Total RNA concentrations
were measured using a NanoPhotometer (IMPLEN, Munich, Germany), and the quality of total RNA
was analyzed by agarose gel electrophoresis.
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2.5. Preparation of Fluorescently-Labeled cRNA and Microarray Analysis

A custom 44k oligonucleotide microarray was designed using the Agilent eArray application
(Agilent Technologies, Santa Clara, CA, USA) [28] based on the predicted cDNA data (FUGU version 4)
of the genome assembly [29]. A 700-ng aliquot of total RNAs extracted from the liver sample each of
TTX-administered and control groups was mixed with One-Color Spike-Mix (Agilent Technologies),
reverse-transcribed and labeled with Cy3 using the Quick Amp Labeling Kit (Agilent Technologies).
Cy3-labeled cRNA was purified using the RNeasy Mini Kit (Qiagen) and fragmented using the Gene
Expression Hybridization Kit (Agilent Technologies). The samples were mixed with an equal volume
of hybridization buffer and transferred on the microarray slide glass, which was subsequently
incubated at 65 °C for 17 h. After hybridization, the microarray glass slides were washed with gene
expression wash Buffer 1 at room temperature for 1 min and rinsed with gene expression wash
Buffer 2 at 37 °C for 1 min. The slide glasses were then dried with nitrogen gas and scanned
immediately using a GenePix4000B scanner (Axon Instruments, Foster City, CA, USA). The scanning
image files were converted into expression data using Feature extraction software version 10.7.3
(Agilent Technologies) [30]. Microarray data analysis was performed using GeneSpring GX software
version 11.0 (Agilent Technologies) [31]. The raw expression values were normalized, and gene
expression ratios were calculated by normalizing the TTX-administered versus control group.
Differentially expressed genes in the TTX-administered group were selected based on a >2.0-fold change.

2.6. Quantitative Real-Time PCR

The differential expression of chymotrypsin-like elastase family member 2A (cela2a), which was
the highest upregulated gene in the TTX-administered group, was further validated by quantitative
real-time PCR. Briefly, total RNAs were extracted from the liver samples by the above protocol and
treated with DNase 1 (Invitrogen, Carlsbad, CA, USA). First-strand ¢cDNAs were constructed using
oligo-dT20 primers and SuperscriptTM III reverse transcriptase (Invitrogen), as described in the
manufacturer’s instructions. Real-time PCR was performed in a 20-uL reaction mixture containing
2 uL of ¢cDNA (1:20 dilution), 10 uL of SYBR Premix Ex Taq II (Takara Bio, Otsu, Japan), 0.4 pL of
ROX reference dye (Takara Bio), 0.8 pul of 10 uM gene-specific forward primer and 0.8 uL of 10 uM
gene-specific reverse primer on an ABI7300 Real-Time PCR System (Applied Biosystems). Reactions
were as follows: 95 °C for 30 s; then 40 cycles of 95 °C for 5 s and 60 °C for 31 s. The relative fold change
of the cela2a mRNA expression level was determined by the comparative delta threshold cycle (ACt)
method for relative quantification based on the beta actin 1 mRNA (Accession Number U37499.1)
expression level. The gene-specific primers were designed using Primer Express software version 3.0
(Applied Biosystems) [32], and the sequences are as follows: 5-CTCTTCCAGCCATCCTTCCTT-3'
(forward) and 5-GACGTCGCACTTCATGATGCT-3' (reverse) for beta actin 1 (Accession No.
U37499.1) and 5-GGCACCACACCTTCAATCCT-3' (forward) and S-GGCTGGGAACAGATGGA
ATG-3' (reverse) for cela2a (Ensemble FUGU ID, ENSTRUT00000045544).
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2.7. Data Analysis and Statistics

Data from the quantitative real-time PCR are expressed as the mean + standard error (SE),
and the Student’s #-test was used to analyze the significance of differences among the means at the
level of p < 0.05.

3. Results
3.1. TTX Determination

TTX in the tissues of pufferfish 7. rubripes on Day 5 after administration was analyzed by LC-FLD.
TTX was detected only in the tissues from the TTX-administered group, but not from the control group
(<0.15 ug TTX/g tissue). The concentration and total amounts of TTX in the tissues are summarized in
Table 1. The concentration was highest in the liver followed by the skin and ovary, whereas TTX in
the muscle was not at the detectable level. The ratio of the total amount of TTX accumulated to that
administered was quite high (about 70%). |

Table 1. Tetrodotoxin (TTX) concentrations and contents in the tissues of Takifugu rubripes
specimens in the TTX-administered group.

No. Sex Body weight  Dose TTX concentration (ng/g) Total amount Accumulation
(kg) (ng) Liver Skin Ovary Muscle (ng) (% of dose)
1 F 1.14 285 0.48 0.30 543 ND.! 145 51
2 F 0.84 210 0.68 0.97 5.30 N.D. 162 77
3 F 1.00 250 1.12 0.62 4.97 N.D. 206 82
4 F 1.10 275 0.54 0.33 4.51 N.D. 124 45
5 M 0.86 215 1.35 0.79 ND.! ND. 176 82
Mean+SE 099+0.15 247+£15084+0.17060+0.13505+021 N.D. 163+ 14 67+8

! N.D.: not detected (<0.15 ng TTX/g tissue).
3.2. Gene Expression Analysis

To identify the differentially expressed genes between the TTX-administered pufferfish 7. rubripes
liver and control, the cDNA microarray analysis was performed using the Agilent eArray platform.
A total of 59 genes were found to be upregulated more than two-fold with a p-value <0.05 in the
TTX-administered group, as shown in Figure 1. The genes upregulated three-fold and more were
extracted and are listed in Table 2. The highest upregulated gene was chymotrypsin-like elastase
family 2A, and its fold change (FC) value was 37.6. The upregulated genes were assigned to have
major molecular functions of the putative translated proteins based on their gene ontology information
and the Gene Ontology Database [33] As shown in Figure 2, genes involved in enzyme and cofactors
(metabolism) and transcription accounted for 27.1% and 15.3%, respectively, whereas those involved
in receptor activity, protein binding and metal ion binding accounted for 13.6%, 10.2% and
8.5%, respectively.
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Figure 1. Fold change analysis of 486 genes differentially expressed in the liver of
Takifugu rubripes. The histogram shows the fold change values for 427 downregulated
genes (left) and 59 upregulated genes (right) in the liver of 7. rubripes on Day 5 after the
intramuscular administration of TTX.
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Figure 2. Functional classification of 59 genes significantly upregulated in the liver of
Takifugu rubripes in the TTX-administered group.

Unknown
Transport vesicle 11.9% \
1.7% / Enzyme, cofactor
Q,
Transporter activity 21.1%
3.4%
Transcription facmr/
15.3% ' Ion channel activity
5.1%
Structural molecule -// Lipid binding
L7% 1.7%
Metal ion binding
Receptor activity \ 8.5%
13.6% Protein binding
10.2%

96



Microarrays 2014, 3 233
Table 2. List of genes upregulated in the liver of the TTX-administered pufferfish Takifugu
rubripes group compared to those in the buffer-administered control group (FC ! >3.0).

Ensemble ID Gene Predicted description Functional FC

name classification

ENSTRUT00000045544 Cela2a Chymotrypsin-like elastase family member 2A Enzyme, cofactor 37.6

ENSTRUTO00000041722 Tmeml168  Transmembrane protein 168 Transport vesicle 20.0

ENSTRUT00000006023  Arhgap29  Rho GTPase-activating protein 29 Enzyme, cofactor 12.1

; T. rubripes calcium channel alpha-1 subunit homolog
ENSTRUTO00000034782 Kcnmal Ion channel activity  10.4
(AF026198.1)
I rubripes nicotinic acetylcholine receptor alpha 9d subunit
ENSTRUT00000004724  Chrna9 Ton channel activity 8.1
(AY299471.1)
ENSTRUTO00000038610 Csmdl CUB and sushi domain-containing protein 1 Protein binding 7.0
ENSTRUT00000036792  Serinc4 Serine incorporator 4 Transporter activity 6.8
ENSTRUT00000026094 Cl40rfl135 Pecanex-like protein C14orf135 Unknown 6.6
ENSTRUTO00000046072  Lrp2 Low density lipoprotein receptor-related protein 2 Receptor activity 54
ENSTRUTO00000046718 Col27al Collagen alpha-1(XXVII) chain A-like Structural molecule 5.2
ENSTRUT00000000397 Klhi32 Kelch-like protein 32 Protein binding 45
ENSTRUT00000000173 Elk4 ELK4, ETS-domain protein Transcription factor 4.3
ENSTRUT00000025902  Zbtb45 Zinc finger and BTB domain-containing protein 45 Transcription factor 4.3
ENSTRUT00000020252  Spsbl SPRY domain-containing SOCS box protein 1 Receptor activity 43
ENSTRUT00000032342 Dysf Dysferlin Lipid binding 4.1
ENSTRUTO00000003310  Scn2b Sodium channel beta-2 subunit Ion channel activity 4.0
ENSTRUT00000011167 LoxI2 Lysyl oxidase homolog 2 Enzyme, cofactor 39
ENSTRUT00000017057 Dmbx1 Diencephalon/mesencephalon homeobox protein 1 Transcription factor 3.9
ENSTRUT00000023088 Clk2 Dual specificity protein kinase CLK2 Enzyme, cofactor 39
ENSTRUT00000045827 Myo3b Myosin-IIIb Enzyme, cofactor 38
ENSTRUT00000025143 Megfl1 Multiple epidermal growth factor-like domains protein 11 Metal ion binding 37
ENSTRUTO00000003539  Slcd4al Choline transporter-like protein 1 Transporter activity 3.7
ENSTRUTO00000017798 Cc4 Carbonic anhydrase 4 Enzyme, cofactor 35
ENSTRUT00000006962 OR4563-2  TI. rubripes odorant receptor (DQ306241.1) Receptor activity 35
ENSTRUT00000024316  Pitpnm2 Membrane-associated phosphatidylinositol transfer protein 2 Metal ion binding 34
ENSTRUT00000030952  Ptafr Platelet-activating factor receptor Receptor activity 34
ENSTRUT00000038903 Hepacam?2 HEPACAM family member 2 Unknown 34
ENSTRUT00000043658  Gpr22 Probable G-protein coupled receptor 22 Receptor activity 33
ENSTRUT00000031306 Ptpn2 Tyrosine-protein phosphatase non-receptor type 2 Enzyme, cofactor 33
ENSTRUTO00000019629  Eps1511 Epidermal growth factor receptor substrate 15-like 1 Receptor activity 32
Membrane-associated DHHCS zinc finger protein

ENSTRUT00000036590  Zdhhc8 Enzyme, cofactor 32
(NM_001078596.1)

ENSTRUT00000031045 Rheb GTP-binding protein Rheb Enzyme, cofactor 32

ENSTRUT00000047583  Agap?2 Arf GAP with GTPase domain, ankyrin repeat and PH domain 2 Enzyme, cofactor 3.0
Peroxisome proliferator activated receptor gamma coactivator 1 :

ENSTRUTO00000017824 Ppargcla Receptor activity 3.0

alpha (DQ157766.1) :

ENSTRUT00000027961 Pfkp 6-phosphofructokinase type C Enzyme, cofactor 3.0

ENSTRUT00000029743  E2£2 Transcription factor E2F2 Unknown 30

LFC is the average fold change of the TTX-administered (n = 5) compared to the buffer-administered control group (n = 5).

97



