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Review Article
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Prymnesium parvum is a toxin-producing microalga that causes harmful algal blooms
globally, which often result in large-scale fish kills that have severe ecological and eco-
nomic implications. Although many toxins have previously been isolated from P. parvum,
ambiguity still surrounds the responsible ichthyotoxins in P. parvum blooms and the
biotic and abiotic factors that promote bloom toxicity. A major fish kill attributed to
P. parvum occurred in Spring 2015 on the Norfolk Broads, a low-lying set of channels
and lakes (Broads) found on the East of England. Here, we discuss how water samples
taken during this bloom have led to diverse scientific advances ranging from toxin ana-
lysis to discovery of a new lytic virus of P. parvum, P. parvum DNA virus (PpDNAV-BW1).
Taking recent literature into account, we propose key roles for sialic acids in this type of
viral infection. Finally, we discuss recent practical detection and management strategies
for controlling these devastating blooms.

Introduction
Harmful algal blooms (HABs) are rapid expansions of phytoplankton populations, which represent a
major threat to the health of diverse coastal and freshwater aquatic ecosystems [1]. Commonly, these
algal blooms are dominated by one or a few phytoplankton species, and damage to the surrounding
ecosystem can occur via several different mechanisms. Eutrophication, which is probably the best
known cause of HABs, leads to water hypoxia through the bacterial-mediated decomposition of dead
algal blooms. However, mechanical gill damage and production of algal toxins represent two further
mechanisms through which aquatic life can suffer [2]. The frequency of HABs appears to have
increased in recent years, perhaps due to climate change [3]; as a consequence, there has been an
increased focus from both scientists and regulatory authorities to combat the negative effects of HABs.
While regulators have focused on practical mitigation or management strategies, scientists have sought
to learn more about what promotes HABs and the toxin-producing species that cause them [4].
Prymnesium parvum is one such toxin-producing microalga that causes HABs globally, resulting in
large-scale fish mortalities that have negative effects on ecosystems and the economy of the affected
areas [5]. Research into P. parvum has been ongoing since blooms by this organism were first reported
in the Netherlands by Liebert and Deerns in 1920 [6]. Since then, blooms of P. parvum have been
reported worldwide, with examples of mass fish kills found in Scotland [7], Norway [8], Germany [9],
Finland [10], China [11], and the U.S.A. [12], where it is of particular concern to the aquaculture
industry [13]. Edvardsen and Paasche [14] have also commented on blooms of P. parvum in Israel,

Version of Record published:
14 March 2018

Received: 4 December 2017
Revised: 7 February 2018
Accepted: 13 February 2018

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 413

Biochemical Society Transactions (2018) 46 413–421
https://doi.org/10.1042/BST20170393

https://creativecommons.org/licenses/by/4.0/


former USSR, Bulgaria, Spain, Denmark, Sweden, and Australia. However, our major interest in P. parvum was
galvanized by the effects of repeated blooms of this microalga in our area in the Norfolk Broads in the East of
England [15].
The Norfolk Broads are a low-lying area of interconnected rivers, channels, and lakes (Broads) that are a

popular tourist destination for angling and boating activities. Originally excavated for peat and fuel prior to the
14th century, the Broads and their surrounding marshland now house a plethora of rare wildlife and represent
Britain’s largest protected wetland [16]. Up until the 1960s, much of the Broads were dominated by a healthy
charophyte-based algal community [15]. Hickling Broad, in particular, then underwent a change to a
phytoplankton-dominated community through the 1960s and 1970s. While charophytes have returned and are
a factor in the Broads being a Designated Special Area of Conservation, Hickling and the surrounding Broads
still suffer from almost annual occurrences of P. parvum blooms [17]. These toxic blooms frequently lead to
mass fish mortalities that threaten the ecosystem of this national park and the estimated £550 million of annual
revenue it generates through tourism [16].
Although significant effort has gone into researching the bloom dynamics of P. parvum [5], this new knowl-

edge has not yet translated into feasible, practical solutions for bloom prevention or management. Here, we
discuss recent advances in both the scientific understanding, and control and management, of P. parvum
blooms on the Norfolk Broads. Facilitated by a major bloom of P. parvum in Spring 2015, scientists and gov-
erning bodies across Norfolk collaborated to tackle the issue head on.

P. parvum and its toxins
Commonly referred to as a golden alga due to the fucoxanthin pigments found in its chloroplasts [18], P.
parvum is a unicellular microalga belonging to the Prymnesiaceae of the phylum Haptophyta [19]. Two long
flagella permit movement and stir the boundary layer around the cells to aid nutrient uptake, while a shorter
haptonema is used for attachment to prey in the phagocytic process, helping P. parvum perform as a successful
mixotroph [20,21] (Figure 1). Like other members of the Prymnesiales, P. parvum has organic scales covering
the outer cell membrane that are often used for phylogenetic analysis due to their unique appearance [22]
(Figure 1C). Its success as a cosmopolitan organism is, in part, due to the euryhaline and eurythermal nature
of the organism, tolerating salinities ranging from 3 PSU ( just above freshwater) to 30 PSU (sea water) [23,24],
and temperatures from 2 to 30°C [24,25].
Toxins reported to be produced by P. parvum are diverse and include lipopolysaccharide-like compounds

[26], proteolipid [27], galactoglycerolipids [28], fatty acid amides [29,30], fatty acids [31], and the ladder-frame
polyether prymnesins [32–34]. First isolated and characterized in two forms (prymnesin-1 and -2) in 1995 by
Igarashi et al. [32,33,35], the diversity of these potent nanomolar ichthyotoxins has recently expanded to
include prymnesin-B1 and others with slight variations in structure to the originally isolated compounds [34]
(Figure 2). However, because of the minute amounts of these toxins produced by the organism, detection of
these compounds represents a major challenge [34,36]. The current ambiguity on the responsible toxins in
Prymnesium-associated fish mortality has meant that toxins have been proposed to be both intra- and extracel-
lular. However, Remmel and Hambright [37] suggested that toxins are intracellular, and only released through
contact with prey or physical stress.

Open questions about P. parvum bloom toxicity
• First, although it is generally accepted that the ladder-frame polyether prymnesins are responsible for fish

mortality, the lack of detection of these toxins in environmental water samples has put their significance
into question. As a result, it is currently unclear whether these toxins are the primary ichthyotoxins in
P. parvum blooms.

• Second, although significant research has focused on how a range of abiotic factors affect the production
and toxicity of P. parvum blooms, there have been few clear links in natural waterways that attribute a spe-
cific abiotic factor (nutrients, temperature and pH) to increased bloom toxicity (reviewed by Manning and
La Claire [5]). Therefore, does an unknown environmental factor trigger bloom toxicity?

• Third, because of the ambiguity in the responsible toxins, it is currently unknown whether P. parvum toxins
are intra- or extracellular toxins. If they are intracellular, how are they released into the waterways?
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Figure 1. Fine morphology of P. parvum.

(A) P. parvum (CCAP 946/6) cell observed by SEM (background digitally removed). Note the presence of two long flagella and

the shorter central haptonema. (B) Three P. parvum cells observed by optical microscopy using a Leica DM6000 fitted with a

100× objective. Cells show the golden colour typically associated with blooms of the organism. (C) Scales of P. parvum

observed by transmission electron microscopy (TEM). Scale bar represents 100 nm.

Figure 2. Structures of ladder-frame polyether prymnesins-1, -2, and -B1.

(A) Structure of prymnesin-1 and -2 first reported by Igarashi et al. [35], incorporating amended structural information by Sasaki

et al. [38]. (B) Structure of prymnesin-B1 (notice the lack of rings H and I) recently reported by Rasmussen et al. [34], with areas

of the backbone highlighted red that differ from prymnesin-1 and -2.
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Detection of P. parvum toxins
Ladder-frame polyether prymnesins-1 and -2 were first isolated and had their structures elucidated in the
1990s by Igarashi et al. [32,33,35] and later Sasaki et al. [38]. Despite this, there was at least a 10-year gap
before other researchers reported the detection of these toxins in laboratory cultures of P. parvum. This gap led
to much speculation about the significance of the ladder-frame polyether prymnesins, with researchers looking
elsewhere for responsible ichthyotoxins [30]. In 2013, Manning et al. reported a detailed extraction and a LC–
MS protocol for the detection of prymnesin-1 and -2 from laboratory cultures [36], but detection of the toxins
in environmental water samples still had not been reported, despite recurring worldwide blooms of P. parvum
in this period. Most recently, in 2016, Rasmussen et al. [34] reported a previously unknown structural diversity
of the prymnesins isolated from different strains of P. parvum. They proposed that this structural diversity had
meant that researchers were looking for the wrong metabolic fingerprints when analyzing water samples.
A toxic bloom of P. parvum in Hickling Broad in Spring 2015 allowed us to follow the extraction and LC–

MS methods outlined by Manning and La Claire [36] for the detection of these toxins. However, neither
prymnesin-1 nor -2 could be observed in water samples collected during this bloom event (unpublished obser-
vations). However, a more thorough analysis of our LC–MS data, combined with the details of the new prym-
nesin toxins reported by Rasmussen et al. [34], has led to our detecting the ladder-frame polyether prymnesins
in Broads water samples for the first time (manuscript in preparation). These findings suggest that the previous
inability to detect the ladder-frame polyether prymnesin toxins was not because of the low amounts in natural
waters, but rather due to the fact that researchers were previously looking for a narrow (and often incorrect)
window of metabolic fingerprints in many instances, as previously proposed by Rasmussen et al. [34].

Discovery of a lytic virus of P. parvum
The last two decades have seen an increase in the study of algal viruses and the role that they play in the regu-
lation of algal bloom dynamics [39]. Typically 100–220 nm in diameter, and with genomes up to 560 kb [40],
dsDNA algal viruses such as the Phycodnaviridae have also been shown to contribute significantly to global
biogeochemical cycles [41,42]. Much less studied, however, is the role that viruses play in the regulation of algal
blooms by toxin-producing species. During the toxic P. parvum bloom on Hickling Broad in 2015, optical
microscopy of the native population of P. parvum suggested that it was infected by a virus (Figure 3A). This

Figure 3. Viral infection of natural P. parvum and discovery of PpDNAV-BW1.

(A) A natural P. parvum cell taken from water samples from Hickling Broad during a toxic bloom in Spring 2015. Light

microscopy was used to capture images over a 4-h period and show (from left to right) a non-motile cell filled with putative

virus-like particles (VLPs) undergoing membrane blebbing before bursting and releasing intracellular contents. Scale bars

represent 10 mm. (B) TEM images of P. parvum DNA virus (PpDNAV-BW1). Scale bar represents 500 nm.
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subsequently led to the isolation of a new lytic virus from Hickling Broad that infects P. parvum, P. parvum
DNA virus (PpDNAV-BW1) [43] (Figure 3B). The host range of this virus was screened against 15 strains of
Prymnesium and found to infect 5 out of the 15. A narrow host range is typical for algal viruses but not always
the case as shown and discussed by Johannessen et al. [44], and this specificity may suggest intricate molecular
mechanisms behind viral infection of these algae. Electron microscopy showed that the average capsid diameter
size was 221 nm, and an initial genome assembly (ongoing investigation) suggests that it has a genome size of
∼500 kb and belongs to the algal Megaviridae family.
Previously, mechanical breakdown of cells by biotic factors, such as grazers and viruses, have been proposed

to be a potential exit route of intracellular algal toxins [37]. Although viruses infecting toxin-producing micro-
algae have been discovered previously [45–47], P. parvum and its associated virus represent the first system
where the toxins produced by the host alga are fully characterized and detectable in laboratory cultures. This
P. parvum : PpDNAV-BW1 system may therefore provide a platform to answer fundamental questions sur-
rounding the effect of viral infection on toxin production and release in microalgae.

Insights into the molecular basis for viral recognition and
infection of P. parvum by PpDNAV-BW1
Recent work has highlighted sialic acids as mediators of viral infection of the haptophyte Emiliania huxleyi
[48,49] (Figure 4). Sialic acids are acidic, nine-carbon carbohydrates that are found in several kingdoms, includ-
ing on the surface of all vertebrate cells [50]. Most often, sialic acids occupy the terminal residue of a glycan on
a cell surface, meaning that they are exposed to a range of host–pathogen interactions [51]. Sialic acid involve-
ment in viral infections of other organisms is not unknown; probably, the best studied example is the binding
of the human or avian influenza viruses to sialic acids on epithelial cells of its host [52]. We have previously
exploited this highly specific molecular interaction to develop novel diagnostics that distinguish between
human and avian influenza viruses [53].
The production of sialic acids by algae was undocumented prior to the recent work on E. huxleyi by Rose

et al. [48]. We therefore sought to investigate the presence or otherwise of sialic acids in P. parvum and algae
more broadly. One way of analyzing sialic acids in a host is using sialic acid-binding proteins (SIGLECs) [54].
Although these assays are relatively cheap and simple to perform, they are often specific for a given type and
sugar-linkage of sialic acid. More detailed glycan analysis is often performed using a range of mass spectrom-
etry techniques (reviewed by Mulloy et al. [55]), although these are more labour-intensive and -expensive.
Profiling of the nucleotide-activated sugars inside the cell can give detailed insights into the sugars an organism
is capable of producing [56], although this does not confirm the final destination of the sugar, which can range
from natural products through to glycans, glycoproteins, polysaccharides, or glycolipids. Finally, analysis of
carbohydrate active enzyme (CAZyme) sequence information can often allude to the types of sugars produced,
and in many cases, the glycan structures produced [57]. We have previously applied all these techniques to
look for sialic acids and other sugars in the green alga Euglena gracilis [58] and are now applying these techni-
ques to investigate sialic acid production in P. parvum, with a view to deciphering its importance in viral infec-
tion by PpDNAV-BW1. Preliminary results suggest that P. parvum produces a sialic acid, and that sialic acid
production is more widespread among algae than previously thought (ongoing investigation).

Figure 4. Tentative structure of a sialic acid-containing sphingolipid from the haptophyte E. huxleyi.

A novel sphingolipid isolated from E. huxleyi with a polar head group containing the deaminated sialic acid,

2-keto-3-deoxy-D-glycero-D-galacto-nononic acid (KDN). Structure redrawn from Fulton et al. [49].
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Future management of P. parvum blooms
The occurrence of HABs poses a severe threat to ecosystems, economies, and in some cases human and animal
health. Therefore, there is a great need to develop practical detection, mitigation, and management strategies
for HABs.
For the detection and monitoring of algal populations, governing bodies typically rely on optical microscopy.

In such diverse phytoplankton communities, optical microscopy can be challenging for even the most skilled
phycologist. Furthermore, these methods are often time-consuming and less accurate than alternative molecular
methods. For the detection of algal toxins, animal bioassays are frequently employed, although these are asso-
ciated with both technical and ethical issues that must be overcome. Additionally, animal bioassays are fre-
quently not fast enough: by the time toxins are detected, fish populations are often already devastated.
The last decade has seen an increase in the number of molecular methods developed for monitoring algal

abundance in natural waterways. One such method is quantitative real-time polymerase chain reaction
(qRT-PCR), which comes with an unrivalled sensitivity and specificity. qRT-PCR has previously been used suc-
cessfully to monitor blooms of P. parvum [59,60], and we have now begun to incorporate qRT-PCR as a
regular monitoring application of P. parvum on Hickling Broad. Furthermore, sequence data from the
PpDNAV-BW1 genome have provided us with the tools needed to monitor viral abundance alongside algal
abundance (ongoing investigation), which will allow us to understand more about P. parvum bloom dynamics.
Current management methods for HABs range from the use of clay flocculants [61], algaecides [62], and

even the manual relocation of affected fish to safer waterways. The local Environment Agency and volunteers
were able to successfully save ∼230 000 fish through relocation during the P. parvum bloom on Hickling in
2015 [63]. However, this strategy is used as a last resort and is extremely time-consuming and labour-intensive.
One alternative is the use of hydrogen peroxide as a chemical algaecide. Although hydrogen peroxide has not
previously been used to tackle blooms of P. parvum, it has been used to effectively treat blooms of cyanobac-
teria [64] and toxin-producing dinoflagellates [65]. We are now working closely with local governing bodies to
introduce hydrogen peroxide as a strategy in the management of P. parvum blooms (ongoing work).

Concluding remarks
It is clear that P. parvum poses a major threat to ecosystems and the economies of the affected areas worldwide.
These issues are only likely to increase in a warming climate. Despite this, there are still fundamental gaps in
knowledge surrounding bloom dynamics of this alga. The discovery of a novel lytic virus that infects this
organism has opened doors to answering questions about how viruses impact toxic HABs. Furthermore, the
recent establishment of protocols for the detection of the ladder-frame polyether prymnesins means that
P. parvum and PpDNAV-BW1 can now be used as a novel algae–virus system to answer a previously
unanswerable question: how does viral infection affect toxin production and release in harmful algae?
As HABs increase in frequency, there is an even greater need for practical solutions. While carrying out this

fundamental research, we have explored the use of qRT-PCR as a means for detecting P. parvum and its lytic
virus, PpDNAV-BW1, which may ultimately be used as an early warning system for P. parvum blooms.
Providing waterways lie close to arable land and are vulnerable to nutrient run-off, HABs are likely to occur.
Therefore, we are now exploring the use of hydrogen peroxide as a cheap and effective management strategy.

Abbreviations
HAB, harmful algal bloom; PpDNAV-BW1, Prymnesium parvum DNA virus; PSU, practical salinity units; SEM,
scanning electron microscopy; TEM, transmission electron microscopy.

Funding
This work was supported by the Biotechnology and Biological Sciences Research Council (BBSRC) Institute
Strategic Programme on Understanding and Exploiting Metabolism (MET) [BB/J004561/1], the John Innes
Foundation, the Norwich Research Park (NRP) Science Links Seed Fund [R203194], and the Earth and Life
Systems Alliance (ELSA) at the University of East Anglia. B.A.W. was supported by a BBSRC Industrial CASE
PhD Studentship supported by the Environment Agency. J.P. was supported by a Natural Environment Research
Council (NERC) Independent Research Fellowship [NE/L010771/1].

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).418

Biochemical Society Transactions (2018) 46 413–421
https://doi.org/10.1042/BST20170393

https://creativecommons.org/licenses/by/4.0/


Acknowledgements
We are grateful to all members of the Environment Agency, Broads Authority, Norfolk Wildlife Trust, Natural
England and Broads angling community that have assisted with water sample collection or other areas of this
ongoing research. We also thank Diane Saunders ( JIC) for her useful advice on sequencing and assisting with
stakeholder meetings. We are also grateful to Elaine Barclay ( JIC) for help with transmission and scanning
electron microscopy (SEM).

Competing Interests
The Authors declare that there are no competing interests associated with the manuscript.

References
1 Hudnell, H.K. (2010) The state of U.S. freshwater harmful algal blooms assessments, policy and legislation. Toxicon 55, 1024–1034 https://doi.org/10.

1016/j.toxicon.2009.07.021
2 Smayda, T.J. (1997) What is a bloom? A commentary. Limnol. Oceanogr. 42, 1132–1136 https://doi.org/10.4319/lo.1997.42.5_part_2.1132
3 Gobler, C.J., Doherty, O.M., Hattenrath-Lehmann, T.K., Griffith, A.W., Kang, Y. and Litaker, R.W. (2017) Ocean warming since 1982 has expanded

the niche of toxic algal blooms in the North Atlantic and North Pacific oceans. Proc. Natl Acad. Sci. U.S.A. 114, 4975–4980
https://doi.org/10.1073/pnas.1619575114

4 Anderson, D.M., Cembella, A.D. and Hallegraeff, G.M. (2012) Progress in understanding harmful algal blooms: paradigm shifts and new technologies for
research, monitoring, and management. Annu. Rev. Mar. Sci. 4, 143–176 https://doi.org/10.1146/annurev-marine-120308-081121

5 Manning, S.R. and La Claire, J.W. (2010) Prymnesins: toxic metabolites of the golden alga, Prymnesium parvum Carter (Haptophyta). Mar. Drugs 8,
678–704 https://doi.org/10.3390/md8030678

6 Liebert, F. and Deerns, W.M. (1920) Onderzoek naar de oorzak van een Vischsterfte in den Polder Workumer Nieuwland, nabij Workum. Verhandungen
en Rapporten uitgegeven door Rijkinstituten voor Visscherijonderzoek 1, 81–93.

7 Comin, F.A. and Ferrer, X. (1978) Mass development of the phytoflagellate Prymnesium parvum Carter (Haptophyceae) in a coastal lagoon in the Ebro
Delta. Oecol. Aquat. 3, 207–210 http://hdl.handle.net/10261/75631

8 Kaartvedt, S., Johnsen, T.M., Aksnes, D.L., Lie, U. and Svendsen, H. (1991) Occurrence of the toxic Phytoflagellate Prymnesium parvum and associated
fish mortality in a Norwegian Fjord System. Can. J. Fish. Aquat. Sci. 48, 2316–2323 https://doi.org/10.1139/f91-272

9 Dietrich, W. and Hesse, J.K. (1990) Local fish kill in a pond at the German North Sea coast associated with a mass development of Prymnesium sp.
Rep. Mar. Res. 33, 104–106

10 Lindholm, T., Öhman, P., Kurki-Helasmo, K., Kincaid, B. and Meriluoto, J. (1999) Toxic algae and fish mortality in a brackish-water lake in Åland, SW
Finland. Hydrobiologia 397, 109–120 https://doi.org/10.1023/A:1003667728458

11 Guo, M., Harrison, P.J. and Taylor, F.J.R. (1996) Fish kills related to Prymnesium parvum N. Carter (Haptophyta) in the People’s Republic of China.
J. Appl. Phycol. 8, 111–117 https://doi.org/10.1007/BF02186313

12 Roelke, D.L., Barkoh, A., Brooks, B.W., Grover, J.P., Hambright, K.D., La Claire, J.W. et al. (2016) A chronicle of a killer alga in the west: ecology,
assessment, and management of Prymnesium parvum blooms. Hydrobiologia 764, 29–50 https://doi.org/10.1007/s10750-015-2273-6

13 Southard, G.M., Fries, L.T. and Barkoh, A. (2010) Prymnesium parvum: the Texas experience. J. Am. Water Resour. Assoc. 46, 14–23
https://doi.org/10.1111/j.1752-1688.2009.00387.x

14 Edvardsen, B. and Paasche, E. (1998) Bloom dynamics and physiology of Prymnesium and Chrysochromulina. In Physiological Ecology of Harmful Algal
Blooms (NATO ASI Series G, vol. 41) (Anderson, D.M., Cembella, A.D. and Hallegraeff, G.M., eds), pp. 192–208, Springer-Verlag, Berlin, Heidelberg

15 Holdway, P.A., Watson, R.A. and Moss, B. (1978) Aspects of the ecology of Prymnesium parvum (Haptophyta) and water chemistry in the Norfolk
Broads, England. Freshwater Biol. 8, 295–311 https://doi.org/10.1111/j.1365-2427.1978.tb01451.x

16 Broads Authority (2017) Broads Plan 2017. Broads Authority, Norwich, UK. http://www.broads-authority.gov.uk/__data/assets/pdf_file/0012/976728/
Broads-Plan-2017.pdf

17 Bales, M., Moss, B., Phillips, G., Irvine, K. and Stansfield, J. (1993) The changing ecosystem of a shallow, brackish lake, Hickling Broad, Norfolk, U.K.
II. Long-term trends in water chemistry and ecology and their implications for restoration of the lake. Freshwater Biol. 29, 141–165
https://doi.org/10.1111/j.1365-2427.1993.tb00751.x

18 Berger, R., Liaaen-Jensen, S., McAlister, V. and Guillard, R.R.L. (1977) Carotenoids of Prymnesiophyceae (Haptophyceae). Biochem. Syst. Ecol. 5,
71–75 https://doi.org/10.1016/0305-1978(77)90034-5

19 Edvardsen, B., Eikrem, W., Throndsen, J., Sáez, A.G., Probert, I. and Medlin, L.K. (2011) Ribosomal DNA phylogenies and a morphological revision
provide the basis for a revised taxonomy of the Prymnesiales (Haptophyta). Eur. J. Phycol. 46, 202–228 https://doi.org/10.1080/09670262.2011.
594095

20 Tillmann, U. (2003) Kill and eat your predator: a winning strategy of the planktonic flagellate Prymnesium parvum. Aquat. Microb. Ecol. 32, 73–84
https://doi.org/10.3354/ame032073

21 Green, J.C., Hibberd, D.J. and Pienaar, R.N. (1982) The taxonomy of Prymnesium (Prymnesiophyceae) including a description of a new cosmopolitan
species, P. patellifera sp. nov., and further observations on P. parvum N. carter. Br. Phycol. J. 17, 363–382 https://doi.org/10.1080/
00071618200650381

22 Chang, F.H. and Ryan, K.G. (1985) Prymnesium calathiferum sp. nov. (Prymnesiophyceae), a new species isolated from Northland, New Zealand.
Phycologia 24, 191–198 https://doi.org/10.2216/i0031-8884-24-2-191.1

23 Granéli, E., Edvardsen, B., Roelke, D.L. and Hagström, J.A. (2012) The ecophysiology and bloom dynamics of Prymnesium spp. Harmful Algae 14,
260–270 https://doi.org/10.1016/j.hal.2011.10.024

24 Larsen, A., Bryant, S. and Båmstedt, U. (1998) Growth rate and toxicity of Prymnesium parvum and Prymnesium patelliferum (Haptophyta) in response
to changes in salinity, light and temperature. Sarsia 83, 409–418 https://doi.org/10.1080/00364827.1998.10413700

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 419

Biochemical Society Transactions (2018) 46 413–421
https://doi.org/10.1042/BST20170393

https://doi.org/10.1016/j.toxicon.2009.07.021
https://doi.org/10.1016/j.toxicon.2009.07.021
https://doi.org/10.4319/lo.1997.42.5_part_2.1132
https://doi.org/10.1073/pnas.1619575114
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.1146/annurev-marine-120308-081121
https://doi.org/10.3390/md8030678
http://hdl.handle.net/10261/75631
https://doi.org/10.1139/f91-272
https://doi.org/10.1139/f91-272
https://doi.org/10.1023/A:1003667728458
https://doi.org/10.1007/BF02186313
https://doi.org/10.1007/s10750-015-2273-6
https://doi.org/10.1007/s10750-015-2273-6
https://doi.org/10.1007/s10750-015-2273-6
https://doi.org/10.1007/s10750-015-2273-6
https://doi.org/10.1111/j.1752-1688.2009.00387.x
https://doi.org/10.1111/j.1752-1688.2009.00387.x
https://doi.org/10.1111/j.1365-2427.1978.tb01451.x
https://doi.org/10.1111/j.1365-2427.1978.tb01451.x
http://www.broads-authority.gov.uk/__data/assets/pdf_file/0012/976728/Broads-Plan-2017.pdf
http://www.broads-authority.gov.uk/__data/assets/pdf_file/0012/976728/Broads-Plan-2017.pdf
https://doi.org/10.1111/j.1365-2427.1993.tb00751.x
https://doi.org/10.1111/j.1365-2427.1993.tb00751.x
https://doi.org/10.1016/0305-1978(77)90034-5
https://doi.org/10.1016/0305-1978(77)90034-5
https://doi.org/10.1016/0305-1978(77)90034-5
https://doi.org/10.1080/09670262.2011.594095
https://doi.org/10.1080/09670262.2011.594095
https://doi.org/10.3354/ame032073
https://doi.org/10.1080/00071618200650381
https://doi.org/10.1080/00071618200650381
https://doi.org/10.2216/i0031-8884-24-2-191.1
https://doi.org/10.2216/i0031-8884-24-2-191.1
https://doi.org/10.2216/i0031-8884-24-2-191.1
https://doi.org/10.2216/i0031-8884-24-2-191.1
https://doi.org/10.2216/i0031-8884-24-2-191.1
https://doi.org/10.1016/j.hal.2011.10.024
https://doi.org/10.1080/00364827.1998.10413700
https://creativecommons.org/licenses/by/4.0/


25 Shilo, M. and Aschner, M. (1953) Factors governing the toxicity of cultures containing the Phytoflagellate Prymnesium parvum Carter. J. Gen. Microbiol.
8, 333–343 https://doi.org/10.1099/00221287-8-3-333

26 Paster, Z.K. (1973) Pharmacology and mode of action of prymnesin. In Cell Biology: A Series of Monographs, Marine Pharmacognosy Action of Marine
Biotoxins at the Cellular Level (Martin, D.F. and Padilla, G.M. eds), pp. 241–263, Academic Press, NY

27 Dafni, Z., Ulitzur, S. and Shilo, M. (1972) Influence of light and phosphate on toxin production and growth of Prymnesium parvum. J. Gen. Microbiol.
70, 199–207 https://doi.org/10.1099/00221287-70-2-199

28 Kozakai, H., Oshima, Y. and Yasumoto, T. (1982) Isolation and structural elucidation of hemolysin from the phytoflagellate Prymnesium parvum. Agric.
Biol. Chem. 46, 233–236 https://doi.org/10.1080/00021369.1982.10865016

29 Bertin, M.J., Zimba, P.V., Beauchesne, K.R., Huncik, K.M. and Moeller, P.D.R. (2012) The contribution of fatty acid amides to Prymnesium parvum
carter toxicity. Harmful Algae 20, 117–125 https://doi.org/10.1016/j.hal.2012.08.004

30 Bertin, M.J., Zimba, P.V., Beauchesne, K.R., Huncik, K.M. and Moeller, P.D.R. (2012) Identification of toxic fatty acid amides isolated from the harmful
alga Prymnesium parvum carter. Harmful Algae 20, 111–116 https://doi.org/10.1016/j.hal.2012.08.005

31 Henrikson, J.C., Gharfeh, M.S., Easton, A.C., Easton, J.D., Glenn, K.L., Shadfan, M. et al. (2010) Reassessing the ichthyotoxin profile of cultured
Prymnesium parvum (golden algae) and comparing it to samples collected from recent freshwater bloom and fish kill events in North America. Toxicon
55, 1396–1404 https://doi.org/10.1016/j.toxicon.2010.02.017

32 Igarashi, T., Satake, M. and Yasumoto, T. (1999) Structures and partial stereochemical assignments for prymnesin-1 and prymnesin-2: potent hemolytic
and ichthyotoxic glycosides isolated from the red tide alga Prymnesium parvum. J. Am. Chem. Soc. 121, 8499–8511 https://doi.org/10.1021/
ja991740e

33 Igarashi, T., Satake, M. and Yasumoto, T. (1996) Prymnesin-2: a potent ichthyotoxic and hemolytic glycoside isolated from the red tide alga Prymnesium
parvum. J. Am. Chem. Soc. 118, 479–480 https://doi.org/10.1021/ja9534112

34 Rasmussen, S.A., Meier, S., Andersen, N.G., Blossom, H.E., Duus, J.Ø, Nielsen, K.F. et al. (2016) Chemodiversity of ladder-frame prymnesin polyethers
in Prymnesium parvum. J. Nat. Prod. 79, 2250–2256 https://doi.org/10.1021/acs.jnatprod.6b00345

35 Igarashi, T., Oshima, Y., Murata, M. and Yasumoto, T., eds. (1995) Chemical studies on prymnesins isolated from Prymnesium parvum. Harmful Marine
Algal Blooms: Proceedings of the Sixth International Conference on Toxic Marine Phytoplankton, October 1993, Nantes, France

36 Manning, S.R. and La Claire, II, J.W. (2013) Isolation of polyketides from Prymnesium parvum (Haptophyta) and their detection by liquid
chromatography/mass spectrometry metabolic fingerprint analysis. Anal. Biochem. 442, 189–195 https://doi.org/10.1016/j.ab.2013.07.034

37 Remmel, E.J. and Hambright, K.D. (2012) Toxin-assisted micropredation: experimental evidence shows that contact micropredation rather than
exotoxicity is the role of Prymnesium toxins. Ecol. Lett. 15, 126–132 https://doi.org/10.1111/j.1461-0248.2011.01718.x

38 Sasaki, M., Ebine, M., Takagi, H., Takakura, H., Shida, T., Satake, M. et al. (2004) Synthesis of the CDE/FG ring models of prymnesins: reassignment
of the relative configuration of the E/F ring juncture. Org. Lett. 6, 1501–1504 https://doi.org/10.1021/ol049569l

39 Brussaard, C.P.D. (2004) Viral control of phytoplankton populations—a review. J. Eukaryot. Microbiol. 51, 125–138 https://doi.org/10.1111/j.
1550-7408.2004.tb00537.x

40 Wilson, W.H., Van Etten, J.L. and Allen, M.J. (2009) The Phycodnaviridae: The Story of How Tiny Giants Rule the World. In Lesser Known Large dsDNA
Viruses (Van Etten, J.L., ed.), pp. 1–42, Springer, Berlin, Heidelberg

41 Suttle, C.A. (2007) Marine viruses—major players in the global ecosystem. Nat. Rev. Microbiol. 5, 801–812 https://doi.org/10.1038/nrmicro1750
42 Wilhelm, S.W. and Suttle, C.A. (1999) Viruses and nutrient cycles in the sea: viruses play critical roles in the structure and function of aquatic food

webs. Bioscience 49, 781–788 https://doi.org/10.2307/1313569
43 Wagstaff, B., Vladu, I., Barclay, J., Schroeder, D., Malin, G. and Field, R. (2017) Isolation and characterization of a double stranded DNA megavirus

infecting the toxin-producing haptophyte Prymnesium parvum. Viruses 9, 40 https://doi.org/10.3390/v9030040
44 Johannessen, T.V., Bratbak, G., Larsen, A., Ogata, H., Egge, E.S., Edvardsen, B. et al. (2015) Characterisation of three novel giant viruses reveals huge

diversity among viruses infecting Prymnesiales (Haptophyta). Virology 476, 180–188 https://doi.org/10.1016/j.virol.2014.12.014
45 Tai, V., Lawrence, J.E., Lang, A.S., Chan, A.M., Culley, A.I. and Suttle, C.A. (2003) Characterization of HaRNAV, a single-stranded RNA virus causing

lysis of Heterosigma akashiwo (Raphidophyceae). J. Phycol. 39, 343–352 https://doi.org/10.1046/j.1529-8817.2003.01162.x
46 Lawrence, J.E., Chan, A.M. and Suttle, C.A. (2001) A novel virus (HaNIV) causes lysis of the toxic bloom-forming alga Heterosigma akashiwo

(Raphidophyceae). J. Phycol. 37, 216–222 https://doi.org/10.1046/j.1529-8817.2001.037002216.x
47 Nagasaki, K. and Yamaguchi, M. (1997) Isolation of a virus infectious to the harmful bloom causing microalga Heterosigma akashiwo (Raphidophyceae).

Aquat. Microb. Ecol. 13, 135–140 https://doi.org/10.3354/ame013135
48 Rose, S.L., Fulton, J.M., Brown, C.M., Natale, F., Van Mooy, B.A.S. and Bidle, K.D. (2014) Isolation and characterization of lipid rafts in Emiliania

huxleyi: a role for membrane microdomains in host-virus interactions. Environ. Microbiol. 16, 1150–1166 https://doi.org/10.1111/1462-2920.12357
49 Fulton, J.M., Fredricks, H.F., Bidle, K.D., Vardi, A., Kendrick, B.J., DiTullio, G.R. et al. (2014) Novel molecular determinants of viral susceptibility and

resistance in the lipidome of Emiliania huxleyi. Environ. Microbiol. 16, 1137–1149 https://doi.org/10.1111/1462-2920.12358
50 Angata, T. and Varki, A. (2002) Chemical diversity in the sialic acids and related α-keto acids: an evolutionary perspective. Chem. Rev. 102, 439–469

https://doi.org/10.1021/cr000407m
51 Schauer, R. (2009) Sialic acids as regulators of molecular and cellular interactions. Curr. Opin. Struct. Biol. 19, 507–514 https://doi.org/10.1016/j.sbi.

2009.06.003
52 Stencel-Baerenwald, J.E., Reiss, K., Reiter, D.M., Stehle, T. and Dermody, T.S. (2014) The sweet spot: defining virus-sialic acid interactions. Nat. Rev.

Microbiol. 12, 739–749 https://doi.org/10.1038/nrmicro3346
53 Marin, M.J., Rashid, A., Rejzek, M., Fairhurst, S.A., Wharton, S.A., Martin, S.R. et al. (2013) Glyconanoparticles for the plasmonic detection and

discrimination between human and avian influenza virus. Org. Biomol. Chem. 11, 7101–7107 https://doi.org/10.1039/c3ob41703d
54 Crocker, P.R. (2002) Siglecs: sialic-acid-binding immunoglobulin-like lectins in cell–cell interactions and signalling. Curr. Opin. Struct. Biol. 12,

609–615 https://doi.org/10.1016/S0959-440X(02)00375-5
55 Mulloy, B., Dell, A., Stanley, P. and Prestegard, J.H. (2015–2017) Structural analysis of glycans. In Essentials of Glycobiology, 3rd edn (Varki, A.,

Cummings, R.D., Esko, J.D. et al. eds), Cold Spring Harbor Laboratory Press, Cold Spring Harbor, NY

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY).420

Biochemical Society Transactions (2018) 46 413–421
https://doi.org/10.1042/BST20170393

https://doi.org/10.1099/00221287-8-3-333
https://doi.org/10.1099/00221287-8-3-333
https://doi.org/10.1099/00221287-8-3-333
https://doi.org/10.1099/00221287-8-3-333
https://doi.org/10.1099/00221287-70-2-199
https://doi.org/10.1099/00221287-70-2-199
https://doi.org/10.1099/00221287-70-2-199
https://doi.org/10.1099/00221287-70-2-199
https://doi.org/10.1080/00021369.1982.10865016
https://doi.org/10.1016/j.hal.2012.08.004
https://doi.org/10.1016/j.hal.2012.08.005
https://doi.org/10.1016/j.toxicon.2010.02.017
https://doi.org/10.1021/ja991740e
https://doi.org/10.1021/ja991740e
https://doi.org/10.1021/ja9534112
https://doi.org/10.1021/acs.jnatprod.6b00345
https://doi.org/10.1016/j.ab.2013.07.034
https://doi.org/10.1111/j.1461-0248.2011.01718.x
https://doi.org/10.1111/j.1461-0248.2011.01718.x
https://doi.org/10.1021/ol049569l
https://doi.org/10.1111/j.1550-7408.2004.tb00537.x
https://doi.org/10.1111/j.1550-7408.2004.tb00537.x
https://doi.org/10.1111/j.1550-7408.2004.tb00537.x
https://doi.org/10.1038/nrmicro1750
https://doi.org/10.2307/1313569
https://doi.org/10.3390/v9030040
https://doi.org/10.1016/j.virol.2014.12.014
https://doi.org/10.1046/j.1529-8817.2003.01162.x
https://doi.org/10.1046/j.1529-8817.2003.01162.x
https://doi.org/10.1046/j.1529-8817.2001.037002216.x
https://doi.org/10.1046/j.1529-8817.2001.037002216.x
https://doi.org/10.3354/ame013135
https://doi.org/10.1111/1462-2920.12357
https://doi.org/10.1111/1462-2920.12357
https://doi.org/10.1111/1462-2920.12358
https://doi.org/10.1111/1462-2920.12358
https://doi.org/10.1021/cr000407m
https://doi.org/10.1016/j.sbi.2009.06.003
https://doi.org/10.1016/j.sbi.2009.06.003
https://doi.org/10.1038/nrmicro3346
https://doi.org/10.1039/c3ob41703d
https://doi.org/10.1016/S0959-440X(02)00375-5
https://doi.org/10.1016/S0959-440X(02)00375-5
https://doi.org/10.1016/S0959-440X(02)00375-5
https://creativecommons.org/licenses/by/4.0/


56 Rejzek, M., Hill, L., Hems, E.S., Kuhaudomlarp, S., Wagstaff, B.A. and Field, R.A. (2017) Profiling of sugar nucleotides. Methods Enzymol. 597,
209–239 https://doi.org/10.1016/bs.mie.2017.06.005

57 Cantarel, B.L., Coutinho, P.M., Rancurel, C., Bernard, T., Lombard, V. and Henrissat, B. (2009) The Carbohydrate-Active EnZymes database (CAZy): an
expert resource for glycogenomics. Nucleic Acids Res. 37(Database issue), D233–D238 https://doi.org/10.1093/nar/gkn663

58 O’Neill, E.C., Kuhaudomlarp, S., Rejzek, M., Fangel, J.U., Alagesan, K., Kolarich, D. et al. (2017) Exploring the glycans of Euglena gracilis. Biology 6,
E45 https://doi.org/10.3390/biology6040045

59 Galluzzi, L., Bertozzini, E., Penna, A., Perini, F., Pigalarga, A., Graneli, E. et al. (2008) Detection and quantification of Prymnesium parvum
(Haptophyceae) by real-time PCR. Lett. Appl. Microbiol. 46, 261–266 https://doi.org/10.1111/j.1472-765X.2007.02294.x

60 Zamor, R.M., Glenn, K.L. and Hambright, K.D. (2012) Incorporating molecular tools into routine HAB monitoring programs: using qPCR to track invasive
Prymnesium. Harmful Algae 15(Suppl. C), 1–7 https://doi.org/10.1016/j.hal.2011.10.028

61 Shirota, A. (1989) Red tide problem and countermeasures (2). Int. J. Aquacult. Fish Technol. 1, 195–223.
62 Rodgers, Jr, J.H., Johnson, B.M. and Bishop, W.M. (2010) Comparison of three algaecides for controlling the density of Prymnesium parvum.

J. Am. Water Resour. Assoc. 46, 153–160 https://doi.org/10.1111/j.1752-1688.2009.00399.x
63 Environment Agency. Quarter of a million fish rescued in Norfolk Broads [Internet], [cited 19th March 2015]. https://www.gov.uk/government/news/

quarter-of-a-million-fish-rescued-in-norfolk-broads
64 Matthijs, H.C., Visser, P.M., Reeze, B., Meeuse, J., Slot, P.C., Wijn, G. et al. (2012) Selective suppression of harmful cyanobacteria in an entire lake

with hydrogen peroxide. Water Res. 46, 1460–1472 https://doi.org/10.1016/j.watres.2011.11.016
65 Burson, A., Matthijs, H.C.P., de Bruijne, W., Talens, R., Hoogenboom, R., Gerssen, A. et al. (2014) Termination of a toxic Alexandrium bloom with

hydrogen peroxide. Harmful Algae 31, 125–135 https://doi.org/10.1016/j.hal.2013.10.017

© 2018 The Author(s). This is an open access article published by Portland Press Limited on behalf of the Biochemical Society and distributed under the Creative Commons Attribution License 4.0 (CC BY). 421

Biochemical Society Transactions (2018) 46 413–421
https://doi.org/10.1042/BST20170393

https://doi.org/10.1016/bs.mie.2017.06.005
https://doi.org/10.1093/nar/gkn663
https://doi.org/10.3390/biology6040045
https://doi.org/10.1111/j.1472-765X.2007.02294.x
https://doi.org/10.1111/j.1472-765X.2007.02294.x
https://doi.org/10.1016/j.hal.2011.10.028
https://doi.org/10.1111/j.1752-1688.2009.00399.x
https://doi.org/10.1111/j.1752-1688.2009.00399.x
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://www.gov.uk/government/news/quarter-of-a-million-fish-rescued-in-norfolk-broads
https://doi.org/10.1016/j.watres.2011.11.016
https://doi.org/10.1016/j.hal.2013.10.017
https://creativecommons.org/licenses/by/4.0/

	Insights into toxic Prymnesium parvum blooms: the role of sugars and algal viruses
	Abstract
	Introduction
	P. parvum and its toxins
	Open questions about P. parvum bloom toxicity
	Detection of P. parvum toxins
	Discovery of a lytic virus of P. parvum
	Insights into the molecular basis for viral recognition and infection of P. parvum by PpDNAV-BW1
	Future management of P. parvum blooms
	Concluding remarks
	Funding
	Competing Interests
	References


