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Paralytic shellfish toxins (PSTs) are potent neurotoxins produced by certain dinoflagellate and cyanobac-
terial species. The autonomous production of PSTs by bacteria remains controversial. In this study, PST
production by two bacterial strains, isolated previously from toxic dinoflagellates, was evaluated using bio-
logical and analytical methods. Analyses were performed under conditions determined previously to be optimal
for toxin production and detection. Our data are inconsistent with autonomous bacterial PST production
under these conditions, thereby challenging previous findings for the same strains.

Paralytic shellfish toxins (PSTs) comprise a suite of potent
neurotoxins that act by blocking sodium channels in nerve
axons (3). These toxins may cause severe human poisoning
upon consumption of contaminated shellfish. The production
of PSTs by dinoflagellates has been thoroughly documented
and confirmed worldwide. Strains of the dinoflagellates Alex-
andrium lusitanicum Balech and Gymnodinium catenatum Gra-
ham isolated from Portuguese waters have been shown by
different detection methods to produce PSTs (1, 6, 7, 16).

The potential involvement of dinoflagellate-associated bac-
teria in PST production, specifically the autonomous synthesis
of these toxins, has been addressed using bacterial strains
isolated from laboratory dinoflagellate cultures (5, 10, 15) in
conjunction with high-performance liquid chromatography
(HPLC) (5, 15) and in vitro assay-based toxin detection (10).
Two bacterial strains isolated previously by our group from
A. lusitanicum and G. catenatum and identified as Pseudomo-
nas stutzeri and Pseudomonas diminuta, respectively, were re-
ported to produce PSTs (5, 7). Nevertheless, the autonomous
production of PSTs by bacteria remains a controversial subject,
and there have been several recent reports of the incorrect
identification of bacterial metabolites as PSTs by HPLC anal-
ysis (2, 17, 18, 20, 21).

In the context of such findings and the continuing uncer-
tainty regarding bacterial involvement in PST toxigenesis, the
present investigation was undertaken to reevaluate our previ-
ous results on the toxin content and profile in P. stutzeri and
P. diminuta. Both biological in vitro (mouse neuroblastoma
[MNB] assay) and chemical (HPLC) methods were employed
to account for sodium channel-blocking (SCB) activity and/or
compounds with the same chromatographic behavior as PSTs
produced by these two bacterial isolates. Additionally, since
nutritional status has been reported to influence bacterial tox-
icity (4), analyses for intra- and extracellular toxins under both
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nutrient-replete and phosphorus-limited growth conditions
were conducted.

For this study, P. stutzeri and P. diminuta (5, 7) were indi-
vidually inoculated into 500-ml volumes of two growth media:
phosphorus-limiting artificial seawater experimental (ASWE)
medium (11) containing 0.5 uM Na,HPO, as well as 37.5 mM
sodium succinate as the sole carbon and energy source, and a
complex organic seawater complete medium (SWC) (4, 11)
rich in phosphate (5 g of Bacto Tryptone, 3 g of yeast extract,
and 6 ml of 50% glycerol per liter of seawater). Cultures were
incubated at 19 to 21°C (150 oscillations min~') under 22-pE
m 2 s~ ! irradiance until late log phase. At that time, a cell
count (in CFU per milliliter) was obtained and cells were
separated from growth medium by centrifugation (10,000 X g,
20 min, 8°C).

For toxin extraction, cell pellets were lyophilized after cen-
trifugation and extracted with 1 ml of 0.5 N acetic acid per 100
mg of lyophilized weight. Bacterial cells were mechanically
disrupted, and the suspension was centrifuged (2,000 X g, 10
min, room temperature), passed through an ultrafiltration
membrane (12,400-molecular-weight cutoff; Ultrafree C3GC;
Millipore), and stored at —20°C until analyzed. Aliquots of
each extract were then passed over a Sep-Pak C,g cartridge
(Millipore Co.) for final cleanup. For extracellular-toxin anal-
ysis, 50 ml of each supernatant fraction was stored at —20°C
prior to analysis by MNB assay and HPLC. The same volume
of a control flask (ASWE or SWC medium only) was used as
a negative control in the MNB assay. This assay was carried out
according to the method described by Gallacher and Birkbeck
(9). The concentrations of ouabain and veratridine required
were determined by checkerboard assay (each toxin was ti-
trated against various concentrations of the other to optimize
the amount of each; three wells per dilution) using concentra-
tions of ouabain from 0 to 0.3 mM and of veratridine from 0 to
0.07 mM in the absence of saxitoxin (STX). Concentrations
causing maximum cell death, as evidenced by absorbance levels
below 20% (540 nm), were used in the assays. These levels
were optimized for each assay according to the number of
subcultures performed. After 12 subcultures with ASWE me-
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FIG. 1. Sodium channel-blocking activity of bacterial extracts (shaded bars) and control growth media (white bars) before (A) and after (B)

Sep-Pak cleanup (obtained by MNB assay).

dium, the assay was not sensitive to veratridine concentrations
below 0.05 mM. These results emphasize the importance of
monitoring assay performance and minimizing the number of
subcultures. For SWC medium, lower concentrations of vera-
tridine could be maintained.

The MNB assay was performed according to the method of
Gallacher et al. (10). Briefly, an STX dose-response analysis
using a certified reference standard (National Research Coun-
cil, Halifax, Nova Scotia, Canada) was performed on a 1/10
dilution of each growth medium over the range of 5 to 160 nM.
Supernatant fractions and cell extracts, collected before and
after cleanup on a Sep-Pak C,g cartridge, were assayed using
the following dilutions in 1/10-strength growth medium: 1/8,
1/10, 1/16, 1/32, and 1/64. The same dilutions of uninoculated
growth medium served as negative controls.

It is noteworthy that the ASWE medium employed clearly
affected the percentage of cell survival and possibly the assay
sensitivity, as SCB activity as high as 25% was detected in the
1/10 dilution. Nevertheless, this interference was overcome by
using supernatant dilutions higher than 1/16.

For the HPLC analysis, postcolumn oxidation was per-
formed by the method of Oshima (19). Three mixtures of PST
standards containing derivatives of the STX group (neoSTX,
deSTX, and STX), gonyautoxins (GTX1 to GTXS), and
N-sulfocarbamoyl toxins (C1 to C4), kindly provided by Y.
Oshima (Tohoku University, Sendai, Japan), were used for
identification purposes. The chromatographic separation was
performed on a reversed-phase Cg column (Hypersil; MOS,
5 pm; 4.6 by 150 mm; Supelco).

When bacterial extracts (ca. 10° CFU/ml) were analyzed by
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FIG. 2. HPLC-FLD analysis for neoSTX, dcSTX, and STX for P. diminuta (B and E) and P. stutzeri (C and F) in SWC medium and for toxin
standard mixture (A and D). (A to C) Profile obtained with the oxidizing reagent; (D to F) profile obtained after deactivation of the postcolumn
oxidation system. The putative STX peak in bacterial extracts is labeled x.

MNB assay, a low level of cell survival (i.e., direct cell lysis) was
observed for dilutions up to the 1/10 (Fig. 1A). SCB activity
was detected in cell extracts of P. stutzeri grown in either SWC
or ASWE medium. As for P. diminuta, SCB was also detected
when the bacterium was grown in ASWE medium but not
when this strain was grown in SWC medium (Table 1).
Extracts assayed following C,g Sep-Pak cleanup showed no
direct lytic effects on the neuroblastoma cells. Furthermore,
sample cleanup caused marked changes in SCB activity. When
either bacterial strain was grown in ASWE medium, no signif-
icant SCB activity was detected. P. stutzeri grown in SWC
medium showed some activity at a dilution of 1/16, although at
levels well below quantification with an STX dose-response
curve and still lower than those of the controls (Fig. 1B). The
low apparent SCB activity for 1/10 dilutions of extracts of
ASWE- or SWC-grown P. stutzeri was not ascribed to SCB
toxins. The SCB activity of the negative controls at 1/8 and
even 1/10 dilutions was highly variable from assay to assay, and
the standard deviations were usually above 20% when several
assays were considered and always overlapped the error bars
for sample extract values (data not shown). Dinoflagellate ex-
tracts have shown similar lytic effects (1, 12), which could also
be eliminated by sample cleanup with a C,5 Sep-Pak cartridge.
However, the toxicity values for these extracts remained unal-
tered after the cleanup, which was not the case for our bacte-
rial extracts. This loss of SCB activity is further proof that PSTs
are not responsible for the MNB assay activity in crude bacte-
rial extracts. Since all extracts were passed through a filter with
a molecular weight cutoff of 12,400, it can be assumed that the
Iytic effect was caused by compounds with molecular masses

below this cutoff value. The effect of these cleanup procedures
on bacterial extracts and supernatant fractions tested in other
studies using the MNB assay and yielding positive results (10,
13, 14) was not addressed.

Regardless of the growth medium used, neither compounds
with SCB activity nor direct lytic effects were evident upon
analysis of P. diminuta and P. stutzeri culture supernatants by
MNB assay.

Figure 2 shows the HPLC-FLD (postcolumn fluorescence
derivatization) chromatograms for the analysis of the STX
group in P. stutzeri and P. diminuta grown in SWC medium.
Similar results were obtained for bacteria grown in ASWE
medium. One peak with a retention time similar to STX was
observed in the P. stutzeri extracts (Fig. 2C). However, unlike
the standard toxin, this compound was still detected after the
postcolumn oxidation process was deactivated (Fig. 2F) and
was therefore considered to represent a compound other than
STX.

Different compounds, indicated in Fig. 3 as x, y, and z, with
retention times similar to GTX4, GTX1, and GTXS, respec-

TABLE 1. Quantification of SCB activity in cell extracts

STX concn (nM STX equivalents)

Strain Medium
Before cleanup After cleanup”
P. diminuta ASWE 31.7 ND
P. stutzeri ASWE 61.2 ND
SWC 56.2 BQ

“ ND, not detected; BQ, below quantification level.



5696 MARTINS ET AL. APPL. ENVIRON. MICROBIOL.
my v
3 A D
| 6TX1 GTX2 &1 GTHd
4+ 4. 6T
2- GTxg) 10145 GTX3 5
U- T T U
w0 5 10 15 20min o0 5 10 15 20min
B E H
6 6 b3 z 5
X y z / f
44 _ 4
. ‘ ‘
2 2 2
04 0 04
iy 0 5 10 15 20min - 0 : 10 15 0mn 0 5 10 15 20min
c . E
B « 6 /
4 / 4 z
y z /
24 /' / 24
04 0
0 5 10 15 20min 0 5 10 15 20min
o _X+GTX G
6T
44 e
2
U.
0 5 10 15 20min

FIG. 3. HPLC-FLD analysis of SWC medium cultures of P. diminuta (B and E) and P. stutzeri (C, F, and G) and of toxin standard mixture (A
and D). (A to C) Profile obtained with the oxidizing reagent; (D to F) profile obtained after deactivation of the postcolumn oxidation system; (G)
profile obtained following addition of standard mixture to P. stutzeri extract in the absence of postcolumn oxidation. The putative GTX4, GTX1,

and GTXS5 peaks in bacterial extracts are labeled x, y, and z, respectively.

tively, were detected in both bacterial extracts. Compound x
and GTX4 were also both detected in the absence of the
oxidizing reagent (Fig. 3F and D, respectively) and coeluted
when coinjected with the P. stutzeri extract (Fig. 3G). However,
although the level of compound x increased in the absence of
the oxidizing reagent, the degree of enhancement was consid-
erably lower than that of the standard treated similarly, and it
was therefore considered to be a false peak. A similar finding
was reported recently by Baker et al. (2), who did a detailed
study of GTX4 imposters produced by the same P. stutzeri
strain and another putative PST-producing bacterium. Com-
pound vy, unlike GTXI1, could no longer be detected after
removal of the periodic acid from the postcolumn reaction
system (Fig. 3E and F). On the other hand, compound z re-
tained its fluorescence after the postcolumn oxidation process
was deactivated, while GTX5 was undetectable. Therefore,
compounds y and z were both considered as false peaks and
not identified as PSTs.

Analysis of both bacterial extracts for toxins Cl to C4
showed a compound (indicated as x in Fig. 4) with a retention
time close to that of toxin C3. This compound was not an
N-sulfocarbamoyl toxin, since its fluorescence was retained
when the oxidizing reagent was replaced by distilled water,
unlike the C toxins in the standard mixture (Fig. 4D to F).

No compound with the same retention time as a PST was

detected in the HPLC analysis of supernatant fractions of
either bacterium grown in ASWE or SWC medium.

The analyses of our extracts by postcolumn oxidation HPLC
corroborates some of the recent reports (2, 20) of incorrect
identification for some PST peaks in bacterial samples. The
HPLC profiles obtained were similar to those previously re-
ported for these strains by Franca et al. (5), comprising GTX4,
GTX1, and C3, yet discounted in all cases because their chro-
matographic behavior differed from that of the PST standards.
Most PSTs do not exhibit autofluorescence and can be de-
tected as fluorescent compounds only after chemical oxidation
with the postcolumn system. However, the bacterial peaks re-
gained their fluorescence even after removal of the oxidizing
reagent. As reported by Shimizu et al. (22), the peaks detected
by HPLC could be attributed to cellular compounds coex-
tracted by the method used, since neither the growth media by
themselves nor the supernatant fractions showed peaks with
retention times similar to those of PSTs. Our results were
corroborated further by precolumn oxidation HPLC analyses
of the same bacterial extracts (data not shown).

In the present study, optimized conditions and approaches
for both production and detection of toxins were employed.
Specifically, growth conditions were manipulated to yield up to
three- to fourfold increases in cellular toxin content (4). More-
over, supernatant fractions that other workers had described as
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FIG. 4. HPLC-FLD analysis for C toxins in SWC medium cultures of P. diminuta (B and E) and P. stutzeri (C and F) and in toxin standard
mixture (A and D). (A to C) Profile obtained with the oxidizing reagent; (D to F) profile obtained after deactivation of the postcolumn oxidation

system. The putative C3 peak in bacterial extracts is labeled x.

containing toxin levels higher than those found inside the bac-
terial cells (10) were also assayed in order to more rigorously
evaluate our prior results. Nonetheless, using a phosphorous-
limited medium with a high salt concentration did not permit
detection of PST toxins by the MNB assay, possibly because a
high dilution was required to eliminate interference from the
medium. In the present study, for the assay with ASWE me-
dium, the use of such high dilutions in high-salt media may
have precluded the detection of low toxin levels.

The assay results for the two growth media demonstrate the
need to include negative controls when conducting the MNB
assay for bacteria (8). In the present case, SCB activity was
observed for the ASWE medium by itself; this would yield
false-positive results. In fact, the MNB assay is known to be
prone to matrix effects (8); this was apparent for the growth
media used as controls for both supernatants fractions and
extracts in the present study. Arguably, in the latter case, ex-
tracts of related bacteria not associated with dinoflagellates
might have served as better negative controls; however, cen-
trifugation of cells for extract preparation does not remove all
growth medium constituents, and thus certain matrix effects of
media and extracts are expected to be similar. Also, the ab-
sence of intracellular PSTs, as determined by the MNB assay,
was corroborated by HPLC.

In conclusion, our findings are not consistent with previously
reported bacterial PST contents determined under similar
study conditions, and they add to the growing number of re-
ports that advise caution in the interpretation of HPLC and
MNB assay results for PST detection. Regarding the potential
for bacterial production of PSTs, further tandem mass spec-
trometry studies using higher bacterial biomass levels will be
required before this possibility can be excluded. Also, the cul-

ture conditions may prove to be a determinant in bacterial
toxin production. Although phosphorous limitation failed to
elicit toxin production, nothing can be concluded regarding the
need for dinoflagellates to be present for bacterial toxins to be
induced.
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