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Marine Biological Section in Helsingør, University of Copenhagen and the National Veterinary
Institute, Technical University of Denmark, Aarhus.
The project idea originated due to problems with fish diseases in Danish mariculture, i.e.
rainbow trout (Oncorhynchus mykiss) cultured in net cages in the open sea. Despite
vaccination of fish before release into net cages, disease outbreaks are recorded every year.
Many stress factors are known to increase the susceptibility of fish to various diseases and we
wanted to investigate if sublethal concentrations of ichthyotoxic algae could be one of them.
However, due to the complex interaction between ichthyotoxic algae and fish and the
occurrence of natural blooms in the area during my time as a PhD student, the studies
broadened to the investigation of algae and fish interactions, before fish diseases were
included.
In the thesis introduction, I have strived to keep focus on algal toxicity towards fish, although
studies that have investigated toxicity towards other algae and cell types are important in
understanding the toxic properties of these algae. In the chapter “Future research”, I have
given my suggestions for the next research steps that I believe need to be carried out, in the
pursuit for better understanding and management of harmful algal blooms.
I would like to sincerely thank my main supervisor Per Juel Hansen for his commitment to the
project and his enthusiasm, which has been a daily inspiration for my work. I would also like to
thank my co-supervisor and project leader Niels Lorenzen for help in planning the disease
experiment and for coordination of the entire project. Furthermore, I would like to thank Ellen
Lorenzen for her help during the disease experiments. The experiments would not have been
carried out without her help and expertise. Thanks to Torsten Snogdal Boutrup for his help
with interpreting the histological results and to all the employees and students at MBS and
DTU Vet for general help and good discussions, especially Hannah Blossom for proof reading of
the manuscripts. Thanks to Anders Pedersen and employees at Hjarnø Havbrug for helping
with field experiments, and thanks to my family and friends for supporting me during the
entire project. This Ph.D. work was funded by a grant from the Danish Agency for Science,
Technology and Innovation (MarinVac, DSF jnr. 09-063102).
Helsingør, July 2012
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Summary
The original idea with this project was to study the susceptibility of fish towards fish diseases
during sublethal concentrations of harmful algae. Harmful algal blooms in the sea can have
deleterious impacts directly on fish in mariculture. But very little is known about fish health
during exposure to sublethal concentrations of harmful algae. In Danish waters
Pseudochattonella spp. currently pose the greatest problem for mariculture of fish. Since 1998,
Pseudochattonella spp. has formed early spring blooms off the coasts of Scandinavia, causing
massive kills of cultured and wild fish. Knowledge about their biology, bloom formation and
ichthyotoxic mechanism is very scarce, but it seemed to be the relevant alga for studying
susceptibility of fish towards harmful algae and diseases.
We isolated several strains of Pseudochattonella farcimen from a bloom in 2009, and did some
initial growth experiments to test the best growth conditions for studying their effects on fish.
We show that P. farcimen is adapted to successfully compete and grow in a low light and
temperature regime, which it is exposed to in the late winter and early spring. We could not
demonstrate the ichthyotoxic effect of P. farcimen in the laboratory on rainbow trout
(Oncorhynchus mykiss) using cultured strains of P. farcimen from Danish waters. The exact
reason is unknown at present, but could be related to environmental conditions before and
during the fish trials, i.e. temperature and pH. Furthermore, we could conclude that the shape
of P. farcimen cells could serve as an indicator of the growth condition and probably also of the
degree of ichthyotoxicity.
In 2011, we established a field experiment during an early spring bloom to study the
ichthyotoxic effect of the alga under controlled natural bloom conditions. We managed to
eliminate the ichtyotoxic effect of the bloom water by continuous removal of the
Pseudochattonella farcimen cells with a sand filter. Nevertheless, we were unable to work with
this organism as a model organism for studying susceptibility of fish towards fish diseases. We
therefore selected the well-known ichthyotoxic alga Prymnesium parvum for these studies.
Initially, we tested the long-term mortality of rainbow trout when exposed to whole cultures
of Prymnesium parvum. This resulted in a LC50 based on fish mortality after 5 days of 1.11×105
cells ml-1 and most surprisingly, an observed short term acclimation of the fish towards the
algae. Thereafter, we tested if sublethal algal concentrations increased the susceptibility of the
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fish to viral haemorrhagic septicaemia virus (VHSV), one of the most significant viruses in
mariculture. The outcome of these studies turned out to be dependent upon how the
exposure was carried out. If fish were exposed to the algae for 6 hours prior to the addition of
virus, the fish were less susceptible to VHSV compared to fish given the control treatment
without algae. If virus and algae were added simultaneously, inclusion of the algae significantly
increased the mortality by approximately 50 % compared to fish exposed to virus only.
Therefore, depending on the local exposure conditions, sublethal concentrations of P. parvum
can affect susceptibility of the fish to infectious agents like VHSV.
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Sammendrag (Danish)
Den oprindelige idé med dette projekt var at undersøge følsomheden af fisk overfor
fiskesygdomme ved subletale koncentrationer af skadelige alger. Opblomstring af giftige alger i
havet kan have skadelige virkninger direkte på fisk i havbrug. Hvorvidt giftige alger, i subletale
koncentrationer kan gøre fisk mere modtagelige overfor fiskesygdomme er hidtil ikke studeret.
I danske farvande udgør Pseudochattonella spp. pt. det største problem for havbrug som
opdrætter fisk. Siden 1998 har Pseudochattonella spp. dannet blomstringer i det tidlige forår
på kyster i Skandinavien, hvilket medfører massiv dødelighed af opdrættede og vilde fisk.
Viden om algens biologi, opblomstringernes dannelse og ichthyotoksicitet er meget sparsom,
men det syntes at være den relevante alge til at studere modtagelighed af fisk overfor
skadelige alger og sygdomme.
Vi isolerede flere stammer af Pseudochattonella farcimen fra en opblomstring i 2009, og
udførte nogle indledende væksteksperimenter for at teste de bedste vækstbetingelser til at
studere deres effekter på fisk. Vi viser, at P. farcimen er tilpasset til at konkurrere og vokse ved
et svagt lys- og temperaturregime, som den udsættes for i den sene vinter og det tidlige forår.
Vi kunne ikke påvise nogle ichthyotoksiske effekter af P. farcimen i laboratoriet på
regnbueørred (Oncorhynchus mykiss) ved brug af dyrkede stammer af P. farcimen fra danske
farvande. Den præcise årsag er ukendt på nuværende tidspunkt, men kunne være relateret til
miljøforhold før og under fiskeforsøgene, dvs. temperatur og pH. Desuden kunne vi
konkludere, at formen af algecellerne kunne virke som en indikator på væksttilstanden og
sandsynligvis også på graden af ichthyotoksicitet.
I 2011 etablerede vi et felteksperiment under en tidlig forårsopblomstring for at studere
ichthyotoksiske effekter af Pseudochattonella farcimen under kontrollerede naturlige
opblomstringsforhold. Det lykkedes at fjerne den ichthyotoksiske virkning af det naturlige
opblomstringsvand ved kontinuerlig fjernelse af Pseudochattonella farcimen-cellerne med et
sandfilter. Men vi var ikke i stand til at arbejde med denne organisme som en modelorganisme
i de planlagte studier af fisks følsomhed overfor fiskesygdomme. Vi valgte derfor den
velkendte ichthyotoksiske alge Prymnesium parvum til disse undersøgelser.
Indledningsvis testede vi dødelighed af regnbueørred, når de langvarigt udsættes for hele
kulturer af Prymnesium parvum. Dette resulterede i en LC50 baseret på fiskedødeligheden efter
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5 dage på 1,11 × 105 celler ml-1 og mest opsigtsvækkende, en observeret kortvarig
akklimatisering af fisk mod algerne. Derefter testede vi om subletale algekoncentrationer
øgede følsomheden af regnbueørred overfor Egtvedsyge (VHSV), en af de mest signifikante
virus i havbrug. Resultatet af disse undersøgelser viste sig at være afhængig af, hvordan
eksponeringen blev udført. Hvis fisken blev udsat for alger i 6 timer før tilsætning af virus, var
fiskene mindre modtagelig for VHSV sammenlignet med kontrolfiskene uden alger. Hvis
virusset og alger blev tilsat samtidigt forøgedes mortaliteten signifikant med omkring 50 %
sammenlignet med fisk udsat for virus alene. Derfor, afhængig af de lokale
eksponeringsbetingelser kan subletale koncentrationer af P. parvum påvirke følsomheden af
fisk overfor infektiøse agenter såsom VHSV.
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Introduction

1. Introduction
1.1. Harmful Algal Blooms (HABs)
Blooms of microalgae are not a new phenomenon – they have been known and described in
history, both in fresh, brackish and marine waters. Algal blooms can be easily recognized when
a particular species of alga proliferates to such high densities, that they visibly discolor the
water. The alga Prymnesium parvum used in the present work are also called the “golden alga”
due to the yellow color of the blooms (Barkoh and Fries, 2010)
Marine microalgae are mainly beneficial for the environment, functioning as food for higher
trophic levels, and as a source of primary production. Mariculture in open waters, primarily the
shellfish production, relies on natural assemblages of marine algae for food, and is thus
dependent upon what is natural available. Likewise, some inland mariculture facilities are also
dependent on the intake of marine algae to start the production of adult fish for consume
sales. However, when certain algal species bloom they may have harmful impacts on the
mariculture organisms. These algal blooms are called harmful algae blooms (HABs) and can
cause severe economic losses to the aqua- and mariculture industry. Furthermore, the blooms
can affect human health through consumption of contaminated seafood and in addition cause
adverse effects on the surrounding environment (Landsberg, 2002).
At the present ~ 300 species of the identified 5000 phytoplankton species, are considered HAB
species. Even though they constitute a smaller part of the total phytoplankton assemblage, the
harmful effects are diverse and can appear very different between species (Graneli and Turner,
2006). Thus, detrimental effects from HABs can manifest itself in numerous ways, e.g.
1. Oxygen deficiency due to degradation of vast biomasses from a bloom, leading to
mortality of benthic animals and fish kills.
2. Loss of recreational value due to beach fouling, lack of angling possibilities or the
blooms interference with fish release (smolt) to the open sea.
3. Physical structure of the algae leading to mortalities of other organism (puncturing of
fish gills due to spines (setae) on the algae or production of massive amounts of algae
mucus).
4. Toxins that can kill other organisms by release to the surrounding water or
intracellular toxins that accumulate in shell fish for human consumption.
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All these harmful effects can lead to severe economic losses of mariculture organisms and/or
closure of for instance mussel harvesting. Some of the algal species can even have combined
effects, e.g. Prymnesium parvum that can destroy entire ecosystems by the release of toxins to
the surrounding environment (Edvardsen and Paasche, 1998).
During the past decades harmful algal blooms have increased in numbers (Hallegraeff, 1993).
Some possible explanations for the apparent increase in HABs are: 1) Increased scientific
awareness of HABs, 2) Increased utilization of waters for aquaculture, 3) Stimulation of HABs
by cultural eutrophication, 4) Transport of HAB species in ballast water of ships and 5) Increase
in temperature due to the greenhouse effect (Smayda, 1990).
An example of point number 3 occurred in Norway during the early 1990’s. Prymnesium
parvum was responsible for fish kills of reared Atlantic salmon (Salmo salar) and rainbow trout
(Oncorhynchus mykiss) and the reoccurring blooms made it impossible to continue fish farming
in the area which therefore stopped in 1995. Fish farming was reintroduced in 2005, but P.
parvum again became a problem in the area and in 2007 another harmful bloom of P. parvum
killed 135 tons of caged salmon (Johnsen et al., 2010).
It is beyond the limits of this thesis to go in to detail with the reasons for harmful algal blooms
and their apparent increase in numbers. However, the increasing demands for aquatic
products for consume and the increasing utilization of waters that follows implies that future
HABs will not decrease in numbers and magnitude.
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1.2. The ichthyotoxic algae groups
Harmful algal bloom species that negatively affect fish and are capable of causing massive fish
kills are known as ichthyotoxic algae. This group of algae is diverse and comprised of species in
several groups including diatoms, dinoflagellates, prymnesiophytes, raphidophytes and
dictyochophytes (Rensel and Whyte, 2004). The causative mechanisms that lead to fish kills
remain uncertain and results are inconclusive for the majority of the algal groups. However,
the effects of ichthyotoxic algae on fish are varied and can be categorized as:
1. Physical damage or irritation of the gills
2. Toxigenic reactions to ichthyotoxic agents
3. Blood hypoxia from environmental oxygen depletion
The damage to fish can also be caused by a combination of these effects. For example, some
toxigenic algae species, such as Prymnesium parvum, can induce mucus production of the fish
gills causing effects similar to that of physical damage or irritation. This mucus production may
also lead to increased hypoxia in the blood, probably causing the same effect on the fish as
environmental oxygen deficiency would.
Algae that can induce physical damage to fish gills include diatoms due to their spiny structure
and long setae. Within the group of diatoms the physical effects from the spines of
Chaetoceros spp. have been shown to lead to excess mucus production from the gills of
salmonids, eventually leading to suffocation of the fish (Yang and Albright, 1992). Furthermore,
the damage of the gills can lead to increased susceptibility of fish to diseases, increasing the
mortality rate of salmonids in mariculture (Albright et al., 1993).
Within the dinoflagellates, the genus Karlodinium spp. is one of the genera that historically
have caused major fish kills (Deeds et al., 2002). What makes Karlodinium spp. especially
interesting is that the responsible ichthyotoxins, karlotoxin 1 and 2 (KmTx 1 and 2) have been
described (Peng et al., 2010; Van Wagoner et al., 2008). The effects on the fish exposed to
KmTxs include mucus production from the operculum cavity, gill edema, bridging at the
secondary lamellae, sloughing of gill epithelial tissue and severe necrosis and degeneration of
gill tissue. However, no histological changes in any of the organs other than the gills have been
observed (Deeds et al., 2006).
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The ichtyotoxic mechanisms in raphidophytes (and in some cases dinoflagellates and
prymnesiophytes) have been linked to the production of reactive oxygen species (ROS) and
poly unsaturated fatty acids (PUFAs). Although other ichthyotoxins have been suggested, the
possible functions of ROS and PUFAs in fish kills are highly discussed, but their actual role in
fish killing events remains inconclusive. Among the PUFAs, EPA has shown to be toxic toward
damselfish (Acanthochromis polycanthus) (Marshall et al., 2003). However, others have shown
that PUFAs are not released into the extracellular medium by living cells and thus cannot
directly be the responsible fish killing compounds (Pezzolesi et al., 2010). Further studies
connecting LC50 values based on mortality of PUFAs and ROS to crude algae cultures are
definitely needed to elucidate their role in ichtyotoxicity.
The algae used in this thesis work represent the groups of dictyochophytes (Pseudochattonella
farcimen) and the prymnesiophytes (Prymnesium parvum) and are described in further detail
below.

1.3. Pseudochattonella farcimen
Up until 2009, Pseudochattonella farcimen was known as Chattonella aff. verruculosa
(Raphidophyceae) (Hara et al., 1994) and Verrucophora farcimen (Dictyochophyceae)
(Edvardsen et al., 2007). However, Hosoi-Tanabe et al. (2007) proposed the genus
Pseudochattonella (Dictyochophyceae) for P. verruculosa, a closely related species. For reasons
of priority, V. farcimen was finally named Pseudochattonella farcimen (Dictyochophyceae) in
2009 by Eikrem and allies (Eikrem et al., 2009).
The first time Pseudochattonella spp. were associated with fish kills was in 1998 in parts of the
Skagerrak and the North Sea (Backe-Hansen et al., 2001). Since then, the alga has occurred in
Scandinavian waters every year, but only in bloom concentrations in certain years (Riisberg
and Edvardsen, 2008). Pseudochattonella farcimen are adapted to bloom in a low light and
temperature regime (Skjelbred, 2012; Paper I) and during this thesis work blooms of P.
farcimen occurred twice (2009 and 2011) in the inner Danish waters at relatively cold water
temperatures of ca. 2 °C (Paper III).
The exact fish killing mechanism of Pseudochattonella spp. is not known and no toxins have
been isolated or characterized yet (Riisberg and Edvardsen, 2008). In Danish waters, the cell
concentration level for warning the fish farmers is 500,000 cells L-1. This number is based on
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field observations of affected fish, mainly rainbow trout (Oncorhynchus mykiss), during
Pseudochattonella spp. blooms. However, for Pseudochattonella verruculosa the effect on fish
per cell is more potent that what is seen for other microalgae and blooms seems to affect fish
at only a few tens of thousands of cells L-1 in New Zealand (MacKenzie et al., 2011). The
difference in cell concentration leading to fish kills is probably not only due to the species in
question, or to growth conditions, but may also be dependent on the fish species. In Danish
waters, the percentage loss of salmon was likewise much higher than for rainbow trout,
indicating that salmon are more susceptible to Pseudochattonella spp.

The effects of Pseudochattonella spp. on the fish seems to correlate with the size of the fish,
since larger fish are more affected than smaller fish. Backe-Hansen et al. (2001) observed that
fish approaching 2 kg or more were killed, while smaller fish survived when exposed to the
same concentration of the algae. From New Zealand, MacKenzie et al. (2011) reports that it
was notably larger fish that were susceptible to P. verruculosa. We have observed the same
during the field experiment under the bloom in 2011. We studied two size groups of rainbow
trout (100 and 500 g) in our exposure experiments and only the largest fish were affected
(Paper III).
The clinical symptoms on fish gills exposed to Pseudochattonella spp. include detachment of
gill epithelial cells, thickened secondary lamellae, necrotic cells, cells with swollen nuclei and
mucus cell hypertrophy (swelling) (MacKenzie et al., 2011; Skjelbred et al., 2011). These
pathologies can be caused by hypoxia or a failure of osmoregulation due to malfunction or
irritation of the gills (MacKenzie et al., 2011). In our study, the gills of fish exposed to P.
farcimen were seriously affected: the nuclei of most of the epithelial cells were disintegrated
(karyorrhexis) and the epithelium was loosened from the pillar-cells (“lifting”), most likely due
to edema (Paper III).

1.4. Prymnesium parvum
The first time Prymnesium parvum was documented to cause massive fish kills was in Holland
almost a century ago (Liebert and Deerns, 1920) and later this alga was also observed to cause
fish kills in Denmark (Otterstroem and Nielsen, 1939). Since the observation of Otterstroem
and Nielsen (1939), P. parvum has bloomed several times in Danish waters (Kaas et al., 1999)
and worldwide (Moestrup, 1994).
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The mechanism behind the toxicity of Prymnesium parvum towards fish is currently heavily
debated. The search for responsible icthyotoxins of Prymnesium parvum has been ongoing for
a very long time. It was not until the work of Igarashi et al. (1995), that some of the possible
ichthyotoxins were formally described. The toxins were named Prymnesin 1 and Prymnesin 2
and displayed toxic potency of up to 1000 times that of commercial saponin in hemolytic
activity. The structural futures of Prymnesin 1 (C107H154Cl3NO44 ) and Prymnesin 2
(C96H136Cl3NO35) are reported in Igarashi et al. (1999).
The major concern with the prymnesins is that they have not quantitatively been correlated to
mortality of fish. In a recent study that searched for ionization state and pKa values of the
prymnesins, Cichewicz and Hambright (2010) states “Curiously, no other peer reviewed reports
have emerged during the last decade that offers conclusive quantitative analytical evidence for
the presence of prymnesins at naturally occurring P. parvum bloom sites”. Also, several
research groups have been unable to find prymnesins in toxic P. parvum cultures (Henrikson et
al., 2010). Recently, in an unpublished paper from the Ph.D. thesis of Manning (2010), the
prymnesins were found in cultured strains of P. parvum. However, the author states that the
prymnesins are present in such low quantities that they may not be the key compound in
hemolytic activity and that we should look for other toxins. Schug et al. (2010) also pointed out
that P. parvum might produce several toxins and it might not be the same toxins that induce
hemolytic and ichthyotoxic effects.
With the use of bioassay-guided isolation, Henrikson et al. (2010) rejects prymnesins as the
responsible ichthyotoxins. Instead, these studies lead to the discovery of several ichthyotoxic
fatty acids in quantities that alone were sufficient to render the cultures lethal to fish.
Furthermore, Henrikson et al. (2010) reports that a yet uncharacterized ichthyotoxin might be
responsible for the ichthyotoxicity during natural blooms of Prymensium parvum, and the
search for the actual ichthyotoxin produced and its mode of action continues. The toxic
material extracted in the studies by Henrikson et al. (2010) originated from the medium and
the Prymnesium parvum cells. If the fatty acids discovered in their experiment are only located
in the P. parvum cells, they may never leave the cells during natural conditions. Consequently,
their involvement in ichthyotoxicity is questionable. However, P. parvum is a mixotrophic
species meaning it supplements its autotrophy by phagotrophy (Skovgaard and Hansen, 2003;
Tillmann, 2003), and this mode of micropredation has also been suggested to be the fish killing
mechanism of P. parvum (Remmel and Hambright, 2012).
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Remmel and Hambright (2012) did not succeed in showing ichthyotoxicity in cell-free filtrates
of P. parvum, but observed that P. parvum cells attached to the fish gills, presumably via the
haptonema, in the experiment with algal cells. They therefore suggest that the ichthyotoxins
are not released into the water but are transferred to the fish via direct attachment. However,
this conclusion is in contrast to Schug et al. (2010) that shows that no fractions made from the
cell pellet are ichthyotoxic, but several components fractionated from the supernatant are
actually ichthyotoxic. The specific fish killing mechanism of P. parvum and involved
ichthyotoxins are therefore still very uncertain.
Despite that both the exact mechanism of action and the involved ichthyotoxins are unknown,
it is most likely that the fish is killed mainly via effects of Prymnesium parvum on the gills. This
comes from some early work by Shilo and coworkers. They studied the toxic effects of
Prymnesium parvum on tadpoles of the species Rana pipiens and Bufo sp. (Shilo and Aschner,
1953). Shilo (1971) reports that while the tadpoles were exposed to P. parvum, they were
heavily affected and as soon as the tadpoles had metamorphosed into the adult stage, they
were not affected by an otherwise toxic P. parvum suspension. Since only tadpoles and not the
adult stage use gills as a breathing organ, this show that gills must be affected by P. parvum.
This observation is further supported by Ulitzur and Shilo (1966) that stained gills of exposed
and non-exposed minnows (Gambusia affinis) with trypan blue. Their results showed that fish
exposed for only 5 minutes to a lethal concentration of P. parvum ichthyotoxins lost their
ability to exclude trypan blue, indicating that the gill cells were damaged and lost their ability
to osmoregulate.
What is also known is that cofactors can intensify the ichtyotoxicity of Prymnesium parvum on
target organisms. Antibiotics and polyamines have been reported to have this ability (Manning
and La Claire, 2010). However, among the important ones are divalent cations such as mg2+
and Ca2+ (Yariv and Hestrin, 1961). In the literature, these cofactors are believed to interact
with the toxic substances, thereby making the prymnesins more toxic. It is however also
possible that it is the target organism that gets more sensitive to the cofactors during exposure
to P. parvum. At Texas Parks and Wildlife Department (TPWD) the addition of a cofactor (3,3’iminobispropylamine) is used in the bioassay for detection of P. parvum ichthyotoxicity. The
cofactor enhances the potency of the ichthyotoxin, which enables the detection of sub-lethal
levels of the ichthyotoxins (Sallenave, 2012).
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1.5. Management of harmful algae in Danish mariculture
To avoid potential fish killing events, mariculture sites must be monitored for HAB forming
species. In Danish waters, this is usually done by qualitative microscopic examination of water
samples collected at the mariculture sites. When concentrations of harmful algae reach the
action level for alerting the fish farmers, their only option is to lower the quantity of food given
to the fish or stop the feeding completely. During the past decade, the alga causing the most
problems for Danish fish farmers has been Pseudochattonella spp. Field observations have
shown that when lowering the amount of food during Pseudochattonella spp. blooms the
survival rate of fish is higher. This corresponds with the observation made during a bloom of
Pseudochattonella sp. in Norway, where lower mortalities were recorded when fish were not
fed (Backe-Hansen et al., 2001). There are, however, other mitigation strategies, aside from
not feeding the fish, for controlling the damaging effects of harmful algal blooms. These
strategies include moving or submerging net cages (MacKenzie et al., 2011), airlifting of deep
water into the net cages (Rensel and Whyte, 2004), coating fish food with mucolytic agents
(Yang and Albright, 1994) and water treatment with algaecides (Barkoh et al., 2004) or
flocculants like clay (Sengco et al., 2001).
However, not all these strategies can be implemented in Danish waters e.g. due to physical
restrictions of the mariculture sites. In Denmark, mariculture facilities are located in shallow
areas, mainly at the outlet of fjords, due to wave protection and sufficient water flow in these
locations. These shallow areas limit the opportunity for submerging net cages below a
pycnocline, where there are no harmful algae during a bloom. In many cases the bottom of the
net from the cages are actually laying on the sea floor and the whole water column is fully
mixed with algae. It is therefore neither possible to airlift cell free water into the cages. The
opportunity of moving net cages away from a bloom is still in principle available, but the
Pseudochattonella farcimen bloom in 2011 covered an area of several 100 kilometers across,
thereby making it practically impossible to move the cages away from the bloom (Fig. 1).
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Fig. 1. Satellite image of chlorophyll
concentration during the
Pseudochattonella farcimen bloom in
February/March 2011 in the inner Danish
waters. The image is provided by the
Danish Meteorological Institute (DMI) via
http://marcoast.dmi.dk

Another mitigation strategy is to try to minimize the mucus produced by fish exposed to toxic
algae, which may be the cause of suffocation. The mucus production was also seen in the work
of Yang and Albright (1992) and gave rise to the idea of treating the fish with a mucolytic agent
to reduce the mortality of the fish (Yang and Albright, 1994). During our field experiment
during the 2011 bloom of Pseudochattonella farcimen there were some difficulties in making
an adequate filter system for removal of cells. Before the filter system worked satisfactorily
many of the fish died due to P. farcimen. However, none of these fish showed mucus at their
gills in quantities that apparently would lead to suffocation (Paper III). Therefore, a positive
effect of treatment with a mucolytic agent will be dubious during P. farcimen blooms in Danish
waters.

The addition of flocculants to waters containing toxic algae has also been suggested as a
potential HAB mitigation strategy and the addition to water near fish farms have been used
with success (Shirota, 1989). By adding flocculants like clay to water containing algae, the
movement of the algae’s flagella would be inhibited, the algal cells would cluster together,
becoming heavier and finally sink out of the water column. Even though different clay types
have shown to be effective in flocculating algae cells (Sengco et al., 2001), it would still be a
logistical challenge to distribute clay in an area related to that of the 2011 Pseudochattonella
farcimen bloom in Danish waters. However, if the site of the bloom initiation could be located
early, it might be possible to reduce the bloom by flocculants such as clay.
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At the present mariculture fish farms are highly limited in their counteractions to harmful
algae blooms. If the impact of a bloom is sufficiently severe, reducing the feeding of the fish
will be inadequate to avoid mortality of fish close to 100 %. Indeed monitoring is needed and
the importance of monitoring will increase during the coming years as additional solutions to
fish-killing blooms are possibly being implemented.

1.6. Socioeconomic impacts
Worldwide the mariculture industry delivers food to an increasing population in addition to
reducing the pressure on overfished finfish populations. The ca. 15 mariculture farms located
in Denmark produces around 10,000 tons of maricultured rainbow trout per year, equivalent
to a value of 450 mill. DKr (~ 73 million USD). This number is anticipated to increase in the
coming years. However, Denmark still imports 50,000 tons of salmon and trout every year; it
should therefore be an economic advantage for the industry to produce these fish nationally
instead of importing them. From a political perspective, there is also a positive initiative to
meet the requirements of the umbrella organization of the industry, Danish Aquaculture, of a
4-5 times increase of the mariculture production within the coming years.
Except for environmental restrictions, two of the main challenges for Danish mariculture are
controlling diseases and harmful algae blooms. During this Ph.D. work, there have been several
algae blooms in Denmark at both mariculture facilities and inland facilities, with substantial
economic losses as a result.
Traditionally disease outbreaks and harmful algae blooms have been considered unrelated.
However, the results in Paper IV showing an increased susceptibility to diseases during
exposure to sublethal concentrations of ichthyotoxic algae request these two problems to be
considered combined. The increased susceptibility has still only been observed in the
laboratory and this area indeed needs further investigation, especially including field
investigation that attempts to correlate pre-bloom concentrations to disease outbreaks in
mariculture.
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2. Experimental considerations
The material and methods for all the experiments are described in the relevant papers
attached. In this chapter, I will briefly discuss some of the main challenges of conducting
experiments with fish and the harmful algae used in the present Ph.D. work: Prymnesium
parvum and Pseudochattonella farcimen.

2.1. Aeration
The influence of aeration on the toxicity of Prymnesium parvum cultures have been discussed
in the literature, although studies are very few and contradictory. Igarashi et al. (1995)
concludes that strong aeration is crucial to a high toxin production by cultures of P. parvum,
whereas Skingel et al. (2010) concludes that increased aeration does not promote higher
toxicity in P. parvum cultures. The difference between the two experiments is that Igarashi et
al. (1995) determined toxicity of a centrifuged cell pellet whereas Skingel et al. (2010)
measured toxicity of the supernatant. The experiments are therefore not comparable, since
one study is measuring intracellular, and the other extracellular toxicity.
In the present study we use whole cell cultures to determine the toxicity to fish. What we find
is that high aeration decreases ichthyotoxicity (Paper II). This, of course, raises some questions
on upcoming experimental designs, since bioassays using fish need to be aerated to avoid
hypoxic conditions that will kill the fish. We have not tested the effect of aeration on the toxic
effects of the algal culture on fish in detail. Instead, we adjusted the amount of aeration to the
lowest possible amount required to keep five fish of 10 g, in 10 l water at 15 °C with an oxygen
level > 80 %. At this amount of aeration, we observed no problems with inducing ichthyotoxic
effects of the P. parvum cultures. The amount of aeration needed after final adjustment was 6
l h-1.

2.2. Reduction of the toxic effect
Prymnesium parvum
The toxic effect of a Prymnesium parvum culture has been previously shown to vanish over
time when fish are present in the algae culture. This was shown when additional fish were
added to a suspension of algae and no effect was observed on these naive fish (Reich and
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Rotberg, 1958). We have observed the same in our experiments, where the toxic effect
vanished after 24 hours even though the algae maintained normal growth. The disappearance
of toxicity was also the reason for the relatively short algae exposure time of 24 h in the
infection experiment (Paper IV).
Tillmann (2003) shows that adding more biomass to a toxic Prymnesium parvum culture
decreases the effect on surrounding microalgae. Although Tillmann’s experiment was
performed with algae as a target organism, we have observed the same with fish in our pilot
experiments. Since the toxicity of the cultures vanishes after the addition of more fish, then
the amount of fish added to the culture would probably influence the amount of time it takes
to “detoxify” an ichthyotoxic culture. At some point, an adequate amount of fish would
probably result in no observed toxic effect.
In Paper IV we discuss that the decrease in susceptibility to viral haemorrhagic septicaemia
virus (VHSV) was due to the higher number of fish in the test aquarium, because the fish were
not affected by the algae in the same degree as when less fish were used.
Furthermore, we show that not only does the toxic effect vanish over time according to the
amount of fish, the fish also acclimate to the toxic algae (Paper II). In combination the
“vanishing of toxicity” and the “acclimation of the fish” are therefore important factors in
designing algae exposure experiments with fish as target organisms.
Pseudochattonella farcimen
In Pseudochattonella farcimen cultures, the lack of toxicity may be related to cell morphology.
We conclude that the shape of P. farcimen can be used as an indicator of the growth
conditions of the alga (Paper I) and it is likely that the ichthyotoxicity of P. farcimen can be
linked to the cell shape of the alga as well (Paper III). In the laboratory experiments presented
in Paper III we observed no effect on the fish when they were exposed to P. farcimen. During
these laboratory experiments the cells became spherical and lost their mucocysts, possibly
because of high temperature or a rapid change in pH. When we observed fish mortality during
the field experiment in 2011 the P. farcimen cells were elongated and displayed mucocysts. As
soon as the algal bloom entered stationary phase the cells started to become round and the
effect on the fish decreased.
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3. Main results and discussion
3.1. Pseudochattonella farcimen (Paper I and III)
Paper I presents the autecology, allelopathic properties and cell morphology as well as cell life
stages during various growth conditions of the dictyochophyte alga Pseudochattonella
farcimen. Paper III presents observations on the ichthyotoxiciy of P. farcimen.
To test for possible allelopathic attributes of Pseudochattonella farcimen, mixtures of the
strain SCCAP K-1804 (Cr4 in Paper I) and three target algal species were prepared. Growth
rates of the three target algae Chaetoceros diadema (A3N), C. decipiens (H7St1) and
Heterocapsa triquetra (K-0482), did not differ between monoculture and mixed cultures with
P. farcimen (one-way ANOVA, C. diadema: p = 0.069, C. decipiens: p = 0.114, H. triquetra: p =
0.080). In the present experiment we screened 6 strains of P. farcimen, none of these showed
allelopathic effects on the target species (unpubl. results). The target species were not
randomly picked but species, which co-occur with P. farcimen in Danish waters during winter
or early spring.
Temperature
Pseudochattonella farcimen grew at all tested temperatures in the range of 1 - 10 °C. Lowest
growth rates (± SD) were observed at 1 (0.09 ± 0.006) and 3 °C (0.16 ± 0.003), while higher
growth rates were observed at 6 and 10 °C (0.25 ± 0.01 and 0.26 ± 0.01). However, only at the
temperatures of 1 and 3 °C were P. farcimen able to sustain growth for a longer time. At the
temperatures of 6 and 10 degrees a reduction in growth rates were observed after 17 and 9
days, respectively. So even though the growth rates are higher at temperatures between 6 and
10, the alga will probably not be able to grow and bloom at these temperature conditions in
the field. We conclude that P. farcimen is well adapted to successfully compete and grow in a
low light and temperature regime that it is exposed to in the late winter and early spring.

Cell shape and cell forms
At all laboratory tested temperatures (1 – 10 °C), 4 - 8 % of Pseudochattonella farcimen cells
had a ‘‘round’’ shape in the start of the experiments, while the rest of the cells were
elongated. The fraction of round cells increased with time at 6 and 10 °C but never exceeded
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more than 5 % at 1 and 3 °C. At 10 °C it is clear that the cells started to change shape from
elongated to round a few days before the growth rate decreased (Fig. 2).
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This morphological change from elongated to round cells therefore appears to be a response
to the growth condition of Pseudochattonella farcimen. In addition to the cells changing shape
from elongated to round, multinucleate stages started to develop in the cultures in the 6 and
10 °C experiments (Fig. 3).
Fig. 3. Epifluorescence of DAPI-stained
cells of Pseudochattonella farcimen.
Vegetative cells each with one nucleus (I).
Multinucleate stages with 5 - 6 nuclei (J).
Two focal levels of a multinucleate stage
(K and L). Notice the connection between
the different sized stages. The large stage
to the left contains at least 17 nuclei.
Scale bar 10 µm.
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The formation of the multinucleate stages happened in combination with a rapid decline in
single cell numbers. This could indicate that single cells actually merge to form these
multinucleate stages. In the laboratory, we have observed single cells formed from a
multinucleate cell when the temperature was lowered from 10 to 3 °C (unpubl. results). This
indicates that the multinucleate stage functions as a summer resting stage.
Two different methods have been used in the laboratory to induce ichthyotoxicity of
Pseudochattonella farcimen against rainbow trout (Oncorhynchus mykiss). The strain SCCAP K1804 was grown in the laboratory and subsequently exposed to fish with no success in
promoting an effect on the fish. During a bloom in 2011, natural bloom water was brought to
the laboratory but again, no effect was observed on the fish during exposure.
During exposure trials with SCCAP K-1804 the algae had apparently lost their mucocysts,
because they had been grown at too high temperatures. During fish exposure with natural
bloom water, the algae cells turned round and lost their visible mucocysts, possibly due to a
drop in pH in the aquaria. During the 2011 bloom we carried out a field experiment at Snaptun
Harbor. In the experiment, fish were kept in natural bloom water (control) and two types of
filtered water (mussel and sand filter). We did not observe any fish mortality in the fish tanks,
which most likely was due to the late phase of the bloom. However, during the first 24 hours
of the experiment the large (500 g) rainbow trout were heavily affected in the tanks with
bloom water and in bloom water filtered with the mussel filter. The toxic effects observed on
the fish included irregular swimming, occasionally with the ventral side turning up, combined
with the fish hanging just below the surface without any normal escape reaction when people
approached the tank. The mussel and the sand filters continuously removed 35 and 80 %,
respectively, of all the algal cells, compared to the container with untreated bloom water.
During the experiment there was no effect on the fish in the tank where the algae cells had
been removed by the sand filter.
Before we were able to make the filter systems function adequately, many fish died in the
tanks; most likely due to the presence of Pseudochattonella farcimen. When these fish died, P.
farcimen cells were elongated and displayed many visible mucocysts. As a result of the
laboratory and field experiments, we believe that the key to inducing the ichthyotoxic effect is
related to the condition of the algae. When the algal cells are elongated and display mucocysts
they are the most toxic.
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3.2. Prymnesium parvum (Paper II and IV)
Paper II presents the long term (5 days) and short term (< 1 day) effects on rainbow trout
(Oncorhynchus mykiss) when exposed to the ichthyotoxic alga Prymnesium parvum. Paper IV
presents the susceptibility of rainbow trout to viral haemorrhagic septicaemia virus (VHSV)
when the fish are exposed to sublethal concentrations of P. parvum.
If the algae cultures were highly aerated (350 l h-1) during the fish exposure experiments, there
was no toxic effect on the fish. The reason for this is probably because the ichthyotoxins are
caught in the foam on the surface by the protein skimmer effect. Therefore, the experiments
were all supplied with the lowest amount of aeration (6 l h-1) while keeping oxygen above 70
%. Protein skimming removes organic molecules from the water by using the polarity of the
molecules. Due to the polarity, the molecules are either attracted or repelled by the water-air
surface that the small bubbles the aeration creates. Subsequently, the molecules are caught in
the foam created on the water surface.
Rainbow trout that were exposed to sufficiently high (ca. 1.1x105 cells ml-1) Prymnesium
parvum concentrations showed clear signs of toxic effects before mortality occurred.
Responses to the algae included initial heavy mucus production from the gills and
disorientated swimming. But mortality was only observed within 24 h of exposure, even
though the algae kept up normal growth throughout the experiment time of 5 days. After 24
hours, the fish that did not die, regained normal swimming and feeding behavior. After 5 days,
when we added naive fish to an algae culture that previously had affected other fish, we
observed no effect on the naive fish. This indicates that it is the presence of the fish that
eliminates the ichthyotoxic effect of the algae. Therefore, we tried to move fish to a new
identical alga suspension of 4.0×104 cells ml-1 every 24 hours for 5 days, to record the long
term effects on the fish. But the same observation was made: mucus production was only
observed during the first 24 h of exposure, thereafter the fish regained normal behavior and
feeding activity. This suggested that the fish somehow were able to acclimate to the algae.
Later, we succeeded in acclimating fish to a lethal algae concentration, by transferring them
from nonlethal to lethal concentrations during 5 days. However, the acclimation was lost after
4 days in water without algae.
During exposure of fish to VHSV and sublethal concentrations of Prymnesium parvum in
combination, the fish showed mucus production from their gills, indicating that the fish were
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affected by the algae. In the first experiment the fish were exposed to algae for 6 hours before
the exposure to VHSV. The mortality induced by VHSV was nearly the same regardless of
whether the fish had been exposed to algae or not. In the next experiment the fish were
exposed to both algae and virus from the start of the experiment. The mortality increased
significantly when the fish were exposed to both VHSV and algae, compared to only VHSV (Fig.
4).

Fig. 4. Mean mortality (± SD) of rainbow
trout (Oncorhynchus mykiss) exposed to

(VHSV) (open triangles) and sublethal
concentrations of Prymnesium parvum
combined with VHSV (closed triangles).
When the fish are exposed to algae and
virus the mortality increase significantly

Cumulative fish mortality

viral haemorrhagic septicaemia virus

100%

Control
Prymnesium parvum
Prymnesium parvum + VHSV 1 [8.9×104]
VHSV1 [8.9×104]

80%

60%

40%

20%

compared to the fish only exposed to
virus (Kaplan-Meier Log-Rank Survival

0%

Test, P = < 0.001). There is no mortality

Days post exposure

in the control fish and in the ones only
exposed to P. parvum (circles).

These results indicate that when fish are exposed to algae before virus, the mucus produced at
the gills protects the fish from the virus, thus making the fish less susceptible to the virus.
However, if the fish are exposed to icthyotoxic algae and virus at the same time, the fish are
more susceptible, probably because the gills get damaged before mucus is produced to protect
the gills.
During the work for this PhD thesis, we have elucidated and resolved some of the obstacles of
doing experimental work with ichthyotoxic algae and fish. During upcoming blooms of
Pseudochattonella farcimen we are now able to further investigate the effect that this algae
cause on the fish, since control fish can be available by removing algal cells with a sand filter.
The work with Prymnesium parvum has highlighted two very important factors of designing
fish experiments; 1) the amount of aeration and 2) the acclimation of the fish towards the
algae. If researches are not aware of these factors, conclusions on the effect of harmful algae
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on fish may be incorrect. Furthermore, we have shown that sublethal concentrations of
ichthyotoxic algae have the potential to play a role in outbreaks of fish diseases in mariculture.
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4. Future research
4.1. Pseudochattonella farcimen
We have shown that it is possible to reduce ichthyotoxicity of Pseudochattonella farcimen
under controlled conditions by the use of natural bloom water and removing the algae cells by
a sand filter (Paper III). However, it is not feasible to base future research on natural blooms of
P. farcimen, because of the unexpectedness of the blooms. Therefore the first obstacle is to
establish the ichthyotoxic effect of this organism in the laboratory. During the present studies
we conclude that the presence of mucocysts and the elongated form of P. farcimen are key
factors for the expression of ichthyotoxic effects. Subsequent to the experiments with P.
farcimen, we have observed the regeneration of mucocysts on the surface of P. farcimen in our
stock cultures. The alga showed these mucocysts again after being left on the shelf for more
than one year. This could indicate that P. farcimen needs to go through its life cycle, before the
alga expresses the mucocysts after they have been lost.
Based on observations made in this study, the life cycle of P. farcimen appears to involve
several stages. However, the complete life cycle of this species has never been elucidated. Our
observations, though, indicate it includes a yearly formation of multinucleate cells when water
temperatures in the spring rise above 6-7 °C followed by the formation of single cells (from the
multinucleate cells) in water with lower temperatures during winter.
The formation of mucocysts observed in our laboratory cultures allow for new studies to prove
the ichthyotoxicity of this alga. Furthermore, well established action levels for cell
concentrations are also needed in better risk assessment during formation of
Pseudochattonella farcimen blooms.

4.2. Prymnesium parvum
Analysis of toxins
At the present, only 2 types of ichthyotoxins have been analysed from Prymnesium parvum
cultures. That is Prymnesin 1 and 2 (Igarashi et al., 1995) and several fatty acids (Henrikson et
al., 2010). However, an experiment that can correlate the fish mortality of the responsible
toxins to the fish mortality of a live P. parvum culture is still missing.
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At present there is no proof that the ichthyotoxins and the toxins that lyse alga cells are
identical. However, if this is the case, experiments could be implemented with the use of alga
cells as a proxy for fish kills. The advantage of an alga proxy test is that it is fast and that it has
the potential of saving the lives of many fish. Other cell types such as cell lines from fish could
potentially also be used as a proxy. However, the search for marine algal toxins most often
occur at a salinity of 30 psu and that would compromise the viability of fish cell lines that have
an internal osmotic pressure around 9 psu.
To isolate an algal toxin, bio-guided fractionation could be employed. By fractionating the
crude extract of an algae culture, each fraction will get a reduced chemical complexity, making
it easier to pin point the compound of interest. The extract can be fractionated using different
liquid chromatographic techniques. This could range from ion-exchangers, normal phase,
reversed-phase and size-exclusion chromatography, separating the extract according to the
charge, polarity, hydrophobicity and size of the compounds, respectively. The information of
the fractions that shows activity in the bio-assay may then point in a direction of what kind of
molecule to look for and if the extract contains more than one bio-active compound.
Acclimation
Acclimation to toxic algae is of high potential importance in protecting maricultured fish from
icthyotoxic algal blooms. The short term acclimation of fish towards Prymnesium parvum
described in Paper II can at the present not be explained, because we do not know what the
acclimation is against. Therefore, more experiments that could help elucidate the responsible
mechanism are needed.
It would be possible to measure the oxygen consumption of a fish exposed to Prymenesium
parvum by respirometry to test if the acclimation is against low oxygen levels inside the fish
blood stream due to an overproduction of mucus at the gills. Respirometers are used in the
study of gas exchange in aquatic animals (Steffensen, 1989). In a closed respirometer with
circulating water, the oxygen consumption by a fish will, over time, result in a decline in the
oxygen content of the water. When P. parvum is added to the water the decline of oxygen
should be compared to the SMR (standard metabolic rate) of the fish and thereby show if the
fish are dying from suffocation.
If acclimation is not towards low hypoxic conditions, but against the ichthyotoxins produced by
Prymensium parvum, some of the elements of the fish immune system must play a crucial role
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in the acclimation process. Future research in this area should concentrate around these 2
areas:
1) The possibility of activating the innate immune components, either with the specific
Prymnesium parvum toxin or another substance that could cross protect against the P.
parvum toxins. The practical possibilities of activating the innate immune system of
fish in mariculture would probably only be via an oral pathway.
2) The possibility of activation of the adaptive immune system, i.e. the ability of the fish
to produce antibodies against the toxins of Prymnesium parvum. If the immune system
can produce antibodies against the toxin, the fish would generate a memory against
these toxins. Thus, the opportunity to create vaccines against the toxin is possible.
Mucolytic agents
It has earlier been recognized by Yang and Albright (1992) that the harmful alga Chaetoceros
concavicornis leads to an overproduction of mucus at the gills of coho salmon (Oncorhynchus
kisutch), subsequently leading to the death of the fish. Later the research of these authors
showed that the mucolytic agent L-cysteine ethyl ester suppresses mucus production and
accumulation by the cells of the secondary lamellae of the fish, when they were exposed to C.
concavicornis (Yang and Albright, 1994). The fish were treated orally by food coated with fish
oil and L-cysteine ethyl ester and the treatment was termed “anti-phytoplankton therapy of
finfish”. The treatment resulted in the survival of fish that was exposed to otherwise lethal
concentrations of alga. If the experiments with the respirometer show that it is, in fact, a
hypoxic blood condition that kills fish during a Prymnesium parvum bloom, this would create
the basis for the use of a mucolytic agent like L-cysteine ethyl ester, during P. parvum blooms.
However, Chaetoceros concavicornis is a harmful alga that does not release ichthyotoxins like
P. parvum possibly does. Therefore, there is a chance of the opposite effect, that a higher
mortality rate would be observed if the fish were given a mucolytic agent during a P. parvum
bloom, simply because there is no mucus to protect the fish against the exposure to the algal
toxins.
Many of the above suggested research areas are labor intensive. The reason is primarily that
complex interactions between live alga cultures and fish are difficult to predict and handle,
under laboratory conditions. Therefore, the emphasis should be on isolating the responsible
ichthyotoxins, to further track their pathway in the alga cell, the surrounding water and in the
affected organs of the fish.
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Abstract
The fish-killing alga Prymnesium parvum has caused major economic losses to fish farmers in many
locations around the world. We have tested the long-term mortality (5 days) of rainbow trout
(Oncorhynchus mykiss) exposed to different P. parvum concentrations. Eight different algal concentrations
ranging from 4.3×104 to 3.5×105 cells ml-1 were tested and resulted in a LD50 based on fish mortality after 5
days of 1.11×105 cells ml-1. The main mortality was acute and occurred within the first 24 h. After this
period, the surviving fish recovered, and the toxicity of the algae appeared to be neutralized. Furthermore,
high aeration during exposure of the fish fully eliminated the toxic effect of the algae. Incubation of fish in
sub-lethal algal concentrations made them transiently resistant to subsequent exposure to higher algal
concentrations.
Keywords: Prymnesium parvum; fish acclimation to toxic algae; ichthyotoxic algae; LC50.
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1. Introduction
Blooms of fish-killing algae pose massive problems for fish farmers worldwide. In certain areas fish farms
have completely closed down due to the risk of harmful algae blooms (HABs) (Johnsen et al., 2010). The
modes of action of many of the fish-killing algae are still under debate, but for at least some species
ichthyotoxins are probably involved (Mooney et al., 2010). A variety of bioassays for testing the toxicity of
the algae have been used, including erythrocyte (Eschbach et al., 2001), algal (Granéli and Johansson, 2003)
and gill cell assays (Dorantes-Aranda et al., 2011). In the present paper, we have studied the effects of long
term-exposure of the fish-killing alga Prymnesium parvum Carter to live rainbow trout (Oncorhynchus
mykiss). The “brown tide” haptophyte P. parvum is ubiquitous with a worldwide distribution, capable of
forming blooms in coastal and inland waters along all continents except Antarctica (Farrow, 1969; Larsen
and Bryant, 1998). Prymnesium parvum has a broad temperature and salinity tolerances and is able to grow
in temperatures ranging from 2-30 °C (Baker et al., 2007; Shilo and Aschner, 1953) and a salinities of 1-45
psu (Brand, 1984). However, optimal growth conditions are 25-30 °C and 8-32 psu (Baker et al., 2007). In
nature, blooms typically occur in low saline waters of 1-12 psu and temperatures above 10 °C (Edvardsen
and Paasche, 1998).
Prymnesium parvum is toxic to a wide range of pelagic and benthic organisms including bacteria, other
algae, protozoa, metazooplankton and fish. Adverse effects typically include lysis of cells that come into
contact with substances released from P. parvum cells. Therefore, during blooms, P. parvum not only
effects fish, but may also have great impacts on the entire ecosystem. Ichthyotoxic effects are normally
observed at concentrations exceeding 5×104 cells ml-1, but harmful effects on other organisms are observed
at cell densities as low as ~ 8x103 cells ml-1 (Remmel et al., 2011). However, growth conditions of P. parvum
strongly affect its toxicity to other organisms, this includes e.g. nutrient availability, temperature, salinity,
light and pH (Granéli and Salomon, 2010).
Harmful blooms of Prymnesium parvum have occurred in low saline lakes and ponds repeatedly since 1909
and have caused major fish kills (Edvardsen and Paasche, 1998). In Europe, a Prymnesium sp. bloom caused
extensive fish mortality in the brackish Lake Vargsundet in Finland (Lindholm et al., 1999). The authors
estimate that between 10 and 15 tons of fish were killed during the bloom, which corresponds to half of
the total fish stock in the lake and the bloom caused mortality to nearly all the fish species known to occur
in the lake. In North America, extensive fish killing blooms have occurred since 1985 in the western part of
Texas and are ascribed to high losses in freshwater rainbow trout farming (Southard et al., 2010). The
Prymnesium blooms in Texas are a recurrent phenomenon and occur in relatively low saline waters.
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The first Prymnesium parvum bloom to be recorded in a larger marine area was in the Ryfylke fjords in
Norway during 1989. The bloom started developing in low saline water around 4-5 psu, but spread further
out the fjord and caused fish mortalities at salinities up to 27 psu. In total, the bloom was responsible for
the death of 750 tons of farmed Atlantic salmon (Salmo salar) and rainbow trout (Edvardsen and Paasche,
1998; Kaartvedt et al., 1991). In the following years; 1990, 1991 and 1995 P. parvum was responsible for
fish kills in caged reared salmon and rainbow trout and made it impossible to continue fish farming in the
area which therefore stopped in 1995. Fish farming was reintroduced in Ryfylke fjords in 2005, but P.
parvum again became a problem in the area and in 2007 another harmful bloom of P. parvum killed 135
tons of caged salmon (Johnsen et al., 2010).
There are numerous hypotheses regarding the ichthyotoxic effects of Prymnesium spp. Suggestions include
increased permeability of fish gills resulting in disturbed ion balance (Edvardsen and Imai, 2006) or possibly
a neurotoxic substance (Schug et al., 2010). Recent research has suggested that a “cell to gill” contact is
required to induce ichthyotoxicity of P. parvum and the authors argue that the induced ichtyotoxicity
observed from filtrates of P. parvum in earlier studies, is due to the release of toxins during the filtration
process (Remmel and Hambright, 2012). The responsible toxins, their chemical structure and mode of
action are still debated and the actual number of toxic compounds involved in the toxic effects observed is
still unknown (Manning and La Claire, 2010). Prymnesin 1 and 2 (Igarashi et al., 1995) and varieties of fatty
acids (Henrikson et al., 2010) have been suggested to be the responsible toxins associated with fish kills
caused by P. parvum.
The acute toxic effects on fish when exposed to a suspension of Prymnesium parvum have been reported to
be only temporary and vanish after longer exposures to the toxic algae. It has been suggested that this is
probably due to absorption of the toxins by the excreted mucus from the fish gills (Reich and Rotberg,
1958) or by uptake in the living fish (Bergmann et al., 1963). This phenomenon has not only been observed
in fish trials, but has been reported in exposure trials of P. parvum towards other algal cells. Here, it has
been suggested that the toxins might bind to the membrane of the target cells (Tillmann, 2003) and
thereby making the P. parvum culture less toxic over time. These observations indicate that a higher fish
density in trials will lead to lower acute fish mortality. Furthermore, a long-term effect of P. parvum
towards fish, beyond the acute ichthyotoxic effect, will be difficult to study unless large amounts of algal
culture are used or the algal culture is renewed frequently. Until now, experiments have assumed that the
survival of fish beyond the acute ichthyotoxic effects is due to loss of ichthyotoxicity by the algae in
exposure trials. However, the possibility of acclimation of the fish towards ichthyotoxins has never been
assessed.
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The aims of this study were therefore to investigate: 1) The differences in acute and long term
ichthyotoxicity of Prymnesium parvum towards rainbow trout and 2) The possible ability of fish to establish
resistance to high concentrations of P. parvum.
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2. Materials and Methods
2.1. Algal culture conditions
Prymnesium parvum (Kalmar University Culture Collection, strain KAC 39) was grown in 10 L Pyrex® bottles
at 10 °C in 15 psu water, based on 35 psu seawater diluted with tap water. After dilution, water was heated
to 80 °C for 90 minutes and subsequently cooled, before nutrients were added to make F/2 medium
(Guillard and Ryther, 1962). Diurnal cycle was 12:12 and light was provided by cool white fluorescent tubes
at 120 µE m-2 s-1, measured inside the algal culture bottle with a Li-Cor®, LI-1000 radiation sensor equipped
with a spherical probe. Aeration (~ 6 L h-1) was provided by a Hiblow 40 air pump through a 5 cm spherical
air stone. Algal cultures were inoculated to a starting concentration of 1×104 cells ml-1 and grown to 0.5 ×
106 – 1.3 × 106 cells ml-1 before use (counted with a MultisizerTM 3 coulter counter, Beckman Coulter). All
algal cultures used for experiments were in exponential growth phase.
2.2. Algal exposure experiments
Rainbow trout were used in all exposure experiments with Prymnesium parvum. Disease free juvenile (10 g)
rainbow trout raised in fresh water were brought the laboratory in Helsingør. The fish used in experiment
1+2 originated from the rearing facility at the island of Bornholm south of Sweeden, whereas the fish used
in experiment 3+4 originated from Løjstrup fish farm north of Aarhus. The fish were acclimated to a
temperature of 10 °C and a salinity of 15 psu in a 300 L aquarium with water recirculation, for 14 days prior
to use. The fish were fed with Biomar INICIO Plus 1.5 mm pellets until two days before use. During the
experiments the fish were not fed, but food pellets were occasionally added to control the appetite of the
fish. Aeration with atmospheric air was ~ 6 l h-1 which kept O2 saturation above 70 % during all the fish
exposure experiments.
Four different sets of experiments were carried out to investigate the effects of Prymnesium parvum on
rainbow trout. The experiments were carried out using 2 batches of fish. The first batch was used for
experiments 1 and 2, while the second batch was used for experiments 3 and 4.
2.2.1. Experiment 1. Concentration dependence of toxic response of Prymnesium parvum towards fish
A dose-response experiment was carried out using 8 different P. parvum cell concentrations ranging from
4.3 × 104 to 3.5 × 105 cells ml-1 (initial cell concentrations). Experimental suspensions were prepared by
mixing the desired amount of P. parvum culture with 15 psu F/2 medium. All experiments comprised of 3
replicate 12 L aquariums each containing 10 L P. parvum suspension and 5 fish, which were added
immediately after preparation of the P. parvum suspensions. Each of the three P. parvum replicate
suspensions originated from a single P. parvum culture bottle. Temperature, light and diurnal cycle was
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identical to the conditions of the P. parvum cultures. To keep track of the cell number of P. parvum three
10 ml aliquots from each aquarium were analyzed with a MultisizerTM 3 coulter counter, Beckman Coulter,
every 12 h. Following counting, tank water was diluted with F/2 medium to keep P. Parvum cell numbers
close to the initial concentration. At the same time pH was measured with a Sentron 2001 pH meter with a
Red Line electrode (2 point calibration). Moribund or dead fish were continuously removed in the
experimental aquariums. When residual live fish were removed at the end of the 5 day exposure period,
naive fish were added to a single cell suspension (1.1×105 cells ml-1) to check for loss of toxicity in the algal
suspensions that had been grown in the presence of the fish. This experiment also lasted for 5 days.

2.2.2. Experiment 2. Influence of aeration on the toxicity of Prymnesium parvum to fish
To test if aeration had an effect on toxicity of Prymnesium parvum to fish, experiments were initiated with
initial P. parvum concentrations of 1.8×105 and 2.8×105 cells ml-1 and an aeration of approximately 350 l h-1,
as opposed to 6 l h-1 in experiment 1. The aeration was increased immediately after the fish was added.
Otherwise the experiment was carried out as described in experiment 1.

2.2.3. Experiment 3. Influence of daily transfer of fish to new cell suspensions of Prymnesium parvum
To avoid any possible long term effect of the presence of fish towards the algae in this experiment, the fish
were transferred each 24 h for 5 days to a new aquarium containing an identical but freshly prepared
concentration of P. parvum (4.0×104 cells ml-1). No further counting and dilution in the consecutive 24 h
periods were done but the initial and final concentration of P. parvum was measured, at the beginning and
end of every 24 h period. The pH was measured at the same time using a WTW 340i pH meter equipped
with a Sentix 41 pH electrode and using a two point (7 and 10) pH calibration.

2.2.4. Experiment 4. Possible acclimation of fish towards Prymnesium parvum
Possible acclimation of the fish to Prymnesium parvum exposure was tested by transferring fish
continuously to higher concentrations of P. parvum every 24 h for 5 days. Initial concentration of P. parvum
was 1.7 × 104 cells ml-1 and final concentration after 4 days was 1.1×105 cells ml-1 with rising steps of
approximately 2×104 cells ml-1 day-1. Simultaneously with the last transfer of the exposed fish to the final
concentration, naive fish were added to three replicate aquariums with the same P. parvum concentration.
Rainbow trout that had been acclimated to the high concentration of P. parvum were subsequently
transferred to 15 psu pure seawater for an additional 4 days before they were exposed to a P. parvum
suspension of 1.0×105 cells ml-1 for 24 h and rainbow trout were simultaneously added to three replicate
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aquariums with an identical P. parvum concentration for comparison. pH was monitored in all treatments
as described above.
2.3. Histology
Gills and liver from 3 fish exposed to a Prymnesium parvum concentration of 4.3x10 4 for 5 days or 3.5x 105
for 6 h were fixed in 10 % phosphate buffered formalin pH 7.2-7.4 and maintained at 4 °C until embedding
in paraffin. The gills and liver were fixed immediately after death. Paraffin embedded specimens were
sectioned at 2-3 µm and placed on non-coated slides for hematoxylin and eosin and PAS stain.
3. Results
3.1. Algal exposure experiments
3.1.1. Experiment 1. Effects of Prymnesium parvum on fish behavior and the effect of algal concentration
Rainbow trout that were exposed to sufficiently high (ca. 1.1x105 cells ml-1) Prymnesium parvum
concentration showed clear signs of toxic effects before mortality occurred. Responses to the algae
included initial heavy mucus production from the gills (Fig. 1) and occasional “coughing”, i.e. heavy strokes
with the operculum. After 5-7 h the fish became sluggish and started swimming slowly just below the water
surface. Subsequently the fish began “hanging” just below the surface in a head up and tail down direction.
The following phase included disorientated swimming and sinking with attempts to swim towards the
surface. Few minutes prior to death small fast contractions were observed in the skin, fins and operculum.
If mortality had not occurred within 24 h of exposure, the fish would recover and display normal swimming
behavior and feeding activity after 48 h, despite remaining in the algal suspension.
At all algal concentrations the fish showed light to heavy mucus production from the gills, but mortality was
only observed at cell concentrations around 1×105 cells ml-1 and higher within 24 h of exposure (Fig. 2B).
The light mucus production was seen as mucus threads hanging from the gills of the fish and the heavy
production led to substantial amounts of mucus laying on the bottom of the aquaria. The 12 h LC50 of algal
concentration based on fish mortality was 1.15×105 cells ml-1 (Fig. 2A). The 24 and 120 h LC50 (1.12×105 and
1.11×105 cells ml-1; Fig. 2B-C) did not differ significantly from the 12 h LC50 (One Way ANOVA, P = 0.634;
dose - response curves fitted by Systat Sigmaplot 11.0; Sigmoid, 3 Parameter. Eq.: f= a/(1+exp(-(x-x0)/b)).
During the first 24 h a Prymnesium parvum cell suspension of 1.14×105 cells ml-1 caused severe effects on all
fish and a mortality > 25 % (Fig. 3E). The surviving fish were removed from the algal suspension after an
incubation period of 5 days and replaced with naive fish. Even though the algae had kept up normal growth
during the first five days of the exposure trial and continued to grow for the additional 5 days when grown
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together with the new naive fish, none of the naive fish showed mucus production or any other negative
effects when introduced to the algae.
3.1.2. Experiment 2. Influence of aeration on the toxicity of Prymnesium parvum to fish
Rainbow trout were exposed to two algal suspensions with concentrations of 1.8×105 and 2.8×105 cells ml-1,
at an aeration of approximately 350 l h-1 as opposed to the usual 6 l h-1 in all the other experiments. Even
though such cell concentrations usually are lethal (fig. 2C), no mucus production or other abnormal
behavior among the exposed fish was observed during the course of the experiment (5 days).
3.1.3. Experiment 3. Influence of daily transfer of fish to new cell suspensions of Prymnesium parvum
The lack of clinical effect on the fish in experiment 1, warranted further investigation of whether the algae
had lost their toxicity or whether fish were able to increase their tolerance to the algal culture. In
experiment 3 the fish were therefore transferred to a new sublethal algal suspension every 24 h with
identical concentrations of 4.0×104 cells ml-1. Mucus production was only observed during the first 24 h
exposure, suggesting that the fish somehow were able to acclimate to the algae.
3.1.4. Experiment 4. Possible acclimation of fish towards Prymnesium parvum
To follow up on the results from experiment 3, experiment 4 aimed at clarifying whether fish could be
gradually acclimated to high concentrations of Prymnesium parvum culture. Initially, rainbow trout were
exposed to an algal suspension of 1.7×104 cells ml-1 without showing any symptoms. After the first 24 h of
exposure, the fish were transferred to new aquariums with 4.0×104 cells ml-1 and subsequently every 24 h
to aquariums with 5.9×104, 8.2×104 and 1.1×105 cells ml-1, respectively, without the fish showing any
abnormal behavior. No symptoms were observed and feeding activity was normal. At the time of the last
transfer (96 h, 1.1×105 cells ml-1), naive fish were introduced to three replicate algal suspensions of 9.8×104
cells ml-1 prepared from the same algal culture used for the acclimated fish. All the naive fish died within 24
h, while all the acclimated fish survived. The fish that had been acclimated to P. parvum were transferred to
clean 15 PSU water, kept for 4 days and subsequently exposed to a P. parvum concentration of 9.6×104 cells
ml-1 simultaneously with naive fish. All fish, except one from the acclimated and one from the naive group,
died within 24 h. Thus the acclimation towards P. parvum was lost during 4 days stay in clean seawater.
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3.2. pH and algal growth in all experiments
The pH of the algal suspensions varied due to different pH in the algal cultures and the amount of algal
culture used to prepare the specific algal suspensions. In experiment 1, no correlation (r2 = 0.09) or
significant relationship (Spearman Rank Order Correlation, P > 0.050) was found between fish mortality and
pH of the initial algal concentration (Fig. 4). In all experiments the pH was kept between 7.5 and 8.1.
The growth of Prymnesium parvum was generally unaffected by the addition of fish and aeration in all the
different treatments. However, in case of heavy mucus production during the first 12 h of exposure a
slightly decreased algal concentration could be observed, indicating that the algae may get caught in the
mucus. Mucus production by the fish stopped after 12 h of exposure to P. parvum resulting in P. parvum
regaining positive growth in the experimental aquaria (Fig. 3C-G). The algal growth rates were therefore
calculated from 24-120 h. There was no significant difference between any of the algal growth rates from
the first 5 concentrations in experimet 1 (One way ANOVA; P = 0.858) or between the aerated and nonaerated groups (t-test; P = 0.082). The mean ± SD growth rate from experiment 1 and 2 was 0.20 ± 0.03 and
0.26 ± 0.03. No control aquaria without fish were tested for algal growth rates, but the growth rate in the
fish experiments was equal to the ones observed in the algae cultures before the cultures were used for
fish experiments.
3.3. Histopathological changes
3.3.1. Long-time exposure (5 days), to low dose (4.3x104) of Prymnesium parvum
Gill: In the gills separation of the epithelium from the basement membrane was seen, most pronounced for
the progenitor cells at the basis of the secondary lamellae (Fig. 5A-C, E). Generally epithelial separation was
not observed in the mature epithelium at the tip of the secondary lamellae. The separated cells showed
signs of sublethal damage by swelling giving them a cuboidal appearance (Fig. 5A-C, E), and this seems to
be responsible for initiating fusion of the secondary lamellae by filling up the space in between them (Fig.
5A-B, E). Low-grade infiltration with leucocytes of lymphocytic and neutrophilic appearance was observed
along with edema, especially in the connective tissue at the base of the secondary lamellae but also within
the lamellae. Single cell necrosis could be observed diffusely in between the sublethal damaged epithelium.
Scattered diffusely throughout the secondary lamellae epithelium some mucus cells were observed,
approximately one for every 5 to 10 lamellae (Fig. 5A). Weak PAS staining mucus cells at the edges of gill
filaments were seen in reduced in numbers compared to fish exposed to high dose for 6 hours (Fig. 5E-F).
Liver: In the liver diffuse extensive hydropic degeneration were seen, some minor focal areas showed
normal cellular morphology.
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3.3.2. Short-time exposure (6 hours), to high dose (4.3x104) of Prymnesium parvum
Gill: In the progenitor cells at the base of the secondary lamellae a low-grade swelling was observed (Fig.
5C) and multifocally in minor areas the epithelial cells were separated from the underlying connective
tissue. A few mucus cells were seen on the secondary lamellae, apparently less compared to the fish
exposed for 5 days at the lower concentration of algae, and with less intracellular mucus content. Mucus
cells at edges of gill filaments were higher in numbers compared to fish exposed to the low dose for 5 days
and stained with normal strong PAS reaction (Fig. 5E-F).
Liver: Low-grade diffuse hydropic degeneration was observed. Compared to the long time exposure, single
cells were affected and scattered throughout at liver parenchyma with normal morphology.
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4. Discussion
4.1. How does Prymnesium parvum affect fish?
How Prymnesium parvum exactly affects fish is still not well understood. From laboratory tests and natural
blooms it is known that P. parvum affects a broad range of teleost fish (Lindholm et al., 1999; Shilo, 1971)
including rainbow trout (Kaartvedt et al., 1991), the species used in the present experiments. In our
experiment we only used whole cell cultures for the experiment. But in addition to fish kills, in the presence
of P. parvum cells, cell free centrifugates (Shilo and Aschner, 1953) and extracted intracellular toxins (Shilo
and Rosenberger, 1960) can also kill fish. The work of Bergmann et al. (1963) with extracted intracellular
toxins have shown that P. parvum toxins can kill fish by several routes of application, i.e. intraperitoneal
injection, subcutaneous injection and by immersion of the fish in water containing extracted toxins. By
comparing the observed toxicity obtained via various routes it was concluded that, the fish absorbs the
extracted intracellular toxin into the blood stream either through the gills or the digestive tract. Absorption
through the skin was ruled out. Ulitzur and Shilo (1966) showed that gills are highly affected by extracted
intracellular toxins. After the fish had been immersed for just 5 minutes the gills lost their selective
permeability. With reference to the heavy mucus production seen from our fish when exposed to whole
cell cultures, these observations suggest that the gills are severely affected. It has been proposed that the
effect on the gills happens in two stages (Ulitzur and Shilo, 1966). The first stage lead to the loss of selective
permeability and the second stage lead to the death of fish caused by all toxic substances present, not only
the ones from P. parvum. The first stage is reversible, meaning that if toxic substances from either P.
parvum or other applications are not present in sufficient concentrations, the fish will recover. In our
experiments, we have observed fish severely affected lying on the bottom of the aquaria being able to
recover, probably because the ichthyotoxic effect of the P. parvum culture has vanished. It therefore seems
that the reversible stage earlier described in fact is reversible very close to the time of death.
In both groups of fish examined by histology, reactive changes were observed in the gill epithelium in
accordance with a direct noxious effect. The differences observed between the groups can be ascribed to
the time available for lesions to develop following initial exposure. The changes observed from the short
time exposure, 6 h with 3.5x105 cells ml-1, seem much less severe giving that the fish in this group died
compared to the long time exposure group, 5 days with 4.3x104 cells ml-1. This might lead to speculation
that both specific mechanisms causing cell damage and nonspecific sequelae to the initial stress are of
importance. This might be a systemic response to a sudden absorption of high levels of toxin and
exaggerated mucus production leading to hypoxia or as has been shown for bacterial gill diseases, a specific
mechanism leading to instant vasoconstriction dramatically decreasing oxygen uptake (Speare and
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Ferguson, 2006). The changes observed after long time exposure definitely will have an impact on normal
gill physiology, gas exchange and homeostasis. However, these changes most likely develop in a pace
where the fish can adapt to the adverse conditions. The fewer and weaker staining goblet cells on the gill
filaments in the long time exposure group could be due to a specific change in number and mucus
composition favoring protection to algae exposure. Alternatively, it could be due to tissue damage leading
to disturbances in circulation and nutrient flow in the gills, affecting high energy demanding processes such
as synthesis of mucus. Even in this case the reduced mucus production could be beneficial to the fish by
reducing exaggerated mucus production. The empty goblet cells in the epithelium of the secondary
lamellae correspond to the clinical observation with increased mucus shedding. The reason why the goblet
cells in the epithelium of the gill filaments seem of normal appearance is obscure; it might be that the cells
here are more actively producing mucus and thus filling up the cells faster.
In both groups a nonspecific reaction in the liver was observed, the severity of the changes being more
severe in the fish exposed for 5 days with 4.3x104 cells ml-1 compared to the fish exposed for 6 h with
3.5x105 cells ml-1. The observed liver changes can be a consequence of hypoxia or a direct toxic effect from
absorbed substances into systemic circulation. However, there seems to be an accumulated effect over
time, but whether this is due to extended period of hypoxia or accumulation and clearance of toxic
substances cannot be discriminated.
Recently, Remmel and Hambright (2012) suggested that the ichthyotoxic effects of Prymnesium parvum on
fish are caused via direct contact between P. parvum cells and fish gills, instead of extracellular
ichthyotoxins. Our results however, cannot confirm their results. In our study the observed fish mortality
during the first 24 h could potentially be due to Prymnesium cells attaching to the gill surface of the fish. It
is also possible that the mucus produced on the gill surface of the fish could serve as an effective defense
mechanism to keep Prymnesium cells from attaching to the gills and thereby hindering mortality of fish that
have been exposed for more than 24 h. However, addition of naive fish to an algal suspension that already
contained fish that have survived the exposure, did not lead to death of the naive fish, suggesting that the
toxic substances from P. parvum excreted to the medium had disappeared. Furthermore, there was no
effect on our fish in experiments with high aeration even though the algae showed normal growth. We
recognize the possibility that a combined effect of live cells and cell exudates will magnify the ichthyotoxic
effect of Prymnesium. But our results do not support the suggestion from Remmel and Hambright (2012)
that ichthyotoxins are not released to the water during normal growth conditions for P. parvum. Additional
experiments are indeed needed to reveal whether or not a direct contact between the fish gills and P.
parvum plays a role or not.
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4.2. Why do the fish themselves affect the toxicity of Prymnesium parvum?
When we added naive fish to an algae culture that previously had affected other fish, we observed no
effect on the naive fish. Two scenarios are possible: 1) Prymnesium parvum stops producing toxins in the
presence of fish 2) The fish somehow eliminate or absorb the toxins continuously. In all our 5 day
experiments the growth rates of the algae were unaffected by the presence of fish. Due to the unaffected
growth rate of the algae, it seems more probable that the fish eliminate or absorb the toxins rather than
that the algae stops producing toxins in the presence of fish. Nevertheless, this hypothesis is laborious to
test until it is possible to measure the toxic substances directly. This experiment also exclude that the cell
number of P. parvum alone is the reason why the fish are affected, since the concentration was the same as
initially, when the naive fish was added after 5 days.

Our results show that the ichthyotoxic effect of Prymnesium parvum has disappeared from the system after
5 days when adding naive fish. This was also observed by Reich & Rotberg (1958). When these authors for
the third time added fish (Gambusia affinis) to a P. parvum suspension that previously had killed fish the
first and second time, all fish remained alive. Bergmann et al. (1963) later showed that the toxins are not
absorbed by the mucus produced by the fish and the decline in toxicity in the presence of fish must
therefore be due to uptake by living fish. The fish must therefore be able to eliminate the toxins internally
after the toxins have been absorbed.

4.3. Effect of aeration on the apparent toxicity of Prymnesium parvum towards fish
In the present experiments we saw that very high aeration (350 l h-1) immediately removes the
ichthyotoxicity of a Prymnesium suspension towards fish. We observed this effect of high aeration even at
P. parvum concentrations that normally cause 100 % mortality within 24 h. Also, we observed no response
of the fish towards the algae, including no mucus production. Very few studies have looked at the effects of
aeration on cultures of P. parvum with regards to the toxicity on other organisms. Skingel et al. (2010)
found that an increase in aeration from no aeration to 2 – 5 ml s-1 did not affect toxicity of a P. parvum
culture towards sheep erythrocytes. However, the level of aeration in their experiments was substantially
lower than in our experiments. Igarashi et al. (1995) have shown that aeration (360 l h-1) at approximately
the same flow rate as in our high aeration experiment caused 4-5 times higher intracellular hemolytic toxin
content, than lower aeration did (36 l h-1). Unfortunately they did not check the level of extracellular toxin
production.
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The fact that algal cell intracellular toxin content increases with higher amount of aeration is not
necessarily in contrast to our observation. We did not grow P. parvum under high aeration before use in
experiment 2, but turned on the aeration when the fish were added. The lack of ichthyotoxicity under high
aeration therefore does not include higher or lower toxin production/content of the algae. Instead, we
believe that the lack of ichthyotoxicity may be that toxic substances are removed from the water during
heavy aeration by a mechanism similar to a “protein skimmer” effect. Protein skimmers are normally used
in seawater tanks to remove a high diversity of molecules from water by the adhesion to air bubbles. Due
to Prymnesium toxins’ amphiphilic properties (Valenti Jr et al., 2010) the toxins are most likely caught in the
foam that appear on the water surface during heavy aeration of our P. parvum cultures. In our
experiments, the foam on the surface was not removed and therefore might, in principle, get dissolved in
the water again. However, the fish were typically only affected during the first 24 h. This means that the
protein skimmer effect therefore only needs to remove the toxic substances during the time it takes until
the fish by toxin absorption/acclimation could inactivate the effects of continuously production of toxic
substances.
Aeration of Prymnesium parvum cultures are known to decrease the toxicity towards fish and tadpoles,
previously, but the cause of effect has been attributed to oxidizing agents (Shilo and Aschner, 1953) and
not the protein skimmer effect that we suggest. We cannot rule out that an oxidizing agent changing the
ionization state of toxic substances from Prymnesium can lower the toxic potential. But at least for the
known toxins of P. parvum (the prymnesins) it is doubtful that the distribution of the ionization has any
effect in toxic potency (Cichewicz and Hambright, 2010). A potential pH effect can also be ruled out as a
similar pH in the highly aerated treatments of 7.5 (t0) and 7.6 (t12), caused fish mortality in experiments
with low aeration (Fig. 4).
4.4. Can fish acclimate towards toxic Prymnesium parvum?
One of our goals was to explore possible acclimation of fish to Prymnesium parvum. It is evident that the
clinical symptoms on rainbow trout disappeared after the exposure to P. parvum for more than 24 h, even
though we replaced the algal suspensions every day for five days, indicating that rainbow trout is able to
acclimate to this alga. Acclimation of fish towards ichthyotoxins produced by algae is not described in the
literature, but fish are able to acclimate to other substances. Stubblefield et al. (1999) tested acclimation of
rainbow trout to high levels of zinc and cadmium and discovered that adult and juvenile fish could be
acclimated to both these toxic metals. When exposed to zinc and cadmium the fish could survive normal
lethal concentrations by initial exposure to sub-lethal concentrations. Mechanisms behind acclimation of
fish to toxicants are largely unknown in general. In the case of metals, mechanisms of acclimation could be
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via reduced uptake of metals or via increased excretion through the fish gills (Duncan and Klaverkamp,
1983), by increasing the number and activity of chloride cells and/or by increasing mucus production
(Reichert et al., 1979). At present, it is not known if the mechanisms behind toxic metal acclimation are
similar to mechanisms behind acclimation to toxic substances from P. parvum.

The effects of acclimation to toxic metals seems to be lost after ca. 7 days, if kept in clean water prior to a
new exposure to the metals (Duncan and Klaverkamp, 1983; Stubblefield et al., 1999). In the present
experiment rainbow trout, which had been exposed to high concentrations (1.1×105 cells ml-1) of
Prymnesium parvum and subsequently transferred to clean water for 4 days, had completely lost the
resistance to P. parvum resulting in similar mortalities of both acclimated and naive fish upon exposure to a
concentration of P. parvum at 1.0×105 cells ml-1. Acclimation of rainbow trout to toxic substances may not
be toxicant specific. Acclimation of white suckers (Catostomus commersoni) to Zn also increased its
resistance to Cd (Duncan and Klaverkamp, 1983). Likewise acclimation of rainbow trout to Cu increased its
resistance to Zn (Dixon and Sprague, 1981). To what extent acclimation to toxic metals or other toxic or
nontoxic substances might provide a kind of cross protection against toxins from P. parvum is unknown.
However, if such pre-exposure to a compound could create cross protection against P. parvum toxins it
might be possible e.g. through coated food to increase the resistance of the fish towards P. parvum toxins.
Furthermore, the growth rate of a developing bloom might affect the fish mortality, since the fish may be
able to handle a slow developing bloom easier.

Due to the heavy mucus production from the gills of the fish, we cannot rule out that the observed
acclimation is against low oxygen and thereby an indirect acclimation to Prymnesium. Prymnesium
ichthyotoxins might only affect the gills e.g. with an overproduction of mucus or astringent effect of the
blood flow through the gills leading to suffocation of the fish. Interestingly, we never observed fish
mortality without large amounts of mucus present around the gills, even at the highest algal
concentrations. Farrow (1969) recognized that the manner of dying from P. parvum was quite different
from the symptoms when fish suffer from lack of oxygen. However, in some of our preliminary
experiments, the reaction pattern (see results) of the fish towards P. parvum (otherwise than secretion of
large amounts of mucus) seemed to be quite similar to reaction of rainbow trout when they were exposed
to oxygen deficiency. Shepard (1955) showed that brook trout (Salvelinus fontinalis) increased their survival
time between 3 and 10 fold after 4-10 days acclimation to non-lethal hypoxic conditions. In contrast Rees et
al. (2001) showed that zebra fish (Danio rerio) only require 36 h in non-lethal hypoxic conditions to see an
acclimation effect expressed as higher survival rate at lethal hypoxic conditions. Factors, such as fish
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species, temperature, degree of non-lethal hypoxia and natural habitats might have an impact on the
length of acclimation exposure and its effect, but overall the conclusion is that acclimation to hypoxia
results in a significant survival benefit at lower levels of oxygen (Rees et al., 2001). Further research is
needed to conclude if the present acclimation is to Prymnesium toxins or to hypoxic conditions.

4.5. Ecological implications
In the present set of experiments, nutrients were supplied in excess, far above what is found in the areas
where Prymnesium parvum blooms. Nutrient concentration will influence the amount of toxic substances
produced and released from P. parvum (Granéli and Salomon, 2010; Manning and La Claire, 2010). Studies
have showed that P. parvum intracellular toxicity increases during N and/or P limitation (Johansson and
Granéli, 1999; Shilo, 1967). Similarly, the growth phase affects toxicity and higher intracellular and
extracellular toxicity can be expected during stationary growth phase (Shilo, 1967). In the present study, we
chose to use P. parvum cultures in exponential growth because it allowed us to produce cultures with the
same level of toxicity each time. The harmful effect of P. parvum on the fish in our experiments could most
likely have been reached at a lower algal concentration if we had decided to grow the algal cultures under
N or P limited conditions or by using cultures in the stationary growth phase instead of using exponentially
growing algal cultures. This means that the lethal P. parvum concentrations reported in this paper probably
will not apply to the lethal concentrations of natural blooms.
In our experiments, we tried to keep pH stable around pH 8 and we did not find a connection between pH
and fish mortality. However, during natural blooms of Prymnesium parvum pH of the water will increase,
which may influence its toxicity towards fish. Shilo & Rosenberger (1960) state that ichthyotoxicity are only
expressed at pH levels above 7 and Valenti Jr et al. (2010) show that ichthyotoxicity increases from pH 7.5
to 8.5. Hence the agreement seems to be that the ichthyotoxicity increases with increasing pH (Manning
and La Claire, 2010). What causes the more severe effect on fish at higher pH is suggested to be the higher
amount of unionized Prymnesium toxins at higher pH (Valenti Jr et al., 2010) but the susceptibility of the
fish towards Prymnesium toxins might also increase during higher levels of pH, which may have implications
during natural algal blooms (Shilo and Aschner, 1953).
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5. Conclusions
In the present paper we have for the first time showed that it is possible to acclimate fish to a harmful alga
that produces ichthyotoxins. But as long as the chemical structure of these toxins is unresolved and
therefore cannot be measured chemically, it is difficult to precisely test the mechanisms behind the
acclimation. Both the production of large amounts of mucus in conjunction with onset of mortality and the
histologic changes seen in gills and liver could indicate that direct effect on the gills plays a role at the onset
of death e.g. by suffocation, rather than caused by a toxin entering the fish. Regardless of the reasons for
the observed mortality and acclimation, the toxins produced by Prymnesium parvum must have a direct
effect of the fish, since the addition of fish to an exponentially growing algal culture do not kill naive fish, if
the culture already had contained fish. We believe that the interaction between the ability of the fish to
acclimate and the loss of ichthyotoxicity in algal cultures containing fish will be of high importance in the
future perspectives of making farmed fish survive harmful algae blooms.
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Figure legends
Fig. 1. Mucus excretion from the gills of a 10 g rainbow trout (Oncorhynchus mykiss) exposed to the
ichthyotoxic algae Prymnesium parvum for 4 h (3.5×105 cells ml-1).
Fig. 2. Dose-response curve based on mortality of rainbow trout (Oncorhynchus mykiss) exposed to the
ichthyotoxic algae Prymnesium parvum. Algal concentrations are initial concentrations (t0). Exposure time A
= 12 h, B = 24 h and C = 120 h. The two open circles on Fig. 2 C shows fish mortality in Prymnesium
suspensions with higher aeration. Error bars are Standard deviation.
Fig. 3. Mortality of rainbow trout (Oncorhynchus mykiss) at different concentrations of the ichthyotoxic
algae Prymnesium parvum. Two data points of the algal concentration at the same time point indicate that
the algae have been diluted. The decrease in algal concentration in the first 12 h in Fig. 3C-G is probably
due to the mucus produced by the fish gills catching the algae. Error bars are Standard deviation.
Fig. 4. Values of pH (t0) in experiment 1 (dose-response) versus mortality. There is no correlation between
pH and mortality, within the pH range in this experiment. Error bars are Standard deviation.
Fig. 5. Histological gill changes observed after exposure of rainbow trout (Oncorhynchus mykiss) to
Prymnesium parvum. A-B and E; Long time exposure (5 days) with low dose of algal cells (4.3×104). C-D and
F; Short time exposure (6 hours) with high dose of algal cells (3.5×105). Separation of epithelial cells from
the underlying basement membrane (white arrowheads) with swelling of the detached cells is seen (A-C
and E). In the long time exposure group single cell necrosis (black arrowheads) is seen within the damaged
epithelium (A-B). Normal staining mucus cells (black arrows) are seen on secondary lamellae in both groups
(A and D), though emptied of most content in the short time exposure group (D). Reduced number and
mucus cells (black arrows) staining weaker are seen in the epithelium of the primary lamellae in the long
time exposure group (E) compared to the short time exposure group (F) where a normal staining pattern is
seen. PAS stain. E-F: bar = 50 µm, A, C-D: bar = 20 µm and B: bar = 10 µm.
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Abstract
In the early spring of 2009 and 2011 the dictyochophyte Pseudochattonella farcimen bloomed in the inner
Danish waters reaching cell concentrations of up to 1×104 and 1×105 cells ml-1, respectively. Both blooms
occurred when the seawater temperature was ~ 2 °C and both blooms led to extensive kills of salmonid
fish. Several strains of P. farcimen were isolated from the 2009 bloom. Exposure of rainbow trout
(Oncorhynchus mykiss) to laboratory grown P. farcimen cultures did not reveal any toxic effects. Light
microscopy analysis revealed that the algal cells displayed multiple mucocysts on their surface at the time
of isolation, but that these mucocysts were lost following cultivation in the laboratory. During the 2011
bloom in inner Danish waters, a field exposure experiment was set up with a continuous supply of filtered
or non-filtered bloom water to 1 m3 tanks containing rainbow trout as well as other fish species. During the
first 24 hours the rainbow trout were heavily affected by the non-filtered water, while no clinical effect was
observed in tanks supplied with sand filtrated water. Sand filtration removed about 80 % of the algal cells,
and since P. farcimen represented more than ca. 95 % of the algal cells in the water, the results strongly
suggest that P. farcimen is toxic to fish under controlled in situ conditions. The exact reasons for why the
ichthyotoxic effects cannot be replicated in laboratory experiment is unknown at present, but could be
related to environmental conditions during the fish trials, i.e. temperature and pH.
Keywords: Pseudochattonella farcimen; Dictyochophytes; ichthyotoxicity; mucocysts; rainbow trout
(Oncorhynchus mykiss).
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Introduction
In February - March 2009 and 2011 extensive ichthyotoxic blooms of the dictyochophyte Pseudochattonella
farcimen occurred in the Danish straits, the Great Belt and the Little Belt. Both blooms started developing
at temperatures ~ 2 °C and at salinities of 15-17. The 2009-bloom reached cell concentrations of 1×104 cells
ml-1, while the 2011-bloom reached cell concentrations of 1×105 cells ml-1. The blooms resulted in a
noticeable brown discoloration of the water with very little visibility in the water column, particularly
during the bloom in 2011. Based on satellite images, the 2011-bloom covered all the waters around the
island of Funen and extended to ca. 150 km offshore at its maximum (Fig. 1). By cell numbers, P. farcimen
made up 95 % of the total algal assemblage.
Up until 2009, Pseudochattonella farcimen was known as Chattonella aff. verruculosa (Raphidophyceae)
(Hara et al., 1994) and Verrucophora farcimen (Dictyochophyceae) (Edvardsen et al., 2007). However,
Hosoi-Tanabe et al. (2007) proposed the genus Pseudochattonella (Dictyochophyceae) for P. verruculosa, a
closely related species. For reasons of priority, V. farcimen was finally named Pseudochattonella farcimen
(Dictyochophyceae) in 2009 by Eikrem and allies (Eikrem et al., 2009). The distribution of P. farcimen is so
far limited to the North Sea and the interconnected Scandinavian waters around Denmark including the
southern part of the Kattegat and the Belt Sea. Since 1998, Pseudochattonella spp. have been found every
year in Scandinavian waters, but only seem to bloom in certain years (Riisberg and Edvardsen, 2008). Some
blooms have occurred in relatively warm waters, up to 18 °C, while other blooms have occurred in colder
waters around 2 – 5 °C. Pseudochattonella farcimen has so far only been identified from the cold water
blooms.
Pseudochattonella farcimen isolated from the 2009-bloom in the Danish Belts cannot maintain vegetative
growth for longer periods of time at temperatures above 6 °C, at bloom concentrations (Jakobsen et al.,
2012), indicating that P. farcimen is not responsible for the Scandinavian summer blooms of
Pseudochattonella, but only for the early spring blooms. Skjelbred et al. (subm.) documented that P.
verruculosa isolated from the North Sea have higher optimum temperatures for growth than P. farcimen.
Furthermore, observations from both the culturing and the occurrence of natural blooms of P. verruculosa
in Japanese and Australian waters support the adaptation of P. verruculosa to higher temperatures than
what is observed for P. farcimen (Hosoi-Tanabe et al., 2007; Jakobsen et al., 2012; MacKenzie et al., 2011;
Skjelbred et al., subm.) Thus, the summer blooms of Pseudochattonella sp. in Scandinavian waters are
probably due to P. verruculosa.
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In the past decade, Pseudochattonella farcimen has bloomed in brackish Danish waters and at one occasion
been found in the Baltic Sea at a salinity as low as 7 (Lotocka, 2009), while this has not been the case for P.
verruculosa. A recent report by Skjelbred et al. (subm.) found lower salinity growth optima as well as
salinity growth limits of P. farcimen as compared to P. verruculosa, indicating that P. verruculosa apparently
does not have the potential to spread into the inner Baltic Sea where salinities are below 8-10.
Only some blooms of Pseudochattonella in the North Sea and in the Scandinavian waters have been
recognized as ichthyotoxic. The ichthyotoxic blooms described in this paper both started developing in cold
water (2 °C) and historically all the cold water blooms of Pseudochattonella in Scandinavian waters have
been ichthyotoxic. Of the warm water blooms, which occur in temperatures up to 18 °C, only the bloom in
1998, led to fish mortalities (Riisberg and Edvardsen, 2008). The ichthyotoxic mechanism of
Pseudochattonella species is presently not known. The toxic mechanism has been associated with the
unusual PUFA (Polyunsaturated Fatty Acid) profile of this species (Dittami et al., 2012). However, it has
never been shown experimentally that the release of PUFA’s is involved in the mechanism of
ichthyotoxicity. Skjelbred et al. (2011) observed changes in gill epithelia cells, but saw no acute toxic effects
and no fish kills when exposing salmon smolt (Salmo salar) and cod fry (Gadus morhua) to even dense
cultures of P. farcimen. Also, no mucus was detected at the fish gills at the end of the experiment, which
possibly could have led to suffocation of the fish.
Pseudochattonella spp. are the first dictyochophytes reported to have mucocysts, which are otherwise
common among the raphidophytes (Edvardsen et al., 2007). The mucocysts are saccular or rod-shaped
extrusomes which are able to discharge a mucous like mass. The function of mucocysts on microalgae is not
clear and suggestions as grazer deterrence (Tillmann and Reckermann, 2002) and as a mechanism to
capture and eat bacteria (Jeong et al., 2010) have been proposed. Interestingly, some of the raphidophytes
possessing mucocysts (Jeong et al., 2010) have also been related to fish killing events, e.g. Fibrocapsa
japonica (Pezzolesi et al., 2010), Heterosigma akashiwo (Twiner et al., 2005) and Chattonella ovata (Hiroishi
et al., 2005). It has also been shown for the raphidophyte Chattonella antiqua that it releases a large
amount of its mucocysts when cells come into contact with mucus from fish gills (Shimada et al., 1991).
During the studies presented here we have only observed ichthyotoxic effect of P. farcimen when the alga
possessed mucocysts.
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The 2009 ichthyotoxic bloom in inner Danish waters
During the 2009-bloom in inner Danish waters there were no reports of affected wild fish, but mortality of
caged fish was severe. Atlantic salmon (Salmo Salar) and rainbow trout (Oncorhynchus mykiss) was highly
affected by the bloom with mortalities at a single mariculture site of 100 % and 50 %, respectively. On the
contrary, caged cod (Gadus morhua) and European whitefish (Coregonus lavaretus), at the same
mariculture site, were apparently not affected. Why some fish species are not affected by
Pseudochattonella farcimen, while others are not, is presently not known. From the bloom in 2009, 6
strains of P. farcimen were established by single cell isolation (Table 1). The strains were subsequently
grown at a salinity of 17 (in F/20 media), a temperature of 15 °C and light of 120 µE m-2 s-1, provided by cool
white fluorescent tubes.
Laboratory experiment, 2009
After the clonal cultures had been established, the temperature was lowered to 4 °C in preparation for pilot
laboratory experiments with rainbow trout (Oncorhynchus mykiss). Experiments were carried out in 60 L
triplicate glass aquaria at a temperature of 4 °C and a salinity of 17. Three acclimated fish (200-300 g) were
added to each aquarium. Aquaria were provided with an irradiance of 120 µE m-2 s-1. Pseudochattonella
farcimen was grown in aerated F/20 media in the experimental aquaria to the desired cell concentration
before the addition of fish. Oxygen content, temperature and pH were recorded regularly for 3 days. Initial
concentrations of P. farcimen in the range of 1×103 to 50×103 cells ml-1 were tested for acute ichthyotoxic
effects. No symptoms or mortality of the fish were observed in any of the tested P. farcimen
concentrations. The same setup was done with no aeration and there was no difference in fish mortality
between the P. farcimen treatment and the control without P. farcimen. Mortality occurred after ca. 12-15
hours, when oxygen content dropped below 20 % and therefore the fish mortality cannot be ascribed to
the effect of P. farcimen, but likely suffocation due to hypoxic conditions.
The 2011 ichthyotoxic bloom in inner Danish waters
Due to the ichthyotoxic bloom of Pseudochattonella farcimen in 2009, fish farmers postponed the release
of fish in 2011 until the end of March and therefore there was no recorded mortality of caged fish in 2011.
However, in contrast to 2009, the bloom in 2011 had a severe impact on the wild sea trout (Salmo trutta)
population. Several anglers reported dead S. trutta along the coast lines in combination with the absence of
live fish. The 2011 bloom was also the determinant factor for the postponement of angler unions to release
young S. trutta to the sea, which is normally released in the early spring. During the 2011-bloom we carried
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out laboratory and field experiments to determine the acute ichthyotoxic effect of P. farcimen towards
Oncorhynchus mykiss.
Laboratory experiment, 2011
Field sampled seawater was brought to the laboratory and kept at a constant temperature of 2.5 °C. The
experimental setup consisted of duplicate 2 L glass bottles, each with a total of 20 Oncorhynchus mykiss
(0.5 g), which had been acclimated to a temperature of 2.5 °C and a salinity of 15. Four treatments of the
bloom water were set up and tested against the fish: 1) Bloom water, 2) Bloom water heated to 10 °C and
subsequently lowered to 2.5 °C (during 2 hours) before use, 3) Supernatant of centrifuged (2500 rpm, 15
min.) bloom water and 4) North Sea bottom water (30 PSU) without algae, from local tank, mixed with tap
water to reach salinity of 15 (negative control). The oxygen content was kept above 95 % with a low
amount of aeration in all the treatments. The bottles were kept in a cooling water bath to keep a constant
temperature during the experiments. During the first 12 hours the pH (mean ± SD) dropped significantly
from 8.1 ± 0.2 to 7.7 ± 0.2 (t-test: P = 0.002), despite the aeration. Initially, all the Pseudochattonella
farcimen cells in the treatment with bloom water were elongated in shape and displayed visible mucocysts.
The drop in pH might be the reason why the cells after 12 hours had changed shape from elongated to
round and displayed no visible mucocysts. During the 24-hour experiments only 3 fish died in random
bottles; probably because the small O. mykiss (0.5 g) had difficulties coping with the low temperature and
salinity. The fish showed no signs of being affected by the P. farcimen bloom water that was brought to the
laboratory.
Field experiment, 2011
We carried out a field experiment at Snaptun Harbor (55°49’17N, 10°03’10E) in March 2011, during the
termination of the Pseudochattonella farcimen bloom. The late growth phase of the bloom was indicated
by no further increase in cell numbers and the observation of multinucleate stages. The multinucleate
stages start to develop at high cell concentrations when growth becomes limited (Jakobsen et al., 2012).
The aim of the experiment was to create a controlled setup with a continuous flow of sea water containing
Pseudochattonella farcimen cells, which would minimize the previously experienced problems with
environmental change for P. farcimen and its toxicity towards fish. As controls we set up two filter systems
to remove the algae and use this filtered water as controls. The setup would allow us to determine the
effect of P. farcimen on the fish.
Bloom water was pumped from the harbor with 3 immersion pumps to: 1) an empty tank 2) a tank
containing blue mussels (Mytilus edilus) acting as a bio-filter and 3) a sand filter with sand grain sizes in the
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range 0.09 to 0.25 mm. From the untreated tank and the 2 filter tanks, water was siphoned to duplicate fish
tanks. All filter and fish tanks had a volume of 1 m3. The species and amount of fish in each of the 6 fish
tanks are listed in Table 2.
Even though the mussel and the sand filter, after some adjustments, functioned well, the two types of
filters did not allow for a total removal of all Pseudochattonella farcimen cells. However, the mussel and
the sand filters continuously removed 35 and 80 %, respectively, of all the algal cells, compared to the
container with untreated bloom water (Table 3). The huge amount of P. farcimen cells apparently exceeded
the capacity of the mussel filter. The efficiency of the filters was easily seen on the water color, thus the
water that had passed the sand filter was completely clear compared to the brown water that had passed
the mussel filter. There were still some cells left in the water that had passed the sand filter, but many of
the cells were either small round and without mucocysts or damaged
We did not observe any fish mortality in the fish tanks, which most likely has been due to the late phase of
the bloom. However, during the first 24 hours of the experiment the large (500 g) rainbow trout were
heavily affected in the tanks with bloom water and in bloom water treated with “mussel filter”. The toxic
effects observed on the fish included irregular swimming, occasionally with the ventral side turning up,
combined with the fish hanging just below the surface without any normal escape reaction when humans
approached the tank. The fact that only the large rainbow trout were affected agrees with observations
made by Backe-Hansen et al. (2001). These authors only observed effects of Pseudochattonella sp. on large
fish around 2 kg, whereas smaller fish were not affected. In the containers with water from the sand filter,
the fish were not affected and showed normal swimming behavior. After the first 24 hours, no effects on
any of the fish species in any of the tanks were observed. The fish that had been affected previously
recovered completely. It has been suggested that exposure time exceeding 24 hours may be required in
order to observe an effect on fish by P. farcimen (Skjelbred et al., 2011). However, the present study
showed that an acute effect on the fish caused by P. farcimen can be obtained within 24 hours under
controlled experimental conditions.
In order to study how Pseudochattonella farcimen affected the gills we sampled gill tissue for histology of
fish exposed to each of the extreme treatments (non-filtrated seawater and sea-water that had passed
through the sand filter) in addition to the control fish. The tissue was fixed in phosphate buffered formalin,
embedded in paraffin and 3 µm sections were cut and stained in H&E. The results are illustrated in Fig. 2.
Compared to the non-exposed control fish (Fig. 2A), the gills of fish exposed to non-filtrated seawater (Fig.
2B) are seriously affected: the nuclei of most of the epithelial cells are disintegrated (karyorrhexis) and the
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epithelium is loosened from the pillar-cells (“lifting”), most likely due to edema. Some epithelial cells
appear swollen. The pillar cells have a dual function as they constitute the backbone of the secondary
lamellae and also act as endothelial cells. The epithelial lifting and nuclear disintegration seriously
compromises the oxygen uptake due to increased distance between the water and the pillar cells and
dysfunction of the epithelial cells. By contrast, the fish exposed to water that has passed through the sand
filter, which cleared the water by 80 % (Table 3), are much less affected, as only few epithelial cells show
signs of karyorrhexis or have swollen appearance, and epithelial lifting is much less pronounced (Fig. 2C).
Thus, there seems to be a direct correlation between the concentration of Pseudochattonella farcimen and
the degree of pathological changes of the gill epithelium.
In the study of Skjelbred et al. (2011) swelling of the nuclei and hypertrophy of the epithelial cells was a
common finding in the gills of trout exposed to Pseudopedinella pyriforme. In the present study including
Pseudochattonella farcimen, some degree of swelling of epithelial cells was also found in fish exposed to
non-filtrated sea water, but in the main part of the epithelium karyorrhexis was a common finding, most
likely because the exposure was rather intense due to the huge amounts of P. farcimen
In conclusion, we believe that the key to induce the ichthyotoxic effect is related to the condition of the
algae. When the algae cells are elongated and display mucocysts they are the most toxic. Future laboratory
experiments to study the ichthyotoxicity of P. farcimen should aim at exposing fish to P. farcimen cells
under conditions which do not lead to a morphological change of P. farcimen cells, i.e. constant
temperature around 3-4 °C and likely a stable pH.
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Tables

Table 1: Overview of the six Pseudochattonella farcimen strains isolated from Danish waters during an
ichthyotoxic bloom in the spring of 2009.
Clone name

Place of isolation

Date of isolation

Temperature and salinity

K-1808

55°49´22 N, 10°03´06 E

February, 2009

2 °C, 15 PSU

K-1809

55°49´22 N, 10°03´06 E

February, 2009

2 °C, 15 PSU

K-1804

55°28´50 N, 11°05´25 E

March, 2009

4 °C, 20 PSU

K-1805

55°28´50 N, 11°05´25 E

March, 2009

4 °C, 20 PSU

K-1806

55°28´50 N, 11°05´25 E

March, 2009

4 °C, 20 PSU

K-1807

55°28´50 N, 11°05´25 E

March, 2009

4 °C, 20 PSU

Table 2: Number and weight of fish in each of the 6 fish tanks at the field experiment during the
Pseudochattonella farcimen bloom in 2011.
Common name

Scientific name

Weight (g)

Number of fish

Flounder

Platichthys flesus

5

30

Rainbow trout

Oncorhychus mykiss

500

10

Rainbow trout

Oncorhychus mykiss

100

50

European whitefish

Coregonus lavaretus

500

10

European whitefish

Coregonus lavaretus

100

50

Table 3: Cell counts of Pseudochattonella farcimen 16 h after fish were added to the tanks.
1
Tank no.

Pseudochattonella farcimen
(cells ml-1)
Filter clearance

2

(control) (control)

60600

49400
-

3

4

5

6

(mussel
filter)

(mussel
filter)

(sand
filter)

(sand
filter)

40000

31857

5900

16550

35 %

90

80 %

Paper III

Figure legends
Fig. 1. Satellite image of chlorophyll concentration during the Pseudochattonella farcimen bloom in
February/March 2011 in the inner Danish waters. The image is provided by the Danish Meteorological
Institute (DMI) via http://marcoast.dmi.dk .
Fig. 2. H&E (hematoxylin and eosin staining) of gill tissue. (A) Small naive rainbow trout (Oncorhynchus
mykiss) not exposed to water containing Pseudochattonella farcimen. Epithelial cells are intact, as are the
nuclei of these cells (bright holes are artifacts due to fixation in formalin). (B) Small rainbow trout, kept in
water that has not been filtrated. Most of the epithelial cells are affected and show pronounced
karyorrhexis and epithelial loosening. (C) Small rainbow trout, kept in water that has passed through a sand
filter with grain sizes in the range of 0.09-0.25 mm. Some/few of the epithelial cells have disintegrated
nuclei (karyorrhexis). Some areas of the lamellae show loosening of epithelial cells (C).

91

Paper III

Figures
Fig. 1.

92

Paper III

Fig. 2.
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Abstract
Ichthyotoxic algal blooms are normally considered a threat to maricultured fish, only when blooms reach
lethal cell concentrations. The degree to which sublethal algal concentrations challenges the health of the
fish during blooms is practically unknown. In this study, we test if sublethal concentrations of the
ichthyotoxic alga Prymnesium parvum increase the susceptibility of rainbow trout (Oncorhynchus mykiss) to
viral haemorrhagic septicaemia virus (VHSV). During exposure to sublethal algal concentrations, the fish
increased production of mucus on their gills. If fish were exposed to the algae for 12 hours prior to the
addition of virus, the fish were less susceptible to VHSV compared to fish given the control treatment
without algae. If virus and algae were added simultaneously, inclusion of the algae increased the mortality
by approximately 50 % compared to fish exposed to virus only. Depending on the local exposure conditions,
sublethal concentrations of P. parvum can thus affect susceptibility of the fish to infectious agents like
VHSV.
Keywords:

Viral haemorrhagic septicaemia virus, Prymnesium parvum, fish disease, harmful algal
blooms, susceptibility.
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1. Introduction
In Danish aquaculture, 2 year old rainbow trout are transferred from freshwater to mariculture facilities in
the early spring and harvested in late autumn of the same year. During rearing of the fish, which occurs in a
brackish water environment, there is no possibility of controlling the water quality. However, the
environmental conditions are very important and seem to significantly influence disease outbreaks in the
fish farms. Harmful microalgal blooms represent one of the major environmental risk factors in mariculture
(Landsberg, 2002). However, little is known whether such blooms facilitate outbreaks of infectious diseases.
One of the most significant diseases in European aquaculture is viral haemorrhagic septicaemia (VHS)
(Olesen, 1998). The causative agent is an infectious virus called viral haemorrghagic septicaemia virus
(VHSV). Rainbow trout (Oncorhynchus mykiss) is the most susceptible aquacultured fish species and during
disease outbreaks the fish show clinical signs such as haemorrhages in the meninges, muscles, internal
organs and the eyes. The affected fish are slow, lethargic, display darkening of the body, pale gills and popeyes. Mortality of adult fish in fish farms is usually between 30 - 70 % (Skall et al., 2005). Fish will not
necessarily display symptoms if infected, as VHSV also can persist at a subclinical level (Jørgensen, 1982).
Marine fish farms containing rainbow trout have experienced several VHSV outbreaks since 1982
(Jørgensen, 1992). Some of the outbreaks are probably due to transferred virus from the freshwater
environment (Hørlyck et al., 1984) but intensive efforts to minimize the infection risk from freshwater have
reduced this infection route (Olesen, 1998).VHSV is, however, also widespread in the marine environment
and has been isolated from wild fish in both the North Sea (King et al., 2001; Smail, 2000) and the Baltic Sea
(Gadd et al., 2011; Mortensen et al., 1999). The virus has so far been found throughout the northern
hemisphere e.g. USA, Canada and Japan, and the number of recorded wild host species is still increasing as
a result of increased monitoring (Skall et al., 2005).
Generally, the genotypes of VHSV from the marine environment exhibit low virulence to marine farmed
rainbow trout (Skall et al., 2004). However, there are several recent indications of direct transfer of VHSV
from marine wild fish to marine farmed rainbow trout. In Finland, VHSV was isolated from 4 marine
rainbow trout farms in 2000 and in 2004; the virus had spread to 24 farms in 3 separate locations. Results
by Raja-Halli et al. (2006) using gene sequences of the Finnish VHSV strains support the hypothesis that wild
fish populations were the source of the primary infection. Similarly, the infection route was also assumed
to be from wild fish during outbreaks of VHS in marine rainbow trout farms in Sweden during 1998 and
2000 (Skall et al., 2005) and in Norway during 2007 (Dale et al., 2009).
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In addition to infectious diseases, blooms of harmful microalgae can also result in mass mortalities of
aquatic organisms, including fish in mariculture (Landsberg, 2002; MacKenzie et al., 2011). Fish in
mariculture facilities are exposed to a higher degree than wild fish, because they cannot escape from the
bloom. During sublethal blooms of harmful algae, fish may not display any visual symptoms of being
affected. However, algal concentrations may be sufficiently high to induce stress in the fish.
There is direct evidence that the diatom Chaetoceros spp., through physically harmful mechanisms, can
increase the mortality in salmonid fish by increasing the susceptibility towards bacterial infections (Albright
et al., 1993). However, with the exception of the experiments with Chaetoceros spp., very little is known
about the role of other harmful microalgae during disease outbreaks recorded in maricultured rainbow
trout. Nevertheless, examples exist of fish expressing diseases following blooms of harmful algae
(Landsberg, 1995; Noga, 1998; Seymour, 1980), and it is a possibility that fish may display increased
susceptibility to diseases when exposed to harmful algae.
The ichthyotoxic alga Prymnesium parvum is a considerable threat to aqua- and mariculture worldwide due
to its ability to form massive blooms (Johnsen et al., 2010; Southard et al., 2010). During exposure of
rainbow trout to both lethal and sublethal concentrations of P. parvum, the fish respond by producing high
amounts of mucus in the operculum cavity (Andersen et al., 2012). It has further been shown that the gill
epithelia cells of minnows (Gambusia affinis) become heavily damaged and the gills lose their ability to
osmoregulate, when exposed to P. parvum (Ulitzur and Shilo, 1966). In the present study we wanted to
analyze whether a sublehtal exposure of rainbow trout to Prymnesium parvum could increase the
susceptibility of the fish to VHSV in a marine environment. If this is the case, it will be the first documented
example of an infectious disease being mediated by an ichtyotoxic microalga.
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2. Materials and methods
2.1. Algal culture conditions
Prymnesium parvum (Kalmar University Culture Collection, strain KAC 39) was grown in 10 L Pyrex® bottles
at 10 °C in 15 psu water, based on 35 psu seawater diluted with tap water. After dilution, water was heated
to 95 °C for 90 minutes and subsequently cooled, before nutrients were added to make F/2 medium
(Guillard and Ryther, 1962). Diurnal cycle was 12:12 and light was provided by cool white fluorescent tubes
at 120 µE m-2 s-1, measured inside the algal culture bottle with a Li-Cor®, LI-1000 radiation sensor equipped
with a spherical probe. Aeration (~ 6 L h-1) was provided by a Hiblow 40 air pump through a 5 cm spherical
air stone. Algal cultures were inoculated to a starting concentration of 1×104 cells ml-1 and grown to
concentration of 0.8×106 – 10×106 cells ml-1 before use. All algal cultures used for experiments were in
exponential growth phase.
2.2. Virus & cells
VHS virus isolate DK-3592B originating from a clinical outbreak of VHS in farmed rainbow trout in Denmark
was used for all experiments in low passage number (Lorenzen et al., 1993). BF-2 cells (Wolf et al., 1966)
were used for propagation and titration of virus for exposure to fish. Titres were calculated as tissue culture
infective doses 50 % (TCID50) (Rovozzo and Burke, 1973) ml-1 of sample.

2.3. Toxicity of algae to viral haemorrhagic septicaemia virus
Before exposing fish to Prymnesium parvum and viral haemorrhagic septicaemia virus (VHSV), we tested if
the alga was able to inactivate the virus. This was done by comparative titration on cell cultures of virus
samples exposed to a single algal concentration for different amount of time. Three tubes containing each
50 ml alga culture (49×103 cells ml-1) and 1 tube containing 50 ml media (control) were inoculated with 50
µl of VHSV (final titter 4.8×104 TCID50 ml-1). After 1, 4 and 7 hours, respectively, subsamples were
withdrawn and for titration. Tenfold dilution series were prepared and 25 µl inoculated in 12 replicate wells
on 96 well microtitre plates containing cultured BF-2 cells (Wolf et al., 1966). The plates were stored at 15
°C for 7 days, before microscopical examination for cytopathogenic effect. Titres were calculated as tissue
culture infective doses 50 % (TCID50) (Rovozzo and Burke, 1973) per ml of sample.
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2.4. Fish experiments
The experiments were carried out in 8 l aquaria with 4 l (50 %) water change per day. Water of 15 PSU was
made from 33 PSU uv-sterilized tank water from the North Sea, diluted with tap water. Before use, rainbow
trouts (Oncorhynchus mykiss) were acclimated to a salinity of 15 PSU and a temperature of 10 °C for at
least 14 days. During the experiments the fish were fed a commercial pellet feed once a day (approximately
1 % of body weight daily). A minimum of aeration were supplied to the aquaria to keep oxygen content
above 80 % at all time. No specific light was provided to the aquaria during alga and VHSV exposure, but
the laboratory was illuminated in a 12:12 light dark ratio. The fish mortality was recorded daily and
dead/moribund fish were removed from the aquaria.
Exposure experiments were performed with two or three replicate aquaria in each group. Results from the
exposure experiments were analyzed with the Kaplan-Meier Log-Rank Survival Test (Systat Software Inc.,
SigmaPlot Version 11.0).
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2.4.1. Pre-exposure to algae (experiment 1)
A single algal concentration was tested in combination with 2 different virus dilutions to measure the
susceptibility of the fish towards VHSV. The aquaria contained 25 fish (5 g) and the setup consisted of 6
treatments; 1) Negative control with only added virus media, 2) Prymnesium parvum, 3) VHSV1 (7.4×104
TCID50 ml-1 aquarium water), 4) VHSV2 (5.0×102 TCID50 ml-1 aquarium water), 5) VHSV1 (7.4×104 TCID50 ml-1
aquarium water) and P. parvum and 6) VHSV2 (5.0×102 TCID50 ml-1 aquarium water) and P. parvum, in
duplicate aquaria. The fish were exposed to the algae for 12 hours, thereafter all the water was renewed
and virus added. The fish were further exposed to virus for 2 hours, where after all the water was renewed
once again. The experiment was terminated after 32 days.

2.4.2. Simultaneous exposure to algae and virus (experiment 2 and 3)
In experiment 2, the fish were exposed to both VHSV and algae from the start of the experiment. After 24
hours all the water was renewed. 3 different virus dilutions were tested (VHSV1-3; 8.9×104, 4.1×102 and
1.9×101 TCID50 ml-1 aquarium water). The experiment was performed in triplicate aquaria with 10 fish (1215 g) in each aquarium and was stopped after 22 days.
The third experiment also consisted of 8 treatments in triplicate aquaria and the fish were exposed to VHSV
and algae from the start of the experiment, equal to experiment 2. The 3 virus dilutions used in this
experiment were: (VHSV1-3) 4.1×104, 5.0×103 and 6.0×102 TCID50 ml-1 aquarium water. There were 25 fish (78 g) in each aquaria and the experiment was terminated after 21 days.
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3. Results
3.1 Toxicity of algae to viral haemorrhagic septicaemia virus (VHSV)
The supernatant from Prymnesium parvum did not seem to affect the virulence of the virus. There was no
significant difference in virus titres between the control (only virus media) (7.1×103 TCID50 ml-1) and the
virus that have been incubated with P. parvum supernatant for 1, 4 or 7 hours (4.8, 4.0 and 8.6×103 TCID50
ml-1), respectively (P = 0.299, Kruskal-Wallis One Way Analysis of Variance on Ranks).

3.2. Fish exposure to Prymnesium parvum and VHSV
In all the 3 exposure experiments (exp. 1, 2 and 3) the fish showed mucus production from their gills, when
exposed to sublethal algal concentrations. Following exposure to VHSV, dying fish developed typical clinical
symptoms of VHS including exophthalmia, external haemorrhages particularly in the opercula and in the
buccal cavity, darkening and uncoordinated swimming. Such fish were terminated. An overview of the
cumulated mortalities at the end of the experiments is given in Table 1. Data are presented as means with
mortality of each replicate. Cumulated mortalities are depicted as function of time in Fig. 1-3. Data are
presented as means with standard deviation (± SD).

3.2.1. Experiment 1
In experiment 1, the fish were exposed to algae for 12 hours prior to the exposure to two different VHSV
dilutions. The mortality of the fish treated with VHSV and VHSV + algae were not significantly different at
any of the two virus dilutions (P = 0.515 and 0.438, respectively) (Fig. 1A and B). However, the fish that
were exposed to VHSV + algae, showed a tendency towards lower mortality compared to the group only
exposed to VHSV. When the experiment was stopped after 32 days, the mortality in the two virus dilutions
were 10 and 4 % lower in the two treatments with VHSV + algae compared to the groups only exposed to
VHSV, respectively. No fish died in the control with only virus media and in the group only exposed to algae.
There was no statistically significant difference in the algal concentrations between the groups (± SD); P.
parvum (57 ± 2×103 cells ml-1), VHSV1 + P. parvum (57 ± 5×103 cells ml-1), VHSV2 + P. parvum (59 ± 2×103
cells ml-1), in experiment 1, Kruskal-Wallis One Way ANOVA on Ranks (P = 0,933).

3.2.2. Experiment 2
In experiment 2, the fish were exposed to both algae and virus from the start of the experiment. The VHSV
exposure was done with 3 different VHSV dilutions. In the group exposed to the highest VHSV
concentration, the mortality increased significantly (P = < 0.001) when the fish were exposed to both VHSV
and algae, compared to only VHSV (Fig. 2A). This significant difference was not seen in the two groups
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exposed to the two lowest virus concentrations (P = 0.708 and 0.168, respectively) (Fig. 2B and C). Except
for 2 fish exposed to both VHSV and algae, no mortality in the lowest VHSV concentration occurred (Fig.
2C).
There was no statistically significant difference in the algal concentrations between the groups; P. parvum
(54 ± 3×103 cells ml-1), VHSV1 + P. parvum (73 ± 3×103 cells ml-1), VHSV2 + P. parvum (77 ± 13×103 cells ml-1),
VHSV3 + P. parvum (67 ± 8×103 cells ml-1), in experiment 2, One Way ANOVA (P = 0,155).

3.2.3. Experiment 3
In experiment 3, the fish were, like in experiment 2, exposed to both VHSV and algae from the start of the
experiment. However, in experiment 3 the highest concentration of VHSV did not show a significant
difference in mortality between the VHSV treatment and the VHSV + alga treatment (P = 0.071). The
intermediate VHSV concentration did neither show a significant difference in mortality (P = 0.478). At the
lowest concentration, there was a significant higher mortality in the VHSV + algae treatment compared to
the VHSV treatment (P = < 0.001).
There was no statistically significant difference in the algal concentrations between the groups; P. parvum
(94 ± 12×103 cells ml-1), VHSV1 + P. parvum (85 ± 6×103 cells ml-1), VHSV2 + P. parvum (91 ± 2×103 cells ml-1),
VHSV3 + P. parvum (92 ± 5×103 cells ml-1), in experiment 3, One Way ANOVA (P = 0,695).
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4. Discussion
In this study, we demonstrated for the first time an increased susceptibility of rainbow trout (Onchorynchus
mykiss) to viral haemorrhagic septicaemia virus (VHSV) during exposure to sublethal concentrations of an
ichthtyotoxic alga. However, the effect was highly dependent on the exposure conditions and if the fish
were exposed to the algae before virus, their susceptibility to VHSV tended to decrease. The pathological
effects on rainbow trout caused by the toxic algae Prymnesium parvum itself under laboratory conditions
are only seen within the first 24 hours of exposure (Andersen et al., 2012). For that reason, fish were not
exposed to alga for more than 24 hours in the present experiments.
During all our experiments, the fish secreted mucus into the operculum cavity when they were exposed to
sublethal concentrations of Prymnesium parvum. The production of visible mucus confirmed that the fish
were affected by the presence of P. parvum. There was no clinically visible mucus seen on the control fish.
Mucus production from the operculum cavity is the first observed clinical effect when rainbow trout are
exposed to P. parvum and mortality subsequently occurs at high algal concentrations (Andersen et al.,
2012). In the present study, the algal concentration was intentionally adjusted to a sublethal level to allow
analysis of the combined effect of VHSV and algae. Only in experiment 3, a few fish in the group exposed
only to P. parvum died after 4 days of unknown reasons. When fish was exposed to P. parvum and VHSV at
the same time, an increased susceptibility towards the virus was seen. However, this was only observed at
the highest concentration of virus.
When fish are exposed to VHSV in a water bath, all body surfaces of the fish are exposed to the virus. For a
long time the gills were considered the main portal of entry for VHSV into the fish, since the gills were the
first organ where the virus could be demonstrated, post infection (Neukirch, 1984). Later other
transmission routes were identified through skin and fin bases (Harmache et al., 2006; Montero et al.,
2011) as well as through oral uptake (Schonherz et al., 2012). However, Ulitzur and Shilo (1966) show that
fish gills are damaged and loses their ability to osmoregulate within the first 5-15 minutes when exposed to
Prymnesium parvum. It might thus be hypothesized that sublethal alga concentrations “open up” for an
already existing transmission route through the gills. Further comparative histological studies of the
propagation of VHSV in fish exposed to different algal concentrations are required to confirm this.
When fish were exposed to Prymnesium parvum for 12 hours before they were exposed to VHSV, lower
mortality in the group exposed to both VHSV and Prymnesium parvum compared to the group only exposed
to VHSV was observed (Fig. 1 A and B). During the exposure to P. parvum 12 hours prior to VHSV the fish
developed mucus in the operculum cavity. Whether the presence of this mucus could have protected the
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fish from infections with VHSV remains to be determined. Alternatively, algal exposures might also up
regulate innate defense mechanisms, and hereby temporarily affect the susceptibility to viral disease.
When the number of fish in the exposure aquaria was raised from 10 to 25 in experiment 3, no significant
increase in susceptibility toward VHSV was observed in the combined exposure experiment, except for the
highest virus dilution (Fig. 3C). Mucus secretion from the operculum was observed, indicating that the fish
were slightly affected by the exposure to the algae. How to explain that observation? It is well known that
the amount of the target material affects the toxicity of a Prymnesium parvum cell suspension to target
organisms (Reich and Rotberg, 1958; Tillmann, 2003). We therefore believe that the increased number of
fish in experiment 3 decreased the effect of the algae on the individual fish, resulting in a lack of increased
susceptibility to VHSV. This observation has potentially huge implications for how ichthyotoxic algal blooms
can be treated in enclosed water bodies.
The present study demonstrates for the first time that combined exposure to sublethal concentrations of
ichthyotoxic algae and infectious agents like VHSV can lead to an increased susceptibility to diseases in
rainbow trout reared in marine waters. Further studies are required to determine which combinations of
algal and virus exposure that result in the most detrimental effects, but the results stresses the importance
of taking local environmental parameters into account in evaluation of risks of disease outbreaks in
mariculture. Since Prymnesium parvum affect several fish species (Shilo, 1971) and VHSV are virulent to
other marine cultured fish species (Mortensen et al., 1999), there is a high chance that the increased
susceptibility will also be seen in other fish species. Vaccination can efficiently prevent VHS (Lorenzen and
LaPatra, 2005), and future studies are planned to evaluate whether vaccination against VHS can prevent
disease also when the fish are simultaneously exposed to toxic algae.

107

Paper IV

References
Albright, L.J., Yang, C.Z., Johnson, S., 1993. Sub-lethal concentrations of the harmful diatoms, Chaetoceros
concavicornis and C. convolutus, increase mortality rates of penned Pacific salmon. Aquaculture
117(3-4), 215-225.
Andersen, N.G., Lorenzen, E., Lorenzen, N., Boutrup, T.S., Hansen, P.J., 2012. First report showing short
term acclimation of fish towards the ichthyotoxic algae Prymnesium parvum. Submittet to Harmful
Algae.
Dale, O.B., Orpetveit, I., Lyngstad, T.M., Kahns, S., Skall, H.F., Olesen, N.J., Dannevig, B.H., 2009. Outbreak of
viral haemorrhagic septicaemia (VHS) in seawater-farmed rainbow trout in Norway caused by VHS
virus Genotype III. Diseases of Aquatic Organisms 85(2), 93-103.
Gadd, T., Jakava-Viljanen, M., Tapiovaara, H., Koski, P., Sihvonen, L., 2011. Epidemiological aspects of viral
haemorrhagic septicaemia virus genotype II isolated from Baltic herring, Clupea harengus membras
L. Journal of Fish Diseases 34(7), 517-529.
Guillard, R.R., Ryther, J.H., 1962. Studies of marine planktonic diatoms. 1. Cyclotella nana Hustedt, and
Detonula confervacea (Cleve) Gran. Canadian Journal of Microbiology 8(2), 229-239.
Harmache, A., LeBerre, M., Droineau, S., Giovannini, M., Bremont, M., 2006. Bioluminescence imaging of
live infected salmonids reveals that the fin bases are the major portal of entry for Novirhabdovirus.
Journal of Virology 80(7), 3655-3659.
Hørlyck, V., Mellergaard, S., Dalsgaard, I., Jørgensen, P.E.V., 1984. Occurrence of VHS in Danish
maricultured rainbow trout. Bulletin of the European Association of Fish Pathologists 4(1), 11-13.
Johnsen, T.M., Eikrem, W., Olseng, C.D., Tollefsen, K.E., Bjerknes, V., 2010. Prymnesium parvum: The
Norwegian experience. Journal of the American Water Resources Association 46(1), 6-13.
Jørgensen, P.E.V., 1982. Egtved virus: occurrence of inapparent infections with virulent virus in free-living
rainbow trout, Salmo gairdneri Richardson, at low temperature. Journal of Fish Diseases 5(3), 251255.
Jørgensen, P.E.V., 1992. Proceedings of the OJI International Symposium on Salmonid Diseases, In: Kimura,
T. (Ed.), Salmonid Diseases. Hokkaido University Press, pp. 60-71.
King, J.A., Snow, M., Smail, D.A., Raynard, R.S., 2001. Distribution of viral haemorrhagic septicaemia virus in
wild fish species of the North Sea, north east Atlantic Ocean and Irish Sea. Diseases of Aquatic
Organisms 47(2), 81-86.
Landsberg, J.H., 1995. Tropical reef-fish disease outbreaks and mass mortalities in Florida, USA: what is the
role of dietary biological toxins? Diseases of Aquatic Organisms 22(2), 83-100.
Landsberg, J.H., 2002. The effects of harmful algal blooms on aquatic organisms. Reviews in Fisheries
Science 10(2), 113-390.
Lorenzen, N., LaPatra, S.E., 2005. DNA vaccines for aquacultured fish. Revue Scientifique Et TechniqueOffice International Des Epizooties 24(1), 201-213.
Lorenzen, N., Olesen, N.J., Jorgensen, P.E.V., Etzerodt, M., Holtet, T.L., Thogersen, H.C., 1993. Molecular
cloning and expression in Escherichia coli of the glycoprotein gene of VHS virus, and immunization
of rainbow trout with the recombinant protein. Journal of General Virology 74, 623-630.
MacKenzie, L.A., Smith, K.F., Rhodes, L.L., Brown, A., Langi, V., Edgar, M., Lovell, G., Preece, M., 2011.
Mortalities of sea-cage salmon (Oncorhynchus tshawytscha) due to a bloom of Pseudochattonella
verruculosa (Dictyochophyceae) in Queen Charlotte Sound, New Zealand. Harmful Algae 11, 45-53.
Montero, J., Garcia, J., Ordas, M.C., Casanova, I., Gonzalez, A., Villena, A., Coll, J., Tafalla, C., 2011. Specific
Regulation of the Chemokine Response to Viral Hemorrhagic Septicemia Virus at the Entry Site.
Journal of Virology 85(9), 4046-4056.
Mortensen, H.F., Heuer, O.E., Lorenzen, N., Otte, L., Olesen, N.J., 1999. Isolation of viral haemorrhagic
septicaemia virus (VHSV) from wild marine fish species in the Baltic Sea, Kattegat, Skagerrak and
the North Sea. Virus Research 63(1-2), 95-106.

108

Paper IV

Neukirch, M., 1984. An experimental study of the entry and multiplication of viral hemorrhagic septicemia
virus in rainbow trout, Salmo gairdneri Richardson, after water-borne infection. Journal of Fish
Diseases 7(3), 231-234.
Noga, E.J., 1998. Toxic algae, fish kills and fish disease. Fish Pathology 33(4), 337-342.
Olesen, N.J., 1998. Sanitation of viral haemorrhagic septicaemia (VHS). Journal of Applied IchthyologyZeitschrift Fur Angewandte Ichthyologie 14(3-4), 173-177.
Raja-Halli, M., Vehmas, T.K., Rimaila-Parnanen, E., Sainmaa, S., Skall, H.F., Olesen, N.J., Tapiovaara, H.,
2006. Viral haemorrhagic septicaemia (VHS) outbreaks in Finnish rainbow trout farms. Diseases of
Aquatic Organisms 72(3), 201-211.
Reich, K., Rotberg, M., 1958. Some factors influencing the formation of toxin poisonous to fish in bacteriafree cultures of Prymnesium. Bulletin of the Research Council of Israel 7(B), 199-202.
Rovozzo, G.C., Burke, C.N., 1973. A manual of basic virological techniques. Prentice-Hall Inc., Englewood
Cliffs, New Jersey.
Schonherz, A.A., Hansen, M.H.H., Jorgensen, H.B.H., Berg, P., Lorenzen, N., Einer-Jensen, K., 2012. Oral
transmission as a route of infection for viral haemorrhagic septicaemia virus in rainbow trout,
Oncorhynchus mykiss (Walbaum). Journal of Fish Diseases 35(6), 395-406.
Seymour, E.A., 1980. Effects and control of algal blooms in fish ponds. Aquaculture 19(1), 55-74.
Shilo, M., 1971. Toxins of Chrysophyceae, In: Kadis, S., Ciegler, A., Ajl, S.J. (Eds.), Microbial Toxins. Academic
Press, New York, pp. 67-103.
Skall, H.F., Olesen, N.J., Mellergaard, S., 2005. Viral haemorrhagic septicaemia virus in marine fish and its
implications for fish farming - a review. Journal of Fish Diseases 28(9), 509-529.
Skall, H.F., Slierendrecht, W.J., King, J.A., Olesen, N.J., 2004. Experimental infection of rainbow trout
Oncorhynchus mykiss with viral haemorrhagic septicaemia virus isolates from European marine and
farmed fishes. Diseases of Aquatic Organisms 58(2-3), 99-110.
Smail, D.A., 2000. Isolation and identification of Viral Haemorrhagic Septicaemia (VHS) viruses from cod
Gadus morhua with the ulcus syndrome and from haddock Melanogrammus aeglefinus having skin
haemorrhages in the North Sea. Diseases of Aquatic Organisms 41(3), 231-235.
Southard, G.M., Fries, L.T., Barkoh, A., 2010. Prymnesium parvum: The Texas experience. Journal of the
American Water Resources Association 46(1), 14-23.
Tillmann, U., 2003. Kill and eat your predator: a winning strategy of the planktonic flagellate Prymnesium
parvum. Aquatic Microbial Ecology 32(1), 73-84.
Ulitzur, S., Shilo, M., 1966. Mode of action of Prymnesium parvum ichthyotoxin. Journal of Protozoology
13(2), 332-336.
Wolf, K., Gravell, M., Malsberg.Rg, 1966. Lymphocystis virus: Isolation and propagation in centrarchid fish
cell lines. Science 151(3713), 1004-&.

109

Paper IV

Tables
Table 1
VHSV exposure dose
-1
(TCID50 ml aquarium
water)
Exp. 1

4

7.4×10

2

5.0×10

4

Exp. 2

8.9×10

2

4.1×10

1

1.9×10

4

Exp. 3

4.1×10

3

5.0×10

2

6.0×10

Prymnesium parvum (cells
-1
ml )
3
57 ± 5×10
3
59 ± 2×10
3
73 ± 3×10
3
77 ± 13×10
3
67 ± 8×10
3
85 ± 6×10
3
91 ± 2×10
3
92 ± 5×10
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Percent mortality
(replicates)
96 (96, 96)
92 (96, 88)
76 (81, 71)
67 (72, 62)
52 (67, 40, 50)
87 (100, 80, 80)
48 (38, 45, 60)
47 (80, 10, 50)
0 (0, 0, 0)
7 (20, 0, 0)
89 (96, 83, 88)
78 (62, 87, 84)
70 (73, 78, 58)
70 (52, 76, 83)
41 (0, 72, 50)
69 (64, 88, 56)
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Figure legends
Fig. 1: Mean cumulative mortality (± ±) of rainbow trout (Oncorhynchus mykiss) when pre-exposed to the
harmful alga Prymnesium parvum 12 hours prior to the exposure to VHSV (n = 25) (Exp. 1). Fig. 1A and B
represents two different VHSV concentrations (TCID50 ml-1), respectively. Open triangles are mortality of
fish only exposed to VHSV and closed triangles are mortality of fish exposed to both VHSV and P. parvum.
There is no difference in fish mortality when fish are pre-exposed to P. parvum prior to exposure to VHSV
compared to the fish only exposed to VHSV. There were no mortality in the control fish and the fish only
exposed to a sublethal concentration of P. parvum (closed and open circles, respectively).
Fig. 2: Mean cumulative mortality (± SD) of rainbow trout (Oncorhynchus mykiss) when simultaneously
exposed to the harmful alga Prymnesium parvum and VHSV (n = 10) (Exp. 2). Fig. 2A, B and C represents
three different VHSV concentrations (TCID50 ml-1), respectively. Open triangles are mortality of fish only
exposed to VHSV and closed triangles are mortality of fish exposed to both VHSV and P. parvum. At the
highest virus concentration (A) there is an increased mortality in the fish exposed to P. parvum and VHSV
compared to the fish only exposed to VHSV. There were no mortality in the control fish and the fish only
exposed to a sublethal concentration of P. parvum (closed and open circles, respectively).
Fig. 3: Mean cumulative mortality (± SD) of rainbow trout (Oncorhynchus mykiss) when simultaneously
exposed to the harmful alga Prymnesium parvum and VHSV (n = 25) (Exp. 3). Fig. 3A, B and C represents
three different VHSV concentrations (TCID50 ml-1), respectively. Open triangles are mortality of fish only
exposed to VHSV and closed triangles are mortality of fish exposed to both VHSV and P. parvum. There is
no difference in fish mortality between the fish exposed to P. parvum compared to the fish exposed to both
P. parvum and VHSV when number of fish per aquarium is increased, compared to Exp. 2.
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Fig. 2
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Fig. 3
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