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High concentrations of neurotoxin in free-living 
marine nematodes 
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ABSTRACT. High concentrations of sodium channel blockers (SCB) in free-living nematodes-Synl- 
plocostoma sp.,  mesac cant hi on sp., Metachromadora sp. and a mixed population of other species-were 
confirmed using a tissue culture bioassay. These neurotoxins included tetrodotoxin (TTX) or related 
toxins as determined by high performance liquld chromatography. Concentrations of SCB in nema- 
todes were comparable to those of TTX in puffer fish, which suggests that nematodes play a n  impor- 
tant role in the accumulation and transfer of TTX or related toxlns in marine environments. 
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INTRODUCTION 

Sodium channel blockers (SCB) are a group of neu- 
rotoxins which prevent sodium influx through the 
sodium channels in excitable membranes. Among 
them, tetrodotoxin (TTX) and saxitoxin (STX) are  well 
known. TTX causes 'puffer fish intoxication' and STX 
causes paralytic shellfish poisoning (PSP), which rep- 
resent serious public health problems. 

These neurotoxins are  found in various marine 
organisms. TTX is distributed widely among diverse 
groups of anlmals, including crabs (Noguchi et al. 
1983), octopus (Sheumack et al. 1978), ribbon worms 
(Miyazawa et al. 1988), trumpet shells (Narita et al. 
1981), arrow worms (Thuesen et  al. 1988) and others 
(Table 1). Some terrestrial animals also contain TTX 
(Wakely et  al. 1966, Fuhrman 1986); however, their ori- 
gins or mechanisms of accumulation are  imperfectly 
understood. 

Since the discovery of TTX-producing bacteria 
(Noguchi et al. 1986, Yasumoto et al. 1986), it has been 
hypothesized that bacteria are the sole producers of 
TTX in nature and that this toxin can be biomagnified 
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in the food web. This idea is supported by the follow- 
ing observations. First, marine sediments usually con- 
tain high levels of SCB or TTX (Kogure et  al. 1988a). 
Second, TTX-producing bacteria are widely distrib- 
uted in marine organisms (Hwang et al. 1989, Thuesen 
& Kogure 1989) and sediments (Do et al. 1990, 1991), 
including diverse groups of bacteria (Simidu et  al. 
1987). Third, toxin concentrations in puffer fishes differ 
between individuals, depending on the collection site 
and season. In addition, cultured puffer fishes usually 
contain low or undetectable levels of TTX (Matsui et  
al. 1982). But TTX gradually accumulates when puffers 
are fed a TTX-containing diet (Matsui et al. 1981). 

This hypothesis, however, is not yet con~pletely 
proven. A recent observation using imn~unological 
staining suggests that TTX may be  synthesized at  least 
in the eggs of puffer fishes (Matsumura 1995a). Simi- 
larly, the origin of STX is also still obscure. Although 
phytoplankton is generally regarded as a producer of 
STX (White 1981, Boyer et al. 1986), the presence of 
STX-producing bacteria has also been reported (Ko- 
dama et al. 1988). In any case, more elaborate and 
quantitative investigations are required for clarifying 
the oriqin and fate of SCB in marine environments. 

If we assume that bacteria produce SCB or TTX 
which is subsequently accumulated by organisms a t  
higher trophic levels, then especially bacterivorous an- 
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Table 1. Tetrodotoxin concentrations in some marine an~mals  

Organism Maximumd Average" Frequencyh Source 

Flat worm 
Planocera multitentaculata 

Ribbon worm 
Lineus fuscoviridis 

Gstopod mollusks 
Niotha clathrata 
Charonfa sauljae 

Horseshoe crab 
Carnnoscorpius rotundicauda 

Xanthid crab 
Atergatis flondus 

Arrow wormsC 
Parasag~tta elegans 
Flaccisagitta scrippsae 

Goby 
G o b ~ u s  crlniger 

Puffer fishes 
Fugu pardale, liver 
trom Kamaishi 
from Kitakyuushu 

Fugu pardale, ovary 
from Kamaishi 
from Kitakyuushu 

Miyazawa et al. (1987) 

Miyazawa (1988) 

Jeon et al. (1984) 
Noguchi et  al. (1985) 

Kungsuwan et a1 (1987) 

Noguchi et al. (1983) 

Thuesen et al. (1988) 
Thuesen et al. (1988) 

Noguchi et al. (197" 

Kano (1988) 
Kano (1988) 

Kano (1988) 
Kano (1988) 

"Maximum and average values are expressed as pg g-' wet wt 
bNo. of toxic specimens/No. of specimens examined 
'Wet weight was estimated from the data by Uye (1982) 

imals should contain these toxins. We have recently 
demonstrated the occurrence of TTX in ciliated proto- 
zoa (Do et al. unpubl.). The purpose of the present 
study is to examine whether free-living marine nema- 
todes, the dominant fauna1 group in the meiobenthos, 
possess SCB. This group comprises the smallest benthic 
animals which can be directly handled and it may con- 
nects bacteria with organisms at higher trophic levels. 

(1980). The wet weight was calculated from the body 
mass assuming that specific density of nematodes is 
1.13 (Wieser 1960). 

Toxin extraction. The toxlns were extracted at 
OMRC on the day of collection. Samples were homog- 
enized, mixed with 0.1 % acetic acid, and heated in 
boiling water for 20 min. The supernatant was 
obtained by centrifugation (7000 X g, 15 min) and fil- 
trated through a charcoal column and a SEP-PAK C18 
cartridge as described by Hamasaki et al. (1994). The 
resultant solution was freeze-dned and reconstituted 
in a small amount of distilled water. 

Tissue culture bioassay. Samples were analyzed by 
tissue culture bioassay using the mouse neuroblastoma 
cell line Neuro 2A (Kogure et al. 198813). In brief, an 
alkaloid toxin, veratridine causes sodium influx and 
subsequent death in the presence of ouabain, but SCB 
antagonizes this effect and enables the cells to con- 
tinue growing. The relative number of viable cells cor- 
relates with the concentration of SCB, and we esti- 
mated the toxicity level of the samples from this 
correlation by using TTX as a standard. A preliminary 
assay was first conducted to roughly estimate the toxin 
concentration. Then triplicate assays were run for each 
sample, and the result is shown as an average value of 
these 3 assays. At least 200 neuroblastoma cells were 
counted for each assay to determine the viability. 

MATERIALS AND METHODS 

Sampling. Sediment samples were obtained at 
Otsuchi Bay, Iwate Prefecture, Japan, in March 1991 
using a dredge. The samples were brought back to 
Otsuchi Marine Research Center (OMRC), Ocean 
Research Institute, University of Tokyo, and, the frac- 
tion passing through a l mm sieve was concentrated 
and used for isolating meiobenthos. Specimens were 
picked up using an Irwin loop under a binocular. The 
following 3 species of free-living nematodes were 
readily identified and treated separately: Symplocos- 
toma sp.,  Mesacan thion sp. ,  and Metachromadora sp. 
Other species of nematodes were pooled and treated 
as a single sample. The number of specimens collected 
are shown in Table 2. The volume of nematodes was 
determined after the method of Price & Warwick 
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High-performance liquid chromatography (HPLC). 
Samples which showed the presence of SCB were fur- 
ther analyzed by ion-paired reverse phase HPLC to 
identify TTX and its analogs according to the methods 
of Yasumoto & Michishita (1985). The system and ana- 
lytical conditions were the same as described in a pre- 
vious paper (Hamasaki et al. 1994). 

RESULTS AND DISCUSSION 

The occurrence of SCB in free-living nematodes was 
confirmed by the tissue culture bioassay method. The 
concentrations were estimated from the relative num- 
ber of viable cells (Table 2). SCB content per individual 
varied by about 1 order of magnitude. 

For comparison, Table 1 gives examples of the toxin 
contents in various marine animals reported to possess 
TTX. Except for arrow worms, all quantitative mea- 
surements were done by mouse assay (Kawabata 
1978), and 1 mouse unit (MU) was calculated as 200 n g  
TTX in this table. As for puffer fish, TTX in the liver 
and ovary of specimens from 2 areas in Japan are 
shown. These 2 organs usually contain the highest lev- 
els of TTX. Among benthic animals, ribbon worms 
Lineus fuscoviridis and flat worms Planocera multiten- 
taculata had the highest TTX levels. The maximum 
value from the latter species was found in the oviducts. 
As for other benthic organisms, average weight-spe- 
cific toxicities were on the order of 1 pg g-' wet wt. 

We calculated wet-weight-specific toxin levels of 
nematodes (Table 2), assuming 5 nl body volume for 
specimens in the mixed species group. Because this is 
rather an overestimate, values shown in the table 
should be conservative ones. Mesacanthion sp. and the 
mixed-species nematodes contained more TTX than 
puffer fish from Kitakyuushu. Metachromadora sp. 
possessed even higher toxicity. 

Some remarks are necessary on thls table. First, the 
distribution of the toxin is often sporadic, as seen in the 
frequency values in Table 1. Even among those speci- 

Table 2. Amount of SCB and T 

Organism n Wet weight 
Mean Total 

mens containing toxins, the toxin concentration differs 
greatly within species, individuals and organs. In the 
present investigation, however, we were technically 
unable to detect such variation among nematode indi- 
viduals, because the analytical methods currently 
available are not sensitive enough. lmmunostaining 
using monoclonal antibody for TTX seems to be the 
most promising approach (Matsumura 1995b). 

Secondly, the standard mouse assay and our tissue 
culture bioassay give essentially the same results (Jel- 
let et al. 1992), unless some unknown components in 
oul- samples were suppressing the function of either 
veratridine or ouabain. We used the tissue culture 
bioassay mainly because it is about 1000 times more 
sensitive than the mouse assay. However, both are  
unable to differentiate particular toxins from the SCB 
mixtures. Therefore, values in these tables include 
neurotoxins other than TTX. In order to determine the 
contribution of TTX to total toxicity, we analyzed the 
samples with HPLC. Fig. 1 shows a chromatogram of 
the mixed-species nematodes sample. A single peak 
corresponding to the retention time of a standard TTX 
was seen. These peaks were also obtained from other 
nematode species saillples (data not shown). TTX con- 
tents were calculated from the peak height (Table 2). 
However, some caution is necessary in interpreting 
these data. The analysis by HPLC alone is not fully sat- 
isfactory as a chemical confirmation of TTX. In fact, we 
often observed peaks whose retention times were 
slightly shorter than that of TTX. Complete chemical 
analyses for both TTX and other SCBs still remain to be 
accomplished. Nevertheless, our results clearly indi- 
cate that high concentrations of SCB occur in nema- 
todes. The HPLC analyses indicate that the contribu- 
tion of TTX or its analogues to total toxicity could be up 
to 30%. 

In a previous paper, w e  reported a high concentra- 
tion of SCB in marine sediment from Tokyo Bay and 
open ocean floor (Kogure et al. 1988a) On average, 
marine sediments (surface to about 20 cm depth) con- 
tain 45 ng of SCB g-' 01- 68 n g  cm-3 (assuming a value 

T X  in free-living nematodes 

S C B ~  TTX" 
Total Per ind. Per wet wt Total Per lnd. 

g d .  (mg) (ng) (ng) g.') 

Syrnplocostoma sp. 381 47.2 18.0 430 1.1 23.9 
Mesacanth~on sp. 298 36.0 10.7 l050 3.5 98.1 
Metachrolnadora sp 174 6.89 1..20 650 3.7 542 
Others 1975 5.65' 11 2 880 0.45 78.6 

"Measured by the tissue culture assay method 
"Lleasured by high-performance liquid chromatography (HPLC). This includes TTX analogues 
'Assuminy average body volume = 5 nl (Shirayama pers. obs.) 
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Retention Time (min) 

Fig. 1.  High-performance liquid chromatograms of the mixed- 
species nematodes sample. The upper line shows the mixed- 
species sample; the lower shows the standard. (1) TTX; (2) 4- 

epi-TTX; (3) anhydro-TTX 

of 1.5 for the specific density of the sediment). We were 
unable to determine in which part of the sediment SCB 
is actually located. The density of nematodes in 
Otsuchi Bay (Kim & Shirayama in press) varied from 
16.8 to 121 cm-2 with the maximum in March. Based on 
these data and Table 2, nematodes may account for 
1 to 8% of total SCB in the top 10 cm of marine sedi- 
ment. It is noteworthy that nematodes constitute 3 to 
15 % of the meiobenthos in the sediment of this exper- 
imental area. If SCB is also present in meiobenthos 
other than nematodes, a considerable part of the SCB 
in sediment may turn out to be present in these ani- 
mals. On the other hand, considering the data from 
laboratory cultures, toxins in bacterial populations do 
not seem to constitute a significant proportion of those 
marine sediment. 

There are several possible explanations for the origin 
of SCB-like neurotoxins in nematodes. First, SCB may 
be supplied as food and subsequently accumulated in 
the body of nematodes. Second, it may be synthesized 
by the animal itself. Third, nematodes may convert the 
precu.rsor m.olecule supplied by other living organisms. 
The toxins may then be used as venom (Sheumack et 
al. 1978, Thuesen et al. 1988), for defense and/or as a 
more effective predation mechanism, or for unknown 
physiological reason. Of the 3 species of nematode we 
studied, Symplocostorna sp. is a herbivore, Mesacan- 
thion sp, a carnivore and Metachromadora sp. a omni- 

vore (Kim & Shirayama in press). If nematodes use tox- 
ins as venom, Mesacanthion sp. is expected to possess 
the highest concentration of SCB. In our results, how- 
ever, toxin concentration in omnivores were 5 times 
greater than in carnivores. In addition, herbivores had 
the lowest concentrations of toxins. These results sup- 
port the first explanation for the origin of SCB in nema- 
todes, i.e. accumulation of neurotoxin through the food 
web. If a bacterium contains 10-'' g SCB, roughly at 
least 108 cells must be eaten by a nematode to reach its 
toxin concentration. The total weight of 10' bacterial 
cells roughly corresponds to that of 1 nematode. 
Because 1 bacterivorous nematode may consume 105 
to 106 cells h-' (Tietjen 1980, Shirayama 1991), this is a 
realistic value. In order to verify this hypothesis, how- 
ever, further experimental observations using quanti- 
tative analyses and a physiological approach for these 
nematode species will be required. On the other hand, 
to our knowledge, there are no observations or data 
which support the second and third hypotheses. 

In conclusion, high levels of SCB were found to occur 
in marine nematodes, supporting the idea that SCB are 
produced mainly by microorganisms and are biomag- 
nified through th.e food web. Further chemical charac- 
teristics of these toxins and the mechanism of toxifica- 
tion are now being investigated. 
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