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The intestinal absorption mechanism of domoic acid (DA) was investigated using Caco-2 cells. DA is a tri-
carboxylic amino acid that contains a glutamic acid moiety, and causes deficits in short-term memory by
binding to glutamate receptors as an agonist of glutamic acid. Caco-2 cell monolayers cultured on perme-
able membranes were incubated with 100 uM DA on either the apical or basolateral side, and the trans-
cellular transport of DA was measured. The transcellular transport of DA from the apical to basolateral
side was about twofold that in the opposite direction. The transcellular transport of DA from the apical
side was optimal at a neutral pH, and was temperature- and CI™-dependent, but was Na*-independent.
Coincubation of DA with 4,4’-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS), an anion exchange inhib-
itor, significantly decreased the apical-to-basolateral transport of DA by 48%, and coincubation with pro-
benecid (a non-specific anion transport inhibitor) significantly decreased the transport of DA by 31%. In
contrast, coincubation with glutamic acid, succinic acid (a dicarboxylic acid), or citric acid (a tricarboxylic
acid) did not decrease the transport of DA. These results suggest that the apical-to-basolateral transport

of DA across the Caco-2 cell monolayers is mediated by DIDS-sensitive anion transporters.

© 2011 Elsevier Ltd. All rights reserved.

1. Introduction

Domoic acid (DA) is a potent excitotoxin produced by various
marine algae and diatoms, and it has been found in marine wildlife
throughout the world via the food web (Lefebvre and Robertson,
2010). DA is a tricarboxylic amino acid that contains glutamic acid
moiety, and causes deficits in short-term memory by binding to
glutamate receptors in the hippocampus as an agonist of glutamic
acid (Wright et al., 1989; Hampson et al., 1992; Lefebvre and Rob-
ertson, 2010).

As most studies on DA using experimental animals have focused
on the mechanisms of neurotoxicity, limited information is avail-
able on the intestinal absorption, distribution, metabolism, and
excretion (ADME) of DA after ingestion. Truelove and Iverson
(1994) investigated the pharmacokinetics of DA in monkeys and
rats after intravenous dosing, and reported the rapid excretion of
DA: the plasma half-life for DA was 114.5 min in monkeys and
21.6 min in rats. Suzuki and Hierlihy (1993) investigated the excre-
tion of DA in rats after intravenous dosing, and reported that DA
was completely recovered in the urine within 160 min and that
this excretion was not affected by treatment with probenecid, a
competitive inhibitor of renal anion transport systems. The absorp-
tion rate of DA, estimated from the urinary excretion of DA after

* Corresponding author. Tel./fax: +81 0133 23 3902.
E-mail address: endotty@hoku-iryo-u.ac.jp (T. Endo).

0278-6915/$ - see front matter ® 2011 Elsevier Ltd. All rights reserved.
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oral administration, was trace in both monkeys (4-7%) and rats
(1.8%) (Truelove et al., 1996, 1997).

Ross et al. (2000) investigated the effects of DA on the uptake of
glutamic acid in rat astrocytes, and reported that DA inhibited the
uptake of glutamic acid in a dose-dependent manner. Some re-
search groups reported that the uptake of glutamic acid across
intestinal brush border membranes is predominantly mediated
by a Na*-dependent transport system (Rajendran et al., 1987; Nick-
lin et al., 1995; Mordrelle et al., 2000). These results led us to the
hypothesis that DA absorption is mediated via the same trans-
porter as that for glutamic acid. Furthermore, the possibility of
DA absorption via monocarboxylic, dicarboxylic, or tricarboxylic
acid transporter(s) as well as other transporters can be speculated.

In the present study, we investigated the absorption mecha-
nism of DA using Caco-2 cells, which are morphologically and func-
tionally similar to human small intestinal epithelial cells and
widely used to predict intestinal “in vivo” absorption in humans
(Hilgers et al., 1990).

2. Materials and methods
2.1. Materials

Dulbecco’s modified Eagle's medium (DMEM), glycylsarcosine, benzoic acid,
glutaric acid, acetic acid, succinic acid, citric acid, p-aminohippuric acid, tetraethy-
lammonium, probenecid, 1-proline, 1-leucin, 1-lysine, L-tryptophan were purchased
from Wako Pure Chemical Industries, Ltd. (Osaka, Japan). L-Lactic acid, t-alanine, 1~
glutamic acid, t-asparatic acid, sulfobromophthalein, estron-3-sulfate, y-aminobu-
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tyric acid, 4,4'-diisothiocyanostilbene-2,2'-disulfonic acid (DIDS) were purchased
from Sigma Chemical Co. (St. Louis, MO). Fetal bovine serum (FBS) and nonessential
amino acid (NEAA) were obtained from Life Technologies (Rockville, MD). All other
chemicals were commercial products of reagent grade.

Domoic acid (DA) was extracted with hot water from the red alga Chondria ar-
mata collected in July 2007 in Kagoshima Prefecture, Japan. The extract was purified
by successive column chromatographies (3 x 45 and 2 x 45 cm) packed with re-
versed-phase silica gel (Wakosil 25 C18, Wako Pure Chemical Industries, Ltd., Osa-
ka, Japan) and preparative HPLC with a Develosil ODS-5 column (1 x 25 cm,
Nomura Chemical Co. Ltd., Seto, Japan). The mobile phase of 1% acetic acid in 10%
acetonitrile was mainly used for purification. DA was monitored during the purifi-
cation process by HPLC with UV detection (242 nm) according to a slightly modified
version of Quilliam's method (Quilliam et al., 1989; Kotaki et al,, 1999) in which a
Develosil ODS-5 column (4.6 x 250 mm) with a mobile phase of 10% acetonitrile in
20 mM NaH;PO, buffer (pH 2.5) was used. DA of 95% purity was obtained by above
purification procedures. Absence of isomers such as isodomoic acids A and B and 5'-
epi-domoic acid was also confirmed by HPLC analysis.

2.2. Cell culture

Caco-2 cells were obtained from RIKEN Cell Bank (Tsukuba, Japan) at passage
40, and used between passages 50 and 85. Caco-2 cells were cultured on permeable
membranes (Cell Culture Insert, 0.4 pm, 0.9 cm? growth area; Becton Dickinson,
Bedford, MA) in DMEM containing FBS (10%), NEAA (1%), streptomycin (100 g/
mL) and penicillin G (70 pg/mL) at 37 °C under a humidified atmosphere of 5%
C0,-95% air. The volume of culture medium on the apical and basolateral sides
was 0.5 and 1.5 mL, respectively, and the medium was replaced every 2 or 3 days
after seeding.

2.3. Transport experiments

Confluent cultures of Caco-2 cell monolayers (cultured for 21 or 22 days) with
the transepithelial electrical resistances (TERs) of more than 350 Q cm® were used
for the transport experiments. These experiments were performed as described pre-
viously (Kimura et al., 2005, 2009). Briefly, the culture medium was replaced with
the same volume of incubation medium, and the cell monolayers were preincu-
bated at 37 °C or 4 °C for 20 min. The incubation medium used for the transport
study was Hanks' balanced salt solution (137 mM Nadl, 5.36 mM KCl, 0.952 mM
CaCl;, 0.812mM MgS0O, 0.441 mM KH,PO, 0.385mM NayHPO,) containing
25 mM p-glucose and 10 mM MES (pH 5.5, 6.0 or 6.5) or 10 mM HEPES (pH 7.0,
7.4 or 8.0). After preincubation, the cell monolayers were incubated with 100 M
DA in fresh incubation medium from either the apical or basolateral side for the
indicated times at 37 °C or 4 °C.

In order to investigate the Na* dependence of the transcellular transport of DA,
NaCl in the incubation medium was replaced with equimolar choline chloride or
KCl, and Na;HPO,4 was omitted from the medium. Furthermore, the cell monolayers
were pretreated with 0.5 mM ouabain, a Na/K-ATPase inhibitor (Nicklin et al., 1995;
Kimura et al., 1996), before incubation with DA. To examine the effect of an anion
exchange inhibitor, the cell monolayers were coincubated at 37 °C for 60 min with
100 M DA and 0.1 or 1.0 mM DIDS (Ogihara et al., 1999). To examine the effect of
CI7, NaCl, KCI and CaCl, in the incubation medium were replaced with their respec-
tive gluconate saits. In the inhibition study, the cell monolayers were coincubated
at 37 °C for 60 min with 100 pM DA and various compounds from the apical side.

2.4. Determination of domoic acid

DA was determined using an HPLC system consisting of a Shimadzu LC-10A
pump and SPD-10A UV detector. The analytical conditions were as follows: column,
Inertsil VP-ODS (4 x 250 mm; GL Sciences, Inc., Tokyo, Japan); mobile phase,
20 mM NaH,PO4 buffer (pH 2.5)/acetonitorile (80:10 (v/v)); flow rate, 0.8 mL/
min; wavelength, 242 nm.

2.5. Statistical analyses

The data were analyzed by either Student's t-test or Scheffe's multiple compar-
ison test after analysis of variance using the Statcell 12 program. The level of signif-
icance was set at p < 0.05.

3. Results

3.1. Time course of domoic acid transport across Caco-2 cell
monolayers

The time course of the transcellular transport of DA across Caco-
2 cell monolayers was investigated. Caco-2 cells were incubated at
37°C with 100 pM DA from either the apical or basolateral side
(Fig. 1). The transcellular transport of DA from the apical to baso-

lateral side and from the basolateral to apical side increased line-
arly until 60 min. The apical-to-basolateral transport of DA was
about twofold that in the opposite direction. As a result of the pref-
erential transport of DA, further studies were focused on the api-
cal-to-basolateral transport.

3.2. Effect of apical pH on the transcellular transport of domoic acid
across Caco-2 cell monolayers

Caco-2 cell monolayers were incubated in incubation medium
containing 100 uM DA on the apical side at 37 °C for 60 min at dif-
ferent pH values (Fig. 2). A change in pH from 7.4 to 6.4 did not af-
fect the transcellular transport of DA, but DA transport at pH 5.5
(88.8%) and pH 8.0 (74.1%) was significantly lower than that at
pH 7.4.

3.3. Effects of temperature and sodium on the transcellular transport
of domoic acid across Caco-2 cell monolayers

The effects of low temperature and Na* on the transcellular
transport of DA were examined (Fig. 3). Incubation at low temper-
ature (4 °C) significantly reduced the transcellular transport of DA
by 75.0%; however, Na*-free conditions, achieved by the replace-
ment of NaCl in incubation medium with equimolar choline chlo-
ride or KCl, did not decrease the transcellular transport of DA. In
addition, pretreatment with 0.5 mM ouabain, a Na*/K*-ATPase
inhibitor, did not decrease the transport of DA.

3.4. Effects of DIDS and chloride ions on the transcellular transport of
domoic acid across Caco-2 cell monolayers

Transcellular transport of DA from the apical membrane via the
anion exchanger was investigated (Fig. 4). Coincubation with DIDS,
an anion exchange inhibitor, significantly inhibited the transcellu-
lar transport of DA in a dose-dependent manner: coincubation
with 0.1 and 1.0 mM DIDS caused a 19.6 and 47.8% inhibition of
DA transport, respectively.

The effect of CI™ on the transcellular transport of DA was also
examined (Fig. 5). The replacement of Cl~ by gluconate ions in
the incubation medium on the apical side slightly but significantly
decreased DA transport, and coincubation with DIDS caused a fur-
ther decrease in DA transport. The replacement of CI™ in the med-
ium on both the apical and basolateral sides markedly decreased
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Fig. 1. Time course of domoic acid transport across Caco-2 cell monolayers. Caco-2
cell monolayers were incubated at 37 °C with 100 uM domoic acid added to the
apical or basolateral medium. Each point represents the mean with S.E. for 3-6
determinations.
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Fig. 2. Transcellular transport of domoic acid across Caco-2 cell monolayers at
various pH values of the apical medium. Caco-2 cell monolayers were incubated at
37 °C for 60 min with 100 pM domoic acid added to the apical medium at various
pH values. The pH of the basolateral medium was maintained at pH 7.4. Each point
represents the mean with S.E. for five or six monolayers. *Significantly different
from the apical medium at pH 7.4

DA transport by 45.6%, and this decrease in DA transport was the
same as that caused by coincubation with 1.0 mM DIDS (Fig. 4).

3.5, Effects of various compounds on the transcellular transport of
domoic acid across Caco-2 cell monolayers

In order to characterize the transport system responsible for the
apical-to-basolateral transport of DA, the effects of various com-
pounds on DA transport were examined (Table 1). Coincubation
with probenecid, a non-specific inhibitor of anion transport, signif-
icantly decreased the apical-to-basolateral transport of DA by
31.5%. In contrast, coincubation with tetraetylammonium, a typical
substrate of organic cation transport systems (OCTs), and p-amin-
ohippuric acid, a typical substrate of organic anion transport sys-
tems (OATs), did not decrease the transport of DA, Amino acids
(t-leucin, 1-proline, i-tryptophan, r-asparatic, L-glutamic and vy-
aminobutyric acids), monocarboxylic acids (i-lactic, acetic and
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Fig. 3. Effects of temperature and sodium of transcellular transport of domoic acid
across Caco-2 cell monolayers. Caco-2 cell monolayers were preincubated with
0.5 mM ouabain from both the apical and basolateral sides at 37 °C for 30 min. The
cell monolayers were incubated with 100 pM domoic acid in HBSS, or sodium-trace
HBSS (choline chloride and KCl) from the apical side at 4 or 37 °C for 60 min. Each
point represents the mean with S.E. for five or six monolayers. *Significantly
different from control.
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Fig. 4. Effect of DIDS on the transcellular transport of domoic acid across Caco-2 cell
monolayers, Caco-2 cell monolayers were incubated at 37°C for 60 min with
100 uM domoic acid added to the apical medium at pH 7.4 in the presence or
absence of 0.1 or 1.0 mM DIDS. Each point represents the mean with S.E. for six
monolayers. *Significantly different from the control.

benzoic acids), dicarboxylic acids (glutaric and succinic acids), tri-
carboxylic acid (citric acid), estrone-3-sulfate and sulfobromo-
phthalein (substrates of the organic anion transporting
polypeptide family; OATPs) and glycylsarcosine (a substrate of
peptide transporters) did not decrease the apical-to-basolateral
transport of DA (Table 1).

4. Discussion

We investigated the transcellular transport mechanism of DA
using Caco-2 cell monolayers cultured on permeable membranes.
The transcellular transport of DA from the apical to basolateral side
was about twofold that in the opposite direction (Fig. 1). The trans-
cellular transport of DA from the apical side was both temperature-
and Cl~-dependent, and optimal at neutral pH, but was Na*-inde-
pendent (Figs. 2 and 3). In addition, the transport of DA from the
apical to basolateral side was significantly decreased (approx.
50%) by coincubation with 1.0 mM DIDS (Fig. 4): the preferential
direction of DA transport was diminished by the coincubation with
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Fig. 5. Effect of chioride ion gradient on the transcellular transport of domoic acid
across Caco-2 cell monolayers, Caco-2 cell monolayers were incubated at 37 °C for
60 min with 100 pM domoic acid added to the apical medium at pH 7.4 in the
presence or absence of 1.0 mM DIDS. Cl™-free conditions: chloride ion-free apical
and basolateral media, Cl™-gradient conditions: chloride ions-free apical medium.
Each point represents the mean with S.E. for six monolayers. *Significantly different
from the control. *Significantly different from the Cl™-free conditions or from the
Cl™-gradient with DIDS.
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Table 1
Effects of various compounds on the transcellular transport of domoic acid across
Caco-2 cell monolayers.

Compound Concentration (mM) Domoic acid transport
(% of control)

Control 100.0 £ 4.59
Tetraethylammonium 10 99.5+£3.54
p-Aminohippuric acid 10 97.8+2.79
Probenecid 10 68.5+2.76"
Succinic acid 10 97.3+4.16
Glutaric acid 10 8344282
Citric acid 10 87.6+2.11
\-Lactic acid 10 88.1£2.43
Acetic acid 10 89.9+3.87
Benzoic acid 10 87.5+5.07
Sulfobromophtalein 1 88.0+4.25
Estrone-3-sulfate 1 90.3 +2.39
L-Asparatic acid 10 85.8+3.75
1-Glutamic acid 10 8574252
L-Alanine 10 84.6+1.93
L-Proline 10 88.7 £ 4.87
\-Leucin 10 83.1+3.92
1-Lysine 10 97.2+2.76
1-Tryptophan 10 89.5+4.56
y-Aminobutyric acid 10 91.4+3.86
Glycylsarcosine 10 93.6£4.03

Caco-2 cell monolayers were coincubated with 100 pM domoic acid and various
compounds on the apical side at 37 °C for 60 min. Each point represents the
mean £ S.E. of 5-7 monolayers.

" Significantly different from the control.

DIDS. These results suggest that the transcellular transport of DA
from the apical side is mediated by DIDS-sensitive anion transport
systems. Anion exchangers (AEs) mediate the exchange of anions
such as CI~ and HCO3™. AEs are expressed in the intestine and
Caco-2 cells (Alrefai et al., 2001; Jacob et al., 2002; Lecona et al.,
2008), and inhibited by DIDS (Ogihara et al., 1999; Jacob et al,,
2002). In the present study, the transport of DA was decreased
by the replacement of CI~ in the incubation media and the coincu-
bation with DIDS (Fig. 5). These results imply that the transcellular
transport of DA from the apical membrane is mediated by a DA/CI~
antiporter, though further study using brush border membrane
vesicles isolated from the small intestine is necessary to elucidate
whether the intestinal absorption of DA is mediated by a DA/Cl™
antiporter.

DA is an amino acid with three carboxylic groups and one imino
group in its structure, and structurally resembles glutamic acid,
acting as a potent glutamate receptor agonist (Hampson et al.,
1992; Lefebvre and Robertson, 2010). Glutamic acid uptake across
intestinal brush border membranes purified from the human intes-
tine and Caco-2 cells is mediated predominantly by a Na*-depen-
dent transport system (Rajendran et al, 1987; Nicklin et al,
1995; Mordrelle et al., 2000). However, the transcellular transport
of DA across the apical membrane of Caco-2 cells was Na*-inde-
pendent (Fig. 3), and coincubation with 10 mM glutamic acid did
not decrease DA transport, suggesting that DA does not share the
same transporter as glutamic acid. On the other hand, Mordrelle
et al. (1997) reported that the transport of glutamic acid in the
rat intestinal crypt-like cell line IEC-17 was mediated not only by
Na‘-dependent, but also by Na*-independent transport systems,
and coincubation with L-cystine, a substrate for Na*-independent
transport systems, significantly decreased the uptake of glutamate
under Na*-free conditions. In the present study, coincubation with
L-cystine did not decrease the apical-to-basolateral transport of DA
under Na*-free conditions (data not shown), suggesting that the
Na*-independent transport system is not responsible for the intes-
tinal absorption of DA. Although other amino acid transporters and

dipeptide transporters are expressed in Caco-2 cells, similar to the
intestine (Tsuji and Tamai, 1996; Hilgendorf et al., 2007), no signif-
icant inhibition of DA transport was observed by coincubation with
neutral, basic or aromatic amino acids, or glycylsarcosine (a typical
substrate of peptide transporters) (Table 1). These results suggest
that the transcellular transport of DA across Caco-2 cells is not
mediated by amino acid or peptide transporters.

OATPs are reported to be expressed in and localized at the brush
border membrane of both the human small intestine and Caco-2
cells, where they mediate the transport of estrone-3-sulfate and
sulfobromophtalein under acidic conditions (Sai et al., 2006). In
the present study, coincubation with estrone-3-sulfate or sul-
fobromophtalein did not decrease DA transport (Table 1), and the
transport of DA from apical side was lower under acidic conditions
(Fig. 2). OATPs appear not to be involved in the transcellular trans-
port of DA from the apical side in Caco-2 cells.

Uptalke of citrate (a tricarboxylate) from the apical membrane of
Caco-2 cells is reported to be mediated by transporters, and uptake
of dicarboxylic compounds, such as succinic and glutaric acid, is
also reported to be mediated by dicarboxylic transporters (Weera-
chayaphorn and Pajor, 2008). However, coincubation with citric
acid, succinic acid or glutaric acid did not affect DA transport (Ta-
ble 1). Thus, DA transport may not share the same transporter as
tricarboxylic or dicarboxylic acids.

It has been reported that various monocarboxylic acid transport
family (MCTs) isoforms (MCT1 and MCT3-MCT6) are expressed in
Caco-2 cells, of which H*-linked MCT1 is the most abundant
(Hadjiagapiou et al., 2000). However, the optimal pH of the trans-
port of DA from the apical side occurred under neutral conditions
(Fig. 2), and was not inhibited by the presence of monocarboxylic
acids (Table 1), suggesting that MCTs are not responsible for the
transcellular transport of DA.

We previously reported that the uptake of 4-chloro-2-methyl-
phenoxyacetic acid (MCPA) in Caco-2 cells is mediated via MCTs
(Kimura et al.,, 2008, 2009), of which the absorption rate was re-
ported to be notably high (Lappin et al., 2002). The apical-to-baso-
lateral transport of MCPA (50 uM) at 60 min and pH 6.0 under the
same conditions of the present experiment was about 5.9 nmol/
cm? (our unpublished data). In contrast, the transport of DA
(100 uM) at 60min and pH 7.4 was markedly lower (about
0.18 nmol/cm?, Fig. 1), and the absorption rate of DA was reported
to be trace (Truelove et al,, 1996, 1997). Thus the contribution of
DIDS-sensitive transport in “in vivo absorption of DA” may be
small.

Coincubation with tetraethylammonium (a typical substrate of
OCTs) or p-aminohippuric acid (a typical substrate of OATs) did
not decrease the transport of DA, although DA is a zwitterion at a
physiological pH.

In conclusion, we elucidated the contribution of DIDS-sensitive
transport in DA transport in Caco-2 cells, although the absorption
rates of DA in experimental animals were reported to be trace
(Truelove et al.,, 1996, 1997). Against expectations, DA transport
appears not to share a transport system with glutamic acid.
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Abstract

The main contributor of aerosol particulate soluble iron to
Japan and the Pacific Ocean has been investigated using data
obtained during the research campaign entitled “A Study on Dust
and Sand Storms” conducted by the Ministry of the Environment,
Japan. The concentration of particulate soluble iron was not
correlated to total iron concentration. Particulate iron solubility
ranged from less than 1% to 6%. It was low when the air mass
was dominated by kosa aerosols, and high when the air mass was
dominated by pollutants. Durations for the kosa and pollution
events over Jeju Island, Matsue, and the Pacific Ocean in April
and May 2007 were estimated using a Chemical Weather Fore-
casting System (CFORS). The estimated durations of the pollution
events at Jeju and Matsue were slightly shorter than those of the
kosa events. The calculated duration of the pollution event over
the Pacific Ocean was only three hours, much shorter than that of
the kosa event. Kosa aerosols are the main contributor of soluble
iron to the Pacific Ocean; however anthropogenic aerosols should
not be discounted as contributors of soluble iron to an area off the
coast of the Asian continent.

1. Introduction

Iron is essential for the growth of organisms and may limit
phytoplankton primary production, especially in the remote ocean,
and several studies on the solubility of atmospheric particulate
iron have been conducted (Zhuang et al. 1992; Spokes et al. 1994;
Fan et al. 2006). Previous studies considered the solubility of
aerosol iron mainly from two aspects; differences in leaching pro-
cesses and differences in the source of the iron. Laboratory studies
suggested that iron solubility should be predictable in terms of the
pH/solubility relationship (Spokes et al. 1994) and demonstrated
that acidification by gaseous nitric acid led to an increase in
water-soluble iron (Duvall et al. 2008). Meskhidze et al. (2003)
predicted that the pH estimated by using the observed nitrate
ion and gaseous nitric acid concentrations was low enough to
facilitate iron mobilisation in mineral dust from East Asia. On the
other hand, the laboratory study conducted by Schroth et al. (2009)
showed that the solubility of iron in an aerosol could vary depend-
ing on its source; the measured solubility of iron in arid soils was
less than 1%, that in glacially produced soils was 2—3%, whereas
in oil combustion products it was 77-81%. Acid processing of
insoluble iron was not significant in authentic aerosol samples
(Chuang et al. 2005; Baker et al. 2006). Aguilar-Islas et al. (2010)
concluded, based on the result of leaching experiments and using
data from the literature, that more variability in aerosol iron solu-
bility resulted from differences in aerosol type than from different
leaching protocols.

The main contributing source of soluble iron, especially to
the remote ocean, is still a matter of controversy. Chuang et al.
(2005) concluded, based on the results of chemical analysis, that
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Study, 16-2 Onogawa, Tsukuba 305-8506, Japan. E-mail: mori.ikuko@
nies.go.jp. ©2011, the Meteorological Society of Japan.

the iron released by fiel combustion was the main contributor of
the soluble iron in aerosols collected in Jeju, Korea. Sedwick et al.
(2007) agreed with this conclusion following chemical analysis
of aerosols collected from the Sargasso Sea. A model calculation
suggested that anthropogenic emissions contributed approximately
70% and 85% of the annual dry deposition of soluble iron to the
surface ocean near Bermmda and Ireland, respectively (Sholkovitz
et al. 2009). Another model calculation suggested that iron from
combustion processes can represent up to 50% of the total iron
deposited, but over open ocean regions it usually contributes less
than 5% of the total iron, with the highest values (< 30%) close to
the East Asian continent in the North Pacific (Luo et al. 2008).

In this paper, the main contributor of soluble iron to Japan and
the Pacific Ocean was investgated using data obtained during the
research initiative entitled “A study on Dust and Sand Storms”
conducted by the Ministry of the Environment, Japan.

2. Aerosol samples and methods

Since 2002 the Ministry of the Environment of Japan has con-
ducted a research campaign entitled “A Study on Dust and Sand
Storms™ to investigate the physical and chemical characteristics of
kosa (Asian dust) aerosols. During this research, total suspended
particulates (TSP) were collected in nine locations throughout
Japan (Fig. 1) using high volume samplers with quartz fibre filters,
when kosa events were observed in China This aerosol sampling
has been conducted a few times each year. The acrosol mass con-
centration and the concentrations of the chemical components of
the aerosols were determined by the procedure described by Mori
et al. (2002). In brief, water-soluble components were extracted
using ultrapure water, and bulk components were digested using a
mixture of nitric, perchloric, and hydrofluoric acids. Aerosol verti-
cal distribution was measured by lidar (Shimizu et al. 2004). The
concentrations of suspended particulate matter (SPM) and sulfur
dioxide (SO,) were measured simultaneously. Five events (Table 1)
were selected for discussion of the characteristics of water soluble
iron in aerosols collected during heavy dust events. Results of
backward trajectory analyses revealed that the air masses came
to Japan from the Asian continent during these events. Details
of the research campaign and the selected heavy dust events are
described in MOE (2009).

3. Results and discussion

3.1 Total and water soluble iron concentrations

Concentrations of TSP, total iron (Fe), and water soluble iron
in the aerosols collected during five heavy dust events over Japan
were in the ranges 66—509 pg m~, 1.7-20.2 pg m~, < 0.01-
0.13 pg m™, respectively. The concentration of total iron in-
creased with an increase in the TSP concentration. However, the
concentration of water soluble iron did not increase with increases
in TSP or total iron concentrations (Fig. 2). This result agreed with
that from aerosol monitoring in Jeju Island, Korea (Chuang et al.
2005). The particulate soluble iron concentration is not correlated
to the total iron concentration in the Asian outflow atmosphere.
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Fig. 1. TSP sampling locations (circles). DZ: Dazaifu, IN: Inuyama, KN:
Kanazawa, X S: Kosugi, MK: Maki, MT: Matsue, NG: Nagasaki, SP: Sap-
poro, TK: Tsukuba. Locations selected for the CFORS calculation (Jeju
Island and the Pacific Ocean) are also shown (triangles).

3.2 Particulate iron solubility and source

The particulate iron solubility ranged from less than 1% to
6% during the five heavy dust events in Japan. This result is con-
sistent with that reported for the Jeju aerosol (Chuang et al. 2005;
Duvall et al. 2008) and with that for the aerosol collected over the
Sagrasso Sea (Sedwick et al. 2007).

Laboratory studies demonstrated that the solubility of iron in
loess was less than 1% (Duvall et al. 2008; Schroth et al. 2009).
In contrast, the solubility of iron in oil combustion products
ranged from 49-100% (Henry and Knapp 1980; Schroth et al.
2009). These results derived from laboratory studies indicated that
particulate iron solubility in aerosols could be controlled by the
source of the aerosol.

To investigate the relationship between the solubility of par-
ticulate iron and the contribution of kosa to the aerosol, the partic-
ulate iron solubility was plotted against the ratio of the aluminium
concentration to TSP (Fig. 3), which shows the particulate iron
solubility decreased as the AI/TSP increased. Aluminium is often
used as an indicator of mineral aerosols (Uematsu et al. 1983;
Duce 1995), and therefore the higher the AVTSP, the higher the
contribution of kosa to the aerosol. That kosa was the main con-
tributor to the aerosol was also supported by the observation that
its Fe/Al value approached 0.5, very close to the Fe/Al value for
Simulated Asian Mineral Dust certified reference material (0.51)
(Nishikawa et al. 2000), as AU/TSP increased (Fig. 4). From these
results, it could be concluded that the solubility of particulate iron
was ca 1% when kosa aerosol was the predominant material in the
atmosphere.

The particulate iron solubility was also plotted against the
ratio of the sum of the concentrations nitrate (NO,") and non-sea
salt sulfate (nssSO,”) ions (Anion) to TSP (Fig. 5) in order to in-
vestigate the relationship between iron solubility and the contribu-
tion of anthropogenic aerosol. Sulfate and nitrate ions are mainly
formed from substances supplied to the atmosphere through
human activity. Generally, a higher Anion/TSP value indicates a
higher contribution of an anthropogenic aerosol. Figure 5 shows
that the particulate iron solubility was high when the Anion/TSP
was high. This result suggested that particulate iron solubility is
high when anthropogenic acrosols are predominant in the atmo-
sphere.

The dependency of particulate iron solubility on air mass type
was also Investigated. The air mass was categorised: 1) kosa, 2)
kosa + pollutant, 3) pollutant; according to the analytical results
of lidar measurements and SPM and SO, measurements (MOE

Table 1. Selected heavy dust event.

Event Date Note
1 8-9 April 2006 Kosa
2 18-19 April 2006 Kosa
3 1-2 April 2007 Kosa (TAD-2007*)
4 8-9 May 2007 Pollution**

5 26—27 May 2007 Kosa

*: Typical Asian Dust 2007
**: Hayasaki et al. (2008) and Ohara et al. (2008)
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Fig. 2. The relationship between (a) particulate total Fe and TSP (b) par-
ticulate soluble Fe and TSP, and (c) particulate soluble Fe and total Fe
concentration for the aerosols collected during heavy dust events in Japan.
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Fig. 4. The relationship between Fe/Al and AVTSP for the aerosols col-
lected during heavy dust events in Japan. The dotted line represents Fe/Al
for Simulated Asian Mineral Dust certified reference material (CJ-2).

2009). The solubility of iron in the acrosol collected when the
air mass was categorised as kosa was low, and the iron solubility
when the air mass was categorised as pollutant was high (Table 2).

These results were consistent with the results of the labora-
tory study as described above. Particulate iron solubility in the
atmosphere over Japan would be controlled by the aerosol source
as described by Schroth et al. (2009) and Aguilar-Islas et al. (2010).
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Fig. 5. The relationship between particulate iron solubility and (NO;”
+ nssSO,”")/TSP for the aerosols collected during heavy dust events in
Japan.

3.3 Primary contributor of particulate soluble iron to Japan and
the Pacific Ocean

The soluble iron concentrations in the aerosols in each air
mass category are summarised in Table 2. Differences in the
soluble iron concentration in each air mass category were in-
significant, although the differences in the iron solubility were
significant. Therefore, iron solubility was not a key factor in
controlling the amount of particulate soluble iron. The duration
of each event (kosa, pollution or a combination of the two) would
be the key factor in controlling the quantity of particulate soluble
iron.

To estimate the duration of a kosa event and a pollution event,
dust and sulfate concentrations throughout April and May 2007
were calculated using a chemical weather forecasting system
(CFORS) (Uno et al. 2004). Three locations: 1) Jeju, Korea, 2)
Matsue, Japan, 3) the Pacific Ocean (Fig. 1); were selected for
this analysis. In this paper, when the calculated dust conceniration
near the surface exceeded 100 g m™ was categorised as the kosa
event, and when the calculated sulfate concentration near the sur-
face exceeded 10 pg m™ was categorised as the pollution event.
These threshold values were determined based upon CFORS
results during kosa and pollution events observed in Matsue. The
calculated total duration of the kosa event at Jeju and Matsue was
slightly longer than that for the pollution event (Table 3). This
suggested that a kosa event supplies more soluble iron to these lo-
cations than does a pollution event. This result contradicts that of
Chuang et al. (2005) who concluded that soluble iron was mainly
derived from anthropogenic activity with mineral dust making a
negligible contribution. However, the calculated total duration of
the pollution event over the Pacific Ocean was only three hours,
and was much shorter than the kosa event (Table 3). This suggest-
ed that kosa aerosol is the main contributor of particulate soluble
iron to the Pacific Ocean. This finding is consistent with that of
Sholkovitz et al. (2009) that the annual mean dry deposition of

Table 2. Median and range (in parentheses) of TSP, particulate total iron, particulate soluble iron, and iron solubility for the aerosols collected during high
TSP events in Japan. Air mass was categorised according to the results of lidar, SPM and SO, measurements.

Air mass TSP (ug m™) Total Fe (ug m™) Soluble Fe (ug m™) Fe Solubility (%)
Kosa 404 (149-509) 16.2(5.5-20.2) 0.061 (0.034-0.115) 0.46 (0.17-1.00)
Kosa + Pollutant 198 ( 66-298) 7.0 (1.9- 9.6) 0.063 (< 0.01-0.114) 0.88 (< 0.1-1.24)
Pollutant 100 ( 83-122) 21(1.7- 2.4) 0.060 (0.033-0.126) 29 (20-57)
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Table 3. Estimated duration of the kosa and pollution events over Jeju
Island, Matsue, and the Pacific Ocean by CFORS in April and May 2007.

(h) Kosa Pollution
Jeju Island, Korea 312 165
Matsue, Japan 315 255
Pacific Ocean 72 3

soluble iron at Barbados and Izana is dominated by soil dust, even
though the study location was different. It is also consistent with
the conclusions based on the Saharan dust study by Baker et al.
(2006). We conclude that kosa aerosols are the main contribu-
tor of soluble iron to remote ocean, such as those of the Pacific
Ocean, but that anthropogenic aerosols should not be discounted
as sources of soluble iron area of sea off the coast of the Asian
continent.

4. Summary

The following conclusions were derived from the results of
the research campaign entitled “A Study on Dust and Sand
Storms™ conducted by the Ministry of the Environment, Japan:

1. The particulate soluble iron concentration in the Asian outflow
atmosphere is not correlated to the total iron concentration.

2. The solubility of particulate iron in the atmosphere over Japan
depends upon the source of the aerosol.

3.Kosa aerosols are the main contributor of soluble iron to the
remote ocean, such as the Pacific Ocean, but anthropogenic
aerosols should not be discounted as a source of soluble iron to
areas off the coast of the Asian continent.
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ARTICLE INFO ABSTRACT

Nitzschia navis-varingica is a diatom that is known to produce significant levels of amnesic shellfish
poisoning (ASP) toxins. A total of 33 N. navis-varingica strains were isolated from four brackish water
localities in the Philippines and Indonesia, and cultured to characterize the toxins produced. The isolates
were analyzed for domoic acid (DA) and isodomoic acids A (IA) and B (IB) by HPLC with fluorescence
detection. Two toxin composition types were detected that have not been previously described: strains
producing only IB and strains producing DA-IA-IB. These two types were isolated from two different
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ﬁa’:’:’:;‘isghe" sh poisonin localities. Eighteen strains were isolated from the Philippines (northern Luzon Island). Among them, 10
Domoic acid P & isolates from Alaminos produced only 1B with an average toxin content of 3.05 pg cell™?, seven isolates
Estuary from Bulacan produced DA and IB with average toxin contents of 0.68 pg cell” and 1.18 pgcell~?,

respectively. One isolate from Cavite produced DA, IA, and IB with a toxin content of 0.58, 0.20, and
0.92 pg cell™", respectively. Fifteen isolates from Indonesia (Bone, South Sulawesi) produced only DA
(four isolates) or DA with trace amounts of IB (eleven isolates), with an average toxin content of
2.38 pg cell™" and 0.06 pg cell™", respectively. Sub-strains were established from strains producing
either of the three toxin types: IB, DA-IA-IB, and DA-trace IB. Results showed that the toxin composition
type was the same for parent and sub-strains, indicating that the toxin composition is a stable character
for a strain.

Isodomoic acid
Nitzschia navis-varingica
Pennate diatom

©® 2011 Elsevier B.V. All rights reserved.

producing Pseudo-nitzschia spp. have been found in subsequent
searches primarily in temperate areas, although the toxin level
varied widely (Garrison et al,, 1992; Martin et al., 1990; Lundholm

1. Introduction

Domoic acid (DA) and its derivatives (e.g., isodomoic acids A, B,

C, G, and H) (Maeda et al., 1986; Zaman et al., 1997) are insecticidal
agents first isolated from the macro-alga Chondria armata
(Takemoto & Daigo, 1958). Later, DA was identified as the toxin
responsible for amnesic shellfish poisoning (ASP) (Wright et al.,
1989) followed by identification of the isomers isodomoic acids D,
E, and F as minor components (Wright et al., 1990), and the
causative organism was traced and identified as the diatom
Pseudo-nitzschia multiseries (Bates et al., 1989). A number of DA-

* Corresponding author. Tel.: +81 192 44 2121; fax: +81 192 44 2125.
E-mail address: kotaki@kitasato-u.ac.jp (Y. Kotaki).

1568-9883/$ - see front matter ® 2011 Elsevier B.V. All rights reserved.
doi:10.1016/j.hal.2011.02.006

et al,, 1994; Rhodes et al., 1996; Rhodes, 1998; Orsini et al., 2002).
Among them, three Pseudo-nitzschia species (P. multiseries, P.
australis, and P. seriata) are known to produce high levels of DA
(Bates et al., 1989; Garrison et al., 1992; Lundholm et al,, 1994;
Rhodes et al., 1996).

During a more recent search for DA-producing diatoms in
tropical waters, a major DA-producing benthic diatom was isolated
from Vietnam (Kotaki et al., 2000). This organism was identified as
a new species, Nitzschia navis-varingica (Lundholm and Moestrup,
2000; Bates, 2000). This species has also been isolated from
brackish water areas in the Philippines and Japan (Kotaki et al.,
2004). Recently, some of the Philippine strains of N. navis-varingica
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Isodomoic acid A (1A)

Fig. 1. Structure of domoic acid and isodomoic acids A and B.

were found to produce not only DA but also isodomoic acids A (1A)
and B (IB) as major toxin components (Kotaki et al., 2005) (Fig. 1).
ASP toxin production was then re-investigated using the strains of
N. navis-varingica from the Philippines and a few other Asian
countries (Japan, Vietnam, and Thailand) and three types of ASP
toxin composition (DA, DA-IB, 1A-IB) were detected. The most
abundant toxin composition type was a combination of DA and IB
(DA-IB), with the ratio of IB ranging from trace to ca. 80%. This type
was found in strains from Japan, Thailand, Vietnam, and the
Philippines (Kotaki, 2008; Kotaki et al., 2008; Romero et al., 2008).
Isolates from restricted areas in the northern part of the Philippines
had another toxin composition (IA and IB) (Bajarias et al., 2006;
Kotaki, 2008; Kotaki et al., 2008). However, the composition and
geographical distribution of toxins from southernmost Asia, such
as Indonesia and Malaysia, and most of the northern part of the
Philippines have not been studied.

We report here the results of a toxin screening of 33 N. navis-
varingica strains from South Sulawesi in Indonesia and three
localities in the Philippines. We document two new toxin
composition types (IB and DA-IA-IB) from two different localities
in the Philippines, although IA and IB might not pose a major health
risk because of their lower toxicity than DA (Munday et al., 2008).

2. Materials and methods
2.1. Isolation and identification of N. navis-varingica

Samples were collected from the surface of mangrove roots or
palm tree leaves hanging down into the water in estuarine areas
using a handy scoop net (20 wm). Sampling was conducted in three
areas of Luzon Island, Philippines, including several brackish sites,
in December 2007 and December 2008: Alaminos in Pangasinan,
and Bulacan and Cavite in Manila Bay (Fig. 2). Sampling was also
conducted in several other brackish sites: Panyula, Bone in South
Sulawesi (July 2008), Jakarta Bay (March 2009), Lampung Bay
(March 2009), and Sangihe Island (May 2009), all in Indonesia, and
finally in Kota Kinabalu, Malaysia (May 2008) (Fig. 2).

Crude cultures were prepared by mixing aliquots (0.2 mL or
1.0 mL) of net sample with 30 mL of f/2 medium in 50 mL tissue
culture flasks (Greiner bio-one, Tokyo, Japan), and incubating them
at 25 °C under an irradiance level of 60 pmol photons m~2 s~ with
a 16:8 h light:dark cycle. f/2 medium was prepared (Guillard, 1983)
using sea water diluted with distilled water to a salinity of ca. 27 psu.
Uni-algal cultures of N. navis-varingica were established from crude
cultures by capillary washing of single cells under a light microscope
(LM) according to the morphological characteristics of N. navis-
varingica (Lundholm and Moestrup, 2000; Kotaki et al., 2005). The

cells possess two yellow-brown chloroplasts at each end of the cell
and are lanceolate in valve view. Cells are 38-110 pm long and 9~
11 wm wide. In girdle view, the cells are rectangular and slightly
indented at the middle. Most cells form ribbon-shaped colonies
while growing (Kotaki et al., 2004). Experience have shown, that
using these light microscopical characters allow us to isolate strains
that have a high likelihood of being N. navis-varingica. One
representative strain from each collection site was further
investigated morphologically to confirm the identification using
transmission electron microscopy (TEM) according to the method of
Lundholm and Moestrup (2000). Subsamples were fixed in formalin
(final concentration 3.7%). Representative strains identified using
TEM were PBULD 07-4 (Bulacan, Manila Bay), PCAVA 07-2 (Cavite,
Manila Bay), PALMC 07-1 (Alaminos, Pangasinan) (all from the
Philippines), and IBNA 08-3, IBNB 08-4, and IBNC 08-3 (Panyula,
Bone in South Sulawesi, all from Indonesia).

2.2. Analysis of ASP toxins in N. navis-varingica cultures

Isolates were cultured in 30 mL f/2 medium in 50 mL tissue
culture tubes under the same culture conditions described in
Section 2.1. The cultures were harvested after a 3-week culture
period (mid-stationary growth phase). A 3 mL aliquot of whole
culture was retrieved, boiled for 5 min and then centrifuged after
being cooled to room temperature (Bajarias et al., 2006). A 2 mL
aliquot was also retrieved for determining the cell density (Kotaki
et al., 2000). Toxin profile analysis was done for DA, IA, and IB using
HPLC-fluorescence analysis with pre-column derivatization using
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Fig. 2. Sampling areas in the Philippines, Indonesia, and Malaysia.
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9-fluorenylmethylchloroformate (FMOC-CI) according to the
slightly modified method of Pocklington et al. (1990) in which a
Develosil ODS-5 column (4.6 x 250 mm, Nomura, Seto, Aichi,
Japan) and a mobile phase of 40% acetonitrile in 20 mM phosphate
buffer (pH 2.5) was used. The cellular toxin content was expressed
on a per cell basis (pg cell™!), which is calculated by dividing the
total amount of each toxin (ng mL™") in the entire culture by the
corresponding density of cells in the culture. The number of cells
was determined using 5 L of culture under LM in a Sedgewick-
Rafter counting chamber. Samples were counted in triplicate and
the average cell number was used for the cellular toxin content
calculation. Standard toxins were purified from a mass culture of N.
navis-varingica that produces both IA and IB (for IA and IB
standards) and an extract of the red alga C. armata that produces
high amount of DA and small/trace amount of IA, IB, 5'-epi-DA, etc.
(for DA standard) collected in Kagoshima Prefecture, Japan. These
were calibrated using commercial Canadian standard toxin (DACS-
1D, DA) or purified toxins (IA and IB) (Kotaki et al., 2005).
Confirmation of toxin production of the representative strains was
performed by LC-MS/MS using multiple reaction monitoring (MRM)
(Takata et al., 2009). A 1L mass culture of each strain was filtered
(mixed cellulose ester 3 pm pore size filters, Advantec, Tokyo, Japan)
at the end of the three-week culture period and the cells were
extracted by boiling followed by ultrafiltration (10,000 Da cut-off).
LC-MS was performed on an HP1100 LC system (Agilent Technolo-
gies, Santa Clara, CA) coupled to an Applied Biosystems/MDS Sciex API
2000 triple quadruple mass spectrometer (Applied Biosystemns, Foster
City, CA). LC separation was performed using a slight modification of
the method described in the Canadian standard DACS-1D manual. A
Wakosil Navi C18-5 column (2 mm x 250 mm; Wako, Tokyo, Japan)
was employed, and analytes were eluted over 20 min using a linear
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gradient from 10% acetonitrile in 0.1% formic acid to 20% acetonitrile
in 0.1% formic acid with a flow rate of 0.2 mL min~". The MS analysis
was achieved by MRM with a turboion-spray interface in positive ion
mode. Three MRM transitions from the protonated DA ion were
monitored (m/z 312-266, m/z 312-248, and m/z 312-161). Standard
toxin was prepared from an extract of C. armata and calibrated using
commercial Canadian standard toxin (DACS-1D) or purified toxins (IA
and IB) (Kotaki et al., 2005).

2.3. Toxin composition of N. navis-varingica sub-strains

Sub-strains were prepared by capillary washing of single cells of
two representative parental Philippine strains: PALMC 07-1
(Alaminos, IB type), PCAVA 07-2 (Cavite, DA-IA-IB type), and
one Indonesian parental strain: IBNB 08-2 (Panyula, Bone, DA-
trace IB type), after having been pre-cultured for one week under
the same conditions as the batch cultures in Section 2.1. Sub-
strains were cultured for three weeks as described in Section 2.1,
harvested and analyzed for toxin production as described in
Section 2.2. The toxin composition was then compared with that of
the parental strain. Parental strains were maintained for more than
half year by inoculating aliquots of old culture into new f/2
medium every month followed by culturing for one week under
the same conditions in Section 2.1.

3. Results
3.1. Isolation and identification of N. navis-varingica

Ten isolates of N. navis-varingica were obtained from Alaminos
(PALM 07/08 strains, one in 2007 and nine in 2008), seven were
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Fig. 3. HPLC-fluorescence analyses of ASP toxins from representative Nitzschia navis-varingica strains. Upper chromatogram of (A), (B), (C) and (D); standard toxins DAKS 04-1
containing IA, IB and DA (8.7, 9.2, and 17.5 ng/mL) analyzed at the same time as the respective sample. Lower chromatogram of (A), (B), (C) and (D); sample extracts of (A)
PALMC 08-1 strain isolated from Alaminos, Pangasinan, (B) PBULD 07-5 isolated from Bulacan, Manila Bay, (C) PCAVA 07-2 isolated from Cavite, Manila Bay, all in the Luzon
Island, the Philippines and (D) IBNB 08-3 isolated from Panyula, Bone, South Sulawesi, Indonesia. DA, domoic acid; IA, isodomoic acid A; [B, isodomoic acid B. *Side-products
derived from the FMOC-Cl reagent. The amount of each derivative often varies due to contamination with compounds (e.g., other amino acids) that compete with ASP toxins
and/or due to reaction conditions (Pocklington et al., 1990), *a: Side-products andjor reaction products derived from contaminants in the medium and other compounds in
the culture (e.g., neutral amino acids) that react with the FMOC-Cl reagent. Analytical conditions: Develosil ODS-5 column (4.6 mm x 250 mm, Nomura); mobile phase, 40%
acetonitrile in 20 mM phosphate buffer (pH 2.5); column temperature, 55 °C; flow rate, 1 mL min~'; fluorescence detection, Ex. = 264 nm, Em. =313 nm.
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obtained from Bulacan (PBULD 08 strains), and one from Cavite
(PCAVA 07 strain), all from the Philippines (Fig. 2). Fifteen strains of
N. navis-varingica were obtained from Panyula, Bone, South
Sulawesi, Indonesia (IBN 08 strain). No strains of N. navis-varingica
were isolated from Jakarta Bay, Lampung Bay and Sangihe Island,
all in Indonesia, or from Kota Kinabaly, in Malaysia (Fig. 2).

Morphological TEM studies of the strains PALMC 07-1 (Alaminos,
Pangasinan), PBULD 07-4 (Bulacan, Manila Bay), PCAVA 07-2 (Cavite,
Manila Bay) (all from the Philippines), and IBNA 08-3, IBNB 08-4,
IBNC 08-3 (Panyula, Bone, all from Indonesia) that were positive for
ASP toxin production agreed with Lundholm and Moestrup’s (2000)
description of N. navis-varingica. Characteristic silica ridges were
observed in the wall of the raphe canal and on the mantle. The girdle
bands were ornamented by silica warts and the valvocopula had 1-3
rows of poroids. On the valve, the density of interstriae was 25-28 in
10 pm, and the poroids in the uniseriate striae had a density of 3-5
poroids in 1 um. The raphe was interrupted in the middle by a
central interspace and the fibulae that did not show a central larger
interspace had a density of8~11in 10 pm. The density of the poroids
on the girdle bands was 32-42 in 10 pm.

3.2. ASP toxin production in N. navis-varingica cultures

Representative HPLC chromatograms and the average toxin
composition of each strain positive for ASP production are shown in
Figs. 3 and 4. Ten isolates from Alaminos, Pangasinan, the Philippines
(PALM 07/08 strains) showed a new toxin composition type
consisting only of IB. The isolates had an average toxin content of
3.05 pg cell™! (o'=3.65) (Fig. 3A, lower chromatogram). All seven
isolates fromn Bulacan, Manila Bay, the Philippines (PBUL 07 strains)
had the typical DA-IB toxin composition similar to that of strains
isolated from the southern Philippines (Kotaki et al., 2005, 2008;
Kotaki, 2008). The average content of DA and IB in the toxin across all
strains was 0.68 pg cell™! (o°=0.35) and 1.18 pg cell™! (o = 0.46),
respectively (1.86 pg cell™" in total), and the DA:IB ratio was 37:63
(Fig. 3B, lower chromatogram). The strain isolated from Cavite,
Manila Bay, the Philippines (PCAVA 07) had a new toxin composition
type containing all three toxins (DA-1A-IB). The total toxin content
for this strain was 1.70 pg cell~" (DA, IA, and IB toxin content: 0.58,
0.20, and 0.92 pg cell™", with a DA:IA:IB ratio of 33:14:53) (Fig. 3C,
lower chromatogram). The toxins produced by the 15 strains from
Panyula, Bone, South Sulawesi, Indonesia consisted either of DA (4
strains) or DA-trace IB (11 strains). The average DA and IB toxin
content across all the strains was 2.38 pgcell™! (o=1.13) and
0.06 pg cell™! (o =0.06), respectively (2.44 pg cell™! in total), and
the DA:IB ratio was 98:2 (Fig. 3D, lower chromatogram).

IB 100%

PALM 4 n=10

DA 37% IB 63%
PBUL e ! n=7

DA 33% 1A 14% IB 53%

PCAVA n=

1B 2%
il n=15

DA 98%

T T

0 1 2 3
Toxin content (pg cell")

Fig. 4. Toxin composition of Nitzschia navis-varingica isolated from Luzon Island,
Philippines and South Sulawesi, Indonesia. Black, domoic acid (DA); white,
isodomoic aid A (1A); grey, isodomoic acid B (IB). Strains tested: PALM (Alaminos,
Pangasinan, Philippines, One isolate in 2007 and 9 isolates in 2008), PBUL (Bulacan,
Manila, Philippines, 2007), PCAVA (Cavite, Manila, Philippines, 2007), 1BN (Panyula,
Bone, South Sulawesi, Indonesia, 2008).
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Fig. 5. Selected ion monitoring LC-MS/MS chromatogram of domoic acid and its
isomers. Three MRM transitions from protonated DA were monitored {m/fz 312-
266, m{z 312-248, and m/z 312-161). DA, domoic acid; 1A, isodomoic acid A; IB,
isodomoic acid B. Standard toxins purified from Chondria armata followed by
calibration with Canadian standard (DACS-1D) and isodomoic acids A and B purified
from Nitzschia navis-varingica (Kotaki et al., 2005). (B) MRM chromatogram of toxin
from N. navis-varingica strain PALMC 08-1 isolated from Alaminos, Pangasinan, the
Philippines. (C) MRM chromatogram of toxin from N. navis-varingica strain PCAVA
07-2 isolated from Cavite, Manila Bay, the Philippines. (D) MRM chromatogram of
toxin from N. navis-varingica strain IBNB 08-2 isolated from Panyula, Bone, South
Sulawesi, Indonesia.

As shown in Fig. 5, the major toxin types produced by
representative strains were confirmed by LC-MS/MS using
multiple reaction monitoring (MRM) and comparing the results
with LC chromatograms of standard toxins (Fig. 5A). Production of
the following toxins was confirmed: (1) only IB was produced by a
strain from Alaminos, the Philippines (PALMC 08-1 strain, Fig. 5B),
(2) DA, 1A, IB were produced by a strain isolated from Cavite, the
Philippines (PCAVA 07-2 strain, Fig. 5C), and (3) DA and IB were
produced by the strain isolated from Panyula, Bone, South Sulawesi
Island, Indonesia (IBNB 08-2 strain, Fig. 5D).

3.3. Toxin composition of the N. navis-varingica sub-strains

Results of toxin composition analyses of the sub-strains are
shown in Fig. 6 together with those of the corresponding parent.
Thirty-three sub-strains were established from the IB type
Philippine parental strain (PALMC 07-1 strain) with the IB toxin
content of 4.59 pg cell~?. All sub-strains had the same IB type toxin
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Fig. 6. Toxin composition of the sub-strains of Nitzschia navis-varingica compared
with the respective parental strain. Black, domoic acid (DA); white, isodomoic aid
(1A); grey, isodomoic acid B (IB). Parental strains used: PALM 07-1 (Alaminos,
Pangasinan, Philippines, 2007), PCAV 07-2 (Cavite, Manila, Philippines, 2007), IBN
08-2 (Bone, South Sulawesi, Indonesia, 2008).

composition. The toxin composition was 100% IB with an average
toxin content of 4.63 pg cell™? (o = 1.28), entirely lacking 1A and DA
(Fig. 6). Ten sub-strains were established from the DA-IA-IB type
Philippine parental strain (PCAVA 07-2 strain) which had a total
toxin content of 1.70pgcell”! with a DA:A:B toxin ratio of
33:14:53. The toxin in all the sub-strains was composed of DA-IA~
IB, similar to the parental strain, with an average toxin content of
0.33 pg cell™? (o'=0.30), 0.19 pg cell~? (o= 0.15), and 0.60 pg cell™’
(o =0.45), respectively, and with a DA:IA:IB toxin ratio of 29:17:54
(Fig. 6). Eleven sub-strains were established from the Indonesian
parental strain having a DA-IB type toxin composition (IBNB 08-2
strain) showing the total toxin content of 1.55 pg cell~! witha DA:IB
toxinratio of 96:4. All sub-strains had the same toxin composition as
the parental strain (DA-IB). The average DA and IB toxin content was
1.09 pg cell? (o'=0.64) and 0.07 pg cell™" (o= 0.02), respectively,
with an average DA:IB ratio of 94:6 (Fig. 6).

4. Discussion

We confirmed that N. navis-varingica can be found in estuarine
areas of the northern part of Luzon Island, the Philippines and in
South Sulawesi, Indonesia (Fig. 2). Interestingly, all 10 strains
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isolated from Alaminos, Luzon Island had a toxin composition only
of IB without even trace amounts of any other isomers. The single
isolate from Cavite, Luzon Island had the toxin content composed
of DA-IA-IB. Neither of these two toxin composition types has
been detected before in any diatom as major toxin components,
and is described for the first time in the present study. Other
isolates from Bulacan, Luzon Island, the Philippines and Bone,

- South Sulawesi, Indonesia showed the major toxin composition of

DA-IB (including only DA) similar to N. navis-varingica from areas
other than Luzon Island (Kotaki et al., 2005, 2008; Bajarias et al.,
2006; Kotaki, 2008). Though total toxin content of each isolate had
rather high variability, toxin composition was the same within
each toxin composition type. The variability might come from a
difference of culture conditions (e.g. difference of co-existing
bacteria, difference of light intensity due to the location of tissue
culture tube, etc.).

In this study, N. navis-varingica samples were collected mainly
in dry season. It is thus unknown whether there is a seasonal
difference in the distribution and toxin compositions of N. navis-
varingica. Furthermore, we have not explored the possibility of
other benthic diatoms producing ASP toxins. However, in Sakari
Estuary, near our college, in Japan, N. navis-varingica could be
isolated throughout the year (even in winter season, data not
shown), all strains showing the same toxin composition (DA-IB).
Our data indicate that N. navis-varingica might show the same
toxin composition during all seasons in tropical areas. Detailed
studies in different seasons at the same locality will be needed to
further explore the seasonality of the distribution and toxin
composition of N. navis-varingica in tropical areas.

Toxin compositions of N. navis-varingica isolates are summa-
rized in Fig. 7 together with previously published results (Kotaki
et al., 2005, 2008; Bajarias et al., 2006; Romero et al., 2008; Kotaki,
2008). The strains isolated from Panyula, Bone, South Sulawesi,
Indonesia showed a DA-trace IB toxin composition type that was
similar to those of strains isolated from Northern Japan (Kotaki
et al., 2008; Kotaki, 2008) and Thailand (Romero et al., 2008), in
contrast to the typical DA-IB type strains from Okinawa,
southernmost Japan, strains from Vietnam, and some strains from
the southern Philippines which had a higher proportion of IB (more
than ca. 20%) (Kotaki et al., 2005, 2008; Kotaki, 2008). Our results
show that toxin composition is not related to latitude, in contrary
to what has previously been suggested, namely that the proportion
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Fig. 7. Distribution and toxin composition of Nitzschia navis-varingica in Asian waters. Summary of the present studies and Kotaki et al. (2005, 2008), Bajarias et al. (2006),
Romero et al. (2008) and Kotaki (2008). Black, domoic acid (DA); white, isodomoic acid A (IA); grey, isodomoic acid B (IB). *The present study.
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of IB in the DA-IB type toxin should be higher in lower latitudes
(Kotaki et al., 2005, 2008; Kotaki, 2008).

Sub-strains were established from strains representative of
three different toxin composition types (IB, DA-IA-IB, and DA-
trace IB), followed by toxin analysis. All of the sub-strains had the
same toxin composition as the parental strains. As the parental
strains were maintained for more than half year until use, above
results demonstrate that toxin composition is most likely a stable
character, although the exact ratio of each toxin component varies
within each toxin composition type (Fig. 6). The stability of the
character is also supported by supplemental batch culture
experiments that were done using PALMC 07-1 (IB type) and
PCAVA 07-2 (DA-1A-IB type) strains for up to 36 days resulting in
confirmation that they maintained the same toxin profile type
during the entire experimental period (PALMC strain; toxin
content of IB increased up to 4.3 pg cell™? at 36 day and PCAVA
strain; total toxin content of DA-IA-IB showed maximum of
5.0 pg cell™! at 28 day with the DA:IA:IB ratio of 37:14:49 and
decreased to 4.2 pgcell™! at 36 day with the DA:IA:IB ratio of
34:13:53).

As shown in Fig. 6, toxin content per cell between parent and
sub-strain of PALMC 07-1 was almost the same (ca. 4.6 pg cell™")
but in case of PCAVA 07-2 (DA-IA-IB type) and IBNB 08-3 (DA-IB
type), average toxin content per cell of the sub-strains was a little
lower than those of the parents. However, these differences are
included in the variability of sub-strains (PCAVA; o = 0.87, IBN;
o =0.66).

Trace amounts of other isomers (e.g., isodomoic acids D and E
together with DA, 1A, and IB in the PCAVA 07 strain (Fig. 5C) and 5'-
epi-DA together with DA and IB in the IBNB 08-2 strain (Fig. 5D)
were detected in LC-MS/MS chromatograms of toxins from
representative strains. However, the presence of these additional
minor isomers was not confirmed in HPLC chromatograms with
fluorescence detection because of low concentrations using an
analysis method to extract samples without concentration
(Pocklington et al., 1990; Kotaki et al, 2004). It is uncertain
whether these minor isomers were artifacts produced by UV or
heating (Wright et al.,, 1990; Quilliam, 2003) or whether they were
bio-synthesized. Nevertheless, we did confirm that DA, IA, and IB
are the major components of N. navis-varingica toxin, and that the
toxin composition is more complex than previously reported
(Kotaki et al., 2005, 2006; Bajarias et al., 2006; Kotaki, 2008). The
presence of isodomoic acid C (IC) simultaneously with DA was
recently reported in toxin of P. qustralis and shellfish that have fed
on P. australis (Holland et al., 2003, 2005; Rhodes et al., 2003). We
did not determine whether IC was present in this study due to a
lack of standard toxin for comparison. However, it is unlikely that
IC constitutes a major component of the toxin profile because no
other apparent peak was observed in any of the HPLC and LC-MS/
MS chromatograms.

Interestingly, only N. navis-varingica isolates from northern
Luzon Island had a toxin composition different from the major DA-
IB type. In total, three different toxin profiles have been confirmed
in isolates from Luzon Island: IA-IB (Kotaki et al., 2005, 2008;
Bajarias et al., 2006), IB, and DA-1A-IB (present study) (Fig. 7). The
strains are morphologically similar to those found in other/close
localities (Haiphong in Vietnam, Okinawa in Japan, the southern
Philippines and Bulacan Estuary, Manila Bay in the Philippines).

One of the strains showing DA-IB toxin composition has been
shown to change its toxin composition to the 1A-IB type when
grown in axenic culture and it returned to the original DA-IB type
when the culture medium was replaced with the cell-free but non-
axenic medium of the parental strain (Kotaki et al., 2008). This
suggests that bacteria might play a role in controlling the toxin
composition, but the mechanism is presently unknown. One
possibility is that some kinds of bacteria might enhance DA

production and/or block IA production and/or consume IA. Such
bacteria might be absent at sites from which strains having a toxin
composition that includes 1A were isolated. Five types of ASP toxin
compositions have been identified to date, namely DA, DA-IB, 1A~
1B, IB, and DA-IA-IB, although the difference between DA and DA-
IB is uncertain because the ratio of IB varies (Fig. 7).

For the primary screening of ASP toxin-producing N. navis-
varingica, the culture conditions described in Section 2.1 were
used. The conditions are considered to be sufficiently similar to
those of the seawater from which these N. navis-varingica strains
were isolated. Temperature and salinity appear to not affect the
toxin composition based on preliminary experiments (data not
shown), but systematic examination of the factors affecting the
toxin composition of this diatom, including co-existing bacteria, is
needed. The detailed processes of the production of each toxin
component are being investigated for determining the toxin
production mechanism.

The toxicity of 1A, IB, and IC is reported to be significantly lower
than DA alone (Munday et al., 2008), suggesting that these toxins
pose a lower risk to humans. However, the structural difference of
DA and IB is based on the position of only one double bond: 3'-4’
(DA)and 4'~5’ (JA), and in IA and IB, the difference is due to only the
configuration of Z (IA) and E (IB) at the 1’-2’ double bond (Fig. 1).
Because of the structural similarities, there is a possibility that
marine animals such as shellfish, fish and mammals may act as
vectors of the toxin isomers, which might then be converted from
IB to IA and finally to DA in the animal tissue, although there is no
report showing these bioconversions in the animal tissue. Studies
of such conversions are currently ongoing.

In conclusion, we isolated ASP toxin-producing diatom N. navis-
varingica from selected areas of Luzon Island, the Philippines and
South Sulawesi, Indonesia. Two new toxin composition types: (1)
only IB and (2) DA, IA and IB were confirmed in the N. navis-
varingica isolates from Luzon Island, the Philippines. The stability
of these toxin compositions was confirmed by comparing the toxin
composition of a parental strain and respective sub-strains. We
summarized, in total, five ASP toxin composition types in N. navis-
varingica. Investigation of factors affecting the toxin composition
of N. navis-varingica might help in determining the toxin
production mechanism of diatoms.
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