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INTRODUCTION

The haptophyte alga Prymnesium parvum is a uni-
cellular flagellate that grows primarily in brackish
waters and produces toxins that disrupt aquatic
ecosystems (Edvardsen & Imai 2006, Sunda et al.
2006). While primarily phototrophic, it is capable of
phagotrophy (Nygaard & Tobiesen 1993, Tillmann
1998) and tolerates a broad range of salinities and tem-
peratures (Larsen et al. 1993, Baker et al. 2007, 2009).
For >50 yr, blooms of this alga have been responsible
for massive fish kills worldwide (Reich & Aschner 1947,
Sunda et al. 2006). Toxins produced by P. parvum

affect a variety of other aquatic organisms, including
other species of algae, protists, and zooplankton (e.g.
Koski et al. 1999, Fistarol et al. 2003, 2005, Tillmann
2003, Sopanen et al. 2006). Therefore, blooms of this
species have potentially far-reaching effects on
aquatic food webs, generating considerable interest
from the scientific, environmental management, and
public sectors.

A variety of assays have been employed to quantify
these biological responses to Prymnesium parvum
(Brooks et al. 2010). Among the assays reviewed and
compared by Brooks et al. (2010), acute mortality to a
larval fish model and in vitro lysis of red blood cells
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represented 2 of the most sensitive assays for assessing
the toxicity associated with P. parvum. Choice of a tox-
icity assay depends on the objectives of a study, and
because the hemolytic assay provides relatively rapid
information for a toxicological response, it was used
here to examine variation in hemolytic toxicity over
time in laboratory cultures of P. parvum (modification
of Eschbach et al. 2001).

Factors associated with the toxicity of Prymnesium
parvum were recently reviewed by Granéli & Salomon
(2010). They proposed that the abundance and stage of
population growth were important, with older and den-
ser populations being more toxic than young, sparse
populations. As a population grows in a nutrient-
limited medium, cellular nutrient content falls, growth
slows, and toxicity rises (Dafni et al. 1972, Johansson &
Granéli 1999, Granéli & Johansson 2003). Concur-
rently, pH can increase as CO2 is removed from growth
media (Grover et al. 2007). Some studies have found
that high pH increases the toxic activity of P. parvum
(Shilo & Aschner 1953, Valenti et al. 2010), while oth-
ers have found the opposite (Padilla 1970, Igarashi et
al. 1998). Aeration can also increase the toxicity of P.
parvum (Igarashi et al. 1995), prompting suggestions
that strong wind-mixing might enhance the toxicity of
blooms (Granéli & Salomon 2010).

In the present study, Prymnesium parvum was
grown in P-limited batch cultures for 32 d with fre-
quent sampling, to document the dynamics of cell
abundance, cellular C, N and P composition, pH, and
hemolytic toxicity. We hypothesized that toxic activ-
ity would rise appreciably as populations became
phosphorus-limited, and we intended to resolve the
timing of this event. To explore the influence of pH and
CO2 availability, cultures were grown in a standard
growth medium, a medium buffered at a basic pH,
and an aerated medium. We hypothesized that toxic
activity would be altered by buffering and aeration.

MATERIALS AND METHODS

Experimental design. This experiment observed in
vitro growth of Prymnesium parvum under P-limited
conditions over 32 d. Three different growth media
were used. The standard treatment was a modified f/2
artificial seawater (ASW) medium (described in the fol-
lowing subsection). The buffered treatment used the
same medium, maintaining pH at between 8.8 and
9.6 by using 1 g l–1 N-[Tris(hydroxymethyl)methyl]-3-
aminopropane-sulfonic acid (TAPS, Sigma-Aldrich).
The aerated treatment used the standard culture
medium, but was continuously aerated using filtered
(0.2 μm), humidified, ambient air via aquarium pump
at a pressure of 260 ± 90 kPa, providing about 2 to 5 ml

s–1 of airflow. All cultures were sampled periodically
for determinations of cell abundance, cellular C, N and
P composition, culture pH, and hemolytic toxicity.

In vitro cultures. A modification of the ASW culture
medium developed by Baker et al. (2007) was used.
Artificial seawater (Kester et al. 1967) was reduced to a
salinity of 6.0 ± 0.3 psu by dilution with ultrapure
18 MΩ cm–1 water (Millipore), followed by enrichment
with f/2 concentrations of nitrogen and trace metals
(McLachlan 1973), using equimolar ferric chloride sub-
stituted for ferrous ammonium sulfate to preclude toxic
effects of ammonium (Grover et al. 2007). The concen-
tration of P was reduced to 1.8 μM, 5% of the standard
value for f/2 enrichment, producing a molar N:P ratio
of 489, which was found to enhance the toxicity of
Prymnesium parvum in preliminary cultures. Each cul-
ture was grown in a 5 l glass carboy with a hose nipple
1 cm from the base, which was used to bubble a con-
stant stream of air into those cultures receiving the aer-
ation treatment. The mouth of each carboy was loosely
covered with an inverted 250 ml plastic beaker allow-
ing air exchange while minimizing contamination.

A non-axenic strain of Prymnesium parvum isolated
in Texas (UTEX LL 2797, Culture Collection of Algae,
University of Texas, Austin, TX) was grown to station-
arity in stock cultures using ASW medium and the full
f/2 enrichment of nutrients including P. Experimental
cultures were inoculated with 5 ml of stock culture and
incubated at 20°C, with a 12 h dark:12 h light photo-
period and an irradiance of 150 to 200 μmol photons
m–2 s–1 using fluorescent lighting. For each treatment,
a blank was prepared that consisted of media prepara-
tion, but no culture inoculation, to control for any
effects of medium chemistry arising in the absence of
P. parvum.

Sampling and analysis. Cultures were sampled at
the same time of day on Day 0, daily from Day 4 to 11,
every other day from Day 12 to 20, and then every 4 d
until Day 32. Samples for determinations of cell abun-
dance were preserved with modified Lugol’s solution
(Throndsen 1978) and counted microscopically using
gridded Sedgwick-Rafter slides. To determine cellular
P composition, samples of 50 ml were passed through
Whatman GF/F filters and the collected particulates
were digested with persulfate (Menzel & Corwin 1965)
and analyzed for soluble reactive P (Strickland &
Parsons 1972). To determine cellular C and N com-
positions, samples of 50 ml were passed through pre-
combusted Whatman GF/F filters and the collected
particulates were combusted in a CHN analyzer
(Perkin-Elmer Series 2200). As indicators of cellular
nutrient status, cell quota for P was calculated as the
particulate P concentration divided by cell density, and
cellular C:P and N:P molar ratios were calculated from
the particulate C, N, and P compositions.
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Hemolytic toxicity was measured on culture super-
natants by a modified erythrocyte lysis assay (ELA;
Eschbach et al. 2001, Brooks et al. 2010, Schug et al.
2010) conducted on the same day as sampling. An
aliquot of 500 μl of whole culture was centrifuged at
2500 × g for 5 min to obtain supernatant for ELA. Per-
cent lysis of sheep erythrocytes (Innovative Research)
was determined in a suspension in a plasma-like
homogenized buffer medium (HBM) carrier com-
posed of 90% RPMI-1640 (Sigma-Aldrich) with 10%
water and sodium heparin anti-coagulant (Sigma-
Aldrich) at 0.005 mg ml–1 final concentration. This red
blood cell suspension (RBCS) was standardized by
hemacytometer count to 1.00 ± 0.05 × 107 cells ml–1.
Serial dilutions in HBM were calibrated for optical
density at 600 nm, and all further RBCS were pre-
pared to a desired optical density. Supernatant sam-
ples and blanks of 20 μl were added to 330 μl
aliquots of RBCS in a microtiter plate. The change in
absorption at 414 nm was used to measure hemoglo-
bin released from lysed erythrocytes as a result of
the toxic activity of Prymnesium parvum, using a
spectrophotometric plate reader (Synergy 2, BioTek
Instruments). A calibration curve for percent lysis was
constructed by combining unlysed RBCS and RBCS
lysed to known percentages by sonication, in known
proportions (7-point calibration curve with triplicates).
Percent lysis of samples and blanks was calculated
from this calibration curve. The percent lysis of cul-
ture samples was then corrected by subtracting that of
method blanks. Typical blank corrections ranged from
0.0 to 4.0%.

Statistical analysis. One-way analysis of variance
(ANOVA) followed by contrasts using Tukey’s honestly
significant difference (Blair & Taylor 2008) were used
to compare means of the 3 treatments (standard,
buffered, and aerated) for samples collected on the
same day. The population growth rate of Prymnesium
parvum was modeled as a function of cell quota using
a time series approach. The population growth rate (μ)
over each sampling interval was calculated for each
culture as:

(1)

where N1 and N0 are abundances of P. parvum at
successive times t1 and t0, respectively. The average
cell quota over each sampling interval was calculated
from quotas at times t1 and t0. Using nonlinear regres-
sion, the resulting population growth rates (μ) were
then fitted to average quota (Q ) using Droop’s (1973)
equation:

(2)

where μ’max is the maximal growth rate and Qmin is
the quota at which growth goes to zero. All statistical
analyses were conducted using Statistica 6.0 (Statsoft).

RESULTS

Populations of Prymnesium parvum displayed ex-
ponential growth from Day 4 to 10 in all cultures
(Fig. 1A). Populations did not become stationary until
about 21 d of culture, and in all cultures there was a
long period of decelerating growth from Day 10 to 21.
The exponential growth rate in each culture was calcu-
lated by regressing the natural logarithm of abun-
dance versus time for Days 4 to 10 (Table 1). These
growth rates did not differ significantly between treat-
ments (p > 0.05). The stationary abundance in each
culture was estimated by averaging the abundances
observed on Days 24 to 32 (Table 1). These stationary
abundances did not differ significantly between treat-
ments (p > 0.05).

At the initiation of cultures, quotas of P per cell were
high, because inocula were transferred from stock cul-
tures containing 36 μM P, the standard concentration
for f/2 growth medium, while experimental cultures
had a lower P concentration of 1.8 μM. Cell quotas of P
declined rapidly in all treatments for the first 8 d of cul-
ture, decreased more slowly until Day 20, and re-
mained low thereafter (Fig. 1B). Population growth
slowed as the cell quota decreased from exponential to
stationary phase. The cell quota during stationary
phase was estimated by averaging the quotas ob-
served on Days 24 to 32 (Table 1). These stationary
quotas did not differ significantly between treatments
(p > 0.05).

Cellular C:P and N:P ratios were highly correlated
(r = 0.96 for all samples). At the initiation of cultures,
C:P was about 100; it was somewhat lower for Days 4 to
7, was again about 100 on Day 8, and then rose steadily
until the end of the experiment (Fig. 1C). Cellular C:P
during stationary phase was estimated by averaging
the quotas observed on Days 24 to 32 (Table 1). These
stationary C:P ratios did not differ significantly be-
tween treatments (p > 0.05).

For the standard treatment, pH was just below 7 until
Day 8, when it began increasing to a peak of 8.6 on
Day 14 (Fig. 1D); pH then remained at about 8.5 until
Day 20 and decreased slowly until it reached 7.2 on
Day 32. For the aerated treatment, pH followed a simi-
lar pattern to the standard treatment until Day 11, but
was higher by about 0.5 units; pH in the aerated treat-
ment peaked at 8.7 on Day 11, dropped to 8.0 on
Day 12, and then remained within 0.5 units of 8.0 for the
remainder of the experiment. For the buffered treat-
ment, pH was within 0.5 units of 9.0 for the entire exper-
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iment. At all but 2 sampling times (Days 11 and 14), pH
was significantly higher in the buffered treatment than
in the standard or aerated treatments (p < 0.05).

The 2 parameters of Droop’s equation (μ’max and
Qmin) were estimated after pooling data from all exper-
imental treatments (Fig. 2, Table 2), because prelimi-
nary analyses of separate treatments produced statisti-
cally similar parameter estimates. Data from the first
sampling interval (Days 0 to 4) were not included in the
analysis because there was an initial lag in growth,
and 1 datum from the second interval (Days 4 to 5) in
1 culture was also deleted as an outlier.

In all cultures, hemolytic activity as percent lysis was
negligible (<5%) for the first 6 d of culture. It then

increased rapidly in the late exponential phase of
growth. To make comparisons between different pop-
ulation growth phases and abundances, raw percent
hemolytic activity was divided by cell concentration
(Fig. 3). An initial peak of hemolytic activity per cell
occurred on Day 8 in all treatments, followed by a
decline until Day 11 and then another peak on Day 12.
Thereafter, in all but one of the standard treatment cul-
tures, hemolytic activity displayed synchronized cycles
of increasing period. When expressed as hemolytic
activity per cell (Fig. 3), the amplitude of these cycles
diminished as abundance increased, while peaks of
raw hemolytic activity (% lysis) exceeded 80% on
Days 18 and 28. Synchronized minima of hemolytic
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Fig. 1. Dynamics of batch cultures of Prymnesium parvum. (A) Abundance, (B) cell quota for P, (C) cellular C:P ratio, and (D) cul-
ture pH. Filled circles and solid lines: standard treatment; open circles and dashed lines: buffered treatment; solid squares and 

dashed lines: aerated treatment (mean ± SD, n = 3)

Table 1. Selected quantities in cultures of Prymnesium parvum (mean ± SE, n = 3)

Quantity Treatment
Standard Buffered Aerated

Exponential growth rate (d–1), Days 4–10 0.51 ± 0.049 0.44 ± 0.039 0.58 ± 0.069
Stationary abundance (105 cells ml–1), Days 24–32 6.8 ± 0.64 8.4 ± 0.92 9.3 ± 0.08
Cell quota for P (fmol cell–1), Days 24–32 5.4 ± 0.75 4.9 ± 0.52 4.8 ± 0.32
Cellular C:P (molar), Days 24–32 319 ± 48 409 ± 49 316 ± 11
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activity occurred on Days 14 and 20, in all but one of
the standard treatment cultures. Hemolytic activity did
not differ significantly between treatments on any day
(p > 0.05), whether expressed on a per cell basis or as
raw percent lysis.

Despite these dynamic variations, hemolytic activity
was associated with cellular P status during population
growth. Because experimental treatments displayed
similar dynamics, average values of all 9 cultures were
used to examine these associations (Fig. 4). Early in
culture growth, hemolytic activity was low (<1% lysis
10–4 cells), accompanied by indicators of high cellular P
status: cell quota for P >100 fmol cell–1, cellular C:P
ratio <50, and cellular N:P ratio <10. On Day 8, the first
peak of hemolytic activity, reaching about 3% lysis
10–4 cells, occurred as the cell quota for P dropped
below 100 fmol cell–1 and the cellular C:P ratio
increased to about the Redfield (1958) ratio of 106,
while the cellular N:P ratio remained <10 (Fig. 4). At
this time, the cell quota for P was still far above the
estimated minimal quota for growth (5 fmol cell–1;
Table 2), and the growth rate was not yet limited by a
low P quota (Fig. 2). During the subsequent transition
to stationary phase, hemolytic activity oscillated
between 0.3 and 1% lysis 10–4 cells, while the cell
quota for P decreased below 20 fmol cell–1 and the cel-
lular C:P and N:P ratios rose steadily above the Red-
field values of 106 and 16 (Fig. 4). At this stage, the
growth rate was P limited (Fig. 2).
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DISCUSSION

Toxicity of Prymnesium parvum has long been asso-
ciated with nutrient limitation, particularly by P (Dafni
et al. 1972, Granéli & Johansson 2003). High hemolytic
activity has been observed in steady state, semicontin-
uous P-limited cultures accompanied by P quotas of
about 6 to 10 fmol cell–1 (Johansson & Granéli 1999,
Uronen et al. 2005). During our study, a transition from
P sufficiency to P limitation was observed, permitting
analysis of the coupled dynamics of decreasing cellular
P status and increasing toxic activity. We have esti-
mated that population growth ceases when the P quota
drops to about 5 fmol cell–1. Given the evident scatter
in the data (Fig. 2), this estimate must be treated cau-
tiously. Nevertheless, it is clear from Fig. 1 that as the P
quota drops below 10 fmol cell–1, population growth
slows. The time that this threshold was reached varied
between Days 11 and 18 during the growth of these
cultures. Although population growth ceased at about
5 fmol cell–1, continued hemolytic activity in later sam-
ples suggested that P. parvum remained metabolically
active and produced toxins as the P quota dropped
further to between 1 and 2 fmol cell–1 by the end of the
experiment.

In all cultures, an initial peak of hemolytic activity
occurred around Days 8 to 10. During this time P quota
ranges were from 20 to 100 fmol cell–1 among cultures,
several times higher than the level at which growth
ceases. Though raw hemolytic activity of cultures was
modest at this time (20 to 30%), this activity was pro-
duced by a relatively small number of cells, compared
to later times during culturing. On Day 12, all cultures
exhibited very high raw hemolytic activity (>90%),
when quotas had dropped below 20 fmol cell–1 and
growth was clearly decelerating. These observations
suggest that toxin production and release by Prymne-
sium parvum is induced when the P quota drops below
a threshold of about 100 fmol cell–1.

Interestingly, using the cellular C:P ratio as an indi-
cator of nutritional status, hemolytic toxicity is strongly
associated with ratios exceeding the classical Redfield
(1958) ratio of 106 (Johansson & Granéli 1999, Uronen
et al. 2005, Fig. 4 of the present study). In P-limited
semicontinuous cultures of Prymnesium parvum with
high hemolytic activity, the P quota was about 6 to
10 fmol cell–1, and, in N-limited cultures with compara-
ble toxicity, it was about 16 to 40 fmol cell–1 (Johansson
& Granéli 1999, Uronen et al. 2005). Together, these
observations suggest that toxicity associated with some
field populations of P. parvum could be predicted from
cellular phosphorus status. Because blooms of P. par-
vum are often nearly monospecific (Sunda et al. 2006,
Roelke et al. 2010), it should be possible to sample field
populations and determine cellular P status, to see

whether quotas below 100 fmol cell–1 and cellular C:P
ratios above 100 are associated with ambient toxicity to
aquatic organisms. Such measurements would likely
be most useful in clearly P-limited habitats. Limitation
by N enhances toxicity of P. parvum compared to nutri-
ent sufficiency, though apparently not as strongly as
P-limitation (Johansson & Granéli 1999, Uronen et al.
2005). The cellular N:P ratio is associated with toxic
activity (Uronen et al. 2005, Fig. 4 of the present study),
and might also be a useful indicator. However, at shal-
low sites, detrital seston could interfere with measure-
ments of cellular nutrient status.

The coupling between cell quota and growth rate is
an important aspect of a microorganism’s ability to
compete for a nutrient. When cells can accumulate
stored nutrient far in excess of Qmin, extended periods
of growth are possible in environments where nutrient
concentration varies (Grover 1991a). When inoculated
into these low P experimental cultures from P-rich
stock cultures, P quotas of Prymnesium parvum aver-
aged 720 fmol cell–1, roughly 100 times the minimal
quota at which growth vanishes, echoing previous
findings that P. parvum has great flexibility in cellular
P composition (Uronen et al. 2005). This storage capac-
ity lies towards the high end of the range for other
algae, which store 7 to 270 times the minimal quota for
P (Morel 1987, Sandgren 1988, Grover 1991b). Thus,
this observation adds to other indications that P. par-
vum is adapted to P limitation, such as genes for high-
affinity P transporters (La Claire 2006), the ability to
grow at very low P concentration (Baker et al. 2009),
and mixotrophy (Nygaard & Tobiesen 1993).

After the initial peaks of high hemolytic activity on
Days 8 and 12, all but one culture exhibited synchro-
nized oscillations of hemolytic activity with subsequent
peaks on Days 18 and 28, suggesting cycles with a
period of from 4 to 10 d. Similar cycles of hemolytic
activity with periods of from 3 to 5 d are suggested in
the data of Uronen et al. (2005) for both P- and
N-limited semicontinuous cultures. Daily cycles in
hemolytic toxicity occur in the closely related hapto-
phyte species Chrysochromulina polylepis (Eschbach
et al. 2005). Peaks in the magnitude of toxicity
occurred late in the dark phase of the photoperiod,
coinciding with the S-phase of the cell cycle (Eschbach
et al. 2005). In contrast, cycles with periods of several
days were observed for Prymnesium parvum cultures
in the present study and by Uronen et al. (2005). There
are many differences among these studies, and the
results do not necessarily conflict. Eschbach et al.
(2005) sampled with high frequency over 72 h during
Days 4 to 7 from cultures that were grown for 12 d,
Uronen et al. (2005) sampled daily from Days 16 to 26
when populations were approximately at steady state,
while we sampled with lower frequency over 32 d of
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culture. It is possible that daily cycles of toxicity oc-
curred, but were missed in studies with daily or less
frequent sampling, and that longer period cycles
would have been observed by Eschbach et al. (2005)
had their observations continued.

Except for pH, none of the properties measured here
differed significantly among standard, buffered, and
aerated cultures. Although pH was from 0.5 to 2 units
higher in buffered cultures than in other treatments,
toxicity did not differ. There are contradictory prior
results on the relationship of the toxic activity of Prym-
nesium parvum to pH, especially when toxicity to fish
and hemolytic activity are compared. High pH is asso-
ciated with high toxicity to fish and cladocerans in
some studies (e.g. Shilo & Aschner 1953, Valenti et al.
2010), but with low hemolytic activity in others (e.g.
Padilla 1970, Igarashi et al. 1998). The finding that
hemolytic activity was unaffected by culture pH in the
present study does not necessarily contradict the idea
that pH affects the toxic activity of P. parvum. Many
prior studies have involved comparisons across at least
3 pH units, a larger difference than compared here.
Our results apparently contradict earlier findings that
aeration promotes toxic activity (Granéli & Salomon
2010), but the airflow imposed here was low compared
to the very vigorous aeration of 100 ml s–1 associated
with elevated toxic activity (Igarashi et al. 1995). In
that same study, aeration at 10 ml s–1 enhanced abun-
dance, but not toxic activity.

Blooms of Prymnesium parvum have been responsi-
ble for fish kills worldwide (Reich & Aschner 1947,
Sunda et al. 2006), and toxic blooms have increased in
prevalence in the inland waters of Texas and other
parts of the southwestern United States since the 1980s
(Southard et al. 2010). In Texas reservoirs, blooms of
P. parvum typically occur in winter, a time period when
concentrations of nutrients, including P, can increase
in these water bodies (Sterner 1994). A puzzling obser-
vation is that blooms with abundant populations are
sometimes not toxic to fish (Roelke et al. 2007, 2010).
By analogy to the culture dynamics observed here, we
offer some potential explanations. Toxin production
and related ambient toxicity produced by blooms may
not become high unless nutrients are depleted
(Johansson & Granéli 1999). Such depletion can occur
during bloom development, as it does during batch
culture in the laboratory. Presumably, nutrient deple-
tion takes several days to develop, and events of flush-
ing and nutrient loading could prevent nutrient deple-
tion and the associated toxicity even while fueling
further population growth. A bloom might never
become nutrient-limited, but, even when it does, if
toxic activity cycles with a period of 6 to 10 d, it might
not be observed in samples taken to assess toxicity.
Finally, ambient toxicity to aquatic organisms may

vary with the many factors that commonly vary in
inland waters, including salinity and temperature
(Baker et al. 2007), pH (Valenti et al. 2010), and possi-
bly bacterial abundance and activity (Granéli &
Salomon 2010).
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