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INTRODUCTION

Human paralytic shellfish poisoning (PSP), a poten-
tially fatal condition, occurs through the ingestion of
shellfish that have accumulated paralytic shellfish tox-
ins (PST) produced by some species of dinoflagellates
(Whittle & Gallacher 2000, Taylor et al. 2003). Alexan-

drium is one of several dinoflagellate genera that pro-
duce the PST saxitoxin (STX) and its derivatives. In
1994, a toxic bloom of A. minutum occurred in
Anokoha Bay in the Marlborough Sounds of New
Zealand. The bloom resulted in the closure of local
shellfish beds and necessitated subsequent monitoring
for PST contamination (MacKenzie 1994, MacKenzie &
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Berkett 1997). In this case, the toxin profile of A. minu-
tum closely resembled that of the collected shellfish
(MacKenzie 1994, MacKenzie et al. 1994)

While the role of algal-associated bacteria in the pro-
duction of PST is somewhat contentious, evidence is
accumulating that suggests they may be capable of
both autonomous PST production and PST metabolism
(Ogata et al. 1990, Doucette 1995, Gallacher & Smith
1999). One approach to defining the role of algal-
associated bacteria is to create a bacteria-free (axenic)
culture and assess the impact on PST production.
Methods for obtaining axenic cultures have included
growth on solid culture media (Guillard & Keller 1984),
antibiotic treatment, sometimes in combination with
other antibacterial agents (Hunt & Mandoli 1992, Cot-
trel & Suttle 1993), and repeated washing of algal cells
with or without the addition of antibiotics (Hoshaw &
Rosowski 1973, Uribe & Espejo 2003). Although the
antibiotic treatment method is potentially effective,
difficulties are encountered because of the wide vari-
ety of bacterial species present, which are not neces-
sarily amenable to removal by a single antibiotic. In
addition, some antibiotics may have a deleterious
effect on the algae (Divan & Schnoes 1982). Proving
the axenic status of an algal culture may be problemat-
ical because of the varying cultural requirements of
the different bacterial species present and the fact that
some may be non-culturable or intracellular (Gallacher
& Smith 1999, Lu et al. 2000).

As a first step toward understanding the role of
bacteria associated with a PST-producing Alexandri-
um minutum strain isolated from Anakoha Bay, we
aimed to develop an antibiotic treatment regimen,
which effectively killed or inhibited the algal-
associated bacteria. The effect of this regimen on PST
production and algal growth was then determined.
Toxin levels and profiles were assessed using a com-
petitive enzyme-linked immunosorbent assay (ELISA)
and high-performance liquid chromatography (HPLC),
respectively, while algal mean generation times
(MGTs) were determined by direct counting. In addi-
tion, intracellular bacteria were observed using laser
scanning confocal microscopy following staining with
acridine orange.

MATERIALS AND METHODS

The algal culture Alexandrium minutum Anakoha
A (CAWD11) was obtained from L. MacKenzie, Caw-
thron Institute, Nelson, New Zealand (MacKenzie &
Berkett 1997). Algae were cultured in 300 ml volumes
of modified GP medium A in a Shearer Controlled
Environment Chamber (Model CEL-37-14) under the
following conditions: 20 ± 2°C, a 12:12 h dark:light

cycle and illumination of 80 to 100 µmol m–2 s–1

(Maas et al. 2000). The inoculum size used in every
transfer was a 10% volume to volume transfer into
fresh medium. Prior to transfer into the antibiotic-
containing medium, the algal culture contained
approximately 15 000 cells ml–1 as determined by
direct counting of aliquots fixed with Lugol’s iodine
using a Sedgewick-Rafter counting chamber (Gratic-
ules, SPI). Combinations of filter-sterilised penicillin
G, streptomycin, kanamycin and tetracycline (Treat-
ment 1); ciprofoxacin and gentamicin (Treatment 2);
and penicillin, streptomycin and ciprofloxacin (Treat-
ment 3) were added to the culture medium just prior
to inoculation with the algae and again on Days 2
and 3 of the incubation period as shown in Table 1
(all antibiotics from Sigma, except for ciprofloxacin
[Bayer NZ]). For Treatment 1, antibiotics were added
to the experimental cultures (Transfer 0), which were
incubated for 24 h before being transferred to fresh
growth medium containing the same combination of
antibiotics (Transfer 1). A further 3 transfers (Trans-
fers 2 to 4) were made into medium containing anti-
biotic. Following Treatment 1, 8 algal transfers were
made into antibiotic-free medium to allow residual
bacterial populations to re-grow (Transfers 5 to 12).
These cultures were then subjected to 2 further
sequential treatments, which consisted of single
transfers into medium containing different combina-
tions of antibiotics (Transfers 13 and 14). Aliquots of
the experimental and control algal cultures were
taken at specific times for bacterial culture (either
during transfers or during the incubation period) as
shown in Table 1. The experiment was performed in
duplicate, and control cultures had no antibiotics
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Table 1. Timing of bacterial sampling and details of the
antibiotic treatments used sequentially over 14 transfers dur-

ing cultivation of Alexandrium minutum Anakoha A

Transfers Antibiotics added to Samples taken 
algal growth medium for bacterial 

(µg ml–1) culture at:  

Treatment 1 Penicillin (50) Transfer 4
0–4 Streptomycin (50) 

Kanamycin (30)
Tetracycline (5)

No Treatment No antibiotics Transfer 12
5–12 

Treatment 2 Ciprofloxacin (23) Day 7 after 
13 Gentamicin (120) Transfer 13

Treatment 3 Penicillin (100) Days 6, 12 and 18  
14 Streptomycin (100) after Transfer 14

Ciprofloxacin (23)
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added. For all experimental and control algal cul-
tures, transfers were carried out when the algae
reached exponential growth phase as determined by
direct counting of Lugol’s iodine-fixed samples using
a Sedgwick-Rafter counting chamber. This occurred
between Days 15 and 20 of the incubation period.
The effect of the antibiotic treatments on algal
growth was investigated by comparing MGTs in the
control and experimental cultures following the final
transfer. Cell numbers were determined by direct
count on Days 0 and 18. 

Samples (1 ml) for bacterial culture (Table 1) were
serially diluted 10-fold in sterile seawater and spread-
plated in duplicate on marine agar ZoBell 2216 (MA;
Difco), seawater complete agar (SWC; Haygood &
Nealson 1985) and GP medium B modified with 0.01%
yeast extract (GPLY; Maas et al. 2000). MA was
included to obtain an estimate of the copiotrophic bac-
teria, which require relatively high concentrations of
nutrients, whereas the other media contained low
concentrations of nutrients to support growth of oligo-
trophic bacteria. Plates were incubated at 25°C for 72 h
and examined for colonies. Colony forming units
(CFUs) ml–1 were converted to CFUs per 1000 algal
cells to allow comparison between the different stages
of treatment. Following the final transfer, the algal cul-
tures were sampled for bacteria on Days 6, 12 and 18 of
the incubation period, and plates were incubated for
2 wk.

To assess the suitability of ciprofloxacin and genta-
micin for the elimination of the residual bacterial pop-
ulation following Treatment 1, 14 randomly selected
isolates were tested on GP medium B with 1% yeast
extract for susceptibility using Epsilon-test strips
(AB Biodisk) according to the manufacturer’s instruc-
tions. Escherichia coli (ATCC 25922) was used as a
sensitive control and tested on Mueller Hinton agar in
parallel. 

Prior to Treatment 1 and on Day 18 of Treatment 3,
10 ml samples of algal cells were fixed overnight at 4°C
in 30 ml of 4% paraformaldehyde (Sigma) in phos-
phate buffered saline (PBS), centrifuged for 15 min
(500 × g) and re-suspended in 100 µl of 1:1 absolute
ethanol (Ajax Finechem) PBS. The cells were placed
on glass slides, gently heat fixed, treated with 50, 80
and 100% ethanol for 3 min each, stained with acridine
orange (Sigma) and viewed using a laser scanning
confocal microscope (Leica Microsystems).

Samples for toxin analysis were collected from the
antibiotic-treated and control Alexandrium minutum
cultures in mid-log phase following Transfers 4, 13 and
14 (Table 1). Samples for STX evaluation by ELISA
(5 ml) were acidified with 1 M acetic acid (final con-
centration of 0.1 M), sonicated for 3 min on ice (Sonica-
tor™ Cell Disruptor, Heat Systems-Ultrasonic) and

stored at –20°C. Using antibodies provided by Prof. G.
Terplan (Ludwig Maximilian University, Munich, Ger-
many), immunological analysis was performed by
direct competitive ELISA in triplicate (Usleber et al.
1991). Samples were diluted a minimum of 1/10 with
PBS to eliminate matrix interference. The majority of
the samples required a dilution of between 1/25 and
1/1000 to be within the linear portion of the standard
curve. Media blanks and control cultures were
included and results expressed as ng saxitoxin equiva-
lents per 10 000 algal cells. HPLC assays for STX, Neo-
STX and gonyautoxins (GTX1–4) were performed on
samples acidified with 3 M acetic acid (final concentra-
tion 0.3 M) and homogenised in 3 × 30 s bursts on ice
using a sonicator. The homogenate was filtered using
an ultra-filtration kit (10 000 kDa cut-off; Millipore) as
per the manufacturer’s instructions. The filtrate was
subjected to HPLC as described by Oshima et al.
(1989) using the conditions of MacKenzie et al. (1996).
The standards, containing certified levels of STX, Neo-
STX and GTX1–4, were obtained from the Institute of
Marine Biosciences (Halifax, Nova Scotia, Canada). 

ANOVA and Tukey post hoc tests were used to
analyse algal MGTs, and bacterial counts were com-
pared using a Student’s t-test. 

RESULTS AND DISCUSSION

Bacterial counts obtained from the antibiotic-treated
and control (untreated) algal cultures sampled during
the experiment are summarised in Table 2. The broad
spectrum of activity provided by the initial round of
antibiotic treatment (Treatment 1) significantly re-
duced the population growing on MA by 4 × log10

CFU ml–1 compared to the control (p < 0.001) but did
not eliminate it. Possible reasons for this include innate
or acquired antibiotic resistance among the survivors
and/or the presence of stationary phase or dormant
bacteria, which are more tolerant to antibiotics (Coates
& Hu 2006). Due to the presence of bacteria on the MA
plates that were also able to grow on SWC and GPLY,
oligotrophic counts for Transfer 4 could not be accu-
rately determined. Transfers 5 to 12 were carried out in
medium without antibiotics, and plate counts from
Transfer 12 indicated that the residual bacterial popu-
lation had increased to a level comparable to the con-
trol algal culture (Table 2). Antibiotic susceptibility
testing of 14 isolates selected from this population indi-
cated that the minimum inhibitory concentrations
(MIC) were 0.016 to 12 µg ml–1 for gentamicin and
0.002 to 2 µg ml–1 for ciprofloxacin in 11/14 susceptible
isolates. Two isolates were resistant to gentamicin
(MIC >256 µg ml–1) and a third to ciprofloxacin (MIC
>32 µg ml–1), indicating that resistance to these antibi-
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otics occurs in bacteria of marine origin, as also noted
by Hold et al. (2001). A second round of antibiotic
treatment (Treatment 2) reduced the bacterial popula-
tion (sampled on Day 7) by approximately 1 × log10, but
a third treatment (Treatment 3) was required to dimin-
ish counts on all media to below detectable levels (i.e.
<10 CFU ml–1). Bacteria were detected at low levels
(10 CFU per 1000 algal cells) on Days 6 and 12 of the
incubation, but no colonies were recovered on Day 18.
Over the 14 transfers, bacterial counts on MA and
SWC in the algal control cultures were slightly, but not
significantly, reduced. A number of other authors have
reported the successful elimination of bacteria from
dinoflagellate cultures using treatment regimens com-
bining ciprofloxacin and gentamicin with other anti-
biotics (Lu et al. 2000, Hold et al. 2001, Ho et al. 2006). 

The ELISA data indicated that STX levels were sig-
nificantly lower (p < 0.001) in the cultures that received
Treatment 1 compared to the untreated controls, but
no significant changes were seen after Treatments 2
and 3 (Table 3). HPLC analysis showed that the toxin
profile of the untreated Alexandrium minutum culture
was STX+, Neo-STX–, GTX-1+, GTX-2+, GTX-3+ and
GTX-4–. Following Treatment 1, STX was not detected,
and the levels of GTX-1, GTX-2 and GTX-3 had
decreased from 0.8, 0.1 and 0.6 µg toxin derivatives per
10 000 algal cells in the controls to 0.1, 0.05 and 0.1 in
the antibiotic treated (Treatment 1) cultures, respec-
tively. Samples taken on Day 18 following Treatment 3
were also subjected to HPLC, but the toxin profile
showed no significant change compared to that ob-

tained following Treatment 1 (analysis
following Treatment 2 was not per-
formed). No unresolved peaks were
seen in any of the HPLC traces. Over-
all, a decrease in toxin production, par-
ticularly STX, was associated with a
decrease in the copiotrophic bacterial
population in the antibiotic treated
A. minutum cultures. As the fate of
the non-culturable, dinoflagellate-asso-
ciated bacteria was unknown, it is not
possible to unequivocally link the copi-
otrophic population to toxin produc-
tion. Lu et al. (2000) have suggested
that heterotrophic bacteria are partly or
wholly responsible for toxin production
in dinoflagellate cultures. Heterotro-
phic bacteria are intimately associated
with algae, which represent the pri-
mary source of organic nutrients
(Doucette 1995). Thus, they would have
the opportunity to both metabolise and
produce PST (Gallacher & Smith 1999).
However, these authors have not dis-

tinguished between copiotrophs, which require high
nutrient concentrations, and oligotrophs, which are
able to grow in low concentrations, within the bacterial
population.

Several studies have sought to clarify the relation-
ship between toxin production and algal-associated
bacteria in the dinoflagellate genus Alexandrium (Lu
et al. 2000, Hold et al. 2001, Uribe et al. 2003). How-
ever, it is difficult to compare studies because of vari-
ations in the treatment regimens used to render the
algal cultures bacteria-free and the different methods
used to assess the axenic status. In addition, changes
in toxin levels may be associated with a reduction or
increase in algal growth, but this has not always been
measured (see comment in Gallacher & Smith 1999).
In the present study, algal MGTs were slightly longer
for the antibiotic-treated culture compared to the con-
trol following the final transfer (average of 4.93 and
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Table 2. Bacterial plate counts in CFU ml–1 (±SE) obtained on the culture media
marine agar (MA), seawater complete agar (SWC) and modified GP medium B
(GPLY) from antibiotic-treated and untreated cultures of Alexandrium minutum 

Anakoha A. nd: not determined; –: no bacteria detected

Algal culture transfer MA SWC GPLY

Control
Transfer 4 5.6 × 106 nd nd

(±1.1 × 104)
Transfer 12 6.6 × 105 3.1 × 105 9.9 × 104

(±1.1 × 104) (±2.1 × 104) (±6.7 × 103)
Day 7 following Transfer 13 1.0 × 106 1.1 × 106 2.3 × 105

(±1.3 × 105) (±9.6 × 104) (±8.4 × 104)
Day 18 following Transfer 14 4.1 × 105 3.02 × 105 4.0 × 105

(±2.1 × 103) (±8.25 × 102) (±3.2 × 103)

Antibiotic-treated
Transfer 4 (Treatment 1) 6.7 × 102 nd nd

(±5.3 × 102)
Transfer 12 (no antibiotics) 5.2 × 105 3.9 × 105 2.7 × 105

(±2.2 × 104) (±4.7 × 104) (±1.4 × 104)
Day 7 following Transfer 13 1.0 × 105 1.2 × 105 3.3 × 104

(Treatment 2) (±1.6 × 104) (±4.7 × 103) (±2.9 × 103)
Day 18 following Transfer 14 – – – 
(Treatment 3)

Table 3. Saxitoxin production in cultures of Alexandrium min-
utum Anakoha A receiving 3 sequential antibiotic treatments
as measured by ELISA. Values are saxitoxin equivalents in 

ng per 10 000 algal cells (±SE)

Antibiotic Total toxin Total toxicity 
treatment content (%)

Original algal culture 98.3 (±10.8) 100
Treatment 1 32.53 (±3.57) 33.09
Treatment 2 20.6 (±1.66) 20.96
Treatment 3 12.67 (±1.42) 12.89
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5.47 d, respectively). However, this difference was
not significant, indicating that algal growth was not
significantly affected by either elimination of the
associated bacteria or the antibiotic treatment regi-
men. Both increases and decreases in PST production
have been previously reported following elimination
of the bacterial population from dinoflagellate cul-
tures (Lu et al. 2000, Hold et al. 2001, Uribe & Espejo
2003, Ho et al. 2006). Because of the possible pres-
ence of non-culturable bacteria, only the DNA-based
studies of Hold et al. (2001) and Uribe & Espejo
(2003) can be considered to include true axenic cul-
tures. Nevertheless, both increases and decreases in
toxicity were recorded following removal of the bac-
terial population. As Hold et al. (2001) pointed out,
changes in many parameters influence dinoflagellate
growth and toxin production, and it may be that a
further parameter is the associated bacteria, which
exert their effect through a number of mechanisms
(Gallacher & Smith 1999).

A number of studies have addressed the question of
intracellular bacteria and their role in toxin production
(Kodama 1990, Ogata et al. 1990, Lu et al. 2000, Bie-
gala et al. 2002). In Alexandrium, these probably arise
from dinoflagellates preying on bacterivorous organ-
isms rather than direct phagocytosis (Gallacher &
Smith 1999). Again, conflicting results have been
obtained, and the true picture may be obscured by dif-
ferences in methods. Biegala et al. (2002) used fluores-
cent in situ hybridisation (FISH) to detect intracellular
bacteria in A. tamarense and A. fundyense. Despite
the apparent absence of intracellular bacteria by FISH,
bacteria-like particles (BLP) were seen in transmission
electron micrographs. In the present study, intracellu-
lar BLP (approximately 1 µm in size) were detected in
A. minutum Anakoha A by laser scanning confocal
microscopy following staining with acridine orange, a
DNA/RNA stain. BLP were numerous prior to the
antibiotic treatments but considerably reduced follow-
ing the final transfer (Fig. 1). Two of the antibiotics
(tetracycline and ciprofloxacin) are used to treat intra-
cellular infections (Greenwood 1995a,b), and it seems
likely that they were able to penetrate the algal cells
inhibiting the intracellular bacteria.

The present study is the first to link the presence of
culturable, copiotrophic and/or intracellular bacteria
with PST production in an algal culture. On the other
hand, there was no such link between toxicity and the
culturable oligotrophic population associated with
Alexandrium minutum Anakoha A. In New Zealand
and elsewhere, identification of algal species is the
sole criterion for predicting whether a bloom is toxic or
not. However, this may be a blunt tool given the
accumulating evidence that bacteria exert a strong
influence on algal toxicity.
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