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ABSTRACT 

The potent neurotoxin saxitoxin, and possibly several 
of its derivatives, are localized in two types of sites within 
the marine dinoflagellate Gonyaulax tamarensis Le­
bour. Immunocytochemical techniques using a polyclonal 
antibody and epi.fiuorescence microscopy demonstrate toxin 
localization within the nucleus as well as on the periphery 
of small granules thought to be starch grains. I n the nu­
clear region, the labelling occurred on or close to the per­
manently-condensed chromosomes as well as in an area 
within the two arms of the nucleus in the vicinity of the 
nucleolus. 1\/o binding was obserVPd in a closely-related, 
non-toxic dinoflagellate. Different binding affinities were 
observed be/ween the nucleus and the grains at high and 
low antibody dilutions. T his may relate to the polyclonal 
nature of /he anti erum and to the presence of multiple 
toxins within the G. ta marensi i olate tudied. Mecha­
nistic interpretations of these labelling patterns remain 
speculative, especiall)' the localization of the antigen at the 
outer edge of starch grains, but the distinct labelling in 
the nuclear region suggests thai saxitoxin, with its two 
positil•ely charged guanidiniwn groups, IIW)' bind to nu­
cleic acids or nuclear proteins in a manner analogous to 
the polJaminPs and other cations. Tlu labelling patterns 
reported here suggest that the saxitoxins may not simply 
be secondary mPtabolites but instead could be important 
compounds involved in the structure and function of the 
G. tamaren sis genome. 

K ey index words: antibody; dinoflagellate; Gonyaulax 
tam a rensis; i IIWI u nocytochemistry; imm uno.ftuorescence; 
saxitoxin 

Gonyaulax tamarensis Lebour (syno nyms Protogony­
aulax tamarensis and Alexandrium tamarense (Taylor 
1979, Balech 1985) is one of several marine dino­
flage lla tes that produce potent neurotoxins that can 
cause outbreak of paralytic shellfish poi oning (PSP). 
One of the least understood aspects of this phe nom­
enon is the physiological role of the toxin molecules 
in dinoflagellate metabolism. Thi is true de pite 
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con iderable success in the isolation a nd chemical 
characterization o f the 12 different tox ins from Co­
nyaufax specie . The toxins known from this group 
of dmoflagellates are the parent compound, saxi­
toxin , and its eleven derivatives (Schantz et al. 1975, 
Shimizu 1978, Hall 1982). These compounds have 
~l~g_htly different st~uctures and widely varying tox­
ICities (Hall and Re tchardt 1984). A given C. tama­
rensis i alate may differ from other both in the rel­
ative amounts of the va rious toxins it contains (Hall 
1982, Cern bella et al. 1987) and in its overall toxicity 
(Aiam et al. 1979, Maranda et a l. 1985). It is also 
known that the toxicity of a given isolate can vary 
significantly with different growth stages or culture 
conditions (Hall 1982, Boyer e t al. 1985). The bio­
synthetic pathway for saxitoxin remains unresolved , 
although it has recently been shown that the am ino 
acid arginine and ornithine are precursor to the 
toxin (Shimizu et al. 1984). 

The e results all have a bearing on the general 
issue of toxin bio ynthesis, but they do not address 
toxin function directly. One popular speculation has 
been that the toxins might be a nitrogen storage 
product (Loeblich 1984), yet no significant decrease 
in toxicity has been observed in nitrogen-limited 
cultures compared to controls in the arne stage of 
growth but with an excess of nitrogen (Hall 1982). 
A hint of toxin functionality is found in the report 
of Mickelson and Yentsch (1979) who describe the 
co-fractionation of toxins with nucle ic acids and 
speculate that sax itoxin might be bound to D A or 
R 1A and po ibly aCl a a recogni tion ignal during 
tran cription (Abbott and White 1979). 

In other cell types, the function of a particular 
metabolite is often inferred through compa ri ons 
between strains or mutants that do or do not pro­
duce the compound. In this context, non-toxic C. 
tamarensis isolate do exist, but they have no obvious 
growth defici encies and have not been examined in 
detail or compared with toxic strains at the bio­
chemical level othe r than through i ozyme electro­
phoresis (Cembella and Taylor 1986, B. Hayhome, 
unpubl. data). In this paper, we addres the question 
o f toxin functionality using an immunocytochemical 
approach. We report the localization of axitoxin in 
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F1c. I A-f. Phase and fluorescent images of G. tamarmsis. 
Scale bar = I 0 ~tm. A. Phase contrast image of a toxic G. tamarensis 
strain after fixation, embedding, and sectioning. ote the os­
mium-stained lipid bodies, starch grains (G) and the nucleus ( ) 
with condensed chromosomes. B. Epifluorescent image of the 
samefieldasFig. lA, 1:3200antibodydilution. otetheapparent 
labelling of the chromosomes, appearing as spots or rods de­
pending on whether they were oriented perpendicular or parallel 
to the plane of the section. Some of the larger and brighter objects 
appear to lie between the two anns of the nucleus. The grains 
are not labelled. C. Phase contrast image, toxic strain, I :3200 
antibody dilution. The nucleus ( ) appears as two circles. D. 
EpiAuorescence image of the same field as Fig. I C. E. Phase 
contrast image of non-toxic species, I: I 00 antibody dilution. F. 
EpiAuorescence image of the same field as fig. IE showing the 
absence of antigen labelling. 

two types of cellular sites-one wi thin the dinofla­
gellate nucleus and the other on the periphery of 
small granu les thought to be starch grains. The 
binding of toxins to specific cellular sites not only 
provides new insights on function and biosynthesis 
but also has important implications with re pect to 

the retention and accumulatio n of these toxins m 
the food chain. 

MATERIALS A D METHODS 

Two dinoflagellate isolates were used in this study, both mem­
bers of the "tamamzsis complex" (Taylor 1975), but one being 
toxic and the other non-toxic (unpubl. data). The toxic Gonyaulax 
tamarmsis strain (GTCA29) was isolated from the Gulf of Maine 
near Cape Ann, MA. The non-toxic strain (GTM242) originates 
from Town Cove, Orleans, MA . That isolate is smaller than 
GTCA29 and has a characteristic 6th precingular plate on its 
theca that may justify its description as a new species (E. Balech, 
pers. comm.). Cultures were maintained ink medium (Keller a nd 
Guillard 1985) at 8" C on a 14: I 0 h LD cycle at approximately 
150 ~tE · m-•-s- • cool white fluorescent illumination. 

During early exponential growth, cultures were harvested by 
centrifugation. Ten mL of a dense ce ll suspension were fixed for 
I 0 min in buffered artificial seawater containing 4% parafor­
maldehyde and 0.5% glutaraldehyde and postfixed for I h in 2% 
osmium tetroxide in buffered artificial seawater. The pellets were 
dehydrated with an ethanol series and embedded in plastic for 
microtomy. Thin (0.5 ~tm) sections of the dinoflagellate cells were 
etched with odium ethoxide and sodium meta-periodate (Max­
well 1978, Benda yen and Zollinger 1983) prior to I h incubations 
with various dilutions of antisera raised against saxitoxinol, an 
hydroxy-methyl derivative of saxitoxin . Preparation of the ami­
serum is described in Carlson et al. ( 1984). Sections were then 
treated with fluorescein (FITC) labelled goat antibody to rabbit 
lgG (I h) and viewed and photographed with epifluorescence 
microscopy (Zeiss filter set 48771 0). 

RESULTS 

Figure I A, C shows the phase contrast images a nd 
Figure I B, D the correspond ing fluorescent images 
of cells treated with a 1:3200 di lution of antibody. 
The FITC label is seen predominantly within the 
nucle us where the fluorescence has a constellation­
type pattern of numerous individual spots. I t is clear 
that many of these spots are within the nucleus, 
wh ich has a d istinctive horseshoe shape in C. la­
rnarensis, but labelling also occurs betwee n the two 
arms or lobes of the nucle us (Figs. I B, 2B). The 
latte r sites are elongate and significantly brighter 
than the smaller, circu lar spots within the nucle us. 
Usi ng the light microscope, it is not possible to de­
termine whether the elongate shapes are located 
within the nuclear membrane or outside of it but in 
close proximity. 

The second general area of antibody labelling is 
seen at higher antibody concentrations. A 1:100 di­
lution results in labell ing in two gene ral types of 
sites-one in the nuclear region as described above, 
and the other around the edges of numerous small 
(2 J.Lm) g rains throughout the cell (Fig. 2). T hese 
g ranules stained purple when the sections were 
bathed in an iodine solution (Fig. 3). No label was 
seen in the chloroplasts, cell wall , general cell mem­
branes, or osmium-stained lipid bodies at the light 
microscope level of magnification (Fig. 2). 

A non-toxic species exposed to a 1:100 antibody 
dilution showed no label within the cells (Fig. I E, 
F). Similar negative results were obtained when the 
toxic strain of C. lamarensis was treated with normal 
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F1c. 2A, B. l ligh magnification image of toxic cell treated with I: I 00 antibody dilution. calc bar= I 0 J.tm. A. Ph a e contrast image 
highlighting the nucleu ( '), darklr stained lipid bodies (arrowhead), and starch grains (G, arrow). B. Epifluorescence image of the 
same field as Fig. 2A. ote the labelling of the grains on the periphery only (arrow) as well as the chromosomes within the nucleus and 
a bright, elongate o bject between the two arms of the nucleus. The lipid bodies (arrowheads) and other organelles are not labelled. 

rabbit erum or with a mixture of antibody and puri­
fied saxitoxi n . 

D!SCUSSIO 

The immunofluorescent visua lization of the lo­
calized nature of saxitoxin (and possibly some of its 
derivatives) in C. lamarensis cell provides valuable 
insights into the presently unknown role of those 
toxins within the dinoflagellate. Although it may be 
that some of the toxin was lost during the fixation 
and dehydration tep of our procedure and thus 
that our data only represent a partial picture of toxin 
di tr ibution, the remaining toxin i clearly not di -
persed throughout the cytoplasm but in tead is lo­
calized in two general types of sites-one within or 
near the nucleus, and the other at the periphery of 
numerou mall grains scattered th roughout the cell. 

o labelling wa observed with a non-tox ic isolate, 
with a toxic i alate treated with an antibody I axi­
toxin mixture, or with toxic cells treated with nor­
mal rabbit serum. We thus know that the binding 
ob erved within the cells is specific for antigens pro­
duced by toxic C. tamarensis and that in all likeli­
hood, these antigens are the saxitoxins. 

When the ections were exposed to different con­
centrations of antibody, the labelling was variable; 
at high concentrations, both the nuclear region and 
the grains were fluore cent. At low concentrations, 
only the nucleus wa visible. Variation in the inten­
sity of labelling at the two type of ite following 
treatment with different dilutions may reflect the 
polyclonal nature of the antibody preparation and 

different affinities of the antigenic site for the an­
tibody. Thi latter po sibility is con istent with the 
fact that the toxic train of G. tamarensis u ed in these 
experiments conta ins six of the twelve axitoxins 
( axitoxin, gonyautoxin 2, 3, and 4, toxin C2, and 
neosax itoxin; unpubl. data). The saxitoxin antibody 
era -reacts with the first three of these and po sibly 
with C2 as well (Carlson eta!. 1984). Sma ll structura l 
differences give the e toxins different intrinsic po­
tencies as a result of their varying affinities for the 
odium channel (Hall and Reichardt 1984). Their 

binding affinities for an antibody rai ed against saxi­
toxin hould differ a well , resulting in a variation 
in labelling intensity at d ifferent antibody di lutions. 
We are unable at this time to specify which of these 
tox ins, alone or in combination with others, is re­
sponsible for the observed antibody labelling. 

The identity of the loca lization sites will remain 
uncertain until ultra tructural analysi using the 
transmission electron microscope is complete, but 
we believe that the mall grain are tarch grains. 
The e are commonly observed within C. tamarensis, 
and as seen in Figure 3, they stain purple with iodine. 
The pattern of the fluorescen t labelling, which is 
visible only around the periphery of the grains (Fig. 
28 ), is similar in appearance to starch grains follow­
ing iodine staining (Fig. 3) or fixation with osmium 
for transmission electron microscopy, both of which 
leave a clear region at the center of the granules 
and a dark ring around the perimeter. To our 
knowledge, the material being stained by the os­
mium in starch grains has not been identified; os-
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Ftc. 3. Bright field image, toxic strain, of cell section after 
treatment with iodine solution . Scale bar = I 0 ~o<m. The same 
grains (G) that label with antibody are purple following this treat­
ment. ote that the iodine also stains on ly the periphery of these 
grains. ucleus ( ) is not stained. 

mium does not bind to simple starch. We thus have 
no explanation at this time for the apparent local­
ization of toxin at the surface of these grains. 

The size, number, and orientation of labelled sites 
within the nucle us is consiste nt with binding on or 
near the chromosomes. Dino flagellates have several 
unique nuclear features (Spector I 984) including: i) 
a large number o f chromosomes (143 in G. tama­
rensis (Dod ge I 963)) that remain condensed 
throughout a ll stages of vegetative growth; and ii) 
a lack of histone and a high level of divalent metal 
cations within those chromosomes (Ris 1962, Dodge 
I 963, Kearns and Sigee 1979) . Given the immu­
nocytochemical observations reported here, we can 
hypothesize a ro le for saxitoxin within the nucleus, 
based in part on the recent report that a rginine and 
ornithine are precursors for the toxin (Shimizu et 
al. 1984). These amino acids are also precursors for 
polyamines, which, by virtue of their positively 
charged amino gro up , are known to bi nd to anionic 
sites on D A, R A, a nd cell membranes (Slocum 
et al. 1984, T abor and Tabor 1985). The function 
of this binding is not fully unde rstood, but it does 
provide a degree of structural r igidity (Liquori et 
al. 1967), is linked to chromosome condensation in 
interphase mammalian cells (Rao and j ohnson 197 1) 
and is thoug ht to increase the fide lity of transcr ip­
tion and translation (Tabor and Tabor 1985). We 
believe that the two positively charged guanidinium 
groups on the saxitoxins might a llow these com-

pounds to bind to sections of D A, R A, or perhaps 
nuclear proteins in a manner analagous to the poly­
am ines. A close association with the dinoflagellate 
chromosomes might then be expected, with anti­
body labelling visible at the light micro cope level 
due to the permanently conden ed nature of those 
chromosomes. A similar role ha been sugge ted for 
divalent metal cation in the dinoflagellate nucleus 
since they cou ld also bind to the negatively charged 
site on the DNA molecule (Kearns and Sigee 1980). 

The h ypothesized a nalogy between saxitox in and 
polyamine is trengthened by o ur independent ob­
servations (unpubl. data) that variation in the rate 
and magnitude of toxin production in G. lamarensis 
closely parallel the dynamics of polya mine synthesis 
described for p lants and other cell type (Slocum et 
al. 1984). This is seen in actively growing G. lama­
rensis cells whose toxin production is h ighest d uring 
exponential growth, as well as in stressed cells, where 
toxin accumu la tes to levels several times higher t han 
is measured during growth under optimal condi­
tions (Hall 1982; unpubl. data). Similar trends are 
observed in the patterns of polyamine synthesis in 
terrestrial plants during rapid growth or growth un­
der temperature stres (Slocum et al. 1984). Al­
though there is no a priori reason for saxitoxin lo­
calization in the nuclear region to be related to 
flu ctuations in toxin production dur ing growth, the 
well-documented connection between nucleic acid 
function and the size of polyamine pools in other 
cell types provides a useful analogy that is made 
more relevant by the amino acid precursors that 
these two systems have in common. 

Localization of sax itoxin on or near the con­
densed G. lamarensis chromosomes is easily visible 
with the epiftuorescence microscope, but the addi­
tional labell ing observed near the nucleus is less dis­
tinct. As seen in Figures 1 B and 2B, severa l larger 
objects fluoresce brightly in the region between the 
two arms of the horseshoe-shaped nucleus. Since we 
cannot tell where the plane of the mic rotome ection 
cut the nucleus in these images, it is no t possible to 
say whether this particular labelling is inside the 
nuclear me mbrane or outside. Some of the e lo ngate 
objects are most likely the ch romosomes cut in lon­
gitudinal sectio n, since they are similar in width to 
the circular cross sections higher up in the arms of 
the nucleus. I n some images however, the labelling 
between the arms of the nucleus is on objects sig­
nificantly larger than the chromosomes (Figs. 1 B, 
2B). Until a companion study of toxin localization 
using the transmission e lectron microscope is com­
plete, we can only offer the specu lation that the 
obse rved labelling is within the nucleolus, an in­
tranuclear organelle containing gene encoding ri­
bosomal R A (rRNA), rR A p recursors, rRNA­
as ociated proteins, and enzymes required for syn­
thesis of ribosomes. I t is a site of inten e R A syn­
thesis. In G. lamarensis, the nucleolus is located inside 
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the nuclear membrane and within the region be­
t\,·een the two arms of the nucleus (Fritz 1986). 

The binding between the antibody and nuclear 
material in our toxic strain of C. tamarensis i con­
sistent with reports of the co-fractionation of tox­
icity with nucleic acids in extracts from this arne 
species (Mickelson and Yent ch 1979) and with the 
relea e of axitoxins from high molecular weight 
fractions of the digestive gland of toxic sca llops fol­
lowing treatment with RNase (Kodama et a l. 1982). 
In fact, based on their R ase data, Kodama et al. 
( 1982) suggested that saxitoxin may be a constituent 
of C. tamarensi RNA. 

More work is clearly needed to provide phy io­
logical explanations for these immunocytochemical 
ob ervations. ot only do we need to examine toxin 
localization at the ultra tructurallevel for this species 
and for other toxin producers, but we al o need to 
determine the distribution of each of the axitoxins 
and the identity of the molecules to which the bind­
ing is occurring, be it D A, R t A, or some other 
nuclear component. In thi context, it i noteworthy 
that the change in labelling patterns observed with 
different antibody dilutions (Fig. I B vs. 2B) suggests 
that the individual toxins may be spatiall y segregat­
ed within the cell. We also must examine non-toxic 
strains more closely, since it is possible that they 
produce compounds that are structurally and func­
tionally similar to saxitoxin within the cell but that 
are not poisons due to small differences in confor­
mation or charge. 

Our results, combined with the recently proposed 
biosynthetic pathway for saxitoxin (S himizu et al. 
1984), provide a useful framework from which the 
metabolic role of toxins within the dinoflagellate 
and the mechanism for the accumulation and move­
ment of these toxins through the food chain can be 
addre ed. The labelling patterns suggest that these 
toxin (and possibly their non-toxic analogues) are 
not simply secondary metabolite but in tead may 
be important cellular constituents involved in the 
growth and replication of the d inoflagella tes. 
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