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ABSTRACT: Production of domoic acid (DA) by Pseudo-nitzschia multiseries (Hasle)was studied using
continuous cultures with growth rdtcs ranging from 0 06 to 0.67 d-' At steady states, DA concentrations
were 1.65 to 553.20 pg 1-' and production rates were 0 007 to 1.354 pg DA cell-' d-' Both were negatively correlated with rates of growth and silicate uptake. DA production was studled further by stopping the addition of fresh medium, thus producing batch mode experiments, in some of which silicate
was allowed to decline, while in another silicate was increased to 85 pM. In those where silicate
declined, DA production increased by a factor of 3. The maximum production rate attained was 3.17 pg
DA cell-' d-' and the highest DA concentration in the culture was 768.5 1.19 DA I-'. of which 664 pg 1.'
was in the cells (11.9 pg DA cell-'). In the experiment where silicate was enriched. DA production was
suspended soon after the enrichment, but resumed when silicate in the medium became low. The
results suggested differences in kinetics of DA production and growth under different supply rates of
slhcate. There appear to be 2 types of conditions associated with DA production. When dissolved silicate is moderately low and there is a decline in overall physiological activity, intnnsic factors probably
trigger the formation of a moderate amount of DA When dissolved silicate IS severely limiting, the
extrinsic stress leads to considerably enhanced production of DA.

KEY WORDS: Pseudo-nitzschia multiseries Domoic acid . Silicate limitation . Chemostat Continuous
cultures

INTRODUCTION

The toxigenic blooms of Pseudo-nitzschia mulliser-ies
(Hasle) in Cardigan Bay, Prince Edward Island,
Canada, in 1987 persisted for 3 mo, causing severe
damage to the economics of aquaculture in that region
(Addison & Stewart 1989). During these blooms, silicate concentration in the sea water was low ( < 2 PM;
Subba Rao et al. 1988), but the bloom population survived and produced the neurotoxin domoic acid.
In batch culture, the production of domoic acid (DA)
by Pseudo-nitzschia nlultiseries generally occurs i n the
stationary phase when cell division has stopped
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(Subba Rao et al. 1990, Bates et al. 1991) or when
growth of the culture populations decline due to silicon
limitation (Pan 1994).Pan et al. (1996 - this issue) proposed that DA product~oncan be divided into 2 stages:
the first coincides with the late exponential phase
when growth proceeds slowly, and the second occurs
when silicate in the medium is depleted and the culture is in the stationary phase. The rates of DA production during the second stage (13.67 to 30.20 fg DA cell-'
d-l) were an order of magnitude higher than those during the first stage (0.97 to 4.98 fg DA cell-' d-l). This
implies that (1) toxin production is not necessarily associated with complete cessation of cell division, and (2)
this diatom produces more DA when cells are under
severe silicate stress.
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In batch culture, population growth rate changes
during the course of the culture cycle, as do the physiological stages (Pan et al. 1991).To understand growth
rate related physiology, continuous culture study is
most suitable since growth rate can be controlled by
adjustment of the dilution rate of a steady state. Furthermore, population can be limited by a nutrient at a
predetermined level.
In this study, Pseudo-nitzschia multiseries was raised
in continuous culture under different silicate concentrations and various rates of population growth to
investigate the kinetics of DA production and its relationships with cell chemical composition, nutrient
uptake and other metabolic processes. The objective
was to understand the relationships between DA production and (1) population growth rates, and (2) levels
of silicate limitation.

MATERIALS AND METHODS

Chemostat system. The continuous culture system
(Fig. 1) was maintained at 15 (k0.2) "C under 290 (+50)
pm01 m-2 S-' continuous cool-white fluorescent light.
Fresh medium was added continuously to the culture,
which was stirred at about 100 rpm and aerated with
sterile air at 30 (+TO) bubbles min-l. The effluent volume was measured daily to confirm the flow (dilution)
rate. Six chambers were in operation simultaneously,
with one of them, the control, containing no diatoms.
The dissolved inorganic silicate (DISi) levels in the
control during the experiment (165.39 * 9.01 or 55.68 +
2.84 pM) changed very little and the change was considered negligible.
The culture was monitored daily by measuring in
vivo chlorophyll a (chl a ) fl.uorescence. A steady state
was defined as a period of 5 d durlng which the coefficient of variation of the chl a fluorescence was not
greater than 5 %.
Procedures for experiments. A non-axenic culture of
Pseudo-nitzschia multiseries (KP-59 strain) was grown
and sub-cultured twice in a silicate-reduced H medium
(Humphrey 1963) prepared with Mid-Atlantic sea
water for 10 d before being inoculated into the
chemostats.
Three experiments were undertaken. Expts I and I1
utilized continuous culture, while Expt 111 was a batch
culture resulting from a continuous culture (Expt 11)
when addition of fresh medium was discontinued.
Deionized water (super Q) was added to the aged
oceanic water to lower the salinity to 27 psu, which is
comparable to that of the coastal water of Prince
Edward Island, before enriching silicate to 56.2 (k3.4)
pM. This medium was made up in either a glass (Expt
I) or a polycarbonate carboy (Expt 11).The use of a glass

carboy, in whi.ch the medium was autoclaved, resulted
in an additional 100 pm01 I-' in silicate concentration.
Thus, the resultant silicate concentration in the autoclaved medium was 165.4 (+ 9.0) pM in Expt I, but 56.2
(k3.4) pM in Expt 11.
A 300 m1 sample was collected when a steady state
was attained 15 d after inoculation. Sub-samples
(10 ml) were filtered through a 1.0 pm Nuclepore filter
and analyzed for particulate silicon and phosphorus
(Koroleff 1983a, b), and for DA (Pocklington et al.
1990). More sub-samples were filtered through GF/F
filters and analyzed for carbon and nitrogen (30 ml),
chl a (10 ml; Strickland & Parsons 1972),and for adenosine triphosphate (ATP, 30 ml; Karl & Holm-Hansen
1980). Filtrate passed through Nuclepore filters
(< 1.0 pm) was collected for determinations of dissolved
silicate, phosphate and DA in the medium. After these
samples were taken, the inflow rate of fresh medium
was changed and the next steady state was usually
attained in 2 8 d. A total of 10 such steady state experiments were conducted in 5 of the 6 chambers in Expt I.

Fig. 1 Schematic display of a chemostat system. (1) Chemostat culture chamber, (2) thermostat water jacket, (3) stir bar,
(4) effluent, (5) polycarbonate syringe to avord culture overflow, (6) sterile air filter (0.2 pm), (71 cotton filters, (8)activated
charcoal to remove organic compounds in the air. (9) measuring cylmder for effluent measurements, (10)stopcock
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At the end of Expt I, the peristaltic pumps were
stopped immediately. All the tubing for supplying
fresh medium was changed aseptically and the medium was freshly prepared in plastic carboys. Expt I1
started 2 d later. The inflow rates were randomly set
disregarding the history of the dilution rate. A total of
10 steady state experiments were conducted and subsamples were collected as in Expt I.
In Expt 111, the peristaltic pumps were stopped and
3 chambers of the cultures were left as batch culture.
The previous dilution rates (D) for these 3 chambers
were 0.27, 0.10 and 0.20 d-' respectively. The silicate
concentration in one chamber (D = 0.20 d-l) was raised
by 85 pM at the beginning of the batch mode.
The relationship between DA (production and concentrations) and steady state growth rates in the continuous cultures was parameterized by Eq. 1 and fitted
using a computer package, FITALL version 5.1 (FTR
Software 1991).

where D A is domoic acid (production or concentration) at growth rate p, DA, is the maximum DA at p =
0, and a is the negative initial slope of the exponential
curve. Carbon assimilation (PB,) used in this study is
actually carbon uptake rate normalized to chl a.

237

Experiment I, continuous cultures
Growth rate in the 10 steady states ranged from 0.09
to 0.67 d-l (Table 1). Cell concentration generally
ranged from 72 to 105 X 106 cells 1-' except for one
steady state at the highest growth rate (0.67 d-l), when
the cell concentration was significantly reduced to 48 X
106 cells 1-l. At steady state, DISi concentration in the
outflow medium ranged from 2.4 to 106.2 pM a n d
increased as the growth rate increased. This suggests
that the cultures were not truly silicate limited, except
the one at lowest growth rate. All other nutrients were
in excess. Therefore, the continuous cultures of Expt I
were not truly chemostat.
DA concentrations were related to growth rates by a
negative exponential function (Fig. 3; E q . 1). They
were also correlated (p < 0.02) negatively with carbon
assimilation rate, and with the concentrations of silicate and phosphate in the medium outflow, but positively with ATP concentration in the cells. In addition,
DA production was positively correlated (p < 0.02) with
the concentrations of particulate carbon and nitrogen.

Experiment 11, chemostat cultures
With lower DISi concentrations (56.2 PM) in the fresh
inflow medium, on the other hand, DISi in Expt I1 cultures at steady state remained low and unaffected by
the growth rates (Table 1; Fig. 4 ) , indicating that the
steady states were under silicate limitation. However,
when growth rates were less than 0.14 d-l, the total
dissolved silicon in the culture medium increased a s
growth rate decreased (Fig. 4), suggesting the dissolution of silicon from cell walls.

RESULTS
Production of DA was negatively correlated with
overall physiological activity and varied inversely with
growth rates, carbon assimilation and silicate uptake
(Fig. 2).
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Table 1. Pseudo-nitzschia rnultiseries. Comparison of means and ranges of measured variables from Expts 1 and 11. DA: domoic
acid; P B , : carbon assimilation, DISi: dissolved inorganic silicate

Mean

Experiment I
Min

Max

Mean

Experiment I1
Min

Max

0.322
35.42
14 43

0.092
10.15
3 14

0.669
73.88
32 86

0.183
6.85
5.98

0.061
2.25
1.32

0.441
16.52
22.59

7.62
0.092

0.55
0.007

16.79
0.226

40.57
0.749

16.97
0.307

90.35
1.354

Parameters
Growth rate (d.')
Si supply (pm01I-' d.')
Si uptake (pg cell-' d")
DA production
DA in culture (pg I-')
DA in cell (pg cell-')
DA in medium (pg I-')
PEm[pg C (pg chl a)-' h-']
106 cell 1-'
Chl a (pg 1-l)

Cellular chemicals

pg chl a cell-'
pg C cell-'
pg N cell-'
pg Si cell-'
pg P cell-'
fmol ATP cell-'

DISi (PM)
Chemical ratios
(pg:Pg)

C:chl a
Si:chl a

Cellular elemental ratios C:N
(atomic)
C:Si
N:Si
P:Si
N:P
Mean C:Si:N:P

42.70
0.38
9.92
1.58
80.82
60.55

1.65
0.02
0.00
0.61
48.28
47.00

135.90
1.00
36.00
2.98
104.67
76.04

287.72
2.79
129.70
0.77
54.46
69.26

44.95
1.10
2.40
0.28
26.62
52.53

553.20
5.62
399.20
1.87
71.44
87.10

0.77
94.99
11.23
43.78
1.65
0.109

0.51
76.49
9.42
34.18
1.22
0.012

1.01
124.68
14.24
53.93
2.40
0.226

1.35
139.06
21.15
29.36
3.26
0.156

0.74
102.76
13.11
21.95
2.31
0.045

2.23
227.77
32.88
51.23
5.79
0.330

48.10

2.40

106.20

0.52

0.12

1.29

125.59
57.92

106.76
49.37

158.42
68.56

104.79
22.19

79.61
17.83

147.97
29.85

9.85
5.08
0.52
0.034
15.37
151:30:15:1

Unlike that in Expt I, the concentration of DA in Expt
I1 was not simply an exponentially decreasing function
described by Eq. (1). At a very low growth rate, DA
concentrations increased to a peak as the growth rate
increased to 0.20 d-'. When growth rate increased further, DA decreased as in Expt I (Fig. 4 ) . Generally, DA
production was higher in Expt I1 under silicate limitation than in Expt I (Table 1).At the same growth rates,
differences in DISi in the fresh inflow medium resulted
in apparent differences in silicate uptake rates, cellular
DA and silicon, and DA production (Table 2).
As a result of silicate limitation, cells in Expt I1 had
more chl a, carbon, nitrogen, phosphorus and ATP, but
less silicon than those in Expt I (Table 1).Unlike the
general pattern for most other microalgae, ATP in
Pseudo-nitzschia multlseries cells decreased as growth
rates increased, but DA production was positively correlated with ATP concentration (Fig. 5).
The mean elemental ratio (atomic) of C:Si:N:P was
151:30:15:1in Expt I and 111:10:15:1in Expt 11. More
silicate entered the cells than nitrogen in Expt 1, but
the opposite was true in Expt 11. N:P ratios (atomic)
were consistent between these 2 experiments, although both N and P were much lower in the cells from

9.48
3.91
0.39
0.025
11.33

10.78
5.51
0.60
0.048
18.73

7.77
11.12
1.48
0.100
14.77
111:10:15:1

6.21
8.73
0.94
0.084
10.48

9.71
13.91
2.00
0.133
19.62

Expt I (Table 1).Ratios of C:Si, N:Si and P:Si were significantly different (p < 0.001, n = 10) between these 2
experiments (Fig. 6). In Expt 11, the highest DA producTable 2. Pseudo-nitzschia rnultiseries. Cornpar~sonof silicate
supply and uptake rates, cellular Si, cellular DA and DA prouction from Expts I and 11

I Parameter

Expt I

Expt I1

p = 0.09 d-'
Si supply rate (pmol I-' d-l)
Si uptake rate (pg S1 cell-' d-l)
Cellular Si (pg Si cell-l)
Cellular DA (pg DA cell-')

10.14
3.14
34.18
0.996

3.52
2.78
29.54
2.245

DA production pg DA 1-' d-'
pg DA cell-' d-'

12.50
0.125

p = 0.31 (0.30) d-'

Si supply rate (pm011-' d-'1
Si uptake rate (pg Si cell-' d-'1
Cellular Si (pg Si cell-')
Cellular DA (pg DA cell-')

34.18
16.72
53.93
0.667

DA production pg DA I" d-'
pg DA cell-' d-'

16.79
0.226

34.83
0.568
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concentrations either increased or did not, depending
on the growth rate of the previous steady state
(Fig. ?A). For example, when the steady state growth
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rate was 0.27 d-l, cell concentration increased from
49 X 106 to 60 X 106 cells 1-l in the first 21 h. This
increase (p = 0.265 d-l) was comparable to the growth
rate in the steady state. Further population growth was
prevented by discontinuation of silicate supply essential for cell frustule formation. Production rate of DA
was enhanced by a factor of 3 during the first 21 h after
the curtailment of silicate supply (Table 3). Production
continued at a slightly reduced rate during the following 3 d. Total DA concentration at the end of the experiment was 768.5 pg DA 1-l, the highest ever reported
for Pseudo-nitzschia multiseries. Of this, 644 pg DA 1-'
occurred in the cells (11.9 pg DA cell-') and 124.5 pg
DA 1-' was in the filtrate. At a lower steady state
growth rate (0.10 d-l) in another chamber, a 3-fold
increase in DA production rate was also evident during
the first 21 h (Table 3). The production also continued
at a slightly reduced rate during the following 3 d.
In the third chamber, silicate (85 pM) was added to
the culture immediately after the steady state (Fig. 7).
Cell concentration increased from 66.7 to 71.6 X 106
cells I-' during the first 21 h and attained 76.7 X 106
cells 1-' 3 d later. On the other hand, no substantial
increase of DA was found in this culture during the first
21 h (Ta.ble3),but an increase during the following 3 d
was evident because of the drastic decrease in silicate
concentration (from 57.5 to 1.8 PM).
Table 3. Pseudo-nitzschia multisenes. DA production (pg
cell-' d-') during steady state and batch modes
Chamber

Days
Fig. 7 Pseudo-nitzsch~a multisenes. Expenment 111. Variations with time in (A) cell concentration, (B) DA in cell, (C)DA
in filtrate. (DJDA in cells + filtrate, and (ElDISi. Legends in E
are for all 5 panels; D = dilution rates (growth rates) at
steady states

Fig. 6. Pseudo-nitzschia rnultiseries. Relationships between
DA production and cell chemical
composition

I

2

3"

Steady state

Growth rate (d-') 0.27
DA production
1.09

0.10
0.72

0.20
1.35

Batch modes

First 21 h
Days 1 to 4

3 17

2.60

2.41

1.78

0.12
1.39

"85 PM Si was added at the beginning of batch mode

Pan et a1 D ~ a t o mproduction of domoic acid I1 Continuous cultures

DISCUSSION
Growth and Si uptake kinetics in relation to
DA production

Table 4 . Pseudo-nitzschia multiseries. Comparison of DA production at steady state with that In the batch cultures under
sillcate limitation. p,,: maximum growth rate
DA production

Expts I and I1 differed in silicate concentration in the
inflow medium, which resulted in significant difference in kinetics of growth a n d DA production. Growth
rates of Pseudo-nitzscliia multiseries in Expt I overlapped considerably with those in Expt 11, while DA
concentration in Expt I was markedly lower than in
Expt 11 (Fig 2A). The population size of the culture was
relatively constant in both expenments. In Expt I,
growth rate increased from 0.09 to 0.67 d-' when residual silicate also increased from 2.4 to 106.2 y M .This
suggests that (1) silicate was not the limiting factor in
Expt I except when the growth rate was very low
(10.09 d.', Fig 3C), (2) growth kinetics not only differed with growth rates but also with various concentrations of inflow substrate, i.e. the supply rate of silicate, and (3) at the same growth rate, cells produced
more DA under silicate stress.
In Expt I, although there was sufficient silicate for
further growth of the population, ~t never reached
more than 1 05 X 10' cells I-', which was comparable to
our earlier data from batch culture experiments (Pan et
al. 1991, 1996). Light was not limiting because the population grew well at much lower light intensities (Pan
et al. 1991). Other nutrients such as nitrogen, phosphorus a n d vitamins were in excess. The population size
was probably restricted by some intr~nsicphysiological
mechanism. This is in agreement with our observation
on late exponential phase of batch cultures (Pan et al.
1996). The first stage DA production in batch cultures
may be initiated when this intrinsic restriction is effective.
In Expt 11, on the other hand, there was clear evidence of silicate limitation. The average silicate uptake
rate was lower, and the silicate content per cell was
lower (Table 1; Figs. 2 & 6). At the same time, DA production was much higher.
The differences in mechanism and magnitude of DA
production in continuous culture between Expts I and
I1 paralleled the differences between the first and second stages of DA production in batch cultures
(Table 4). This parallelism suggests the existence of 2
types of conditions associated with DA production
(Table 5). Type I, which is essential to DA production,
is related to decline of overall physiological activity
when DISi is moderately low; in Type 11, the population
growth is completely arrested by severe DISi limitation.
At very low growth rates in Expt I1 ( p < 0.14 d-'), total
silicon in the medium increased when the growth rate
decreased (Fig. 4C), suggesting dissolution of silicon
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Batch culture

Continuous culture

P

No

Early e x p o n e n t ~ a l Approaching p,,
phase

Low

Late exponential
phase (first stage)

High silicate supply
(Expt 1)

High

Stationary phase
(second stage)

Low silicate supply
(Expt 11)

Table 5. Pseudo-nitzschia multlseries. Characteristics of 2
types of conditions for DA production
Characteristics

Type I

Type 11

DA production rate
Nutrient concentration
Cell division
Inducing factor(s)

Low
Low
Yes
Intrinsic

High
Depleted
Yes or No
Extrinsic

Examples
Batch cultures
C o n t ~ n u o u scultures

First stage
Expt l

Second stage
Expt I1

from the cell walls. Simultaneously, DA was released
from cells into the medium (Fig. 4A), suggesting that
cells retain less DA under critical stress. This result is
in agreement with the decline of DA content in the cell
in the senescent phase of batch culture of the same
species (Subba Rao et al. 1990, Bates et al. 1991, Pan et
al. 1996). This may be because the critical silicate
stress not only weakened the cell frustules (as in Navicula pelliculosa, Lewin 1957) but also restrained DA
production a n d impaired the integrity of the cell
membrane. Very likely, DA, a small-molecular watersoluble compound, is transported passively through
the membranes. Otherwise, when cells are not
severely stressed, the membrane probably limits this
transport and retains most DA in the cells.
There was a surge In DA production following
transfer of the culture from steady state to batch mode
(Table 3) when the supply of silicate stopped (Fig. 7).
But the production later declined slightly. Following
the addition of silicate to the culture, on the other
hand, there was a surge in silicate uptake (as has
been found in Skeletonema costatum; Conway et al.
1976) but DA production was suspended. At the
steady state, DA production was significant when
growth was low This phenomenon fits the general
pattern of secondary metabolism well (Vlning 1986).
At high growth, prlmary metabolism such as uptake
a n d allocation of various nutrients and synthesis of
cell constituents a r e very active, which establishes a

Mar Ecol Prog Ser 131: 235-243, 1996
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higher demand for metabolic energy and results in
less free energy in the form of ATP. For example,
reduction of ATP at a high Si uptake rate and in fastgrowing populations suggests a high energy consumption (Fig. 5). In these populations, DA production
could have been partly inhibited because of the deficiency of free energy (Pan 1994).
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time scale is in agreement with the results of the present study. In the cultures, soon after transition from
steady states to batch mode, DA production was
greatly enhanced whether the culture population
increased or not. At the peak of the bloom, depletion
of DISi led to Type I1 conditions and promoted DA
production.
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