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Bacterial Production of Tetrodotoxin in
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Abstract. Tetrodotoxin (TTX) producing bacteria
have been isolated from four species of planktonic chae-
tognaths: Flaccisagitta lyra, Parasagitta elegans, Zono-
sagitta nagae, and Eukrohnia hamata. TTX production
in bacterial isolates from the four species of venomous
chaetognath species was indicated by neuroblastoma cell
culture bioassay and high performance liquid chroma-
tography. A common species of marine bacterium, Vib-
rio alginolyticus, was identified as most likely responsible
for the production of TTX. Extracellular TTX in the cul-
ture medium at concentrations of 280-790 pg/ml indi-
cated that V. alginolyticus may be sufficiently capable of
replenishing venom TTX within 24 h. It is suggested that
this bacterium lives associated with these chaetognaths
and is responsible for the production of the TTX in chae-
tognath venom.

Introduction

Observations of arrowworms paralyzing copepods in
the laboratory (Parry, 1944; Nagasawa, 1985) and inves-
tigations of their raptorial morphology (Bieri ez al., 1983;
Thuesen and Bieri, 1987) indicated that these primary
carnivores use venom to enhance the likelihood of suc-
cessful prey capture. Suppositions of their venomous na-
ture were confirmed with the recent discovery that the
sodium channel blocking agent tetrodotoxin (TTX) is
present in the heads of a diverse number of chaetognaths
(Thuesen et al., 1988). Since many species of marine bac-
teria are evidently capable of producing TTX (Simidu et
al., 1987; Tamplin et al., 1987; Yotsu et al. 1987), the
present study was undertaken to determine if bacteria
may be responsible for the production of TTX in chae-
tognath venom.
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Materials and Methods

Zooplankton sampling was carried out on the R/V
Hakuho Maru, Ocean Research Institute, University of
Tokyo, cruise KH-87-4 in the Kuroshio and Oyashio
mixing area off the northwestern coast of Japan. A 160-
cm ORI net hauled obliquely to 1000 m and closing 56-
cm MTD nets hauled horizontally at determined depth
intervals to 700 m were used to collect samples. Animals
were removed from the plankton sample immediately af-
ter collection, identified, and transferred to sterilized sea-
water. The chaetognaths Flaccisagitta lyra (Krohn),
Parasagitta elegans (Vernll), Zonosagitta nagae (Alva-
rino), and Eukrohnia hamata (Mobius) were used as
sources for the isolation of bacteria.

Immediately following removal from the plankton
sample, chaetognaths were rinsed once more in sterilized
seawater, decapitated, and the heads transferred to mi-
crohomogenizers. Heads were lightly homogenized ei-
ther singly or in groups of five or ten. Some homogenates
were prepared with the addition of one or two drops of
sterilized seawater. Agar plates of s strength ZoBell’s
2216 medium (90% aged seawater) were then inoculated
with the homogenate and incubated at 20°C. Since it is
known that bacteria of the genus Vibrio are producers of
TTX (Simidu et al., 1987) and commonly associated
with zooplankton (Simidu et al., 1971), a survey of a va-
riety of the bacterial colonies which had formed on the
plates was carried out using the Hugh-Leifson test to se-
lect facultative anaerobes for analysis to determine TTX
production.

Since all of the isolated Vibrio strains were found to
have the property of “swarming on solid media,” many
of the possible Vibrio species were tentatively eliminated
and the identification process simplified (Baumann and
Schubert, 1984; West and Colwell, 1984). To identify the
bacteria responsible for TTX production, we performed
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the following tests: growth at 40°C, tolerance to 10%
Na(l, utilization of sucrose, amylase production, gelati-
nase production, arginine dihydrolase, and Voges-Pros-
kauer test of acetoin production. Vibrio alginolyticus
(NCMB 1903) was used as a standard for comparison
throughout the identification process.

Media for batch culture of bacteria was prepared of the
following components: NaCl, 26.38 g; MgSO,.-7H,0,
2.46 g; K;HPO,, 1.0 g; Bacto-peptone (Difco), 5.0 g;
yeast extract, 1.0 g; and distilled water, 1.0 |, adjusted to
pH 7.5. Bacterial strains were inoculated into 250 ml of
culture medium and incubated at 30°C with shaking un-
til cells attained stationary growth phase (=24 h). Cells
were harvested by centrifugation at 7000 rpm and
washed once with 0.3 M NaCl solution. The primary su-
pernatant was adjusted to pH 5-6 with acetic acid,
freeze-dried, and kept at —50°C. The pellet containing
bacterial cells was resuspended with 10 ml 0.1% acetic
acid and heated in a boiling water bath for 20 min to
extract toxin. This solution was applied to centrifugation
at 13,000 rpm for 15 min, and the resulting supernatant
was freeze-dried and stored at —20°C. In preparation for
HPLC, samples were reconstituted with distilled water,

.passed through 0.22-um Millipore filters, and loaded
into SEP-PAK C; cartridges (Waters Associates). Sam-
ples were then eluted rapidly with 0.1% acetic acid, col-
lected, and applied to HPLC.

A quick and simple bioassay employing mouse neu-
roblastoma cell culture (ATCC No. CCL 131) was re-
cently developed by Kogure ef al. (1988) which can de-
tect picogram levels of sodium channel blocking neuro-
toxins. The biochemical basis of the assay is that
veratridine enhances sodium ion influx in neuroblas-
toma cells when Na*-K* ATPase is inhibited by ouabain
and that TTX is able to effectively block this enhanced
influx. The cell culture bioassay uses this cancellation of
effects, and the presence of toxin in assay samples is dem-
onstrated by cultures that remain viable despite the pres-
ence of veratridine and ouabain. Using TTX as a stan-
dard, the caiculation of cell death ratios allows for the
quantitative estimation of sample toxicity as shown by
Kogure et al. (1988).

To ascertain that the sodium channel blocking toxin
accumulated in bacterial cultures was TTX, ion-paired
reverse-phase HPLC was carried out on a JASCO Tri
Rotar-VI HPLC system with a 6 X 300 mm silica ODS
column (Senshu Scientific Co.) following methods de-
scribed previously (Nagashima et al., 1987). The mobile
phase consisted of 0.05 M phosphate buffer (pH 7.0) with
1% methanol and 2 mM heptanesulfonic acid delivered
isocratically. The eluent was mixed with an equal vol-
ume of 3 N NaOH at 100°C and fluorescence was moni-
tored at 381 nm excitation and 505 nm emission on a
Hitachi F1000 fluorescence spectrophotometer. Three

microliters of TTX (Sigma) solution (0.1 mg/ml) was
used as a standard. Although HPLC alone does not un-
equivocally prove the existence of TTX, it is a valid
method for the confirmation of TTX in bacterial cul-
tures given the results of Simidu et al. (1987), Tamplin ez
al. (1987), Yotsu et al. (1987), and sources cited therein.

Results

Bacterial colonies formed on all agar plates within a
few days of incubation at 20°C. Swarming colonies were
found on every plate regardless of the species of chaetog-
nath or location of sample collection. On some plates
this swarming colony dominated and no other colonies
formed. These colonies were slightly arborescent, milky
colored and were determined to be facultative anaerobes
by the Hugh-Leifson test, designating them as members
of the family Vibrionaceae. The majority of the other
kinds of bacteria colonies tested negative for the Hugh-
Leifson test and were excluded from the remaining test-
ing procedures. Every Vibrio strain isolated from the
heads of the chaetognaths Flaccisagitta lyra, Parasagitta
elegans, Zonosagitta nagae, and Eukrohnia hamata was
identified as Vibrio alginolyticus (Table I) following Bau-
mann and Schubert (1984) and West and Colwell (1984).

Extracts taken from the batch cultures of all 15 Vibrio
strains (Table I) effectively blocked the sodium channel
as determined by the Kogure et al. (1988) cell culture
bioassay. Within 24 h, extracellular toxin was present in
the culture medium at concentrations ranging from 280
to 790 ng/ml (200 ng TTX equals one mouse unit) as
estimated by cell culture bioassay. Ion-paired reverse-
phase HPLC of both culture supernatant and bacterial
cell extracts indicated that the responsible toxin was
TTX (Fig. 1). Closely related TTX analogues have been
shown to peak within several minutes after TTX using
similar HPLC methods (Nagashima et al., 1987; Yasu-
moto and Michishita, 1985), and these may also be pres-
ent in the sample elution profile.

Discussion

Although Thuesen et al. (1988) found TTX in the
heads of six species of chaetognaths, they did not deter-
mine the source of toxin production. The concentrations
of extracellular TTX found in bacteria cultures indicates
that Vibrio alginolyticus is capable of secreting TTX at
substantial rates. This and the presence of V. alginolyti-
cus in the heads of the arrowworms Flaccisagitta lyra,
Parasagitta elegans, Zonosagitta nagae, and Eukrohnia
hamata suggests that this bacterium is responsible for the
production of the TTX in chaetognath venom. It is not
yet known how many of the approximate 100 species of
arrowworms use venom to capture prey, although the
ecological diversity and morphological similarity of the
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Table I

Characterization of the tetrodotoxin-producing bacteria of chaetognaths

Chaetognath Flaccisagitia Parasagitta Zonosagitta Eukrohnia
lyra elegans nagae hamata
Number of bacteria strains isolated 12 22 6 10
Number of Vibrio strains (Hugh-Leifson test) 4 3 3 5 Vibrio
alginolyticus
Chaetognath Vibrio characteristics
Swarming + + + + +
Growth at 40°C + + + + +
Tolerance to 10% NaCl + + + + +
Utilization of sucrose + + + + +
Production of:
Amylase + + + + +
Gelatinase + + + + +
Arginine dihydrolase - - - - -
Acetoin (Voges-Proskauer) + + + + +
Tetrodotoxin + + + + +

known venomous species suggests that use of TTX
venom may be very common throughout the phylum
Chaetognatha (Thuesen et al., 1988).
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Figure 1. lon-paired reverse phase HPLC elution profiles of tetro-

dotoxin standard (upper) and sample extract (lower) of the culture su-
pernatant of Vibrio alginolyticus, which was isolated from the head of
Flaccisagitta lyra. Some of the peaks following the TTX peak (arrows)
within several minutes may possibly be related, less toxic tetrodotoxin
analogues.

Of the six species of chaetognaths investigated pre-
viously (Thuesen et al., 1988), Parasagitta elegans was
found to have the highest toxicity: 320 pg of TTX per
individual. The present study found Vibrio alginolyticus
capable of secreting 280-790 pg of TTX in one microli-
ter of culture medium within 24 h, figures that reason-
ably indicate that V. alginolyticus can replenish venom
TTX over a necessary time scale. However, exact TTX
secretion rates, numbers of V. alginolyticus inhabiting
chaetognaths, and times required for replenishment of
venom TTX following prey capture are not yet known.

The only other animal known to possess a TTX
venom is the blue ringed octopus, Hapalochlaena macu-
losa (Scheumack et al., 1978). TTX in the venom of H.
maculosa is also apparently produced by bacteria (U.
Simidu, pers. comm.). It has been suggested that Vibrio
alginolyticus is the bacterium responsible for toxification
of the tetraodontid fish, Fugu vermicularis (Noguchi et
al., 1987) as well as a toxic starfish, Astropecten polyacan-
thus (Narita et al., 1987) and horseshoe crab, Carcino-
scorpius rotundicauda (Kungsuwan et al., in press). Our
findings that V. alginolyticus can secrete TTX over a
short time scale at relatively potent concentrations
strengthens the argument for bacterial production of
TTX in these animals. We consider V. alginolyticus to
be the most apparent source of the TTX in chaetognath
venom, albeit possible that venom TTX is produced by
another as yet unidentified microorganism. However, it
is remarkable that this identical TTX-producing bacte-
rium has been found in association with such a wide ar-
ray of marine animals which possess TTX.

Investigations of chaetognath-bacterial interactions
are few. Unidentified bacteria have been reported as
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pathogens of chaetognaths both in the natural environ-
ment and in the laboratory (Nagasawa and Nemoto,
1984; Nagasawa et al., 1984, 1985). Nair et al. (1988)
investigated the bacterial flora of the neritic arrowworm
Aidanosagitta crassa and found that Vibrio accounted
for 12.7% of the bacteria associated with healthy individ-
uals and 36.3% of those associated with weak and mori-
bund specimens. These investigations were not devel-
oped further and identification of bacteria at the species
level was not carried out. It is likely that V. alginolyticus
accounted for some of the Vibrio species found by Nair
et al. (1988), since all the Vibrio isolated in the present
study were this species.

The exact location of Vibrio alginolyticus and the
mechanism of accumulation of TTX in chaetognath
heads is not yet known. Bieri ez al. (1983) suggested that
venom may be secreted from the vestibular papillae that
lie beneath the tips of the posterior teeth, and this could
be a sight of symbiosis. The vestibular pit, mouth, and
gut are other possible locations of bacteria. The ultra-
structural characteristics of bacterial associations has not
yet been revealed in any of the animals that accumulate
TTX, and it is not yet known if bacteria are enclosed
within bacteriocytes or live within intercellular space.
The role that TTX plays in the physiology of marine bac-
teria is still unknown, however its ability to stop the flow
of sodium ions through cell membranes suggests that it
may function in the regulation of ion exchange.
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