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Abstract The influence of different N:P supply ratios on
cell accumulation, chemical composition and toxicity of
the marine haptophyte Chrysochromulina polylepis was
examined in semi-continuous cultures. A non-axenic
strain of C. polylepis was exposed to five different N:P
supply ratios (N:P = 1:1, 4:1, 16:1, 80:1 and 160:1, by
atoms), in order to create a range of N- and P-limited
conditions. The toxicity per cell in C. polylepis was de-
termined on four occasions at steady state cell density
using the haemolytic activity of the cells expressed as
saponin nanoequivalents. Haemolytic activity was
demonstrated in all treatments, and increased in the al-
gae when cell growth was nutrient limited (N:P = 1:1,
4:1, 80:1 and 160:1), compared to cells grown under non-
limiting conditions (N:P = 16:1). This occurred re-
gardless of the growth-limiting nutrient (N or P) and
became more pronounced as nutrient limitation in-
creased. In P-limited cultures the haemolytic activity per
cell increased linearly with the cellular N:P ratio,
whereas the N-limited cultures showed an opposite
trend. The haemolytic activity per cell showed an inverse
relationship with both cellular N and cellular P content.
Cells limited by P showed a higher haemolytic activity
than cells limited by N. The results suggest that toxicity
in C. polylepis is strongly influenced by the physiological
state of the algae. This may partially explain the large
variability previously observed in the toxicity of
C. polylepis blooms. The potential ecological signifi-
cance of our findings is also discussed.
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Introduction

The occurrence of toxic algal blooms and their possible
relation to antropogenic activities has received increas-
ing attention for many years. The discharge of nutrients
(N and P) to coastal waters has increased dramatically
around the world over the past several decades due to
human activities (Smayda 1990). This has resulted in a
shift in the nutrient composition of the water in many
coastal areas. Such changes are believed to influence not
only algal species composition, in favour of harmful
algal species, but also to promote toxicity in species
traditionally not considered toxic (Smayda 1990; Hall-
egraeff 1993). The marine haptophyte Chrysochromulina
polylepis is widely distributed in coastal waters in
northern Europe (Edvardsen and Paasche 1998) and has
received considerable attention over the past decade due
to the broad environmental impact attributed to an in-
tensive bloom along the Scandinavian coastline in 1988.
The bloom had a negative impact on a wide range of
naturally occurring marine organisms, as well as farmed
fish (Rosenberg et al. 1988; Dahl et al. 1989; Underdahl
et al. 1989; Nielsen et al. 1990; Kaas et al. 1991; Rob-
ertson 1991). Prior to this bloom there were no records
of mass occurrences of this species, and earlier studies
have not found it very toxic (Manton and Park 1962;
Jebram 1980). During the 1990s, bloom events of this
species have been reported on several occasions in
Scandinavian waters (Tangen 1989; Edvardsen and Pa-
asche 1998 and references therein). However, no harmful
effects on marine biota were reported in relation to these
blooms. These observations imply that toxicity of this
species is highly variable and is expressed only under
certain environmental conditions.

Chrysochromulina polylepis produces a non-selective
toxin, which shows the same type of toxic activity,
mainly on cell membranes, as that produced by the
closely related and well-known fish killer Prymnesium
parvum, which have been thoroughly studied. Shilo
(1967) first showed a connection between P-limitation
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and enhanced toxicity in P. parvum. This was also later
confirmed in C. polylepis (Edvardsen et al. 1990, 1996;
Edvardsen 1993; Meldahl et al. 1994). It is also possible
that low levels of N promote toxicity in these species.
Results are, however, contradictory (Shilo 1967 and
references therein; Dafni et al. 1972; Edvardsen et al.
1996; Johansson and Granéli 1999). Nutrient conditions
just before the bloom in 1988 were characterised by low
concentrations of phosphorus and elevated concentra-
tions of nitrate, probably due to a strong input from the
southern North Sea, resulting in a N:P ratio well above
the Redfield ratio of 16:1. It has been suggested that this
shift in nutrient composition of the water contributed to
the exceptional high toxicity of the C. polylepis cells
during the bloom (Dahl et al. 1989; Maestrini and
Granéli 1991; Skjoldahl and Dundas 1991). All these
observations suggest a possible relationship between
enhanced toxicity and limitation of N or P in the me-
dium. However, as the toxin(s) produced by C. polylepis
are mainly composed of carbon and contain very little N
or P (Yasumoto et al. 1990), a direct linkage between
N- or P-limitation and toxin production seems unlikely.
This gives us reason to ask whether toxicity in C. poly-
lepis is a response to physiological stress, due to N- or
P-limitation, rather than the involvement of N or P in
toxin synthesis.

The objective of the present study was to investigate the
influence of N- and P-stress on the toxicity of the marine
haptophyte Chrysochromulina polylepis grown in semi-
continuous cultures under different N:P supply ratios.

Materials and methods

Culture and growth conditions

A non-axenic strain of Chrysochromulina polylepis (LAC 14) was
first grown as 15 batch cultures (3.0 litres) in f/20 medium (Guillard
and Ryther 1962). The cultures were grown at a temperature of
16 = 1°C, and with PAR (photosynthetic active radiation) of
200 pmol m™2 s™! (cool white fluorescent tubes) under a 16 h light:
8 h dark cycle for 26 d. The culture medium was prepared with
filtered (Gelman A/E glass fibre filter, 900 mm, mesh size 0.45 pm)
and autoclaved, aged natural seawater (initial nutrient concentra-
tion: 1.4 pM NO3, 0.1 pM POi’, 0.2 pM NHy) with a salinity of
219,. Once the batch cultures reached high cell densities (75 to
80 x 10> cells ml™") the experiment was run as semi-continuous
cultures. Daily, 30% of the culture volumes (0.9 litres) were re-
moved at a set time and replaced with an equal volume of new,
enriched media in order to attain steady state conditions (Table 1).
Five different N:P supply ratios were used (three replicates of each):
1:1, 4:1, 16:1, 80:1 and 160:1. Inorganic nutrients were supple-
mented in order to give the algae a daily addition corresponding to
the following concentrations: 2.0 uM/ NO3, 2.0 uM PO?{ (1:1);
8.0 pM NO3, 2.0 uM PO;~ (4:1); 32.0 pM NO3, 2.0 uM POf[
(16:1); 32.0 uM NOj3, 0.4 pM PO}~ (80:1); and 32.0 pM NO;,
0.2 uM PO?{ (160:1). Trace metals, iron and EDTA were added to
all cultures at levels corresponding to f/20 medium (Guillard and
Ryther 1962). Vitamins (B, biothin and thiamine) were added
following the method of Schone and Schone (1982).

Several variables were measured in the outgoing media, in-
cluding inorganic nutrients (NO3, PO;-, NH}), cell density, par-
ticulate nitrogen (PON), phosphorus (POP) and carbon (POC) and
haemolytic activity.

Cell density and chemical analyses

Phytoplankton samples (50 ml) were preserved with acid Lugol’s
solution, and cell numbers were counted using a particle counter
(HIAC/ROYCO 9064), calibrated by manual counting (of at least
400 cells) using an inverted microscope (Nikon Diaphot). The
concentrations of NO3, PO}~ and NH; in the media were analysed
on five occasions according to IOC standard protocols (Valderama
1995). Cellular contents of C, N and P were analysed on Days 15,
19, 22 and 25 in cells retained on 25 mm precombusted (450 °C,
2 h) Gelman A/E glass fibre filters after filtering of 300 ml of the
cultures. The filters were dried in an oven at 65 °C for 24 h, and
analyses of POC and PON were performed with a CHN elemental
analyser (Fisons Instruments Model NA 1500), while POP was
analysed according to the method of Solorzano and Sharp (1980).
For blanks, samples of milli-Q water was filtered and treated as
above for POC, PON and POP. Elemental molar ratios were cal-
culated from cellular C, N and P values.

Extraction of haemolytic substances

Since the daily sampled culture volumes (0.9 litres) were not sufficient
to carry out all the analyses, measurements of haemolytic activity
were performed 1 d after cellular nutrient analyses (i.e. on Days 16,
20, 23 and 26). From each culture flask 400 ml was filtered onto
precombusted (450 °C, 2 h) glass fibre filters (Gelman A/E, 47 mm,
nominal pore size 1.0 pm). Cells retained on the filters were extracted
in a chloroform-methanol-water (13:7:5) phase system. Fractions
were separated using a separation funnel, and the haemolytic sub-
stances were recovered in the lower chloroform phase. The chloro-
form fraction was then evaporated to dryness under nitrogen flow
and residues were redissolved in 70% methanol. The final extracts
were stored at —20 °C for a maximum of 2 weeks before analysis.

Haemolytic procedure

The haemolytic test was carried out using the method developed by
Simonsen and Moestrup (1997), with minor alterations. One
millilitre of algal extract was added to 4 ml of 2.5% horse blood
(Swedish National Veterinarian Institute) in an isotonic phosphate
buffer. After 30 min of incubation at 37 °C, the mixture was cen-
trifuged (Jouan MR 1822) for 15 min at 530 xg, and haemolytic
activity was determined spectrophotometrically (Beckman DU 650)
by measuring the supernatant at 540 nm. The test was done in
triplicates, and methanol (70%) was used as an optical blank. A
standard haemolytic curve based on concentrations of saponin
(SIGMA S-2149) in an isotonic phosphate buffer was used as a
reference, and the haemolytic activity of the cells was determined as
saponin equivalents. The results are expressed as saponin nano-
equivalents per cell (SnE cell™).

Statistical analyses

Statistical analyses were performed with SYSTAT (SPSS, Chicago)
using ANOVA and Tukey’s test to examine differences in haemo-
lytic activity and chemical composition between algae grown under
different nutrient supply ratios. Linear regression analysis was used
to test if haemolytic activity of Chrysochromulina polylepis was
related to the cellular content of N or P or to the cellular N:P ratio.

Results
Cell densities

Steady state conditions were attained in all cultures
within 2 weeks of the first daily dilution (Fig. 1).
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Fig. 1 Chrysochromulina polylepis. Cell density of cultures grown
semi-continuously under five different N:P supply ratios

Non-limited cultures (N:P = 16:1) contained excess
amounts of both NO; and PO;  during the entire
steady state period, while either NO; or POi‘ were
limiting at the other supply ratios (Table 1). Changes in
the N:P supply ratio influenced the final cell yield at
steady state substantially, resulting in significant differ-
ences among treatments (ANOVA, p < 0.0001). The
cell density ranged from 21.8 x 10 cells mI™! in cultures
with the lowest N:P supply ratio (N:P = 1:1) to 49.7 x
10% cells mI™" in non-limited cultures (N:P = 16:1). One
interesting feature was that cultures limited by N gen-
erally exhibited lower cell density than the correspond-
ing cultures limited by P (Fig. 1). Pairwise comparisons
showed that severely N-limited cultures (N:P = 1:1)
had significantly lower cell concentration at steady state
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than the cultures grown at N:P supply ratios of 4:1, 16:1
and 80:1 (Tukey, p < 0.05,0.001 and 0.01, respectively).
A significant difference in cell density was also measured
between severely P-limited cultures and non-limited
cultures (Tukey, p < 0.05).

Cellular chemical composition

No significant difference (ANOVA, p > 0.05) could be
measured in cellular C content among treatments, al-
though a trend towards increasing concentrations of
C per cell could be discerned under both N- and
P-limitation (Table 2). In contrast to the relative con-
stancy of the C content, cellular P concentrations varied
substantially among treatments (ANOVA, p < 0.0001).
As expected, an increase in the N:P supply ratio caused
a general decrease in the cellular content of P. This led
to a decreasing trend in the cellular P content from
severely N-limited cultures to severely P-limited cultures,
with mean values ranging from 0.69 = 0.06 to
0.28 + 0.04 pg P cell™! (Table 2). Pairwise comparisons
revealed significant differences between cultures grown
at high N:P supply ratios (80:1 and 160:1) and cultures
growing at N:P supply ratios of 16:1 (Tukey, p < 0.01
and 0.001, respectively), indicating limitation of P in
both treatments. A decrease in the N:P supply ratio re-
sulted in less N on a per cell basis as shown in Table 2.
There was a small but significant (ANOVA, p < 0.05)
difference in the cellular N content between different
treatments, and pairwise comparisons proved it to be
significantly lower in cultures exposed to the lowest
N supply (N:P = 1:1) than in non-limited cultures
(N:P = 16:1, Tukey, p < 0.05), whereas no significant

Table 1 Inorganic nutrient
concentrations (uM) in the

N:P supply ratios

outgoing media and in the daily

additions of new media in semi- 11 41 16:1 80:1 160:1
SZSJ;Z‘EZ‘,’;S;E};‘;;ISS‘EIE C:h’g’)‘w' Cell density (10° cells mI™") 21.8 + 0.4 40.5 + 6.1 497 + 33  44.6 + 10.1 341 + 0.9
Daily added conc.
PO}~ 2.0 2.0 2.0 0.4 0.2
NOy 2.0 8.0 32.0 32.0 32.0
Conc. in outgoing media
PO}~ 70 £23 70+ 19 7.5 £ 1.2 0.1 = 0.0 0.0 = 0.0
NO5y 0.1 £00 05=+02 1225+ 103 1279 + 12.7 130.0 £ 9.8
NH, 0.1 £ 00 02+ 0.1 0.4 + 0.1 0.6 + 0.1 0.5 + 0.0
Table 2 Chrysochromulina .
polylepis. Effect of N:P supply Cell parameter N:P supply ratios
ratios on cell density, cellular C, ] ] ] ] .
N and P content and cellular 1:1 4:1 16:1 80:1 160:1
grﬁlgﬁtﬁiigufiﬁgs at Cell density (10° cells mI™")  21.8 + 0.4 40.5 + 6.1 49.7 + 3.3 447 + 10.1 341 + 0.9
steady state (n = 3) Carbon (pg cell™") 297 £ 29 278 £28 256 + 35 267 +23 265=+26
Nitrogen (pg cell™) 27 £ 04 32 +£03 39+03 3.6 £0.3 3.6 £ 0.1
Phosphorus (pg cell™") 0.7 £ 0.1 0.6 £ 00 0.5+ 0.1 04 + 0.0 0.3 = 0.0
C:N ratio 129 £ 07 103 +£1.7 7.7+ 14 8.8 £ 1.1 8.5 £ 0.9
N:P ratio 87+ 19 116 £ 1.5 16.0 £ 0.6 20.5 = 0.6 29.5 £ 5.0
C:P ratio 111.6 £ 19.1 117.5 + 4.8 122.2 + 21.6 180.7 + 26.5 249.3 + 30.2
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differences were found between the other treatments.
Fig. 2 summarises the relationship between cellular N
and P content for cells grown under different N:P supply
ratios.

The cellular C:N ratios were generally high in this
study, with mean values above the Redfield ratio of 6.6
(by atoms, Redfield 1958) in all treatments (Table 2).
A decrease of the N:P supply ratio led to higher cellular
C:N ratios, with significant differences between treat-
ments (p < 0.05). Pairwise comparisons, however,
could only establish a significant difference between
non-limited (N:P = 16:1) and severely N-limited
(N:P = 1:1) cultures (Tukey, p < 0.05). The cellular
N:P ratios did not mirror the supply ratio, but showed a
tendency to change in the direction of the composition
of the medium, resulting in a significant difference
among treatments (ANOVA, p < 0.0001, Table 2). The
cellular N:P ratios increased gradually from severe N-
limitation (N:P = 1:1) to severe P-limitation (N:P =
160:1), with mean values ranging from 8.7 £ 1.9 to
29.5 £ 5.0. Pairwise comparisons demonstrated a sig-
nificant difference between severely N- and P-limited
cultures and non-limited cultures (Tukey, p < 0.05 and
0.001, respectively), which is indicative of strong N- and
P-limitation, respectively. This difference was not seen
between moderately N- or P-limited cultures and non-
limited cultures (Tukey, p > 0.05 in both cases), sug-
gesting a lesser degree of limitation in these treatments.
Cellular C:P ratios increased with increasing N:P supply
ratios, with significant differences among treatments
(ANOVA, p < 0.0001). Both the cultures grown at N:P
supply ratios of 80:1 and the cultures grown at 160:1
exhibited significantly higher C:P values than the non-
limited cultures (Tukey, p < 0.05 and 0.001, respec-
tively), indicating that P was in shortage in these cul-
tures. The C:P values were significantly higher in cells
grown at N:P supply ratios of 160:1 than in cells grown
at N:P supply ratios of 80:1 (Tukey, p < 0.05).
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Fig. 2 Chrysochromulina polylepis. Relationship between cellular N

and P content of cultures grown semi-continuously under five different
N:P supply ratios

Haemolytic activity

Haemolytic activity was demonstrated in all treatments,
but the changes in N:P supply ratios influenced the
haemolytic activity significantly (ANOVA, p < 0.0001,
Fig. 3). The haemolytic activity was higher in cultures
exposed to nutrient-limiting conditions (both N and P)
than in cultures grown under non-limiting conditions.
Moreover, the haemolytic activity increased as the nu-
trient limitation increased, suggesting a close relation-
ship between haemolytic activity and the availability of
N and P in the media. For both N- and P-limited cul-
tures the haemolytic activity increased with increasing
nutrient limitation in a similar manner. This indicates
that the production of haemolytic substances increased
as a function of nutrient stress. To evaluate this further,
haemolytic activity per cell was plotted as a function of
cellular N:P ratios (Fig. 4) and cellular N and P content
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Fig. 3 Chrysochromulina polylepis. Haemolytic activity per cell at
steady state in semi-continuous cultures grown under five different
N:P supply ratios

457 Y, =43.286-2.501 12 = 0.804
_, 40 Y, =-26.893 +2.12212=0.934 o
S 35 4
2 30
=

Haemolytic ac
7y

10

5 -

0 — T T T ™ Cellular
8 13 18< 23 28 3>3 N:P ratio
N-limitation <> P-limitation

NP balance

Fig. 4 Chrysochromulina polylepis. Relationship between haemolytic
activity per cell and cellular N:P ratio in semi-continuous cultures
growing under five different N:P supply ratios. Regression for
N-limited cultures: Y;; for P-limited cultures: Y,



(Fig. 5a, b). In P-limited cultures the haemolytic activity
per cell increased linearly (+* = 0.93) with the cellular
N:P ratio, whereas the N-limited cultures showed an
opposite trend (r* = 0.80). The haemolytic activity per
cell showed an inverse relationship with both cellular N
and cellular P content (* = 0.86 and 0.91, respectively).
These results demonstrate a strong relationship between
cellular nutrient stress and haemolytic activity of Chry-
sochromulina polylepis cells. The highest haemolytic ac-
tivity was measured in cells exposed to the highest N:P
supply ratio (41.0 = 3.3, Fig. 3). Those cells showed
more than 12 times higher activity than the non-limited
cells. For both N- and P-limited cultures the haemolytic
activity per cell was higher in severely nutrient-limited
cultures than in moderately limited cultures (Tukey,
p < 0.01 and 0.001, respectively). Cultures limited by
P showed higher haemolytic activity than corresponding
cultures limited by N.
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Fig. 5 Chrysochromulina polylepis. Relationship between haemolytic
activity per cell and a cellular N content in semi-continuous cultures of
growing under N-limited and non-limited conditions and b cellular P
content in semi-continuous cultures growing under P-limited and non-
limited conditions
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Discussion

Two important aspects emerge from our experiments.
First, there are marked differences in haemolytic activity
between Chrysochromulina polylepis cells grown under
different N:P supply ratios. Second, the difference in
haemolytic activity can be related to differences in the
availability of nutrients, that is, to differences in nutrient
stress.

Nutrient limitation of Chrysochromulina polylepis

Phytoplankton is regularly subjected to environmental
conditions that are less than optimal for them and re-
spond to changes in the availability of nutrients by
adapting their chemical composition to maintain growth
(Laws and Bannister 1980). Analyses of chemical com-
position can therefore be a valuable tool for measuring
the degree of cell limitation. A common feature of nu-
trient limitation is a decrease in the cellular concentra-
tion of the limiting nutrient (Cembella et al. 1984;
Sakshaug and Olsen 1986). In our study, cells grown at
high N:P supply ratios had significantly lower P content
per cell than the cells grown under balanced conditions.
This is a clear indication of P-limitation under both 80:1
and 160:1 supply ratios. A similar decrease in the cellular
content of N was observed also in cultures grown under
low N:P supply ratios, but the N-limitation seemed to be
less severe than the P-limitation since the N content per
cell in cultures grown at a N:P supply ratio of 4:1 was not
statistically different from the N content in non-limited
cultures. In comparison, Dahl et al. (1989) reported
values of 3.2 to 4.2 pg N cell™! in culture experiments on
natural populations of C. polylepis, which is in the range
of those found by us, whereas the P concentrations
reported here (0.3 to 0.7 pg P cell™") were lower than the
values (0.7 to 1.0 pg P cell™") reported by those authors.
This strengthens the conclusion that P-limitation was
more severe than N-limitation in the present study. In
the literature, nutrient limitation has often been related
to an increase in cellular C (Sakshaug et al. 1984; Latasa
and Berdalet 1994). In the present study, C content per
cell was relatively constant and did not reveal strong
indications of either N- or P-limitation.

Cellular nutrient ratios are also used as indicators of
N- and P-limitation. Phytoplankton growing close to
maximum rates typically has a C:N:P ratio near 106:16:1
(Redfield 1958). Under P-limited growth, C:P and N:P
increase, and under N-limited growth C:N increases and
N:P decreases (Healey 1975; Sakshaug and Holm-Han-
sen 1977; Goldman et al. 1979). Although, the optimal
ratios may vary substantially between different species
there are, in the literature, certain intervals in cellular
nutrient ratios that have to be differed from in order for
the algae to be considered nutrient limited. The cellular
N:P ratio of 8.7 found in the cultures grown under the
lowest N:P supply ratio, in the present study, would be



214

in the range of strong N-limitation (Paasche and Erga
1988), whereas the mean value of 11.6 found for the
moderately N-limited cultures is indicative of little or no
N-limitation according to Healey (1975). In P-limited
cultures the cellular N:P ratios were above 20.0 under
both 80:1 and 160:1 N:P supply ratios, which is indica-
tive of severe P-limitation (Healey 1975; Paasche and
Erga 1988). The cellular C:N ratios in the 1:1 and 4:1
treatments increased in response to the low N:P supply
ratio of the medium and are indicative of severe and
moderate N-limitation, respectively. The C:P ratios
indicated the presence of P-limitation in the cultures
exposed to the two highest N:P supply ratios, becoming
more severe as the N:P supply ratio rose.

On the basis of both cellular nutrient concentrations
and nutrient ratios, the cultures grown under N:P supply
ratios of 1:1 and 160:1 showed clear signs of N- or
P-limitation, respectively. Indications of N- or P-limi-
tation were also seen in the cultures grown under N:P
supply ratios of 4:1 and 80:1, but the limitation was less
severe in those treatments.

Haemolytic activity versus nutrient stress/limitation

The production of haemolytic substances in Chryso-
chromulina polylepis was clearly influenced by the N:P
ratio of the medium. Both high and low N:P supply
ratios resulted in higher haemolytic activity on a per cell
basis compared to cells grown under N:P balanced
conditions. The increase in haemolytic activity under
P-limited growth is consistent with earlier experiments
on batch cultures of this species, which resulted in an
increase of haemolytic activity under P-limited condi-
tions, similar to the results reported here (Edvardsen
et al. 1990; Meldahl et al. 1994). Shilo (1967, 1971) also
reported a similar relationship, for the closely related
Prymnesium parvum. These results stress the importance
of P availability as a regulation factor for toxin pro-
duction of those haptophytes. In the present study we
have also demonstrated enhanced haemolytic activity in
C. polylepis cultures during N-limitation, showing that
the haemolytic activity is enhanced under nutrient limi-
tation irrespective of which nutrient (N or P) is limiting.
These results suggest a relationship between nutrient
limitation (N or P) and enhanced toxin production.
However, a direct connection between N- or P-limita-
tion and toxin production seems unlikely, as neither N
nor P is a major component of the toxin complex
(Yasumoto et al. 1990) or apparently involved in the
toxin synthesis. Previous studies of C. polylepis toxicity
in relation to nutrient limitation have provided evidence
for a marked variability of the toxicity in batch cultures
as the algal population changes from an exponential to a
stationary phase (Edvardsen et al. 1990; Edvardsen
1993; Meldahl et al. 1994). In the referenced works, the
changeover was reflected by an increase in toxicity per
cell at arrested cell growth, suggesting that growth and
toxin production have different optimal requirements

and that toxicity is fully expressed only when growth is
limited. This is supported by our results, as the cells in
the non-limited cultures, in contrast to the findings for
the N- and P-limited cells, did not exhibit enhanced
haemolytic activity at steady state (Fig. 3). Based on this
differing response, we conclude that enhancement of the
haemolytic activity of C. polylepis is related to cellular
physiological stress. This is suggested by the enhanced
haemolytic activity as physiological stress increases with
increasing nutrient limitation, demonstrated by the in-
verse relationship observed between haemolytic activity
and cellular N and P contents (Fig. 5a, b). When hae-
molytic activity was related to the cellular N:P ratio we
found that in P-limited cultures the haemolytic activity
per cell increased linearly with the cellular N:P ratio,
whereas the N-limited cultures showed an opposite
trend, which further supports our conclusion. Recently,
enhanced toxicity due to either N- or P-limitation has
also been reported for the closely related P. parvum
(Johansson and Granéli 1999). An increase in toxicity in
relation to suppressed cell growth, in C. polylepis, in-
dependent of the growth limiting nutrient, has also been
reported by Edvardsen et al. (1996). Thus, one of the
metabolic strategies under nutrient-limited growth con-
ditions, in haptophytes, seems to be based on production
of toxic substances. The results reported by Edvardsen
et al. (1996) were based on a test in which toxicity of
C. polylepis cells was tested against the brine shrimp
Artemia sp. In the present study, C. polylepis was not
tested against Artemia sp. However, the strain used here
has, in agreement with our results, been shown to in-
crease its toxicity against Artemia sp. under both N- and
P-limited conditions (results to be published). This is of
interest since haemolytic activity of phytoplankton cells
is not necessarily accompanied by toxicity to aquatic
organisms (Simonsen and Moestrup 1997).

Interestingly, in 1988, when the exceptionally toxic
bloom of Chrysochromulina polylepis occurred along the
Scandinavian coast, the N:P ratio of the water was high
(N:P = 24:1, Dahl et al. 1989), consistent with the
present study. The concentrations of inorganic P in the
bloom water were at the detection level while there was
still some unused nitrate (Dahl et al. 1989), which may
have stressed the bloom population and, in turn, en-
hanced toxin production as demonstrated in the present
study.

Previous studies have demonstrated that the toxicity
of Chrysochromulina polylepis and the related Pry-
mnesium parvum is not regulated by nutrient stress alone.
Several environmental factors that influence growth,
such as light (Rahat and Jahn 1965; Dafni et al. 1972)
and salinity (Shilo and Rosenberger 1960; Padilla 1970;
Larsen et al. 1993; Moestrup and Arlstad 1993) have
also been shown to influence toxicity. A common feature
of those studies is that toxicity increases as the growth
decreases, indicating that toxin production is associated
with cellular physiological stress. These studies
have provided evidence that a number of variables,
besides nutrient limitation, may be responsible for the



expression of toxicity of those flagellates, suggesting that
many different environmental stresses tie-up into a
common response. In this context the link between toxin
production and growth metabolism assumes an inter-
esting ecological aspect. The production of toxins may
provide C. polylepis with a selective advantage in the
form of a chemical defence, used at times when the cells
are not growing optimally. Toxic effects of C. polylepis
on other phytoplankton species (Arlstad 1991; My-
klestad et al. 1995) and grazers (Carlsson et al. 1990)
have been demonstrated in laboratory culture studies. In
situ and experimental observations by Nielsen et al.
(1990) during the bloom of 1988 demonstrated delete-
rious effects on ciliates, bacteria and copepods. Thus,
from an ecological point of view, increased toxin
production when nutrients are limiting would be a great
advantage, providing the algae with an opportunity to
proliferate where they would not be capable of com-
peting with otherwise competitively (i.e. for nutrients)
superior species of algae.

A comparison of the haemolytic activity reported by
Johansson and Granéli (1999) for Prymnesium parvum
cells and the haemolytic activity measured in Chryso-
chromulina polylepis in this study reveals some interest-
ing aspects. First, in P. parvum the highest haemolytic
activity was measured under N-limiting conditions,
while in C. polylepis the highest haemolytic activity was
observed under P-limiting conditions. Second, P. parvum
showed 6 to 14 times higher haemolytic activity per cell
than C. polylepis cells when grown under N:P supply
ratios of 160:1 and 1:1, respectively. The reason for these
marked differences may reflect genetic or metabolic
differences in the ability to produce haemolytic sub-
stances.

Recently, experiments on the okadaic acid—producing
dinoflagellates Prorocentrum lima and Dinophysis
acuminata showed that toxin production increases under
both N- and P-limitation (McLachlan et al. 1994; Sohet
et al. 1995; Johansson et al. 1996). Thus, the availability
of N and P seems to play a key role in toxin regulation in
several phytoplankton species. One of the greatest defi-
cits in our knowledge about toxin production in phy-
toplankton, however, is the lack of explanations for the
differences in response to nutrient stress among species.
Phytoplankton toxins include an array of compounds,
chemically distinct and belonging to remarkably diverse
families of products. How changes in nutrient avail-
ability and composition affect the production of these
substances may vary substantially and are likely to be
species specific. Therefore, it is difficult to see any gen-
eral trends or to draw a conclusive picture of nutrient
availability as a regulating factor for toxin synthesis in
marine phytoplankton.

In summary, the results obtained in this study dem-
onstrate that the haemolytic activity of Chrysochromu-
lina polylepis is influenced by the N:P ratio of the
medium. C. polylepis cells grown under unbalanced N:P
supply ratios showed a significantly higher haemolytic
activity than cells grown under balanced N:P supply
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ratios (N:P = 16:1). This occurred independently of the
growth-limiting nutrient (N or P) and became more
pronounced as nutrient limitation became more severe.
These results strongly suggest that the increase in hae-
molytic activity of C. polylepis is a response to cellular
physiological stress; in this case due to N- and P-limi-
tation. It is generally accepted that in several potentially
toxic phytoplankton species the availability of inorganic
nutrients (N and P) is an important factor for the reg-
ulation of growth and toxicity. In many coastal areas
where toxic blooms occur, N:P ratios have changed
considerably due to high, erratic inputs of N and P from
human activities, leading to an unbalanced N:P ratio
(compared to the Redfield ratio). Potentially toxic phy-
toplankton may thus become toxic when exposed to an
unbalanced nutrient regime caused by eutrophication.
The direct relationship observed between nutrient limi-
tation and the production of haemolytic substances in
this study is consistent with this idea. The mechanisms
behind this behaviour, and exactly how N- and P-limi-
tation acts to stimulate the toxicity in C. polylepis is not
yet fully understood and needs further exploration.

The importance of environmental factors for the
regulation of toxins demonstrated in this study may help
to explain the large variability frequently observed in the
toxicity of marine phytoplankton both in cultures and in
the natural environment. An increase in toxicity as a
response to limiting nutrients appears to be a general
trend in diverse taxonomic groups, including hap-
tophytes. However, due to the species-specific responses
of phytoplankton under nutrient-limited conditions
(Sakshaug et al. 1983), more work should be done in
comparing different phytoplankton species and groups
in order to establish the ecological significance of toxin
production in phytoplankton.
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