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that contact micropredation rather than exotoxicity is the role of

Prymnesium toxins
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Abstract
Blooms of Prymnesium parvum can severely harm fish and zooplankton, presumably through the release of

allelopathic exotoxins that offer advantages for Prymnesium in its interactions with competitors and prey. We

show that Prymnesium attaches to zooplankton and fish, causing mortality, whereas exposure of these organisms

to Prymnesium across a permeable membrane does not cause mortality. We also show that Prymnesium exotoxins

are released independently of contact toxicity only in response to experimental procedures or natural causes of

stress. Our results are consistent with the idea that toxins have evolved for release during cell-to-cell contact in

support of heterotrophy. The evolution of toxin-assisted micropredation would be consistent with mechanisms

of natural selection favouring individual fitness as opposed to broadcast allelopathy from which the benefits are

more dispersed. Research into the toxicity of Prymnesium and other harmful algal species may profit from focus

on processes following physical contact with potential prey.
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INTRODUCTION

Species within the unicellular eukaryote genus Prymnesium (Division

Haptophyta, Class Prymnesiophyceae) have been implicated as the

cause of massive fish kills around the world, including inland waters in

the southern and southwestern USA (Granéli & Turner 2006;

Hambright et al. 2010; Roelke et al. 2011). Recent study also has

documented severe negative effects of Prymnesium on grazing zoo-

plankton (Remmel et al. 2011). Fish kills during blooms of Prymnesium

have been attributed to the release of allelochemicals that harm

competing algae or immobilise unicellular prey (Granéli & Johansson

2003a; Skovgaard & Hansen 2003; Tillmann 2003), but secondarily also

harm fish, zooplankton and other gill-breathing multicellular organ-

isms. Several Prymnesium toxins have been characterised (Igarashi et al.

1999; Henrikson et al. 2010) and salinity and nutrient availability may

affect the degree of toxicity caused by Prymnesium (Larsen & Bryant

1998; Legrand et al. 2001; Granéli & Johansson 2003b).

Broadcast allelopathy in planktonic microbial organisms is unlikely

to be sustained by natural selection, because lack of physical contact

between the toxic organism and its target would negate any selective

advantage that an individual cell could gain from such toxins (Lewis

1986; Jonsson et al. 2009). For example, in a natural phytoplankton

assemblage containing numerous species with a mean equivalent

spherical diameter of 10 lm (ranging perhaps 5–35 lm) at a total

density of 104 cells mL)1, the average distance between individual

cells would be at least 450 lm (45 times the average cell diameter).

Even during a P. parvum bloom averaging over 105 cells mL)1, the

average nearest neighbour would be at least 200 lm away, and would

not maintain a fixed position relative to a given cell that releases toxin.

Thus, no single cell or colony could establish a selective advantage

from release of toxin. In contrast, toxins produced by planktonic cells

could offer a selective advantage if they are associated with sustained

contact or proximity-based interactions (Adolf et al. 2007; Sheng et al.

2010). We test the hypothesis that Prymnesium toxins are advantageous

through contact with target organisms and that effects of exotoxins

documented in previous studies have been caused by physical stress to

Prymnesium cells during laboratory handling, from the use of senescent

cultures, or from the use of unnaturally high densities of Prymnesium

in experiments.

METHODS

Prymnesium parvum Carter, originally isolated from the Colorado River,

Texas, was purchased from the University of Texas Algal Collection

(UTEX, strain LB2797). Three culture methods were used to generate

Prymnesium for experiments. Culture 1 consisted of a 20-L batch

culture in COMBO medium (Kilham et al. 1998) with 800 lmol L)1

nitrate, 50 lmol L)1 phosphate and 6 g L)1 Instant Ocean� (IO;

equivalent to NaCl-calibrated practical salinity units of 5.5). Culture 2

was grown in chemostat at 8–10% daily volume replacement in

COMBO with 400 lmol L)1 nitrate, 25 lmol L)1 phosphate and

15 g L)1 IO (13.7 psu). Culture 3 was similar to culture 2, but with
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800 lmol L)1 nitrate and 50 lmol L)1 phosphate. All cultures were

maintained at 25 �C on 12-h light : 12-h dark cycles (aquarium

fluorescent bulbs; c. 30 lmol m)2 s)1), and were continuously stirred

and aerated (conditions that maximised growth and biomass achieved,

KDH, unpublished). All cultures were in steady-state growth with

densities between 1.9 and 2.3 million cells mL)1, and were screened

for toxicity prior to experimentation using standard bioassays

(see below). Daphnia pulicaria (clone LTPu-25) and D. pulex (clone

LL4–15) (Remmel et al. 2011) were cultured in COMBO and fed daily

with Scenedesmus acutus f. alternans (UTEX, strain 72, axenic).

Experiments were conducted in 6-well tissue culture plates

(Vogelbein et al. 2002) with 3 lm pore diameter, low protein binding

polycarbonate membrane inserts that divided each well into 6-mL

(outside) and 5-mL (inside) chambers (Fig. 1). The membranes would

prevent movement of Prymnesium parvum (typically 6–15 lm diameter)

between chambers, but would allow diffusion of Prymnesium toxins

(multiple polyunsaturated fatty acids and their conjugated galacto-

glycerolipid progenitors; molecular weights < 800; Henrikson et al.

2010) from one chamber to the other. Vogelbein et al. (2002)

demonstrated that representative lipophilic and hydrophilic algal

toxins could diffuse readily across the polycarbonate membranes. Two

10- to 14-day-old fathead minnows (Pimephales promelas) were placed

either inside or outside the insert or both inside and outside in two

treatments consisting either of contact (n = 12 fish) and no contact

(n = 24 fish) with 100 000 cells mL)1 Prymnesium (Culture 2) or

contact (n = 12 fish) and no contact (n = 24 fish) with Prymnesium-

free filtrate at 100 000 cells mL)1 equivalent (£ 17 kPA vacuum

filtration of 250 mL, Whatman GF ⁄ C glass fibre filter, Culture 1).

Controls consisted of 12 fish placed either inside or outside the insert

with no Prymnesium or Prymnesium-free filtrate added. Fish survival was

recorded at 24 h.

We measured the effects of filtration on Prymnesium toxicity in three

experiments using three Prymnesium cultures (Expt 1-Culture 1; Expt 2-

Culture 2; Expt 3-Culture 3). Each experiment consisted of fathead

minnow toxicity bioassays (see below) for each of the three treatments:

live Prymnesium cells, and two Prymnesium-free filtrates (PFF) created

with either standard vacuum filtration (£ 17 kPa) or with gravity

filtration through GF ⁄ C glass fibre filters (effective pore size c. 1 lm).

For vacuum filtration, PFFvacuum was produced for Experiments 1 and

2 by filtering 50 mL of culture through 25-mm-diameter filters and for

Experiment 3, by filtering 250 mL of culture through 47-mm-diameter

filters to increase potential cell lysis (Fuhrman & Bell 1985). For gravity

filtration, PFFgravity was produced by filtering 25 mL of culture through

25-mm-diameter filters without vacuum. Toxicity bioassays were

conducted with 10- to 14-day-old juvenile fathead minnows in 100-

mL glass jars (three fish per jar and three replicates per Prymnesium

density or filtrate equivalent ranging from 0 to 200 000 cells mL)1).

Fish were acclimated for 30 min in 40 mL of aged tap water prior to

addition of Prymnesium or Prymnesium-free filtrate. Bioassays were

conducted under the same environmental conditions as algal culturing.

Fish survival rates were monitored after 48 h. LC50 values were

calculated from the relationships between Prymnesium cell concentration

or Prymnesium-free filtrate equivalent (C) and fathead minnow survi-

vorship (S) using a sigmoid dose-response regression with a variable

slope parameter: S = min + (max-min) (1 + 10(logLC50 – C)hillslope ))1,

where min = minimum survival, max = maximum survival, LC50 is the

median effective concentration required to cause a reduction in

survivorship equal to 50% of the maximum response observed, and

hillslope is the slope of the curve at its midpoint (Sigmaplot, version

10.0, Systat Software Inc., San Jose, CA, USA).

We measured Prymnesium attachment rates on D. pulicaria and

D. pulex as a function of time (0, 5, 10, 30 and 60 min) and Prymnesium

density (Culture 1 diluted to 25 000, 50 000, 100 000 or

200 000 cells mL)1). Cell densities were determined by microscopy

on 1% Lugol�s-preserved subsamples. Individual Daphnia were euthan-

ised in 70% ethanol, followed by three rinses in fresh COMBO to

remove residual ethanol. Daphnia (n = 16, four individuals treatment)1)

were then pipetted individually into 100-mL jars containing 50 mL of

the Prymnesium culture diluted to the desired cell concentration. At time

intervals of 0, 5, 10, 30 or 60 min, animals were pipetted from the

Prymnesium treatments and placed briefly (maximum 10 s) into clean

15 g L)1 IO COMBO to remove unattached Prymnesium cells. Imme-

diately after this rinse, each Daphnia was observed at 200· magnification

on an inverted light microscope (Leica� DM IL LED, Leica

Microsystems GmbH, Wetzlar, Germany) for enumeration of attached

Prymnesium. Counts of attached Prymnesium (verified by the pivotal

motion of Prymnesium cells around the apparent haptonema-based

attachment) were limited to one side of an animal�s carapace and were

aided by the use of video capture (Astro IIDC software, version 4.05.04,

Aupperle Services & Contracting, Calgary, AB, Canada) and playback

(QuickTime Pro, version 7.6.6, Apple Inc., Cupertino, CA, USA). This

experiment was also performed on living daphniids, for which

quantitative counts of attached Prymnesium were not possible.

RESULTS

All fish separated from Prymnesium by the membrane insert survived,

whereas all fish on the same side of the membrane as Prymnesium died

Figure 1 Schematic showing generalised design and hypothesised outcome in

experiments in which 10- to 14-day-old fathead minnows (Pimephales promelas) were

exposed to live Prymnesium or Prymnesium-free filtrate (PFF) in 6-well plates (15 mL)

in which membrane inserts (3.0 lm pore size) allowed for separation of fish and

Prymnesium cells (see Vogelbein et al. 2002), but not of fish and potential Prymnesium

toxins, either outside (6 mL) or inside (5 mL) the insert. Absence of exotoxins

would be reflected by survival of fish separated from live Prymnesium cells; mortality

of all fish in Prymnesium-free filtrate reflects presence of toxin and the ability of

toxins to cross insert membrane.
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within 24 h (Table 1). Replication of the experiment with Prymnesium

cell-free filtrate prepared under vacuum demonstrated that Prymnesium

toxins could pass through the membranes and could inflict mortality,

but at lower rates than for direct contact.

Compared with living cells, toxicity of Prymnesium-free filtrate

generated with standard low vacuum (£ 17 kPa) filtration was reduced

by an average of 51 ± 20% (Fig. 2), where the reduction in toxicity

was estimated as (1 ⁄ LC50-whole – 1 ⁄ LC50-filt) ⁄ (1 ⁄ LC50-whole) · 100.

Toxicity of the PFF produced from the same cultures (i.e. across

experiments) was nearly eliminated in the gravity-filtered treatments,

even at the highest density equivalent (i.e. 200 000 cells mL)1).

Microscopic examination of fish and crustacean zooplankton that

had died during toxic bioassays with Prymnesium revealed that

Prymnesium cells were attached, presumably via haptonemae

(Kawachi et al. 1991), to most exterior surfaces, and to fish gills

and feeding and respiratory appendages in zooplankton (Fig. 3). We

quantified Prymnesium attachment rates by counting (at 200·
QuickTime Pro, version 7.6.6 magnification) numbers of Prymnesium

cells attached to the outer carapace of euthanised Daphnia in jars

containing different densities of live Prymnesium in standard culture

medium. Within seconds, Prymnesium cells attached to the outer

carapace of the Daphnia; the number of attached cells increased

with time and density of Prymnesium (Fig. 4). Similar attachment was

observed on living Daphnia as well, but we were unable to quantify

attachment rates while the animals were swimming.

DISCUSSION

Blooms of harmful algal bloom (HAB) species belonging to genera

such as Heterosigma, Karlodinium and Pfiesteria have been linked to fish

kills in coastal marine waters globally (Hallegraeff 1993; HARRNESS

2005). Fish mortality arising from these blooms is thought to result

secondarily from allelopathic chemicals, or exotoxins, released into the

environment as an adaptive response to unicellular competitors,

grazers and prey (Legrand et al. 2003; Adolf et al. 2007). A debate has

developed recently surrounding the occurrence and role of toxins in

Pfiesteria, a widely publicised coastal marine HAB genus (Kaiser 2002,

2004; Trainer 2002). On one side of the debate, Pfiesteria is

hypothesised to release potent exotoxins into the environment, which

have been linked to mass mortality of fish and human disease

(Burkholder et al. 1992, 2005; Glasgow et al. 2001; Morris 2001). By

contrast, experimental evidence refutes the existence of Pfiesteria

Table 1 Results of membrane experiments showing fish mortality as affected by

contact with, or separation from, Prymnesium or Prymnesium-free filtrate. Data show

mortality of larval fathead minnows after 24 h, as % total ± SD, and number of

fish in each treatment: control – no live Prymnesium or Prymnesium-free filtrate;

contact – fish and either live Prymnesium or Prymnesium-free filtrate were in direct

contact, on either side of membrane insert; no contact – fish, on either side of

membrane insert, were separated from either live Prymnesium or Prymnesium-free

filtrate by membrane insert. Fish were placed either inside or outside of the

membrane insert or both, resulting in 12 additional no contact treatments

Treatment

Live Prymnesium cells

% mortality (n)

Prymnesium-free filtrate

% mortality (n)

Control 0 (12) 0 (12)

Contact 100 (12) 100 (12)

No contact 0 (24) 42 ± 24 (24)

Figure 2 Results of LC50 bioassays for filtration effects experiment. Each experiment consisted of three filtration treatments (no filtration or whole cells present; vacuum

filtration at £ 17 kPa; gravity filtration). Points represent mean (± SD, n = 3) survival of 10- to 14-day-old fathead minnows after 48 h for each density of Prymnesium or

Prymnesium-free filtrate equivalent.
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exotoxins, and instead suggests that fish mortality is caused by

micropredation of Pfiesteria on fish without the involvement of toxins

(Berry et al. 2002; Vogelbein et al. 2002). Such conflicting evidence has

been attributed to variability in toxicity among different Pfiesteria

species strains or to differences in Pfiesteria culturing techniques

(Burkholder et al. 2005). The roles of Pfiesteria exotoxins and

micropredation in fish kills remain unresolved.

Our results with Prymnesium offer a possible resolution of the

Pfiesteria debate and provide an avenue for further research into the

mechanism of HAB toxins in marine and freshwater environments.

All fish mortality induced by living Prymnesium occurred when fish and

Prymnesium were in direct contact (i.e. on the same side of the

membrane). Moreover, the Prymnesium-free filtrate contained a toxin

that was able to pass through the permeable membrane and yield fish

mortality on both sides of the membrane, showing that no fish

mortality in the absence of Prymnesium contact was not an artefact

caused by the inability of toxins to pass through the permeable

membrane. Incomplete mortality in fish separated from the

Prymnesium-free filtrate suggests that the Prymnesium toxins may have

been partially blocked by the permeable membranes. However, it is

more likely that the differences between living cells and filtrate are

related to the fact that living cells can potentially produce toxins

continuously during an experiment, whereas the filtrate-based toxins

reflect the concentration of toxins available at the time of filtration.

Hence, the total amount of toxin available in the cell-free filtrate was

possibly less than that available when using live cells.

The experiments indicate that toxins were released into the

environment in significant amounts only during the filtration process.

Phytoplankton cells can lyse during filtration of water samples, which

allows cell contents to pass through a filter and that volume filtered

(a)

(b)

(c)

(d)

(e)

(f) (g)

Figure 3 Photographs showing Prymnesium attached to Daphnia and gills of fathead minnows. (a) lower right half of Daphnia carapace; (b) Daphnia second antennule; (c) Daphnia

rostrum; (d) Daphnia egg inside brood chamber; (e) fathead minnow gill filament tissue; (f) fathead minnow gill filament tissue showing discharge of mucous and or cellular

contents; (g) fathead minnow gill rakers. Pictures are after 1–2 h (ethanol-euthanised, triple DI water-rinsed D. pulicaria) or 5–10 min (freshly excised fathead minnow gills)

exposure to 100 000 Prymnesium cells mL)1 in culture medium followed by rinsing in Prymnesium-free medium. All bars = 100 lm.
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and vacuum affect lysis (Fuhrman & Bell 1985; Goldman & Dennett

1985). Recent study of the dinoflagellate K. veneficum revealed that mild

shear, as can result during filtration and centrifugation, caused near

complete release of cell-bound karlotoxins (Adolf et al. 2007;

Bachvaroff et al. 2008; Sheng et al. 2010). Our experiment with

different filtration vacuum pressures suggests that the presence of

toxins in Prymnesium-free filtrate in our study was an artefact caused by

filtration, as gentle vacuum filtration reduced toxicity by approx-

imately half and toxicity virtually disappeared when the Prymnesium-

free filtrate was produced by gravity filtration. These results

corroborate the membrane experiment results in which fish mortality

was reduced by approximately half in the vacuum-prepared

Prymnesium-free filtrate (PPF) compared with the use of live cells.

Similar reductions in and even complete loss of toxicity in cell-free

filtrates relative to whole-cell cultures have been reported previously

(Tillmann 2003; Remmel et al. 2011). Unlike the continual production

of toxin by live cells, the finite amount of toxin present in cell-free

filtrate can be removed quickly from the system by its action of

binding to a target membrane (Tillmann 2003). Conceivably,

differences in toxicities between live cells and filtrate also could

involve toxin stability in the Prymnesium-free filtrate. Several studies

have suggested that Prymnesium toxins are light and pH sensitive

(Tillmann 2003, Valenti et al. 2010, James et al. 2011, but see

Cichewicz & Hambright 2010). Our experiments were conducted in

subdued laboratory fluorescent lighting and the pH of cultures and

aged tap water used generally ranged 8–8.5. Previous experiments

conducted with extracted Prymnesium toxins indicate that substantial

toxicity can remain for up to 5 days under such conditions (KDH

unpublished). As vacuum-filtered and gravity-filtered filtrate experi-

ments were run within 1 h of filtrate preparation, it is unlikely that our

results can be explained by toxin degradation.

Our results corroborate the hypothesis that the majority of

Prymnesium toxicity is cellular based (Remmel et al. 2011), and that

the concentration of toxins in Prymnesium cell-free filtrate is

proportional to filtration-induced stress. However, it should be noted

that our experiments were conducted with nutrient replete and

balanced (i.e. molar N : P = 16 : 1) Prymnesium cultures. Although

such conditions are considered sub-optimal for toxin production in

Prymnesium (e.g. Granéli & Johansson 2003b), our cultures were toxic.

Nevertheless, additional study across a diversity of experimental

conditions is needed to verify the generality of our results and their

applicability to nutrient deficient Prymnesium.

Although fish kills are a typical signal that Prymnesium is blooming in

any given system, most studies of toxicity in Prymnesium have focused

on allelopathic and predatory interactions with other protists (Granéli

& Johansson 2003a; Tillmann 2003), and the majority of researchers

have adopted toxicity bioassays using mammalian blood cells or brine

shrimp nauplii (Legrand et al. 2001; Granéli & Johansson 2003b;

Uronen et al. 2005). Some investigators concluded that fish kills are

caused by high susceptibility of gill-breathing organisms to water

borne Prymnesium toxins (Edvardsen & Imai 2006). Our study offers

an alternative explanation. We conclude that gill-breathing organisms

are highly susceptible to Prymnesium because very sensitive gill tissue,

which has a large surface area, is exposed to Prymnesium cells. When

respiratory structures are also used in food collection, as in mussels

and zooplankton, encounter rates can be further magnified

(Humphries 2009). Thus, even at relatively low densities of Prymnesium,

gill-breathing organisms can suffer substantial harm (Remmel et al.

2011). From Prymnesium�s point of view, an encountered cell is a

supplement to photosynthesis, and perhaps a necessary source of

essential vitamins (Tang et al. 2010). When the cell is a constituent of

tissue in a multicellular organism, the damage from cytolytic chemicals

released to aid heterotrophy can extend beyond lysis of the cell being

attacked. In fish, lysis probably leads to the observed changes in gill

permeability, haemorrhaging and heavy mucus secretion in gills and

around exposed skin (Shilo 1967).

Extensive study of Chyrsochromulina spp., a close relative of

Prymnesium, has demonstrated multiple trophic capabilities, including

photosynthesis (autotrophy), phagotrophic ingestion of detritus,

bacteria and other protists, osmotrophic uptake of dissolved organic

carbon, vitamin and other organic nutrients, and even dasmotrophic

intake of cellular contents of other organisms made available by

membrane-piercing toxins (Estep & MacIntyre 1989). Moreover,

recent study has documented that many HAB species, including

Prymnesium�s close relative Phaeocystis globosa, are auxotrophic for several

essential vitamins, and must therefore acquire those compounds from

external sources (Tang et al. 2010). Such a need by Prymnesium would

explain their predatory interactions with other protists (Granéli &

Johansson 2003a; Tillmann 2003), but whether the Prymnesium-fish

and Prymnesium-zooplankton interactions constitute predation by

Prymnesium remains unknown. Studies examining the fate of

Prymnesium following such encounters are needed to verify that if

such an interaction affords a selective advantage to Prymnesium.

Toxigenic harmful algae, which may be marine, brackish or

freshwater, are an environmental concern (Morris 1999; HARRNESS

2005). Some are directly toxic to predators and prey; others

accumulate in grazers with little apparent effect, such as domoic acid

from the diatom Pseudo-nitzschia, but are expressed quite severely in

consumers of these grazing organisms, such as amnesic shellfish

poisoning in humans (Hallegraeff 1993). Cell-to-cell contact or near

Figure 4 Prymnesium attachment rates on ethanol-euthanised, triple-rinsed Daphnia.

Points show mean (± SE) number of Prymnesium attached to one side of an

individual�s carapace following rinsing in Prymnesium-free culture medium as

observed at 200· magnification after 0, 5, 10, 30 and 60 min exposure to Prymnesium

cultures of varying densities (closed circle, 25 000 cells mL)1, y = 0.544Ln(x) +

1.39, r2 = 0.889; open circle, 50 000 cells mL)1, y = 0.496Ln(x) + 2.06,

r2 = 0.803; closed square, 100 000 cells mL)1, y = 0.730Ln(x) + 2.89, r2 = 0.965;

and open square, 200 000 cells mL)1, y = 0.768Ln(x) + 2.95, r2 = 0.979). Insert

shows the number of Prymnesium attached after 1 h in all replicates (y = 2.75x0.958,

r2 = 0.783).
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proximity, and the ensuing phagotrophic and dasmotrophic nature of

Prymnesium (and possibly Pfiesteria and other HABs), present a new

dimension to our concern about the continued proliferation and

spread of HAB species. To date, there have been no reports indicating

a human health component to Prymnesium blooms; however, as is the

case with other HAB toxins (Van Dolah 2000; Morris 2001), some

Prymnesium toxins are lethal to mammalian cells (MDA-MB-435

human cancer cell line, Henrikson et al. 2010). Therefore, humans

who have direct contact with water containing Prymnesium, may risk

harm from Prymnesium toxins. Our results, in light of evolutionary

considerations, add to the growing body of knowledge suggesting that

research into the toxins and toxicity of Prymnesium, Pfiesteria and other

similar toxigenic microbes may profit greatly from focus on processes

following physical contact between the HAB species of interest and

their potential prey.
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Turner, J.T.). Springer, Berlin, pp. 67–79.

Estep, K.W. & MacIntyre, F. (1989). Taxonomy, life cycle, distribution and

dasmotrophy of Chrysochromulina: a theory accounting for scales, haptonema,

muciferous bodies and toxicity. Mar. Ecol. Prog. Ser., 57, 11–21.

Fuhrman, J.A. & Bell, T.M. (1985). Biological considerations in the measurement of

dissolved free amino acids in seawater and implications for chemical and

microbiological studies. Mar. Ecol. Prog. Ser., 25, 13–21.

Glasgow, H.B., Burkholder, J.M., Mallin, M.A., Deamer-Melia, N.J. & Reed, R.E.

(2001). Field ecology of toxic Pfiesteria complex species and a conservative

analysis of their role in estuarine fish kills. Environ. Health Perspect., 109, 715–730.

Goldman, J.C. & Dennett, M.R. (1985). Susceptibility of some marine phyto-

plankton species to cell breakage during filtration and post-filtration rinsing.

J. Exp. Mar. Biol. Ecol., 84, 47–58.
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