APPLIED AND ENVIRONMENTAL MICROBIOLOGY, Jan. 1997, p. 239-245
0099-2240/97/$04.00+0
Copyright © 1997, American Society for Microbiology

Vol. 63, No. 1

Evidence for Production of Paralytic Shellfish Toxins by Bacteria
Associated with Alexandrium spp. (Dinophyta) in Culture

S. GALLACHER,'* K. J. FLYNN,? J. M. FRANCO,? E. E. BRUEGGEMANN,* axp H. B. HINES*

SOAEFD, Marine Laboratory, Aberdeen AB11 9DB," and Swansea Algal Research Unit, School of Biological Sciences,
University of Wales, Swansea, Singleton Park, Swansea SA2 8PP,? United Kingdom; Instituto de Investigaciones
Marinas (CSIC), 36208 Vigo, Spain®; and Toxinology Division, U.S. Army Medical Research Institute
of Infectious Diseases, Fort Detrick, Frederick, Maryland 21702-5011*

Received 18 March 1996/Accepted 14 October 1996

A substantial proportion of bacteria from five Alexandrium cultures originally isolated from various coun-
tries produced sodium channel blocking (SCB) toxins, as ascertained by mouse neuroblastoma assay. The
quantities of SCB toxins produced by bacteria and dinoflagellates were noted, and the limitations in comparing
the toxicities of these two organisms are discussed. The chemical nature of the SCB toxins in selected bacterial
isolates was determined as paralytic shellfish toxins by pre- and postcolumn high-performance liquid chro-
matography, capillary electrophoresis-mass spectrometry, and enzyme immunoassay.

Paralytic shellfish toxins (PST) are potent neurotoxins
which, if present in plankton, can be concentrated by filter
feeding shellfish (27). This can lead to paralytic shellfish poi-
soning (PSP) in humans upon consumption of contaminated
animals (27).

PST comprise saxitoxin (STX) and at least 20 other chemi-
cally related derivatives (40) which block sodium channels in
mammalian nerve cells, thus preventing conductance of signals
along the neuron (3, 27). The individual toxins vary in potency,
with those containing a carbamate group (e.g., STX) being the
most toxic and those with a sulfocarbamoyl group (e.g., C
toxins) being the least toxic (50) (Fig. 1). The proportions and
concentrations of these toxins, when present in organisms such
as shellfish, are highly variable (50).

Although it is generally considered that PST are associated
with dinoflagellates, such as Alexandrium tamarense (49), it has
been suggested that heterotrophic bacteria are responsible for
toxin synthesis in these organisms (30, 31, 45, 46). The original
evidence to support these propositions was electron micro-
graphs depicting bacteria inside dinoflagellate cells, the subse-
quent isolation of these bacteria, and determinations of their
toxicities (31, 45, 46). However, other workers failed to detect
intracellular bacteria in toxic dinoflagellates and were skeptical
of claims that bacteria produced PST (37). Controversy has
surrounded this issue, with discussions focusing on whether or
not bacteria exist within the dinoflagellate cell and what, if any,
could be their role in dinoflagellate toxicity. These topics have
seemed to distract researchers from an important point, prov-
ing that bacteria are capable of autonomous production of
these toxins. As a result, it was only recently that confirmation
of the toxicity of the original PST-producing bacterium, iso-
lated by Kodama’s group in Japan, was reported (11, 30).
However, little work has been done elsewhere. Therefore, this
study was undertaken to determine if bacteria associated with
dinoflagellates other than those originating from Japan were
capable of autonomous production of PST. The number of
bacteria capable of toxin production and the quantity of toxin
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produced by bacteria compared with that of dinoflagellates
were also determined.

MATERIALS AND METHODS

Source of dinoflagellate strains. The following dinoflagellate strains were
used: A. tamarense UW2c and UW4 from germinated cysts, obtained from
sediment off the west coast of Scotland (33-35) (Table 1); and A. tamarense
NEPCC 407, A. lusitanicum NEPCC 253, and A. affine NEPCC 667, obtained
from the North East Pacific Culture Collection (Table 1). All of these cultures
have been reported as toxic (6-8, 17, 35, 36), with the exception of 4. affine
NEPCC 667 (1, 8). However, this strain is listed by the North East Pacific Culture
Collection as toxic.

Culturing of dinoflagellate strains. Dinoflagellates were cultured for 28 days
in 150 ml of f/2-enriched seawater (22) without copper and with added selenium
(Na,SeO3) at a final concentration of 10~® M. Cultures were exposed to a 12-h
light-dark cycle at 15°C (ca. 125 wmol m~2 s™! [irradiance]; cool white fluores-
cent tubes).

Cells obtained by centrifugation (2,000 X g for 20 min) of a 50-ml culture of
each Alexandrium sp. were sonicated with 1 ml of 0.05 M acetic acid followed by
centrifugation (10,000 X g for 10 min) to remove cell debris. The resultant
supernatant was stored frozen at —20°C until used.

Isolation and growth of bacteria from dinoflagellate cultures. Tenfold dilu-
tions of each Alexandrium culture were prepared in marine broth (Difco), and 0.1
ml of each was spread onto marine agar (Difco) plates. These plates were
incubated at 20°C for 7 days, and the total viable count was calculated. Bacteria
from the plates containing approximately 50 colonies were isolated and replated
individually onto marine agar plates, followed by incubation at 20°C for 48 h. The
resultant pure colonies were subsequently inoculated into 30 ml of marine broth.
After incubation at 20°C for 24 h on a rotary incubator (120 oscillations per min),
the supernatants were collected by centrifugation (10,000 X g for 20 min) and
stored at —20°C until required. These samples were used in the initial screening
for sodium channel blocking (SCB) activity of bacterial culture supernatants by
mouse neuroblastoma (MNB) assay (16).

Preparation of bacterial samples for quantitative tissue culture and analytical
analysis. Bacterial strains 667-2, 407-2, 253-19, UW4-1, and UW2c-6, obtained
from their respective dinoflagellate cultures, were cultured for 18 h in 30 ml of
marine broth (20°C; 120 oscillations min~'). Ten milliliters of each of these
cultures was subsequently inoculated into 500 ml of marine broth in a 2-liter flask
and incubated for a further 24 h. After this period, a cell count was obtained from
the application of 10-fold serial dilutions of each culture onto marine agar plates
and incubation for 48 h at 20°C. Supernatants and cells were separated by
centrifugation (10,000 X g for 20 min). This was repeated until a total of 5 liters
of culture was obtained for each isolate. An aliquot (20 ml) of the supernatant for
each isolate was stored at 20°C until processed by tissue culture. The cells
harvested from a total of 5 liters of each isolate were weighed and resuspended
in 0.05 M acetic acid (667-2, 36.5 g in 5 ml [equivalent to 1.4 X 10'? CFU/ml];
407-2, 38.5 g in 40 ml [equivalent to 3.37 X 10'! CFU/ml]; UW4-1, 152 g in 100
ml [equivalent to 1.45 X 10'" CFU/ml]; and UW2c-6, 114 g in 80 ml [equivalent
to 1.25 X 10'" CFU/ml]). However, only 1 liter of 253-19 was harvested; this gave
11.8 g (wet weight) of cells, which was resuspended in 10 ml of acetic acid
(equivalent to 2.3 X 10'! CFU per ml). The resultant slurries were sonicated and
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FIG. 1. Structures of PST (adapted from references 9 and 40). Abbreviations: STX, saxitoxin; neo-STX, neosaxitoxin; GTX 1 through 4, B1, and B2, gonyautoxins
1 through 6; dcSTX, decarbamoylsaxitoxin; dcGTX2 and 3, decarbamoylgonyautoxins 2 and 3; do-STX, 13-deoxydecarbamoylsaxitoxin; and do-GTX 2 and do-GTX

3, 13-deoxdecarbamoylgonyautoxins 2 and 3.

centrifuged (10,000 X g for 10 min), and the supernatant was collected and
stored at —20°C.

MNB assay. The MNB assay for the detection of SCB toxins was performed by
the method of Gallacher and Birkbeck (18). Briefly, ouabain and veratridine
were added to MNB cells, leading to cell death due to sodium influx. However,
in the presence of SCB toxins such as PST, cells survived and were quantified by
the addition of the viable dye neutral red (18, 20). The resultant colorimetric
response was measured by using an enzyme-linked immunosorbent assay
(ELISA) plate reader. All samples were tested in triplicate, and controls con-
sisted of (i) two sets of three wells containing cells with 200 wl of RPMI tissue
culture medium (Gibco) and (ii) two sets of three wells containing ouabain (0.2
mM; Sigma) and veratridine (0.05 mM; Sigma) adjusted to a 200-pl volume by
the addition of material equivalent to the sample but containing no toxins (i.e.,
for culture supernatant tested at 1/10 dilution in RPMI medium, marine broth at
a 1/10 dilution in RPMI medium was added to the ouabain-veratridine controls).
An STX dose-response curve (STX [Calbiochem] diluted in RPMI medium fresh
daily) over the range from 0 to 100 nM was prepared for each assay. For initial
screening of large numbers of bacterial supernatants, the samples were used in

the assay at a 1/10 dilution. For quantitative evaluation of the bacterial super-
natant, bacterial cells, and dinoflagellate cells, the samples were diluted in a
twofold series in RPMI medium before addition to the assay. The coefficient of
variation of each triplicate absorbance value was no more than 10%. The absor-
bance value obtained upon cell survival due to the presence of SCB toxins was
compared to that of the STX dose-response curve, allowing the SCB activity to
be defined as nanomolar STX equivalents and subsequently converted to STX
equivalents expressed in nanograms per milliliter and picomoles per milliliter for
calculation purposes.

In order to calculate the quantity of toxin excreted by bacteria into the sur-
rounding medium on a per cell basis, the concentration of STX (expressed in
picomoles per milliliter) was divided by the number of cells obtained from a 24-h
culture (667-2, 1.4 X 10° CFU/ml; 407-2, 2.7 X 10° CFU/ml; 253-19, 2.3 X 10°
CFU/ml; UW4-1, 2.9 x 10° CFU/ml; and UW2c-6, 2.0 X 10° CFU/ml).

To calculate the total quantity of toxins produced by bacteria, the number of
cells from a 24-h culture (in CFU per milliliter) was multiplied by the volume of
the culture (generally 5 liters) and divided by the volume of liquid used to

TABLE 1. Quantities of bacteria and proportions of SCB toxin-producing bacterial isolates from dinoflagellates”

Strain Country of origin Dinoflagellates Bacteria Bacteria producing
(reference) (cells/ml) (CFU/ml) SCB toxins (%)”
A. affine NEPCC 667 Spain (13) 2.0 x 10* 1.8 X 107 42
A. tamarense NEPCC 407 Canada (6) 1.8 x 10* 6.9 x 107 60
A. lusitanicum NEPCC 253 Portugal (44) 5.6 X 10* 4.3 x 107 60
A. tamarense UW4 United Kingdom (35) 2.1 x 10* 7 X 10° 54
A. tamarense UW2c United Kingdom (35) 4.8 x 10° 5.0 X 10° 40

“ Obtained from 28-day laboratory cultures of Alexandrium spp. from North America and Europe.

b As determined by the MNB assay of Gallacher and Birkbeck (18).
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resuspend the cell pellet. The quantity of toxin (expressed in picomoles per
milliliter) was subsequently divided by the total number of cells.

The concentrations of SCB toxins in dinoflagellate cell extracts were calculated
in a manner similar to that used for bacterial cells, but the dinoflagellate cell
numbers listed in Table 1 were used as the basis for determining the number of
cells in 50 ml of dinoflagellate culture.

HPLC. Analysis of PST by high-performance liquid chromatography (HPLC)
was carried out by both precolumn (12) and postcolumn (16) oxidation of toxins.

For precolumn HPLC, bacterial cell extracts were diluted 1/10 in 0.05 M acetic
acid. Thirty microliters of UW4-1 and 15 pl of 667-2, 407-2, 253-19, and UW2c-6
were adjusted to a 60-pl total volume in water and used in precolumn HPLC by
the method of Flynn and Flynn (12). The standards used were obtained from the
National Research Council of Canada as a commercial kit (PSP-1) consisting of
STX, neo-STX, and gonyautoxins 2 and 3 (GTX 2 and 3, respectively).

For postcolumn HPLC (16), bacterial cell extracts were diluted in 0.05 M
acetic acid to a total volume of 1.5 ml in the following proportions: by 1/2 for
407-2, 253-19, and UW4-1; by 1/3 for UW2c-6; and by 1/5 for 667-2. Each 1.5-ml
aliquot was divided into two 0.75-ml volumes. With one set, the total volume was
readjusted to 1.5 ml by the addition of 0.6 ml of 0.05 M acetic acid and 0.15 ml
of deionized water. The second set were processed further by the addition of 0.2
ml of 1 M HC], followed by heating at 100°C for 15 min and the addition of 0.4
ml of 1 M sodium acetate and 0.2 ml of distilled water once the sample had
cooled. The samples were analyzed by postcolumn HPLC by the method of
Franco and Fernandez-Vila (16).

GTX standards were obtained from Alexandrium minutum ALIV cultures
from the IEO collection (16) and quantified by A. Cembella (National Research
Council of Canada). STX, decarbamoyl-STX (d-STX), and neo-STX were pro-
vided in an intercalibration exercise (BCR, Brussels, Belgium).

CE-MS. Capillary electrophoresis-mass spectrometry (CE-MS) was performed
on a Beckman 2050 unit attached to a Finnigan MAT TSQ 700 mass spectrom-
eter. The CE unit was fitted with a bare fused silica column (75 pm [inner
diameter] by 85 cm). Samples were diluted in 0.05% formic acid and injected
hydrodynamically for 5 s. Separations were performed by using 30 kV and an
aqueous solution of 10% acetonitrile in 0.2% formic acid. The electrophoresis-
fused silica column was directed into the electrospray ion source (Analytica of
Bradford, Bradford, Mass.). A sheath flow of 60% isopropyl alcohol in 0.1%
formic acid was used to establish electrical contact with the CE unit and increase
the total volumetric flow to 3 pl/min. The electrospray source was operated in
positive-ion mode, and the voltage was approximately —3,750 V. Nitrogen was
used as the counter gas and was held at 170°C, as shown on the manifold, with
a flow rate of 13 liters/min. Bacterial cell extracts previously filter sterilized
(0.22-pm-pore-size nylon filter) and lyophilized were analyzed by selected ion
monitoring of the protonated molecular ions corresponding to STX, neo-STX, C,
and GTX toxins. No more than two ions were monitored during a single run. For
sulfated toxins, voltages in the skimmer region of the electrospray ion source
were set to avoid collisional fragmentation of the sulfate group. Standard toxins
obtained from Sherwood Hall, Food and Drug Administration, Washington,
D.C., were used to verify instrument operations.

ELISA. A series of twofold dilutions in buffer of bacterial cell extracts was used
in a commercial enzyme immunoassay according to the protocol provided in the
kit (Ridascreen; Digen, Oxford, United Kingdom). A color reaction indicated
the presence of STX, de-STX, GTX 2, GTX 3, Bl, C1, or C2 either individually
or in combination (51, 52).

RESULTS

Culture of dinoflagellate cells and their associated bacteria.
Details of the Alexandrium species studied and their associated
bacteria are listed in Table 1. Each dinoflagellate yielded a
concentration of bacteria ranging from 5 X 10° to 6.9 X 107
CFU per ml of dinoflagellate culture, depending on the isolate.
However, several of the smaller bacterial colonies from agar
plates did not survive subsequent subculture. The majority of
the bacteria tested were gram negative and largely unpig-
mented, with the exception of those isolated from cultures of
A. lusitanicum NEPCC 253, from which 30% of bacterial iso-
lates contained an orange pigment.

Screening and quantification of SCB toxin production by
bacteria, as determined by MNB assay. Between 40 and 60%
(equivalent to a maximum of 4.1 X 107 CFU of bacteria per ml
of dinoflagellate culture) of a representative proportion of
bacteria tested from each dinoflagellate culture produced SCB
toxins in the bacterial culture supernatant, as determined by
MNB assay (Table 1). Subsequently, five SCB toxin-producing
bacterial strains, one from each dinoflagellate culture, were
chosen for further study.
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TABLE 2. Quantities of SCB toxins produced by bacteria
and dinoflagellates”

Toxin production

Strain Bacteria
Dinoflagellates
Extracellular Intracellular
NEPCC 667 1.00 = 0.05 0.0029 = 0.0002 1.2 £0.03
NEPCC 407 0.76 = 0.07 0.0066 = 0.0003 5.9 *=0.31
NEPCC 253 0.37 £ 0.03 0.0036 = 0.0003 6.1 =0.12
UWw4 1.0 = 0.003 0.039 = 0.0020 342 +0.34
UW2c 1.3 = 0.008 0.13 = 0.0028 105+ 04

“ The quantities of toxins produced (on a per cell basis) were calculated from
the quantities of toxins determined by MNB assay and the cell numbers obtained
from stationary-phase cultures of bacteria (24 h) and dinoflagellates (28 days).
Data are expressed in 10~ femtomoles of STX equivalents per cell, except for
dinoflagellate (intracellular) data, which are expressed in femtomoles of STX
equivalents per cell.

The quantity of SCB toxins detected in the supernatant of
broth cultures from these five bacterial strains by MNB assay
ranged from 84.8 to 294 nM STX equivalents, which equates to
a maximum of 87.9 ng of STX equivalents produced per 1 ml
of culture supernatant. A typical quantity of toxin excreted was
1 X 10* fmol of STX equivalents per bacterial cell, whereas
the quantity of intracellular toxin was up to 1,000-fold less
(Table 2).

Quantity of SCB toxins produced by dinoflagellate cultures,
as measured by MNB assay. Cell extracts from Alexandrium
cultures contained between 1.2 and 34.2 fmol of STX equiva-
lents per cell, with A. tamarense UW4 being the most toxic and
A. affine NEPCC 667 the least toxic (Table 2).

Attempts to quantify the amount of toxin excreted by
dinoflagellate cells into the surrounding medium were unsuc-
cessful, as the dinoflagellate supernatant killed MNB cells.
Since the media used to culture dinoflagellates did not ad-
versely affect MNB cells, it was assumed that the cytotoxic
effect was due to compounds released by dinoflagellates. The
nature of this cytotoxic factor is unknown and could not be
removed by heating (100°C, 20 min) or filtration (10 kDa;
Millipore).

Comparison of the quantities of SCB toxins produced by
dinoflagellates and bacteria in laboratory cultures. The num-
ber of bacterial cells obtained from a 24-h culture of each of
the bacterial strains was, in most instances, approximately 2 X
10° CFU/ml (see Materials and Methods), whereas the number
of dinoflagellate cells obtained from stationary-phase
dinoflagellate cultures (28 days) was maximally 5.6 X 10*
cells/ml (Table 1). Not surprisingly, this demonstrated that
under laboratory conditions, the number of bacterial cells
found in the stationary phase of their life cycle far exceeded
the number of dinoflagellate cells at an equivalent point.
Therefore, although bacteria yielded less toxin than did
dinoflagellates on a per cell basis (Table 2), consideration of
the total bacterial numbers in laboratory cultures indicated
that bacteria produced, in some instances, substantially more
toxin than did dinoflagellates in equivalent culture volumes
(Table 3).

SCB toxin production by bacteria associated with
dinoflagellate cultures. Bacterial toxicity is described above in
terms of the number of bacteria obtained in pure culture;
however, the number of culturable bacteria isolated from
dinoflagellates was much lower, in the range of 10° to 107
CFU/ml of dinoflagellate culture, of which 40 to 60% produced
SCB toxins (Table 1). On the basis of these figures and the
quantity of toxin produced by each bacterial isolate’s cells in
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TABLE 3. Comparisons of the total toxin concentrations from
equivalent volumes of 24-h bacterial cultures and 28-day
dinoflagellate cultures

Total SCB toxicity (10* fmol of STX equivalents/
ml of culture)

Strain R Bac.t grial
Bacteria toxicity”
Dinoflagellates®
Intracellular Extracellular
NEPCC 667 2.4 = 0.06 0.04 = 0.003 14 = 0.7 583
NEPCC 407 10 = 0.53 0.02 = 0.0008 21 +1.2 210
NEPCC 253 34 £ 0.71 0.08 = 0.007 8.5+ 0.6 25
Uw4 48 = 0.48 0.01 = 0.0005 29 +0.9 60
UW2c 502 0.03 = 0.0006 26 = 1.7 520

“ As a percentage of dinoflagellate toxicity.
® Intracellular.

pure culture, a comparison of the bacterial contribution to the
toxicity of each dinoflagellate culture was calculated. This in-
dicated that culturable bacteria could account for a maximum
of 3.1% (based on the figures for culture NEPCC 667) of the
total toxicity of the dinoflagellate culture.

Detection of PST in bacterial cell extracts by ELISA. Bac-
terial cell extracts were exposed to anti-STX antibodies from a
commercial competitive binding ELISA. All five bacterial cell
extracts elicited a positive response; however, since the anti-
STX antibody cross-reacts with neo-STX, dc-STX, GTX 1
through 4, B1, C1, and C2 (51, 52), it was not possible to
determine which toxins were responsible for the reaction.

Detection of PST in bacterial cell extracts by HPLC. In
efforts to confirm that the SCB activity of the cell extracts was
due to PST, an initial evaluation was undertaken by precolumn
HPLC (12). With this technique, several peaks which coeluted
with PST standards were obtained. In order to confirm that the
sample peaks corresponded with the exact retention times of
commercially supplied toxins, the samples were spiked with
these standards and the resultant retention times were ob-
served. In all instances, the standard peaks overlaid the sample
peaks, suggesting that they were equivalent (data not shown).

Subsequently, the samples were analyzed by the more time-
consuming, two-solvent, postcolumn HPLC method (16),
which has the advantages of greater sensitivity and better res-
olution. By using the first-solvent system, peaks which coeluted
with STX and neo-STX alongside unresolved peaks represent-
ing the C and GTX toxins were detected in these five strains.
The latter were separated into individual components by using
the second-solvent system. This resulted in the identification of

10: a) Lb)

GTX 4

GTX 4

GTX 1
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GTX 1 and GTX 4 in each bacterial strain and the detection of
GTX 2 and GTX 3 in some of the strains at very low levels.
Figure 2 shows typical profiles for three of the bacterial strains
and GTX standards. Acid hydrolysis of bacterial cell extracts
and the resultant increase in the equivalent GTX peaks (16)
confirmed the presence of C toxins in strains 667-2, 407-2, and
253-19.

Overall, the results from the two different chromatographic
systems supported the contention that the SCB toxins in bac-
terial extracts were PST.

Screening bacterial cell extracts for PST by CE-MS. Four of
the bacterial cell extracts were analyzed further by selected ion
monitoring by CE-MS at m/z 300 and 316, which indicated the
presence of STX and neo-STX ions in all bacterial extracts.
The presence of STX was further verified by an increase in the
STX peak upon spiking with 0.89 pg of STX per ml (Fig. 3). A
combination of ions having m/z values of 380, 396, 412, 476,
and 492 was also detected, indicating that GTX and C toxins
were also present. In most instances, the identifications of
toxins by HPLC were supported by the presence of the corre-
sponding ions by CE-MS (Table 4).

DISCUSSION

The MNB assay (18) was used extensively in this study for
the initial screening of bacteria and the subsequent quantifi-
cation of toxins. The data generated indicated that a high
proportion of bacteria from the five Alexandrium cultures were
capable of producing SCB toxins. The quantities of toxins
obtained were similar to those previously described for bacte-
ria isolated from seawater, fish, and shellfish (18, 21). How-
ever, although this assay is highly specific for the detection of
SCB toxins (5, 20, 26) and more sensitive than the mouse
bioassay (20, 26), it cannot distinguish PST from the other SCB
toxin group, the tetrodotoxins (TTX). Further analysis by a
variety of methods was therefore required to determine which,
if any, of the PST group of toxins were present in bacterial cell
extracts of a selected number of SCB-positive strains.

Initial screening, utilizing antibodies to STX (51, 52) and
precolumn HPLC (12), indicated that PST were indeed
present in bacteria. Subsequent detailed analysis by postcol-
umn HPLC (16) demonstrated that GTX 1 and GTX 4 were
common to all five bacterial cell extracts. STX, neo-STX, GTX
2, GTX 3, and the C toxins were also detected in some of the
strains, but at much lower levels. These toxin profiles are sim-
ilar to those recently reported for the original PST-producing

GTX 4
GTX 4

GTXA
GTX A

=
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Time (mins} Time (mins)
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FIG. 2. Profiles of bacterial cell extracts obtained by postcolumn HPLC, operated under the solvent system specific for the detection of GTX toxins. (a) GTX 1,
GTX 2, GTX 3, and GTX 4 standards; (b through d) GTX profiles of 407-2, 253-19, and UW4-1 bacterial cell extracts, respectively.
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FIG. 3. Ion monitoring electrophoretogram of UW4-1 bacterial cell extract.
(A) Selected ion monitoring electrophoretogram of UW4-1 bacterial cell extract,
using m/z 300, the protonated molecular ion for STX; (B) selected ion monitor-
ing electrophoretogram of an aliquot of UW4-1 bacterial cell extract spiked with
standard STX (0.89 pg/ml), using m/z 300 to monitor the protonated molecular
ion of STX. The y axis measures relative abundance, which normalizes to the
height of the largest peak; hence, in panel A, the scale is normalized to the
unknown peak adjacent to the STX peak. However, upon spiking of the cell
extract with STX, the STX peak becomes the higher of the two; thus, in panel B,
the scale is normalized to the STX peak and the unknown peak appears to be
smaller.

bacterium, a Moraxella sp. (11), and for the dinoflagellates of
origin (6, 7, 17, 36).

The data obtained by HPLC were supported by CE-MS,
although in some instances the identities of a few toxins were
not confirmed in the latter. This may be attributed to the
lyophilization step incorporated into the CE-MS methodology
and to differences in the detection limits for particular toxins.
CE-MS also indicated that TTX may have been present in
some of the bacterial extracts; however, further work is re-
quired to clarify this.
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Kodama’s group has reported that SCB toxin-producing bac-
teria can be isolated from a range of dinoflagellates obtained
from Japanese waters (39). The work reported here demon-
strated that SCB toxin-producing bacteria were associated with
A. affine, A. tamarense, and A. lusitanicum, which were origi-
nally isolated from five separate sources of wide geographic
separation, thereby extending Kodama’s original observations
to dinoflagellates obtained from North America and Europe.
In addition, the isolation of PST-producing bacteria from A.
lusitanicum NEPCC 253 supports recent reports from another
independent source (14, 15) of the association of toxic bacte-
rial strains with this dinoflagellate.

This study also presents data which allow a comparison of
the quantities of PST produced by bacteria and dinoflagellates.
Since it is generally accepted that the toxins remain in the
dinoflagellate cell (2), although to our knowledge this has not
been fully investigated, the dinoflagellate cell toxicity was com-
pared to the total bacterial toxicity (i.e., intracellular and ex-
tracellular).

As the dinoflagellate cells were not axenic, the comparison is
more realistically described as one between pure cultures of
bacteria and dinoflagellate cells with their associated micro-
flora. Therefore, several factors must be borne in mind. The
first is that the number of bacteria obtained from dinoflagellate
cultures (Table 1) represents the number of culturable bacteria
under the conditions used. Since reports that less than 1% of
marine bacteria are currently culturable in standard laboratory
media exist (43), this count may not be an accurate represen-
tation of the true number of associated bacteria. In addition,
the proportion of the dinoflagellate microflora which consists
of the isolates described in Table 2 is unknown. The final point
is that the culture conditions used for bacteria do not reflect
their in vivo environment, where they are likely to adhere to or
be under the dinoflagellate theca (14, 41) and are exposed to
dinoflagellate exudate. Bacterial adhesion can lead to changes
in phenotypic expression which, in some instances, are shown
by increased production of cellular products (10); it is not
known if similar effects occur in this system.

Despite these points, some information can be obtained by a
comparison of the toxicity data. The results in Table 2 dem-
onstrate that although dinoflagellates were harvested at the
stationary phase of their life cycle, when toxin production may
not have been optimum (2, 4), dinoflagellates produced sub-
stantially more toxin than did cultured bacteria on a per cell
basis. However, it is apparent from the literature that
dinoflagellates have biovolume values which are up to 20,000
times larger than those of bacteria (23, 24, 29, 32, 47). Esti-
mating the quantity of toxin produced on this basis indicates
that in some instances, bacteria can produce quantities of PST
equivalent to those produced by dinoflagellates. In addition,
the smaller bacterial size is negated when the number of each

TABLE 4. PST detected in bacterial cell extracts by HPLC and CE-MS

Detection in bacterial cell extracts of”:

Toxin(s) 667-2 407-2 UW4-1 UW2c-6
HPLC CE-MS HPLC CE-MS HPLC CE-MS HPLC CE-MS
STX + + + + + + + +
Neo-STX + + + + + + + +
GTX 2 and 3, B2 ND + + + ND ND ND ND
GTX 1 and 4 + ND + + + ? + ND
C toxins + + + + + + ND +

“ +, toxin detected; ND, not detected; ?, result ambiguous due to proximity to the detection limit.
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organism present in culture is considered (i.e., bacteria, ap-
proximately 10° cells/ml in culture; dinoflagellates, 10*/ml).
This difference in cell numbers means that the lower quantity
of toxin produced by bacterial cells is balanced by their in-
creased numbers in pure culture (Table 3). Obviously, further
work is required to refine this observation, with more in-depth
studies of the effects of different stages of both organisms’ life
cycles on biovolume and toxin production.

The data were also used to calculate that the contribution of
culturable bacteria to a dinoflagellate culture’s toxicity was
approximately 3%. However, this value suffers greatly from the
variables explained above. In addition, it is not known if bac-
terial cells associated with dinoflagellates excrete PST in the
same manner as those grown in batch culture do. Therefore, a
realistic conclusion is that bacteria can contribute to the tox-
icity of a dinoflagellate culture, but the significance to
dinoflagellate toxicity requires further elucidation.

Indeed, much further work is required to explain the role of
bacteria in dinoflagellate toxicity. Initial steps to meet this
objective include molecularly based studies to define the bac-
terial population of dinoflagellate cultures and to determine if
the bacteria isolated in this study are representative of the total
population. In addition, experiments which mimic more closely
the conditions found in vivo (i.e., taking into account the pos-
sible effects of adhesion and dinoflagellate exudate) are being
designed. Ultimately, this work will be advanced considerably
by obtaining axenic dinoflagellate cultures. Although several
authors have reported that such cultures exist, the true bacte-
rium-free status of those currently available (4, 25, 28, 48) is
open to question, primarily due to the methods used to deter-
mine the extent of bacterial contamination. An alternative
approach is that adopted by Ishida’s group (25, 42), who,
through cross-hybridization experiments with dinoflagellates,
have claimed to show that toxin production is encoded by the
dinoflagellate chromosome; it could be argued, though, that
those reports do not demonstrate toxin synthesis but only the
inheritance of toxin profiles.

Aside from dinoflagellates, it should be realized that bacte-
rial production of PST is of interest, independent of the topic
of PSP, especially as bacteria also produce the other SCB
toxins, the TTX group (38, 53). Questions as to what the
possible function, if any, these SCB toxins may have in bacteria
can be raised. Previous work has indicated that the TTX group
are secondary metabolites in some bacterial species (19). Are
they merely by-products of cell metabolism? Alternatively, do
they have a purpose, perhaps in sodium regulation? This is an
area which is worthy of further investigation.

Overall, this study provides strong evidence that a range of
bacterial species isolated from dinoflagellate cultures are ca-
pable of autonomous production of PST. However, there is
much scope for further investigation into the precise relation-
ship between bacteria and dinoflagellates in toxin production
and PSP events, particularly in determining which genetic el-
ements and environmental factors are involved.
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