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Abstract
The small dinoflagellate Azadinium spinosum produces azaspiracid (AZA) toxins which can
contaminate filter feeding shellfish to dangerous levels. Toxin-contaminated shellfish flesh,
when consumed by humans, can cause acute intense illness and chronic health issues.
Shellfish biotoxins are monitored in Scottish shellfish by Food Standards Scotland (FSS),
and the concurrent monitoring of harmful phytoplankton in the water column acts as an
important early warning system of future shellfish toxin contaminations. Since A. spinosum is
very small (12-16 μm long) it is difficult to identify using a light microscope, therefore
molecular techniques have been developed to detect species-specific environmental DNA
from phytoplankton samples. In this thesis the application and verification of quantitative realtime polymerase chain reaction (qPCR) is discussed in detail and documents its first use in
Scottish waters to survey A. spinosum abundance and seasonality. The limit of detection of
the method was found to be 2000 ±5600 cells L-1, however it is unclear whether this is
adequate for regulatory monitoring because it is not yet understood how cell density in the
water column relates to AZA shellfish toxicity. The qPCR probe and primer sequences were
also found to be too specific to detect all strains of the A. spinosum species, as new strains
have been isolated since their development. This is a significant hindrance to the application
of the tool for monitoring which will need to be addressed in the future through the isolation of
local A. spinosum strains. Over a year long sampling period, A. spinosum was detected only
twice (maximum cell density of 2545 ±5600 cells L-1, August 2014) off the Shetland Islands.
The seasonality of the species in Scottish waters could not be assessed with so little data,
however other observed harmful species of importance to shellfish regulatory monitoring are
discussed; of particular note an unusual bloom of Dinophysis acuta as its association with a
temperature front at the mouth of Loch Fyne. This thesis critiques the use of this qPCR
technique for A. spinosum detection at high-throughput. The issues which have been
highlighted do not prevent its future use by FSS, but highlight specific areas of development
which need addressed before national monitoring can occur.
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Salient Points


The molecular method of qPCR can be used to detect Azadinium spinosum from 50 ml
acidified Lugol’s fixed phytoplankton samples with a limit of detection of 2000 ±5600 cells
L-1 (Chapter 2).



The high confidence interval is due to a large variation of ribosomal DNA copy number
per cell in A. spinosum (Chapter 2).



We do not currently know if this limit of detection is adequate for the official monitoring of
A. spinosum as we do not yet understand the link between cell abundance in the water
column and shellfish flesh toxicity (Chapter 7).



Very little A. spinosum could be detected in the Scottish phytoplankton, leading to the
conclusion that A. spinosum presence is not continuous (Chapters 3 and 4).



Two ribotypes exist in A. spinosum strains, one of which is currently undetectable by
qPCR (Chapter 6).



The lack of A. spinosum abundance detected in the Scottish field could be due to (1) a
lack of cells in the field (Chapter 3), (2) the limit of detection being too high (Chapter 2),
or (3) the probe and primer set being too specific to detect strains present in Scotland
(Chapter 6).



An unusual bloom of Dinophysis acuta was detected in the Clyde Sea and was
associated with a temperature front at the mouth of Loch Fyne (Chapter 4).



Strains of A. spinosum, in simulated Scottish summertime field conditions, were
approximately double the toxicity (by cell toxin contents) than previously thought (Chapter
5).



A proposed regulatory threshold abundance for A. spinosum cell abundance is suggested
to be 2 x108 cells L-1, which would deem the limit of detection adequate for monitoring
purposes, notwithstanding specificity issues (Chapter 7).
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Summary
The small dinoflagellate Azadinium spinosum produces azaspiracid (AZA) toxins which can
contaminate filter feeding shellfish to dangerous levels. Toxin-contaminated shellfish flesh,
when consumed by humans, can cause acute intense illness and chronic health issues.
Shellfish biotoxins are monitored in Scottish shellfish by Food Standards Scotland (FSS),
and the concurrent monitoring of harmful phytoplankton in the water column acts as an
important early warning system of shellfish toxin contaminations in the future. Since A.
spinosum is very small (12-16 μm long) it is difficult to identify using a light microscope,
therefore molecular techniques have been developed to detect species-specific
environmental DNA from phytoplankton samples. In this thesis the application and
verification of quantitative real-time polymerase chain reaction (qPCR) is discussed in detail
and documents its first use in Scottish waters to survey A. spinosum abundance and
seasonality.
It was found that qPCR was the most suitable method for implementation of molecular
monitoring on high-throughput samples for FSS (Chapter 2). The efficacy of the method was
defined and some previously unrecorded limitations explored (See Chapter 2 for detailed
discussion). I concluded that qPCR was suitable for use on acidified Lugol’s fixed
phytoplankton samples (Chapter 2). The limit of detection for qPCR was found to be 2000
±5600 cells L-1. The large confidence interval stems from a wide variation in ribosomal DNA
copy number in individual cells of A. spinosum (used to back-calculate cells L-1 from copy
number abundance in a field sample). It is unclear whether this limit of detection is adequate
for the monitoring of A. spinosum as we do not yet fully understand the link between cell
abundance in the field and shellfish toxicity (see Chapter 7 for detailed discussion).
The qPCR technique was applied to two field campaigns (Chapters 3 and 4) to detect A.
spinosum in relation to environmental variables. The aim was to observe variations in cell
abundance, both temporally and spatially, to find correlations with environmental variables
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which may be confirmed in laboratory culture experiments (Chapter 5). However, no A.
spinosum was detected in the Scottish phytoplankton during the survey period (summer
2014 - summer 2015) except two positive samples taken from Scalloway Harbour in August/
September 2014 (2545 ±5600 cells L-1 and 2015 ±5600 cells L-1 respectively). Low levels of
azaspiracids (AZAs) were detected in the water column, but not >6.3 ng AZA-1 g-1 (Chapter
3). This explains the lack of shellfish AZAs detected (across the whole of Scotland, Figure
1.4B) throughout the study period. Since the seasonality of A. spinosum could not be
ascertained, other harmful species were discussed (Chapter 3). A Dinophysis acuta bloom
which was associated with a temperature front at the mouth of Loch Fyne (Clyde Sea) and
diarrhetic shellfish poisoning (DSP) shellfish harvest closures in the area is discussed in
Chapter 4.
Since no correlations were found between A. spinosum abundance and environmental
variables, batch culture laboratory experiments were carried out in simulated Loch Creran
summer conditions to determine typical growth and toxicity in the Scottish field. Intracellular
toxin contents were found to be approximately double those previously noted (maximum
concentrations 419 ±131 fg AZA-1 cell-1 and 264 ±89 fg AZA-2 cell-1 in strain UTHE2)
(Chapter 5). This could explain the incredibly high toxicities reported in field shellfish
previously (Figure 1.4).
Finally, the probe and primer sequences, used throughout Chapter 2-4 in this thesis, was
tested against newly isolated strains of A. spinosum from Norway and Argentina. No new
strains of the species had been isolated since 2012 (when the qPCR assay had been
developed) so it was pertinent to see whether the new strains could also be detected. It was
found that the qPCR probe/ primer set is too specific to detect all the new isolated strains.
These new sequences pointed to the existence of two A. spinosum ribotypes. This may
explain why no A. spinosum was detected from the Scottish coast in this thesis. This
revelation is highly important for monitoring programmes currently using, or looking to
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implement, qPCR monitoring for A. spinosum as we must first understand local genetic
diversity before its application.
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1. Chapter 1

Literature Review & Introduction

1.1 Harmful Algal Blooms
A harmful algal bloom (HAB) is when a “regular” algal bloom becomes detrimental to the
environment; either through excess growth or toxin production. HABs can be harmful both at
high and low biomass. Excess biomass in the water column can irritate fish gills causing
suffocations (Glibert et al., 2005a), or a sharp decrease in water oxygen content from
respiring bacteria (Sellner et al., 2003), potentially leading to organism suffocation. High
biomass blooms can reach millions of cells per litre and discolour the water’s surface a
variety of colours including red, green and yellow. Red tide is a colloquialism for HABs, but
makes the gross simplification that all blooms are red. Red tides are also assumed to be
toxic; however, this is not always true. A red bloom could occur without any harmful effects to
the ecosystem.
Low biomass blooms usually go unnoticed, until the species produces a potent biotoxin,
which causes illness in humans. Shellfish are filter feeders which incorporate toxin into their
flesh when toxic phytoplankton are ingested. Toxins accumulate inside shellfish even when
the toxic alga forms only a small part of the phytoplankton community. There is no direct
protection for consumers against shellfish poisoning as a contaminated shellfish will appear
identical to a ‘clean’ organism and toxins cannot be broken down by any known treatment,
including cooking (Evangelista et al., 2007).
In countries which have economically important shellfish industries, like Scotland, monitoring
programmes are typically in place as a routine. Some HAB species can contaminate shellfish
at <100 cells L-1. In Scotland, Dinophysis spp. have a monitoring threshold value of ≥100
cells L-1 (Stubbs et al., 2014) above which a shellfish site is considered at high risk for
shellfish toxins and additional shellfish samples are triggered for toxin analysis (FSAS, 2009).
Another genera, Alexandrium, is considered so potent in its production of saxitoxin that its
threshold is the limit of detection: ≥40 cells L-1 (Stubbs et al., 2014).
Humans may come into physical contact with a HAB leading to rashes on the skin or
breathing difficulties, if the toxin has been aerosolised by wave action at the shoreline. In the
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United States this is an annual problem for people living along the Gulf of Mexico, who
breathe in toxins produced by large annual Karenia brevis blooms there (Hallegraeff, 2004).
People who suffer from asthma are particularly affected. In Scotland, such dense blooms are
uncommon, perhaps due to our cold and well circulated waters, and so harmful effects from
physical contact are rarely recorded from the marine environment. Occasionally foam from
an offshore Phaeocystis bloom can be blown onto the coast causing local disruption, as
happened in Aberdeen in September 2012 (Briggs, 2012), but these events are rare. The
main negative consequence of marine HABs in Scottish waters remains biotoxin
accumulation in shellfish.

1.2 Causes
Both natural and anthropogenic factors are linked to HAB events. HABs are very diverse and
therefore it is difficult to generalise about their causes, which will be unique to species and
bloom location. Increased nutrient loadings in coastal areas from an expanding human
population, farming practices and industry are often cited as the driver of increased global
HABs (Glibert et al., 2005b). Human-related impacts usually occur in densely populated
areas which have higher economic loss from a bloom and so are often highlighted
prominently in the press (Sellner et al., 2003). An emerging cause of expanding HAB
distributions worldwide is the transfer of resting cysts in ship ballast water allowing the
introduction of non-native competitor phytoplankton species (Smayda, 2006).
One of the central debates to anthropogenic stimulation of HAB events is the effect of
nutrient ratios on preferential growth of harmful species. According to Liebig’s Law of the
Minimum, phytoplankton biomass can be limited by the nutrient which is present in the lowest
amount relative to its need for synthesis (Falkowski et al., 1992) in the Redfield Ratio, 106
Carbon: 15 Silicon: 16 Nitrogen: 1 Phosphorus (Brzezinski, 1985). Deviations from this
standard ratio (e.g. increases in N:P or N:Si) can shift species composition in favour of HAB
species (Glibert et al., 2005b). In Tolo Harbour, Hong Kong, an area known for its large HAB
events, the decrease in N:P ratio could have promoted the growth of dinoflagellate HAB
3

species. Furthermore, the high inputs of N and P into the system could have promoted
growth to such an extent that Si became the limiting nutrient, thereby promoting the growth of
dinoflagellates over diatoms (which are housed inside a silicate frustule) (Harrison et al.,
2010).
Even with the evidence to support the HAB-nutrient-ratio theory many researchers remain
sceptical. Davidson et al. (2012) and Gowan et al. (2012) reviewed the current literature on
the evidence for whether anthropogenically derived nutrient inputs could change nutrient
ratios in the sea and promote HAB incidences. They found that evidence was lacking in most
cases. Davidson et al. (2012) state that “if nutrient concentrations are not limiting for growth,
then ratios do not influence floristic composition” and warn than a simple correlation between
increased nutrient loadings and HAB events does not imply causality. The nutrient
requirements of phytoplankton for growth are incredibly species-specific and in most cases
information is lacking on the response of each species to various nutritional and physical
regimes. If there is a regime shift in the sea then there are thousands of species which may
be promoted which are not harmful. There is evidence, however, that nutrient depletion, in
particular phosphorus limitation, does increase the toxicity of some HAB species (e.g. for
Alexandrium tamarense, Frangópulos et al. 2004), but this is often not linked with an
increase in growth.
The introduction of alien species from ship ballast water as resting cysts is recognised as an
important mechanism for HAB expansion globally (Cembella et al., 2010; Glibert et al.,
2005a). In Australian ports, 40% of ships contained viable cysts of non-harmful species and
6% of ships contained PSP toxin-producing species (Alexandrium catenella and A.
tamarense) cysts, up to 3 x108 cysts per ship (Hallegraeff and Bolch, 1991). Authors suggest
that toxic Gymnodinium catenatum was introduced to Tasmania in this manner, which was
later confirmed by Bolch and de Salas (2007) through genetic studies. In Scotland, a study
analysing the ballast contents of 127 ships entering Scottish ports and found that 76% of
samples contained motile dinoflagellates, including potentially toxic Dinophysis spp., and
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Pseudo-nitzschia spp., and 61% contained resting cysts, including those from potentially
toxigenic Alexandrium spp. (MacDonald and Davidson, 1998). However, cyst deposits from
ballast water may not stimulate a toxic bloom, or even permanently introduce a new species.
The species must be adapted to excyst and grow in the new environmental conditions, be
competitive with the resident phytoplankton community, form new cysts which are incubated
in the local sediments and be able to excyst the following year (Smayda, 2002).
Although anthropogenic influence on HAB cycling may be important in some areas, the
regulation from natural functioning of marine systems can greatly outweigh any influence
humans may have. In rural areas, like the shellfishery sites of the Scottish west coast and
islands, natural factors will outweigh anthropogenic factors, however even in heavily
populated areas hydrography could still have the greatest influence should it prevent
accumulation of nutrients or phytoplankton (Gowen et al., 2012).
Some HAB species have a natural ‘hibernation’ stage of their life cycle which can be an
important method for cyclic bloom formation (Raine, 2014). Microalgae primarily reproduce
through asexual cell division which allows exponential growth. In an ingenious method of
species preservation Alexandrium spp. can form a resting cyst when conditions are not
conductive for growth (e.g. nutrient limitation (nitrogen, phosphorus or iron)) where dioecious
gametes are released which merge to form a motile zygote (Anderson, 1998) (Figure 1.1).
The zygote develops into a resting cyst stage after ~7 days and sinks to the bottom to
become inert. When the above environmental conditions improve then excystment occurs
and the motile cells swim up to the pelagic phytoplankton community once more to seed
blooms.
Complex hydrography, changing with location and seasonally, prevents a simple explanation
of HAB abundance in Scotland. The large slope current flows northwards, following the
contour of the shelf edge (Gillibrand et al., 2016), and the Scottish Coastal Current (SCC)
which is an on-shelf current carrying Irish Sea and Clyde Sea waters northwards (Hill et al.,
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1997) have a transit time of 6 months to travel the length of Scotland (McKay et al., 1986).
Permanent fronts exist where large water masses meet, for example the Islay Front where
the saline slope current water meets more fresh SCC water above Northern Ireland (Ellett,
1979). The HAB species present in Scotland are limited though, and those that do occur tend
to be common members of the phytoplankton community (Davidson et al., 2011). Advection
of cells in currents can widen the territories of HAB species and transport blooms seeding
new locations (Smayda, 2006). A large K. brevis bloom off the Scottish west coast in 2006,
reaching up to 1.9 x106 cells L-1 in the Western Isles, was transported north throughout the
west coast, into Shetland and then down the east coast over a period of six months
(Davidson et al., 2009; Gillibrand et al., 2016).
In Scotland, HAB events are surprisingly different from the rest of the British Isles and
mainland Europe (Smayda, 2006). Examples include a predominance of domoic acid toxicity,
from the toxic diatom Pseudo-nitzschia spp. (particularly in scallops (Trainer et al., 2012)),
and the major saxitoxin producer being A. tamarense (Swan and Davidson, 2012) (this is
compared to Alexandrium minutum (Lilly et al., 2005; Touzet et al., 2009) or G. catenatum
(Amorim and Dale, 2006) to the south and east).

Figure 1.1: Life cycle of a harmful dinoflagellate Alexandrium sp. (redrawn after Backer and
McGillicuddy (2006)).
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1.3 Toxic Impacts
1.3.1 Human Health Effects of Toxins
As humans, it is natural to be primarily interested with the impacts of HABs on the human
population. It is true that if there were no human health effects then we would probably know
considerably less about algal toxin ecology than we currently do, but there are huge gaps in
our current knowledge base which need addressed to adequately protect our shellfish
consumers. Most known toxins act as neurotoxins, with some causing liver damage or even
cancer. However, symptoms usually display themselves as acute food poisoning (Davidson
and Bresnan, 2009) or even a seafood allergy (Woo and Bahna, 2011); leading to potentially
high numbers of unreported or misdiagnosed incidents. Presently, prevention strategies in
the form of monitoring programmes are the only form of defence to toxic events.
Toxins are highly stable and do not lose their toxicity upon cooking (Evangelista et al., 2007).
It is also difficult and expensive to test shellfish flesh for toxin presence making it unlikely for
any downstream contamination checks past harvest. There are no diagnostic tests available
for human fluids, making attribution of illness directly to HAB toxins difficult, to impossible.
Medicines are non-specific and can only alleviate symptoms. Acute health effects (diahorrea,
vomiting, stomach cramps) are the usual cited symptoms for many algal toxins, however little
is known whether lasting effects resulting from acute exposure remain, or whether prolonged
exposure to low levels of toxin below the regulatory limit may infer negative health effects.
Significant research from the medical sector to develop drugs specifically for treating HAB
illnesses are required, as well as diagnostic tests to check for toxin presence in people.
These developments will support HAB monitoring and illness prevention, by providing spatial
and temporal statistics, long-term exposure effects of toxins and potentially identifying
vulnerable groups of the population.
1.3.2 Ecosystem Impacts of Algal Toxins
The environmental impacts of a HAB event can be numerous and far-reaching but effects do
depend on the specific characteristics of blooming species and the type of the surrounding
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environment. Research is ongoing into algal toxins and this focuses mostly on the
commercial importance to the aquaculture industry: molecular structure of the toxin, acting
components and capacity on humans, how the toxin structure can change with digestion
inside a shellfish, seasonality of causative species, etc. Consequently, very little research is
devoted to the impacts on non-commercially important species. As many blooms are
transient in nature, and are difficult to predict, environmental effects will be difficult to identify
as directly related to the HAB event (Landsberg, 2002). Therefore, the current research into
commercial importance of algal toxins will eventually become helpful as it gives scientists a
framework and concrete questions to answer. Once we know more about toxin (and
causative species) ecology, then perhaps it will be easier to move to mesocosm scale tests
on various components of the marine ecosystem.
Depending on the ecology of the causative HAB species, surrounding organisms can be
exposed in various ways. Direct exposure to toxins can occur from: ingestion of toxinproducing cells, exposure to dissolved algal toxins and cell-to-cell surface contact
(Landsberg, 2002). Little is known about the sub-lethal effects of cellular toxicity on predatory
organisms from direct feeding. In copepods, it has been shown that some toxins may
perform as a feeding deterrent to allow copepods to selectively exclude toxic cells from their
diet, however PSP-1 toxins only deterred at low concentration and domoic acid was simply
lethal at low concentration (Shaw et al., 1997).
Domoic acid, saxitoxin and brevetoxin are bioaccumulated and magnified by the food chain
through fish, shellfish, salps (which attach to seagrass) and probably numerous other prey
items (Hallegraeff, 2004). Indirect exposure through toxin transfer up the food chain is the
most common method of intoxication for higher trophic levels. The consumption of the
causative microalgae by zooplankton grazers, or filter feeders, accumulate toxin and make it
available for higher consumers, e.g. domoic acid in birds, paralytic shellfish toxins in fish,
birds and mammals (Hallegraeff, 2004). Various toxins lead to shellfish poisoning syndromes
in humans upon consuming contaminated shellfish; the main agents in Scotland being
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paralytic shellfish poisoning (PSP), amnesic shellfish poisoning (ASP) and diarrhetic shellfish
poisoning (DSP) (Davidson and Bresnan, 2009).
The transfer of toxins throughout the food web is an interesting area of study and, in the case
of Azadinium spinosum, meant an incorrect identification of Protoperidinium crassipes as the
AZA-producer when it only acts as a vector species by grazing (James et al., 2003; Krock et
al., 2009). Once a toxin has been ingested it is immediately digested (biotransformed) and
may result in a different chemical which could promote very different effects (Jauffrais et al.,
2012). If a grazer ingests large quantities of a toxic population this may or may not have
adverse effects on the grazer depending on the acting quality and potency of the toxin.
However, as with human consumption of mussels, toxin build-up inside the grazer may show
no effects, but one level up the food chain consequences can be dire. This makes effect
attribution difficult as an organism may show symptoms which are apparently far removed
from the causative species, therefore there may be episodes of strange behaviour by some
species groups which are not officially linked to HAB toxins (Landsberg, 2002).
Once exposed to toxins, effects can be variable depending on the duration of exposure, the
concentration of the toxin, the biochemistry of the toxin, and the individual behaviour and
ecology of the affected species. Acute impacts are when an organism shows a fast and
severe reaction to a quick single exposure (Landsberg, 2002), as with humans ingesting
contaminated shellfish. Exposure above a certain concentration may kill the organism and a
level approaching this threshold may leave an organism permanently incapacitated. Chronic
impacts are when an organism is exposed long-term to low levels of toxin (Landsberg, 2002).
For chronic exposure, it is often difficult or impossible to spot symptoms and the impact of
the organism is often an irreversible sub-lethal effect (Landsberg, 2002). Different animals
have methods to limit their exposure to environmental contaminants; e.g. moving away,
producing a substance to break down the toxin or species resistance. However, if an
organism is accumulating toxin from the environment, even at low rates, the threshold
mortality value can be reached. Of course, the impacts of the toxin will depend on its acting
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agents, stability in the environment and affected organisms. As most effort has been placed
on determining the effects of the main economically-sensitive toxins which affect humans
and ‘poster’ animals, like marine mammals, not a lot is known about the symptoms and
effects of algal toxins on the general marine community.
Mass cell lysis after a bloom enters its death phase (or other mechanisms including stress,
salinity changes, currents, etc) could release large concentrations of dissolved toxin (Paerl et
al., 2016). On release, toxins can be transferred to the air in aerosols and bubble-mediated
transport. Toxic aerosols have been linked to respiratory problems in humans (Evangelista et
al., 2007), reptiles (Berdalet et al., 2016) and marine mammals (Hallegraeff, 2004). The
chemical treatment of HABs to prevent the exponential growth of algae in an effort to prevent
large-scale impacts (e.g. Pierce et al., 2004) could cause more impact by the mass release
of dissolved toxin rather than by letting the bloom run its course (Paerl et al., 2016).
However, it is difficult to say which would be the preferred strategy as every bloom is
different (ecology of the blooming species, biochemistry of any toxins present, local
hydrography, current weather conditions, and many other, perhaps unknown factors).
1.3.3 Economic Impacts of Harmful Algal Blooms
Overall, it is very difficult to determine the monetary loss from a HAB event as effects would
be felt across many sectors. Impacts can affect human health, wildlife, local environment
(spoiled scenery, loss of ecosystem function), loss of recreational services (swimming and
water sports), and aquaculture industries (Glibert et al., 2005a). These could have severe
impacts on the local and global economies. For example, it was estimated that $49 million
was lost from the United States economy from 1987-2002 just from HAB events (Hoagland et
al., 2002) and this is likely to be an under-estimation. Over the past 30 years ~ $121 million
has been lost from the Korean aquaculture industry alone, including five deaths from the
consumption of PSP contaminated mussels.
In viewing a HAB event in economic terms the cost to society can be weighed against the
cost required to take preventative/relief measures and whether these measure are
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worthwhile (Hoagland and Scatasta, 2006). For example, in Scotland does the loss incurred
by the National Health Service (NHS), individuals and the aquaculture industry from toxic
shellfish poisoning threats make the national monitoring programme for toxins and harmful
algae (see Coates et al., 2017) a worthwhile venture? By considering the current value of
shellfish aquaculture to the Scottish economy (and the plans to increase production by 50%
by 2020 (Marine Scotland, 2015)) and the potential cost to the NHS if there was no
monitoring in place, we can begin to assess this complex cost/benefit. If there was no
monitoring in place and people regularly became sick or died from eating British-cultured
shellfish would the industry collapse from a lack of consumer confidence? In an ideal world,
the cost of mitigation would remove the financial cost incurred by HABs; however, we can
only expect to minimise the damage while spending the minimum on preventative measures
(Hoagland and Scatasta, 2006).
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1.4 The UK Biotoxin and Phytoplankton Monitoring Programme
Biotoxin producing phytoplankton are a significant threat to the Scottish shellfish aquaculture
industry. Shellfish toxicity results in closures of harvesting areas and can trigger expensive
product recalls from the marketplace. Most Scottish cultured shellfish are grown in Shetland
due to its long coastline and exceptionally clean waters. The industry is worth over £17
million to the Scottish economy (Alexander et al., 2014) and is locally important to rural
communities. Aquaculture (including finfish) is the largest sector on Shetland with
transferable skills supporting many other industries (Alexander et al., 2014).
The Scottish shellfish market is organised around the Scottish Shellfish Marketing Group.
This cooperative brings together many small-scale farms and allows them better market
access by setting the minimum price for Scottish mussels in the marketplace ensuring
fairtrade for all producers (Alexander et al., 2014). The cooperative model also provides
some risk mitigation for small producers. For example, in 2013 a Dinophysis spp. bloom led
to 70 known incidents of sickness from the consumption of Shetland mussels (Whyte et al.,
2014) however the cooperative was able to keep up with market demand by working with
farmers out of toxic event reach who were still able to harvest (Alexander et al., 2014).
Consumers tend to lose confidence in all shellfish production, no matter where they were
harvested, when a toxic event takes place (Whyte et al., 2014). By working together, the
shellfish growers can share the costs associated with a toxic outbreak and remain a strong
force in the marketplace.
A nationwide monitoring programme is in place to protect shellfish consumers which fulfils
the legal requirements for biotoxin monitoring laid out in the European Commission
Regulations 854/2004, 882/2004 and 2074/2005 (CEFAS, 2012). Biotoxins are detected
inside shellfish flesh by the Centre for the Environment, Fisheries and Aquaculture Science
(CEFAS) from key shellfish harvesting sites to ensure they are below the regulatory limits for
each toxin.
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Biotoxin regulatory limits work on a ‘traffic light’ system for easy reference by industry (green:
good harvesting conditions, amber: harvest not recommended without increased endproduct-testing, red: harvest is prohibited by law); however, farmers are ultimately
responsible for the decisions they make regarding harvest and are expected to carry out their
own rigorous end-product-testing. The toxin thresholds vary for each biotoxin relative to their
LD50 (50% lethal dose) [e.g. Saxitoxin has a maximum permitted limit of 800 µg kg-1 shellfish
flesh and AZAs have a maximum permitted limit of 160 µg kg-1 (160 ng g-1) shellfish flesh
(Stubbs et al., 2014)].
Cell counts of known toxin producing species from the water column near aquaculture sites
are used to support and predict biotoxin results and are analysed by light microscopy by the
the Scottish Association for Marine Science (SAMS). Phytoplankton are primarily used as an
indicator of high biotoxin levels in future flesh samples and would not alone be used to close
harvesting. Nevertheless, the sampling of phytoplankton species tells us about the microbial
ecology of harvesting areas, helps us to understand the drivers of shellfish toxicity and gives
context to the biotoxin data. Samples are taken from the same location as the shellfish flesh;
as close to the growth area as possible. 10-50 ml of Lugol’s iodine fixed phytoplankton
sample is settled in an enumeration chamber for 20+ hours, and then analysed by a trained
phytoplankton taxonomist for important harmful species (Swan and Davidson, 2011). Final
data of flesh biotoxin and harmful phytoplankton abundances are collated and published in
weekly Food Standards Scotland (FSS) reports accessible online
(http://www.foodstandards.gov.scot/business-and-industry/industry-specific-advice/fish-andshellfish#Biotoxin monitoring programme).
There are ~113 coastal sites in Scotland used for the monitoring of shellfish flesh and
phytoplankton; the frequency of monitoring is determined by risk assessment from previous
data. In 2016, 83 inshore sites were monitored for biotoxins (total 2882 bivalve shellfish
samples) and 53 inshore sites were sampled for phytoplankton (total 1305 seawater
samples) (Figure 1.2) (Coates et al., 2017). Samples are taken weekly in high-risk months
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(usually March – September) and monthly during winter. Groups of sampling sites are
clustered into ‘pods’ which are areas of similar hydrographical and environmental character
which are therefore assumed to have similar biotoxin results. A Representative Monitoring
Point (RMP) is within each pod from which samples are collected; all other areas in the pod
are referred to as Associated Harvesting Areas (AHAs). See FSAS (2009) for more
information.
The main shellfish species submitted for monitoring are the common mussel (75%), Pacific
oysters (14%) and razor clams (4%) (CEFAS, 2012). Flesh is tested using Liquid
Chromatography–Mass Spectrometry (LC-MS/MS), as the traditional mouse/rat bioassay
method was phased out in July 2011 on animal welfare grounds. The move from bioassay to
LC-MS/MS also allowed the differentiation between toxin groups and the ability to quantify
toxin in direct relation to their regulatory limits as small levels of toxin may not induce
physical signs of sickness in mice/rats. Small levels of toxin, while maybe not directly harmful
to humans, could provide early warnings for future toxic events (CEFAS, 2012).
The three major monitored biotoxin groups in Scotland are: (1) Lipophylic toxins (toxins
which adhere to fats) which include okadaic acid (OA)/ Dinophysis Toxins (DTX),
pectenotoxins (PTX), azaspiracids (AZA) and yessotoxins (YTX); (2) PSP toxins which
contain saxitoxin; and (3) ASP toxins are domoic acids (DAs). For monitoring purposes,
these are separated into PSP, ASP and lipophilic toxins (includes toxins linked to DSP, YTX
and AZA) (CEFAS 2012).
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Figure 1.2: Locations of Scottish monitoring programme samplings between 1st January
and 31st December 2016 (A) shellfish flesh for biotoxin analysis (B) seawater for
phytoplankton enumeration (Figures taken from Coates et al., 2017).

1.4.1 Harmful Species in Scotland
Harmful species which are monitored for in the Scottish phytoplankton include: Dinophysis
spp. (DSP producer), A. tamarense (PSP producer), Pseudo-nitzschia spp. (ASP producer),
Karenia spp. (brevetoxin producer), Lingulodinium spp. (PTX producer) and Prorocentrum
spp. (DSP producer) (Coates et al., 2017; Stubbs et al., 2014). Chaetoceros spp. is also a
known harmful species because their barbed setae which, when at very high cell density, can
suffocate fish by irritating their gills (Kent et al., 1995). Chaetoceros, however, is not routinely
monitoring as it does not have direct human health impacts through shellfish toxicity.
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1.5 Azadinium spinosum
This section brings me to discuss the species on which this thesis is primarily based: A.
spinosum. The species is a new threat to the Scottish shellfish industry and therefore it is
important to gather our current knowledge so we can expand on what we know, and apply it
to the Scottish environment.
The marine biotoxin AZA is a newcomer on the scene of biotoxin science. It was first
identified in 1995 after a group people in the Netherlands became sick after eating mussels
cultured in Ireland (McMahon and Silke, 1996). Symptoms included acute sickness,
diarrhoea and stomach cramps. At the time, the event was linked to toxins associated with
DSP because of a ‘strongly positive’ rat bioassay, which was routinely used to detect DSP
causing toxins prior to 2001. Upon closer chemical analysis using LC-MS/MS, however, DSP
toxins were below the regulatory limit, and plankton linked to DSP were not seen in water
samples collected from the area (McMahon and Silke, 1996). The symptoms were similar to
bacterial food poisoning (James et al., 2003); however, none of the causative bacterial
pathogens were found (McMahon and Silke, 1996). Symptoms from the rat bioassay were
consistent with some kind of neurotoxin, however PSP toxins were also absent (McMahon
and Silke, 1996). Researchers concluded that an undescribed algal toxin must have caused
the sicknesses.
The toxin producer, A. spinosum, was initially isolated from the east coast of Scotland in
2008 on a cruise specifically designed to target the producer of AZAs. Krock et al. (2008)
took an LC-MS/MS instrument to sea and processed size-fractionated phytoplankton
samples in real-time. Fractionated phytoplankton samples were analysed for toxins and
AZAs were highest in the smallest size fraction (3-20 µM). Specific AZA positive fractions
were diluted into ‘crude culture’ and these were tested for AZA presence after 2-3 weeks
incubation. A small dinoflagellate was isolated from a positive culture and the clonal culture
tested positive for AZAs. This small dinoflagellate was later described at A. spinosum
(Tillmann et al., 2009).
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Cells of A. spinosum are small compared with other toxic dinoflagellates at only 12-16 µM
long and 7-11 µM wide (Tillmann et al., 2009) which explains why they were previously
overlooked during routine sampling for toxin-producing species during AZA events. They also
closely resemble other benign species (particularly Heterocapsa (Salas et al., 2014)) and can
only be discerned by a highly-trained taxonomist at high microscope magnification (e.g.
scanning electron microscopy (SEM)), or by observing live swimming behaviour which
follows an unusual pattern, or by molecular techniques. The characteristic swimming
behaviour [where cells swim in a circular motion interrupted by quick spasms to change
direction, see supplementary material in Tillmann et al. (2009)], allowed the identification of
another species, Azadinium obesum, which is non-toxic and was therefore invisible to LCMS/MS scanning (Tillmann et al., 2010).
Initially AZAs were associated with the large dinoflagellate P. crassipes, previously thought to
be a benign species (James et al., 2003; Yasumoto, 2001). The idea that P. crassipes could
be toxic was controversial as laboratory cultures did not appear to produce toxins. To explain
the paradox, it was suggested that P. crassipes could be acting as a vector species for AZAs
by grazing on the real causative species. Even James et al. (2003) recognised this idea in
their original publication suggesting that the species was toxic.
Even though P. crassipes was shown not to be the de facto producer of AZAs this highlights
the potential importance of vector transported toxins for any heterotrophic species in shellfish
toxicity. Potvin et al. (2013) showed grazing on the non-toxic Azadinium cf. poporum by
heterotrophic protists (including Oxyrrhis marina) and copepods (including Acartia spp.);
however, A. cf. poporum seems to be a “low-grade” foodstuff for predators with some
species selectively ignoring it. That being said, the ciliate Strobilidium sp. had the means to
graze on A. cf. poporum – clearing up to 36% of cells per day (Potvin et al., 2013). Similar
interactions will likely occur with A. spinosum.
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Dave Clarke (Marine Institute Galway (Ireland), pers. comm.) believes that the vector transfer
of toxins into shellfish through a grazing species could account for the high concentrations of
toxin found in shellfish (Figure 1.4) and may provide a more representative monitoring
method for tracking blooms of A. spinosum than by directly measuring abundance. He cites
tintinnid Favela as a particularly interesting candidate for toxin vector transfer as blooms of
the genus appear to closely track blooms of A. spinosum in Irish waters (unpublished data,
Dave Clarke, pers. comm.). In cultured experiments Favela ehrenbergii selects
dinoflagellates over other types of phytoplankton (including diatoms, haptophytes and
cryptophytes) and readily feeds on Heterocapsa sp. (Stoeker et al., 1981), previously noted
for its similarity to Azadinium sp.
AZA contamination in Irish mussels typically remains high throughout the winter months after
the initial late summer blooms of A. spinosum have ceased (Dave Clarke, pers. comm.). This
extended lag time of toxicity does not fit with the average recovery time for toxin breakdown
in shellfish – usually in the scale of weeks, not months, and perhaps the entire season as is
the case for AZAs (Twiner et al., 2008). In addition, when mussels are fed high
concentrations of pure toxic A. spinosum culture the same high levels of AZA toxicity cannot
be replicated in mussel flesh (Salas et al., 2011). Vector species could be facilitating this
difference, by continuously supplying low levels of toxin to shellfish and the apparent inability
for A. spinosum cells alone to get mussels up to environmental AZA toxicities.
The currently available evidence suggests that A. spinosum is a medium-high abundance
bloomer with relatively constant low background levels all year round (Dave Clarke, pers.
comm; Akselman et al (2014)). Preliminary results from Ireland report constant low levels of
A. spinosum year-round at the surface and blooms of up to 17-18,000 cells L-1 periodically in
late summer months (Dave Clarke, pers. comm.). In Argentina, large Azadinium spp. bloom
events were reported on the Argentinian shelf and shelf break in 1990-1991. Akselman and
Negri (2012) claim to have seen high cells densities on two occasions; the first in November
1990 with cell numbers up to 9.03 x106 cells L-1 and the second in September 1991 with cell
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numbers up to 3 x106 cells L-1. Out with bloom events, A. cf. spinosum occurs mostly <400
cells L-1 between spring and autumn (Akselman et al., 2014). Based upon comparisons of
thecal templates and cell size, between the observed species and A. spinosum in culture,
authors concluded that they may be the same species. Unfortunately, no molecular data is
available for phylogenetic confirmation and no toxicity analysis was performed. As Azadinium
spp. are inherently difficult to identify using a microscope we must be cautious when
accepting this as an Azadinium spp. bloom. However, in 2016, a study was published looking
back at preserved samples from the 1991 Argentinian shelf bloom using SEM (see Akselman
and Negri, 2012) and a new Azadinium species was identified, Azadinium luciferelloides,
which was the most “dominant nanoplanktonic dinophycean species” during the bloom
(Tillmann and Akselman, 2016). The toxicity of the new species remains unknown. This
emphasises the difficulty in identifying Azadinium spp., and highlights the importance of
recognising that we do not yet fully understand the diversity of the genus.
1.5.1 Azaspiracids
AZA toxin was found in 1998 by Satake et al. (1998) and then structurally updated by
Nicolaou et al. (2006). AZA has a cyclic amine (aza group), ‘two spiro ring assemblies and a
carboxylic acid’ in its structure (Satake et al., 1998), which resulted in naming it azaspiracid
(Twiner et al., 2008) (Figure 1.3). In the period of 11 years between toxin and A. spinosum
discoveries the toxin was heavily studied in the laboratory. >50 AZA analogues are currently
known with AZA-1, 2, 33, 34 and 35 are known to be produced by A. spinosum (see
Appendix C). AZA-1, AZA-2 and AZA-3 (a highly toxic shellfish metabolite) are currently
monitored by FSS; however, it has been suggested that AZA-6, AZA-17 and AZA-19 may
also be important for monitoring in the future (Hess et al., 2015).
Shellfish AZA toxicity appears to be widespread, especially in Europe (Amzil et al., 2008;
Furey et al., 2003; James et al., 2002; Magdalena et al., 2003; Stubbs et al., 2013; Tillmann
et al., 2017a; Twiner et al., 2008). Reports have also been flagged in South America (Álvarez
et al., 2010) and North Africa (Taleb et al., 2006). The global spread of the Azadinium genus
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indicates that toxins may be present globally, just not detected yet, for example AZAs have
been detected from the Washington State phytoplankton (Trainer et al., 2013), however there
are no formal reports yet from North American shellfish.
The symptoms of azaspiracid shellfish poisoning (AZP) in humans are very similar to DSP,
bacterial food poisoning, or a seafood allergy (Woo and Bahna, 2011): vomiting, diahorrea
and stomach cramps (Twiner et al., 2008) and typically last for 2-3 days. No data exists on
the long-term health effects of repeat exposure to sub-lethal concentrations. See Hess et al.
(2015) for a summary of recent AZA human intoxication events. In vivo experiments in mice
show that sub-lethal doses of AZA-1 (100-300 μg kg-1) are metabolised to 2% of their original
concentrations after 24 hours (Aasen et al., 2010). Higher doses of AZA-1-3 (135-1100 μg
kg-1 AZA-1 and 300-1100 μg kg-1 AZA-2 and -3) resulted in 12.5%, 18.8% and 6.25%
mortality in mice respectively (Tubaro et al., 2014). After 14 days, only AZA-1 and AZA-2
remained within internal organs at <3% of original concentrations. Calculated LD50’s for each
toxin were 443 μg kg-1 AZA-1, 626 μg kg-1, AZA-2 and 875 μg kg-1 AZA-3 (Tubaro et al.,
2014). Observed behavioural changes in mice with AZP included being stationary, trembling,
abdominal breathing, hypothermia and turning red. Twitching and jumping were also
observed in higher dosage tests (>850 μg kg-1 AZA-3). Histologically, changes to internal
structures are noted for their similarity to inflammatory bowel disease (Twiner et al., 2008).
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(see referenced paper for original image)

Figure 1.3: Fragment Ion Spectrum of AZA-1 showing fragmentation patterns and chemical
structure. Inside a mass spectrometer the molecule is converted into ions which are then
sorted by mass and charge used magnetic and electric fields. The resultant ions are
plotted on a Fragment Ion Spectrum with specific mass:charge ratio (m/z) against
abundance (%). By knowing the m/z and % of ions within a molecule a chemical structure
can be recreated from atomic bonding theory, as displayed above in the upper section of
the figure. Figure taken from Twiner et al. (2008).

The AZA target or mechanism for poisoning in humans is still unclear. AZA-1 acts like a
zwitterion at physiological pH, i.e. the molecule is uncharged, however has the possibility for
ionic bonding (James et al., 2004). This property could allow the toxin greater impact on
organisms susceptible to poisoning (Twiner et al., 2008). AZAs have been shown to not act
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as protein phosphatase (PP) inhibitors (Flanagan et al., 2001) (PP is the acting mechanism
for okadaic acid (Twiner et al., 2008)); not act as kinase inhibitors (Hess et al., 2015); not
alter actin polymerization or depolymerization in vitro (Hess et al., 2015); not act on gammaaminobutyric acid (a neurotransmitter) (Vale et al., 2010) or 76G protein-coupled receptors
(Hess et al., 2015). There is, however, potential for the AZAs to alter ion flux within cells.
Changes to intracellular calcium flux (Román et al., 2002), proton homeostasis (Alfonso et
al., 2006), and membrane hyperpolarization (Vale et al., 2010) have been demonstrated.
Recently, studies have indicated that AZAs are able to be an open state blocker of hERG K+
channels, which contribute to regulation of heartbeat (Twiner et al., 2012). AZAs have also
been shown to break down stomach and intestinal linings, and causes visible symptoms very
similar to DSP (Twiner et al., 2008).
1.5.2 Azaspiracids in UK and Irish Shellfish
In Ireland, AZAs have been a recurring problem in shellfish since they were first monitored
for by LC-MS/MS in 2001 (Figure 1.4A). Toxicities regularly exceed regulatory limits and
cause long term closures of shellfish harvesting areas, particularly during autumn and winter
(Cusack et al., 2016). Since Ireland is close to Scotland geographically it was prudent for
FSS to begin testing for AZAs in Scottish shellfish, which led to the monitoring of the 20112013 Scottish AZA event (Figure 1.4B).
AZAs were detected in 8% of shellfish flesh samples in period April 2011 – March 2012, in
7% of samples for April – December 2012, and in 6.6% of samples January – December
2013 (Table 1.1, Figure 1.4B). Toxins were mostly detected in mussels for the 2011-2012
period and in oysters for the 2012-2013 period. There is no associated phytoplankton data
for A. spinosum.
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Table 1.1: Table shows the percentage of total shellfish samples collected which were
contaminated with AZA toxins, and of these contaminated shellfish which species made up
the most incidents (*) Data summarised from (CEFAS, 2012; Stubbs et al., 2014, 2013)1.
% of all

% of AZA-

% of AZA-contaminated shellfish samples by

shellfish

contaminated

bivalve species

samples which

samples

are AZA-

above 160

contaminated

µg/ kg flesh

Apr 2011 - Mar 2012

8

1.2

87*

10

1

0

0

Apr - Dec 2012

7

0.2

20

54*

10

10

15

Jan - Dec 2013

7

0.2

2

90*

4

0

4

Time Period

Surf
Mussels

Oysters

Cockles

Razors
Clams

1

Note this table includes samples both above and below the regulatory limit of 160 μg kg-1
(160 ng g-1) shellfish flesh.

Between August and December 2011, there was an AZA event and toxins were detected in
212 samples (CEFAS, 2012) (Figure 1.4B). Sites on the Isle of Lewis were above regulatory
limit between August and September 2011 and sites on Yell and Unst islands (both
Shetland) were above regulatory limit in late September 2011 to January 2012 (Figure 1.5A,
B). The highest recorded AZA level was 626 ng g-1 shellfish flesh from Basta Voe, Shetland,
October 2011. Between August and December 2012, AZA toxins were detected in 148
samples (CEFAS, 2012) (Figure 1.4B; Figure 1.5C, D). The highest recorded AZA level was
595 ng g-1 shellfish flesh from Loch Bay (Skye) August to September 2012. Two AZA events
were recorded during 2013 (Figure 1.4B) where AZA toxins were detected in 187 samples
(CEFAS, 2012). AZAs were present from winter 2012 until late June 2013 within the Sea of
Hebrides; the second minor event was in September 2013 from three sites Lochaber,
Highland (Figure 1.5E, F). The highest recorded AZA level was 237 ng g-1 shellfish flesh from
Seil Point Ardencaple, March 2013.
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No AZAs were reported in shellfish from beginning 2014 until end 2016 when a single
positive AZA sample was detected from the Isle of Mull (Loch A Chumhainn Site, December
2016) at a concentration of 22 ng AZA equivalent kg-1, which was below the regulatory limit
(Coates et al., 2017; Stubbs et al., 2016, 2015) (Figure 1.4B).

Figure 1.4: (A) Irish shellfish toxicity incidents of AZAs from 2001-2016. Note AZA
concentration in shellfish flesh on y axis is measured in μg g-1, maximum is 2.7 μg g-1
(2700 ng g-1). X axis is date from November 2001 – end 2015. Red line depicts the
European regulatory limit for AZAs (0.16 μg g-1 (160 ng g-1). Figure generated and shared
(pers. comm.) by Dave Clarke, Marine Institute, Ireland. (B) Scottish AZA time series from
Food Standards Scotland shellfish flesh monitoring data from Summer 2011, where
records positive AZA samples began, until end 2016.
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Figure 1.5: AZAs above (red) and below (yellow) the regulatory limit of 160 µg kg-1 shellfish
flesh in Scottish samples from (A,B) 4th July 2011 to 31st March 2012 (CEFAS, 2012) (C,D)
1st April to 31st December 2012 (Stubbs et al., 2013) and (E,F) 1st January to 31st
December 2013 (Stubbs et al., 2014).
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1.5.3 Global Distribution of the Genus
Since its discovery, many papers have been published detailing observations of Azadinium
worldwide (Figure 1.6; Table 1.2). There are currently 12 species in the Azadinium genus:
spinosum, obesum, poporum, polongum, caudatum, dexteroporum, dalianense, trinitatum,
cuneatum, concinnum, luciferelloides and zhuanum (see Table 1.2 for references and toxin
profiles). These studies are focussed in Europe and China/Korea in areas where aquaculture
is an important industry, and where there is money and expertise to do research, however
studies from South America are increasing in number. It is possible that if samples were
taken from other continents then Azadinium would be found there also.
It is interesting to note the differences in isolation techniques between researchers. Most
documentations in Europe have been from pelagic water sampling and subsequent isolation
of the motile phase (except Luo et al. (2017)). Whereas Gu et al. (2013) (China Sea), Potvin
et al. (2012) (Shiwha Bay, Korea), Luo et al. (2016) (Gulf of Mexico), Luo et al. (2017)
(China/France) and Kim et al. (2017) (Puget Sound, USA) isolated strains from sediment
incubations indicating the presence of an, as yet, undescribed benthic phase to the life cycle.

Figure 1.6: Worldwide recordings of Azadinium spp., see Table 2 for details.

26

Table 1.2: Literature collection of Azadinium sightings worldwide and the descriptions of new
species and their toxicities (if present)
Location

Species

Notes

Publication

Scottish east coast,
North Sea

A. spinosum
(new species)

AZA-1 and -2
produced
First recorded strain
of Azadinium

(Tillmann et al.,
2009)

Scottish east coast,
North Sea

A. obesum
(new species)

No AZAs detected

(Tillmann et al.,
2010)

Danish west coast,
North Sea

A. poporum
(new species)

No AZAs detected

(Tillmann et al.,
2011)

Bantry Bay, Irish Coast,
Atlantic Ocean

A spinosum

Produced AZA-1
and -2

(Salas et al., 2011)

Shiwha Bay, Korea,
Pacific Ocean

A. cf. poporum

No AZAs detected
From incubated
sediments

(Potvin et al., 2012)

Shetland Islands, North
Atlantic Ocean

A. spinosum
A. polongum
(new species)

No AZAs detected in
new species

(Tillmann et al.,
2012)

Argentinian Shelf,
Atlantic Ocean

A. cf. spinosum

(Akselman and
Negri, 2012)

Mexico, Pacific Coast

A. spinosum

Post-reporting from
blooms seen in 1990
and 1991
Morphological
identification, no
molecular available
Observed
<300cells/L at one
site
No toxin analysis
carried out

(Hernández-Becerril
et al., 2012)
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Bantry Bay, Irish Coast,
Atlantic Ocean

A. caudatum
(new species;
transferred from
genus
Amphidoma)

Gulf of Naples,
Mediterranean Sea

A. dexteroporum
(new species)

China Sea

A. poporum

Yellow Sea, China

A. dalianense
(new species)

Irminger Sea, North
Atlantic Ocean

A. trinitatum
(new species)
A. cuneatum
(new species)
A. concinnum
(new species)
A. caudatum var.
margalefii

North Mainland Coast
Scotland, North Atlantic

Previous member of
Amphidoma sp.
Transfer supported
by plate tabulation
and molecular
studies
Variable AZAs at low
levels

(Nézan et al., 2012)

25 strains isolated
from incubated
sediments
Variable AZA
production
measured
No AZAs detected

(Gu et al., 2013)

No AZAs detected

(Tillmann et al.,
2014a)

No AZAs detected

(Tillmann et al.,
2014b)

(Percopo et al.,
2013)

(Luo et al., 2013)

Argentinian Shelf,
Atlantic Ocean

A. cf. spinosum

(Akselman et al.,
2014)

Marlborough Sounds,
New Zealand,
Southwest Pacific

A. poporum

No AZAs detected
(screened for AZA-1,
-2 and -3) but was of
low toxicity to mouse
bioassay

(Smith et al., 2015)

Northern Argentine
Shelf, South Atlantic

A. luciferelloides
(new species)

Toxin production not
tested as identified
from fixed samples
under SEM

(Tillmann and
Akselman, 2016)
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Northern Gulf of Mexico

A. poporum

AZA-2 and AZA-2
phosphate
production

(Luo et al., 2016)

Chilean Coast,
Southwest Pacific

A. poporum

AZA-11, AZA-11
phosphate, and a
new AZA phosphate

(Tillmann et al.,
2017b)

China (East China and
Yellow Seas)

A. zhuanum (new No AZAs detected
species)

(Luo et al., 2017)

France (Corsica and
Bretagne coasts)

A. poporum
A. dalianense

Poporum: AZA-2
and AZA-2
phosphate
Dalianense: No
AZAs detected

(Luo et al., 2017)

Puget Sound,
Washington State, USA

A. cuneatum
A. dalianense
A. obesum
A. poporum

A. poporum
produced AZA-59

(Kim et al., 2017)

1.5.4 Growth of Azadinium spinosum
Little is known about A. spinosum growth strategies, with only one paper looking at
physiological growth in (large-scale) laboratory culture. This work was primarily for optimising
growth in photobioreactors for high biomass production so toxins could be extracted and
purified for use in LC-MS/MS calibrations (Jauffrais et al., 2013).
Measured cell densities and growth rates reached a peak at 35 PSU and 18-22°C with
additional turbulence from culture bubbling (Jauffrais et al., 2013). This suggests that A.
spinosum prefers fully marine waters, but is able to grow at a salinity range between 30-40
PSU, at (slightly higher than, usual maximum ~15 °C (Bresnan et al., 2015)) Scottish
summer temperatures with some turbulence, perhaps to replace nutrients in cell boundary
layers.
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Jauffrais et al. (2013) also found that AZA content of cells was 20x higher when at 10°C than
when incubated at 18-22°C. This finding could be important for Scottish monitoring as
surface water temperatures easily reach 10°C and could trigger winter toxic events. This was
the only relationship which was found between any environmental condition and AZA cell
contents.
1.5.5 Life Cycle of Azadinium
Compared to many other genera, very little is known about the life cycle of Azadinium. As
many as 28% of temperate dinoflagellates display a resting cyst stage (Persson et al., 2008).
Cyst (hypnozygote) generation is a form of sexual reproduction, which preserves the
population when conditions are less suitable for growth. Sexuality can be induced by cell
starvation or at the end of a bloom when the population is best served by ‘resting’ for winter
in a seed population (Persson et al., 2008), much like many small mammals hibernate over
the harsh winter. The vegetative growing cells are in a haploid form, which combine into the
only diploid form of the lifecycle, this lifecycle style is termed haplontic (Kremp and Parrow,
2006).
In addition to sexual resting cysts, cells can also form asexual resting cysts. The asexual cyst
is a little-studied aspect of the life-cycle which may have a similar morphology to the
hypnozygote and as DNA studies are not usually carried out on cyst populations it is difficult
to say whether current elucidated life cycles do not contain an asexual cyst phase (Kremp
and Parrow, 2006). Asexual stages appear to have a shorter lifespan of a few days before
exystment, compared to hypnozygotes which can persist for months or years until conditions
are right. Asexual stages are displayed by Scrippsiella hangoei, a northern Baltic
dinoflagellate species which prefers near-zero growth temperatures and is common under
sea ice. When Kremp and Parrow (2006) raised the clonal culture temperature slightly (from
3°C to 6°C), after an initial cell increase, in 2 weeks cysts formed on the bottom of the flask,
which had thinner cell walls than the sexual hypnozygotes formed when the strains were
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mixed. In another example; the toxic dinoflagellate Alexandrium peruvianum also has both
sexual and asexual cyst stages in its complex lifecycle (see Figueroa et al., 2008).
What are thought to be cysts have been observed in clonal cultures of A. polongum isolated
from Shetland (Tillmann et al., 2012). ‘Cysts’ were described as 10-16 μm spherical, covered
in fine filaments and contained large vacuoles which could have a storage function (Tillmann
et al., 2012). A. cf. poporum was isolated from a sediment sample by Potvin et al. (2012)
from Shiwha Bay, Korea, therefore could have hatched from a resting cyst population. The
presence of cysts in (a) a clonal culture and (b) inferred presence from sediment sample
hatching suggests that Azadinium spp. may have a life cycle similar to A. peruvianum with
both sexual and asexual resting stages. Much more work is required in this area to determine
the presence of cysts in all species of Azadinium, and also between strains as Tillmann et al.
(2012) observed cysts in a SHETB2 isolate of A. polongum (Figure 1.7), but not in a SHETF6
isolate of the same species.

(see referenced paper for original image)

Figure 1.7: Azadinium polongum suspected resting cyst stages (A) light micrograph
showing possible storage vacuoles and (B) scanning electron micrograph showing a
spherical shape covered in fine filaments (from Tillmann et al., 2012). Scale bars = 2 μm.
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1.5.6 Molecular Methods of Detection
As previously mentioned, A. spinosum is difficult to identify under light microscope because
of their small cell size and their similarity to other benign species. To save resources,
molecular techniques are being developed to differentiate the species genetically and use
DNA as a proxy for cell number.
Real-time Quantitative Polymerase Chain Reaction (qPCR) is a sophisticated method which
allow A. spinosum cells to be quantified from an environmental sample, even in highthroughput scenarios (Galluzzi and Penna, 2010). This method is favoured by FSS over
CAtalysed Reported Deposition–Fluorescence In Situ Hybridization (CARD-FISH) which
involves a time-consuming process to fluorescently label species-specific RNA cell regions.
1.5.6.1
Quantitative Real-Time Polymerase Chain Reaction
Traditional PCR was developed by Kary Mullis (Mullis et al., 1986) and amplifies small
quantities of DNA many times so that samples can be qualitatively compared on an
electrophoresis gel plate. For traditional PCR the results are at best only semi-quantitative as
the fluorescent bands on the electrophoresis gel can only be measured for ‘brightness of
fluorescence’ and recorded using a camera (Figure 1.8). This is acceptable for simple
presence or absence of DNA, but if a truly quantitative method is sought then qPCR is the
next step.
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(see reference for original image)

Figure 1.8: Comparing A. spinosum DNA samples to a ‘ladder’ with known size bands (left)
(Genome Research Limited, 2016).
In qPCR DNA is extracted from the sample and the temperature raised to melt the DNA helix
so they become single stranded. A primer, which is specific to A. spinosum, indicates where
the Taq polymerase enzyme (the enzyme which allows DNA replication) to generate a new
strand of DNA. The new helices re-form as the temperature is lowered. The temperature is
then increased again for the next cycle where the newly formed double DNA helix is split,
and more new strands are formed. Copy number increases exponentially as the temperature
is continuously cycled until millions of DNA strands exist. This usually takes between 25-40
temperature cycles. A fluorescent probe is added in addition to the primer which allows
constant monitoring of the PCR process inside the instrument. The probe increases in
fluorescence as the copy number of DNA increases which allows direct measurement.
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Figure 1.9: qPCR output plot showing fluorescence against cycle number with exponential
phase, plateau stage and quantification cycle (Cq) are labelled.

The qPCR reaction follows several steps (Figure 1.9) beginning with an exponential stage
where copy number reliably doubles with each cycle. The next stage is called the linear
stage where the reagents are beginning to be exhausted and the reaction slows; finally the
plateau stage is reached where no more template is available to replicate the DNA. In a plot
with fluorescence on the y axis and cycle number on the x axis, samples can be compared
for how many cycles (threshold cycle, Cq) were required to reach a detectable copy number
(Figure 1.9) Samples with higher DNA levels at the beginning of the experiment will have
lower Cq values and therefore contain higher quantities of DNA.
The molecular detection of harmful algal species using the qPCR technique usually uses
genes taken from the ribosomal DNA (rDNA) of the cell. The rDNA is useful for qPCR as it is
present in very high copy numbers in a cell giving a good starting point for DNA replication,
and also genes present are highly conserved within the species or strain in question making
these rDNA assays very specific (Galluzzi and Penna, 2010). These qualities of high copy
number and high specificity greatly improve the design of qPCR probes and primers.
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The qPCR method allows high-throughput quantification of individuals down to a theoretical
detection of 1 cell. Probes and primer sets exist for A. spinosum, A. obesum and A.
poporum, however A. spinosum has been the monitoring focus so far as it was the only
species known to produce significant AZA toxins at the time of starting this PhD (2013).
There are various approaches in qPCR, the main difference in techniques being relative
versus absolute quantification. In relative quantification the target gene is measured relative
to an endogenous reference, usually using reverse-transcribed messenger RNA or
microRNA. This method is termed Reverse Transcription PCR (RT-PCR), however the
acronym is often misinterpreted as Real-Time PCR, which is synonymous with qPCR.
Absolute quantification of DNA has been the approach for A. spinosum molecular monitoring,
and is done by comparing unknown samples to known DNA concentration standards on a
calibration curve (Svec et al., 2015).
A standard curve of known DNA copy numbers is required to calculate the values from
unknown samples. Usually a logarithmic scale is used in a 6 fold dilution up to 1 million
copies: 100, 103, 104, 105, 106 and 107 taken from Escherichia coli plasmid-generated
concentrated DNA standard stock. The standard curve formula (y = m ln(x) + c) is used to
determine the unknown values. If the number of DNA copies per cell is known then this can
be used to calculate the approximate number of cells within the unknown sample. For A.
spinosum the published per cell DNA copy number mean value is 1216 copies DNA cell-1
(Toebe et al., 2012). In both relative and absolute approaches, increasing fluorescence is
measured in real-time using non-specific fluorescent dyes or, specific oligonucleotide
fluorescent probes, which are detectable only after binding with a complimentary DNA
sequence.
The use of qPCR; however, has associated limitations. The inherent sensitivity of the
methodology, while useful for the detection of very low quantities of DNA in environmental
samples, also means that samples are very easily contaminated leading to false-positive
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results (Garibyan and Avashia, 2013). It is recommended to physically separate sample
preparation and analysis into three different rooms (or workstations with separate equipment)
which allows for raw sample preparation, and the analysis of the qPCR well plates to both be
separated from the storage and handling of concentrated DNA standards. This requirement
for extensive laboratory space to limit cross-contamination cannot always be adhered to if
space is limited. Furthermore, the design of probes and primers relies on existing sequence
information on the species in question which is not always available (Garibyan and Avashia,
2013). Next generation sequencing and bioinformatics approaches are required if the target
sequence(s) are unknown. There is also a chance, that even when the prior knowledge of
sequences is available to design species-specific probes and primers, that other unknown
species with similar genomes exist in the environment which could non-specifically bind to
primers also providing false-positive results (Garibyan and Avashia, 2013) which cannot be
accounted for by eliminating contamination.
The use of Taqman minor groove binding (MGB) probes, as in the A. spinosum methodology
(Toebe et al., 2012), is not the only approach available when using qPCR. SYBR® Green
dyes bind to any double-stranded DNA in the minor groove and is measured by fluorescence
increasing throughout the cycle. It measures the synthesis of all new double stranded DNA,
regardless of genetic identity. As such, the biggest advantage of SYBR® Green is its nonspecificity which forgoes the extensive design and optimisation stages required when
working with Taqman probes (Kim et al., 2013). SYBR® Green has several inherent
problems. First, and most importantly, it can be difficult to design PCR primers that
distinguish between closely related species, such as A. spinosum versus A. poporum. The
result is that SYBR® Green and just PCR primers can lead to false-positive detection,
because of poor discrimination between target and non-target DNA template. Second, primer
dimers (when primers attach to each other instead of the DNA target) are replicated with the
target. This can lead to false-positive detection, unless, careful analysis of the DNA
disassociation melt curve is incorporated into the quantitation process
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In this project, sequence-specific detection of A. spinosum DNA from environmental samples
was required so either hybridisation (FRET, see below) or Taqman probes (sometimes
referred to as oligonucleotide or hydrolysis probes) could be used to give the required level
of single-nucleotide specificity. Toebe et al. (2012) developed a Taqman qPCR system.
Fluorescence resonance energy transfer (FRET) involves the use of two hybridisation probes
that bind to two separate regions of DNA positioned immediately adjacent to, or near to each
other: the 3’ probe is labelled with fluorescein (FRET donor) and the 5’ probe is labelled with
an acceptor dye. Fluorescence occurs only when the two probes have bound to the same
sequence of DNA and are proximal to each other, allowing energy transmission from the
excited fluorescein to the acceptor dye, which subsequently emits fluorescence energy at a
higher frequency and energy than either fluorophore alone. FRET probe systems can
differentiate at the level of single nucleotide polymorphisms.
In contrast, the Taqman probe method involves a single DNA probe binding between two
PCR primers (typically within 10-20 nucleotides of one of the two primers). The probe
contains a fluorophore and a quencher molecule, which because of the physical proximity of
the quencher to the fluorophore, results in complete quenching of its fluorescence. As new
DNA is synthesised, and if the TaqMan probe is bound to the same strand being amplified,
the 5’ nuclease activity of the Taq DNA polymerase degrades the bound probe as it
synthesises DNA. This decouples the quencher from the fluorophore, allowing it to fluoresce.
The advantages of these fluorogenic probes are that mis-priming errors in measurements are
removed and different reporter dyes can be used which can be combined in multiplex
reactions where several targets can be detected simultaneously (e.g. Eckford-Soper and
Daugbjerg (2015)). Moreover, the probe can be synthesised with unique chemistry (such as
the minor groove binding nucleotides incorporated into the MGB probes) that increase the
fidelity and specificity of probe binding to DNA targets, allowing single base pair differences
to be distinguished.
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1.5.6.2
Catalyzed reporter deposition Fluorescence In Situ Hybridization
FISH and CARD-FISH methods target the 16s rRNA regions of the cell, which is contained
within the cell’s ribosomes (Toebe et al., 2012). FISH employs fluorescently labelled
oligonucleotide probes which hybridise to the rRNA strands within the cell (Figure 1.10)
(Eickhorst and Tippkötter 2008). The probe enters the cell through holes pierced in the wall
during the ethanol- or formaldehyde-based fixation process and join with the rRNA. The
inside of the cells which carry the specific rRNA sequence required then fluoresce and can
be counted under the microscope.

(see referenced paper for original image)

Figure 1.10: The principle of FISH vs CARD-FISH labelling taken from (Eickhorst and
Tippkötter, 2008).
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The use of the FISH technique can, however, be problematic for certain applications.
Challenges are faced when the species of interest’s cells contain insufficient ribosomes to
generate a good signal (a few thousand rRNA targets are required), and when there is a lot
of background material which can be autofluorescent (e.g. in environmental sampling) which
can mask the low levels of light given off by the FISH probes (Eickhorst and Tippkötter,
2008). The CARD-FISH method is a slight modification of traditional FISH that overcomes
these issues.
CARD-FISH uses an oligonucleotide probe labelled with the enzyme HorseRadish
Peroxidase (HRP) which catalyses the deposition of fluorescently labelled tyramides during
Tyramide Signal Amplification (TSA) around the HRP molecule (Figure 1.10) (Amann and
Fuchs 2008). The ability to chemically amplify the fluorescent signal by precipitating more
tyramide fluorophores creates a much brighter signal inside the cell compared with regular
FISH. The HRP-oligonucleotide molecule used for CARD-FISH is much bigger than the
oligonucleotide probe used for FISH (40,000 Daltons (Da) and 500-800 Da respectively) and
therefore requires that larger holes are punched in the cell wall for it to diffuse through
(Amann and Fuchs 2008).
For Azadinium cell monitoring it is important to be able to spot the small cells in
environmental samples by amplifying the signal to make them more visible against any
autofluorescent background matter. To test the difference between the methods Toebe
(2012) carried out both FISH and CARD-FISH protocols using Azadinium spp. spiked
environmental phytoplankton samples and found that the CARD-FISH technique made
identification of the small Azadinium spp. cells easier by increasing their fluorescence signal.
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1.6 Status of Knowledge and Direction Needed
It is evident that given the threat posed by toxic dinoflagellate A. spinosum to human
consumers of shellfish that monitoring needs to be taken seriously by FSS. Toxicity
outbreaks have occurred in Scottish shellfish during 2011, 2012 and 2013, but fortunately no
human intoxication incidents were reported. Scotland’s waters are closely linked with those
of Ireland: the shelf current flows from the North Atlantic up across the Irish and then Scottish
shelves, potentially transporting toxic phytoplankton to our shellfish growing areas. AZAs are
already monitored for in Scottish shellfish flesh; however, it has proved more difficult to
monitor directly for the causative species by the traditional microscope methods and
therefore molecular techniques are being developed. The preferred molecular monitoring
method is qPCR and is already in place for the Irish monitoring programme (Dave Clarke,
Marine Institute, pers. comm.) and in New Zealand (Dr. Kirsty Smith, Cawthron Institute,
pers. comm.).
There is currently little knowledge on A. spinosum distribution and how this relates to abiotic
parameters and time. Knowledge on the toxin-producing species is vital if we are to
understand the processes of shellfish intoxication and act sensibly to protect human health
through targeted monitoring programmes. We are currently at the very beginning of our
knowledge with A. spinosum and its ecology in Scottish coastal waters. Any distribution data
of A. spinosum abundance in Scotland will be new and useful.
I aim to validate the qPCR method here at SAMS and use it to carry out a year-long survey
of several Scottish sites to monitor A. spinosum abundance in relation to environmental
parameters (e.g. salinity, temperature, wind speed and direction, precipitation, etc). If no A.
spinosum is detected then other harmful species important to FSS shall be investigated
within the collected phytoplankton data. Any found correlations between abundance and
environmental parameters will be tested in the laboratory using cultures.
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1.7 Research Questions


Which molecular methodology is best suited to the detection of A. spinosum in a highthroughput regulatory monitoring scenario?



How effective is the chosen methodology?



Is A. spinosum a common member of the phytoplankton community in Scotland?



Is A. spinosum abundance variable between different sampling locations in Scotland?



Are there any observable correlations between A. spinosum abundance and
environmental conditions?



Are there any observable correlations between A. spinosum abundance, water
column AZAs in Scottish shellfish?



Observe A. spinosum growth dynamics (in batch culture) at environmental conditions
which could occur in the Scottish field



Can the above observed correlations (A. spinosum abundance and environmental
conditions) be replicated in the laboratory using batch cultures?



Does the AZA profile and intracellular AZA content of A. spinosum change between
strains and under different environmental conditions typical of the Scottish field?
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2. Chapter 2

Application and Verification of Molecular Methodology for
Azadinium spinosum Detection in the Environment: CARDFISH and qPCR

2.1 Introduction
Currently, in the UK, Azadinium spinosum cell abundance is not monitored because it is a
small dinoflagellate which looks like other benign species (in particular, Heterocapsa (Salas
et al., 2014)). This would require working at x40 microscope objective, and even then, correct
identification is difficult. To save on the processing time and taxonomic expertise required to
differentiate the species manually, molecular techniques can be employed which target
genetic material to identify cells to species level.
Presently, the two most suitable molecular methods which have been developed for A.
spinosum detection are catalysed reporter deposition fluorescence in situ hybridization
(CARD-FISH) and quantitative real-time polymerase chain reaction (qPCR). Both methods
have reported to accurately identify A. spinosum from environmental samples (Galluzzi and
Penna, 2010; Toebe, 2013, 2010; Toebe et al., 2012) and can provide high throughput
analysis in relatively short spaces of time.
2.1.1 Catalysed Reporter Deposition Fluorescence In-Situ Hybridization
FISH and CARD-FISH methods target ribosomal RNA (rRNA) regions of the cell, contained
within ribosomes (Figure 1.10) (Toebe et al., 2012). FISH employs fluorescently labelled
oligonucleotide probes which hybridise to the rRNA strands within the cell (Eickhorst and
Tippkötter, 2008). If the probe hybridises with the rRNA this can be observed by
measurement of fluorescence (e.g. fluorescence microscopy). The use of the FISH technique
can, however, be problematic. Challenges are faced when the species of interest’s cells do
not contain enough ribosomes to generate a good signal (a few thousand rRNA targets are
required), or when there is a lot of background material which can be autofluorescent (e.g. in
environmental sampling) which masks the low levels of light given off by the FISH probes
(Eickhorst and Tippkötter 2008). The CARD-FISH method is a modification of traditional
FISH that overcomes these issues.
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Figure 2.1: CARD-FISH tyramide signal amplification (redrawn from Amann and Fuchs
(2008)).

CARD-FISH uses an oligonucleotide probe labelled with the enzyme HorseRadish
Peroxidase (HRP), which catalyses the deposition of fluorescently labelled tyramides during
Tyramide Signal Amplification (TSA) around the HRP molecule (Amann and Fuchs 2008)
(Figure 2.1). The ability to chemically amplify the fluorescent signal by precipitating more
tyramide fluorophores creates a much brighter signal inside the cell compared with regular
FISH (Toebe et al., 2012). However, the HRP-oligonucleotide molecule (40,000 Daltons
(Da)) used for CARD-FISH is much bigger than the oligonucleotide probe used for FISH
(500-800 Da) and therefore requires greater permeabilization of the cell wall for it to allow the
HRP-probe to diffuse through (Amann and Fuchs 2008).
FISH-based methods for harmful algal enumeration are not regularly used for routine
monitoring, potentially due to the lack of appropriate fluorochromes to allow the detection of
multiple species from a single sample (Toebe, 2013). Furthermore, for high-throughput
scenarios like monitoring programmes to be truly useful, the appropriate methods must be
combined with automated counting techniques: for example, flow cytometry or automated
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microscopy. The advantage of using FISH-based technology is the direct visualisation of
stained cells by microscope (Toebe, 2013). However, the methods are expensive to
implement for high-throughput sampling (see Toebe (2010)) and each sample takes longer to
analyse on account of the physical counting required.
2.1.2 CARD-FISH for Azadinium spinosum Detection
For A. spinosum cell monitoring it is important to be able to detect small (10-16 μm (Tillmann
et al., 2009)) cells in environmental samples by amplifying the signal to make them more
visible against any autofluorescent background matter. CARD-FISH has been developed for
A. spinosum and was shown to be a successful method of cell enumeration (Toebe, 2013,
2010; Toebe et al., 2012). To test the difference between the methods, Töebe et al. (2012)
carried out both FISH and CARD-FISH protocols using Azadinium spp. spiked environmental
phytoplankton samples and found that the CARD-FISH technique made identification of the
small Azadinium cells easier by increasing their fluorescence signal. CARD-FISH identified
up to 80% of both A. spinosum and A. obesum cells and up to 70% of A. poporum cells
(Toebe et al., 2012). The efficacy of FISH probes for comparison was, however, not reported
in Töebe et al. (2012). A set of images show the increased fluorescence signal between
techniques and strains in Töebe et al. (2012).
Sampling for harmful algae monitoring by Foods Standards Scotland (FSS) is carried out by
many individuals with various levels of training. Each sampling officer has access to a
different range of equipment and not all samples are taken aboard a boat. The aim here was
to develop a CARD-FISH method which could be employed in the field by relatively untrained
sampling officers with little equipment, and then safely shipped for processing to a central
laboratory. The original CARD-FISH protocol was designed for filtration columns hooked up
to a vacuum pump system. For fieldwork in remote locations this was deemed unworkable as
lack of electricity limits use of powered pumps and the saline ethanol fixative is highly
flammable and therefore not suitable for (non-specialist) delivery from remote sampling sites.
Therefore, one of the aims of this project was to evaluate different methods for collecting
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filter membranes which were more suitable for a high-throughput monitoring scenario in
remote locations.
2.1.3 Quantitative Real-Time Polymerase Chain Reaction
PCR as originally developed (Mullis et al., 1986), amplifies small quantities of DNA to
amounts that can be compared by visualisation methods (e.g. agarose gel electrophoresis
Figure 1.8). Results are, at best, semi-quantitative as the DNA bands can only be measured
for ‘brightness of fluorescence’ and recorded using a camera. This is satisfactory for the
simple presence or absence of DNA, but if a truly quantitative method is sought then qPCR is
required as it measures the formation of new DNA in real time.
qPCR allows water samples to be analysed for A. spinosum abundance in as little as 3
hours. The fixed seawater sample is concentrated inside a centrifuge, lugol’s dye removed
with a sodium thiosulphate wash (Auinger et al., 2008), and the DNA extracted. The extract
is then mixed with the necessary regents for qPCR and oligonucleotide primers, which are
specific to the species of interest. A Taqman minor groove binding (MGB) fluorescent probe
is also included which is replicated along with each DNA strand and so increases in
brightness the more DNA is present. Taqman was chosen above the non-specific Sybr
Green probe because of the increased specificity, sensitivity and the ability to build multiplex
assays. This allows for real-time monitoring of the PCR process inside the instrument. DNA
copy number increases exponentially as the temperature is continuously cycled until millions
of DNA strands exist. This usually takes between 25-40 temperature cycles.
A qPCR reaction follows several predictable steps (Figure 1.9) beginning with an exponential
stage where copy number reliably doubles with each cycle. The next stage is called the
plateau stage where the reaction slows and eventually there is no more reagent available to
replicate more DNA. In a plot with fluorescence and cycle number, samples can be
compared for how many cycles were required to reach fluorescence above the background
(Quantification Cycle, Cq). Samples with higher DNA levels at the beginning of the
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experiment will have lower Cq values as it took less time to replicate the DNA to a detectable
level.
A standard curve of known DNA copy numbers is required to calculate the values for the
unknown samples. Usually a logarithmic scale is used in a 6-fold dilution up to 1 million
copies: 100, 1000, 1x104, 1x105; 1x106, 1x107, from a plasmid-generated DNA standard
stock. The Cq values from the standard curve are used to derive the DNA copy number of
the unknown samples using the standard curve equation (Figure 2.2). If the number of copies
per cell is known, then this can be used to calculate the approximate number of cells within
the unknown sample. For A. spinosum, the per cell copy number mean value is reported as
1216 copies cell-1 (Toebe et al., 2012) by measuring copy number from a known number of
cells, and calculating for copies per cell.
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Figure 2.2: Standard curve generated with plasmid DNA (Cq value vs expected
concentration of DNA) to generate curve y= -1.387ln(x) + 34.974 with r2 = 0.9978. The
curve is used to determine DNA concentration from unknown samples.
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2.1.4 qPCR for Azadinium spinosum Detection
The molecular detection of harmful algal species using the qPCR technique usually targets
the ribosomal DNA (rDNA) of the cell. The rDNA of a cell codes for the rRNA which help the
cell build important proteins by physically stitching together strings of amino acids. The rDNA
is a useful target for qPCR as it is typically present in very high copy numbers per cell and is
highly conserved, making assays very specific (Antonella and Luca, 2013; Galluzzi and
Penna 2010). These qualities of high copy number and high specificity of rDNA greatly
improve the design of qPCR probes and primers.
qPCR has been used for the monitoring of harmful algae species over the past ten years,
including Alexandrium tamarense (PSP producer; Hosoi-Tanabe and Sako, 2005), Pseudonitzschia spp. (ASP producer; Delaney et al. 2011) and Dinophysis spp. (DSP producer;
Kavanagh et al. 2010). It has been particularly useful for differentiating between cryptic
species complexes (Antonella and Luca, 2013) where the differences between cells is very
difficult to assess based on morphological characters alone. This is problematic for a highthroughput monitoring programme where species abundance is measured every few days for
potentially hundreds of sites using only light microscopy. Accurate data is required by the
aquaculture industry as soon as possible to make critical decisions about safe harvest times
for shellfish and the repositioning finfish cages.
The primers and probe target a unique 72bp region of the large subunit (LSU or 28S) rDNA
(Toebe et al., 2012). See Table 2.1 for detailed probe and primer sequence information. The
Irish and New Zealand governments are currently using this assay to detect A. spinosum in
their harmful algae monitoring programmes (Dave Clarke, Marine Institute, pers. comm.;
Kirsty Smith, Cawthron Institute, pers. comm.). Few published reports are available to assess
how successful these implementations have been, or the seasonality of the species in these
areas even though they have been implemented for several years.
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Table 2.1: Details on qPCR primer and probes specific for A. spinosum (Toebe et al., 2012).
Target

Target

TaqMan MGB

gene

nucleotide

probe

accession

Primer forward

Primer reverse

(5’-3’)

(5’-3’)

Aspin_77T

Asp48F

Asp120R

CGC CCA AAA

TCG TCT TTG

GGA AAC TCC

GGA CTC CT

TGT CAG GGA

TGA AGG GCT

GAT G

TGT

qPCR amplicon
size (bp)

(5’-3’)

numbers
28S

HQ324896
JN165101
FJ217815

72

Preliminary experiments confirmed that the probes were specific to A. spinosum and did not
detect other dinoflagellate species (Toebe et al., 2012). Probes and primer sets are also
available for A. obesum and A. poporum (Töebe et al., 2012); however, A. spinosum was the
focus of this project because of the causal link between A. spinosum and AZA shellfish
toxicity (Salas et al., 2011).
Toebe et al. (2012) carried out the qPCR protocol on three Azadinium species and cell
recovery rates were calculated for all species from spiked natural phytoplankton
assemblages: A. spinosum: 80-108 %; A. obsesum: 79-90 %; and A. poporum: 89-106 %.
The Alfred Wegener Institut research group (who initially identified A. spinosum and
developed the molecular techniques of detection) are currently working on a multiplex assay,
where all three species can be tested for at the same time (Urban Tillmann, pers. comm.). In
theory, this could easily be applied to FSS phytoplankton samples once the current assay for
A. spinosum is optimised.
2.1.5 Methodological Considerations for Application of qPCR to Environmental
Monitoring
2.1.5.1
Fixatives
Field samples require chemical fixation to preserve biological content against decay
processes. Biological processes are halted and cells are reinforced to maintain their
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morphology. Depending on the analysis required, different fixatives are available to preserve
the desired cellular qualities adequately. For example, Lugol’s Iodine is a fixative and stain
which supports cell structures for accurate taxonomic identification and enumeration, in
addition to weighting cells (particularly useful for buoyant phytoplankton to make them sink to
the base of a counting chamber (Hawkins et al., 2005)). However, the stain may not be
appropriate for techniques were further dyes will be used as the dark brown colour will
quench their fluorescence, although this can be removed through a sodium thiosulphate
wash (Auinger et al., 2008). Lugol’s is a very safe fixative, recommended for human use to
sterilise wounds, and is therefore suitable for the safe transportation of field samples.
Formaldehyde (or Formalin when diluted with water) is another fixative commonly used in
histology which creates covalent bonds between cellular protein structures stabilising the
internal cytoskeleton (Srinivasan et al., 2002). However, formaldehyde has been shown to
reduce PCR efficiency significantly (Auinger et al., 2008). As it is clear it is appropriate for
further specific staining (e.g. fluorophores), however the stain is highly toxic to animals and
humans, this limits shipment options and requires strict handling guidelines and proper
training (Guillard and Sieracki, 2005).
This study required a fixative which could be safely used by relatively untrained sampling
officers, transported with no necessary special delivery requirements and worked
satisfactorily in the qPCR protocol for the target species. Lugol’s iodine has been found to be
a suitable short-term fixative prior to qPCR assays (Eckford-Soper and Daugbjerg, 2015) and
is currently in use for qPCR applications by several global accredited monitoring
programmes including Ireland and New Zealand (personal communication: David Clarke,
Marine Institute Ireland; Kirsty Smith, Cawthron Institute New Zealand). However, no
published evidence could be found which observed the difference in qPCR efficacy between
acidified and neutral lugol’s solution. The pH of the qPCR is especially important as it may
denature the enzymes for DNA replication. Therefore, as sample pH can inhibit (or prevent)
the qPCR reaction it is imperative to test the difference between these fixative types. If
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acidified Lugol’s is shown to be unsuitable for qPCR, then FSS will require additional
samples to be taken and fixed with neutral Lugol’s prior to A. spinosum enumeration using
the method.
2.1.5.2
Stability of Stored Samples
Phytoplankton samples arrive at the Scottish Association for Marine Science (SAMS) on a
weekly basis for harmful algae enumeration. These arrive at the beginning of the week and
results are communicated before the following weekend. In this regard, samples for qPCR
would need to be analysed promptly when integrated into a monitoring programme.
However, it is important to understand how samples may degrade over time, and how long
samples can be stored while still providing good data. This is important if conducting surveys
out-with the monitoring programme (e.g. cruise work) where samples may be stored for
longer periods of time before analysis, or when samples are stored for quality control checks.
2.1.5.3
Concentration of Cells
After sample fixation and storage, cells must be concentrated into a microcentrifuge tube with
most supernatant removed (final volume <1ml) before DNA extraction can take place. Either
centrifugation or filtration can be used to achieve this, and both methods are used in global
monitoring programmes for the monitoring of A. spinosum (filtration in New Zealand (Smith et
al., 2015), and centrifugation in Ireland, Marine Institute). Either method could be utilised by
the Scottish monitoring programme, but as centrifugation was found to be better than
filtration during CARD-FISH preliminary experiments for recovery of A. spinosum cells
(Section 2.3.1.6) we therefore opted for centrifugation as the method of choice.
2.1.5.4
Inhibitor Presence in Seawater
Since the qPCR process makes use of enzymes, many different substances can inhibit the
qPCR reaction, potentially leading to a decrease in sensitivity or false negative results
(Schrader et al., 2012). The three main mechanisms of inhibition are: (1) bind/ chelate Mg2+
metal co-factors preventing the polymerase; (2) direct interference of polymerase; and (3)
DNA damage (Wilson, 1997). In environmental and water samples, common naturallyoccurring inhibitors include debris, salts, fulmic acids, humic acids, tannic acids, metal ions
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and polyphenols (Wilson, 1997). In order to extract enough DNA for detection often the
concentration of large volumes of water is required, which can also concentrate the inhibitory
substances, many of which behave in the same manner as DNA molecules (Rodríguez et al.,
2012). Purification of samples to remove inhibitors should occur during the DNA extraction
procedure, for example using solvent extraction (Ijzerman et al., 1997) or silica columns (e.g.
in the DNeasy Plant Mini Kit, Qiagen), however there is little literature available on how
effective this purification process is for seawater samples (Rodríguez et al., 2012).
To test the validity of environmental sample analysis L1 media was compared to spiked raw
seawater samples. It is possible that inhibitors of the qPCR reaction exist in raw seawater
which would occur in the marine environment and may not be replicated in a cell culture.
Toebe et al. (2012) tested the viability of spiked seawater samples resulting in 80-108 %
recovery and showed no significant effects on the use of raw seawater versus culture media.
However, seawater collected from the Scottish west coast as opposed to close to the Alfred
Wegener Institute (assumed location) may have different biochemistries therefore it is
prudent to test nevertheless.
2.1.5.5
Reliability of Cell Concentration Estimates in Field Samples
It is important to know how many copies of DNA there are per cell of A. spinosum so the
number of cells in an environmental sample can be calculated from the standard curve
(Figure 2.2) when only the total gene copy number is known.
The DNA target which is measured by qPCR is rDNA. Usually, the rDNA copy number per
cell is determined by taking the mean copy number of a known cell concentration DNA
extract (e.g. 5000 cells to give a homogenised DNA extract). Previous studies using this
technique have determined A. spinosum rDNA copy number to be 1216 copies cell-1 (Toebe
et al., 2012). This was highly reproducible but could not consider the variation in copy
number between individual cells which may vary depending on their ploidy state. Knowledge
of this variation allows more accurate estimates of error when calculating A. spinosum cell
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numbers in environmental samples, by appreciating changes on an individual basis which is
important when evaluating an entire population.
2.1.5.6
DNA Source for Standards
DNA standard curves are usually generated from an Escherichia coli cloned plasmidgenerated concentrated DNA stock of the target in a dilution series. It is difficult to know how
many cells are being measured if there is (1) high variability of cellular rDNA copy number
(Section 2.3.2.5) and (2) high loss of DNA during the fixation process (Section 2.3.2.1), which
the plasmid DNA is obviously not subject to. This lack of direct comparison between plasmid
and extracted cells could result in high errors when calculating the number of cells detected
in a positive qPCR sample. Therefore, a solution to this is to develop a standard curve based
on DNA extracted from of known cell concentrations of culture material, and use these to
determine environmental cell concentration.
2.1.6 Chapter Aims
This chapter aimed to evaluate the efficacy and practicality of two molecular methods, which
have previously been used in the monitoring of harmful algae and where some development
already exists for A. spinosum. qPCR and CARD-FISH were chosen to examine their
suitability, then the most suitable method was examined in more detail and used for the
environmental surveys in chapters 3 and 4. Objectives:


Test suitable fixatives



Test stability of fixed samples in storage



Test methods of cell concentration prior to DNA extraction



Test for the presence of inhibitors in raw seawater



Test the reliability of DNA copy number on a per cell basis



Determine appropriate DNA standard source



Finalise a methodology for use to detect A. spinosum in the field in chapters 3 and 4
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2.2 Methods
Unless otherwise stated all preliminary experiments were carried out on exponentially
growing cells of SM2 (isolated by Salas et al. (2011)).
2.2.1 CARD-FISH Analysis for Azadinium spinosum
Please see Appendix A for reagent recipes. A 100 ml water sample was filtered onto a Ø25
mm (5 μm pore size) polycarbonate membrane filter using a vacuum pump at the lowest
pump setting attached to a filtration rig. The filter was immediately fixed using a saline
ethanol solution for at least 1 hour then washed with sterile water. Naturally occurring
endogenous peroxidases were quenched with 100 μl of 3% H2O2 solution for 15-30 minutes
then rinsed with sterile water. The filter was then placed onto a sheet of blotting paper
soaked with PBS-Tween20 for 1 minute to remove excess H2O2 then rinsed again with sterile
water. The filter was hybridised for 1.5-2 hours at 37 °C (inside a hybridisation oven) with 80
μl of hybridisation buffer containing probe solution (1 μl probe solution (50 ng μl-1 per 10 μl
hybridisation buffer). Hybridisation was stopped by rinsing the filter in 1x SET buffer and
incubating for 5 minutes at 37 °C. The filter was equilibrated in TNT buffer for 5 minutes at
room temperature then excess liquid was removed by placing filters onto blotting paper.
Staining was carried out before filters were completely dry. Each filter was incubated in 100
μl tyramide substrate solution for 30 minutes at room temperature then washed in TNT buffer
for 15 minutes then rinsed with sterile water. 20-30 μl of Citifluor/DAPI solution was applied
to the filter which was then mounted on a clean microscope slide. The cover slip was
attached carefully, ensuring no air bubbles, and sealed with clear nail varnish. The slides
were counted immediately on a fluorescence microscope or stored at -20 °C in the dark until
analysis.
This is the original methodology from Toebe (2013, 2010) and Toebe et al. (2012), however
some aspects of the protocol, particularly involving fixation and filtration, make field sampling
by relatively untrained sampling officers, as well as processing at high-throughput, difficult.
Steps to modify the CARD-FISH protocol were tested to make it more appropriate for FSS
monitoring of harmful algae and compared to the original methodology above.
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2.2.1.1
Large Handheld Syringe
A filtration rig and vacuum pump cannot be deployed to every remote field site in Scotland
(100+ sites) therefore the use of 50 ml handheld syringes was tested. The filter (5 μm pore
size) was mounted inside a 25 mm plastic filter holder with a handheld 50 ml Luer-lock
syringe attachment and used to filter cells from 50 ml, then processed as above.
2.2.1.2
Small Handheld Syringe
As the 50 ml handheld syringe resulted in visually burst cells, a smaller 2 ml handheld
syringe was tested to reduce filtration pressures on cells. The filter (5 μm pore size) was
mounted inside a 25 mm plastic filter holder with a handheld 2 ml Luer-lock syringe
attachment and used to filter cells from 50 ml, then processed as above.
2.2.1.3
Exclusion of Light During Hybridisation
On suggestion from Kerstin Toebe, light was excluded during hybridisation to preserve the
fluorescence of the fluorophore during sample processing. Filters (5 μm pore size) were
mounted inside a 25 mm plastic filter holder with a handheld 2 ml Luer-lock syringe
attachment. Samples were processed as above, with hybridisation and tyramide signal
amplification occurring in the dark.
2.2.1.4
Testing fixation with DAPI
To show that the loss of cells occurs during the fixation stage of the protocol, the pressurised
filtration and CARD-FISH steps were omitted and replaced with gravity filtration and DAPI
staining to detect if cells were intact following staining. The seawater sample was filtered
through a 25 mm (5 μm pore size) polycarbonate membrane filter mounted inside a 25 mm
filtration funnel over a conical flask. Filtration occurs with gravity and the filter was fixed using
saline ethanol, for at least 1 hour, then washed with sterile water. 20-30 μl of DAPI stain was
added to the filter and incubated for 15 minutes in the dark then washed with 80% ethanol
solution. The filter was mounted onto a microscope slide and the cover slip sealed with clear
nail varnish. Slides were visualised and cells enumerated using fluorescence microscopy or
stored at -20 °C prior to analysis.

63

2.2.2 qPCR Analysis for Azadinium spinosum
Environmental samples were collected inside an opaque polypropylene bottle (Nalgene) and
fixed using 1% Lugol’s Iodine solution. The sample was gently inverted ~8x to mix, and then
stored in the dark at 4 °C. Cells were concentrated by centrifugation. Cells were harvested
from 50 ml of sample by centrifugation at 3000 g for 15 minutes. The supernatant was
removed and the pellet transferred to a 2ml Safe-lock round bottom microcentrifuge tube
(Eppendorf). 1 ml 1.15 mM sodium thiosulphate (Na2S2O3) dissolved in sterile filtered
seawater was added, vortexed to mix and centrifuged at 13000 g for 5 minutes then the
supernatant discarded. The sample was stored at -20°C until further analysis. If analysis was
to occur straight away, then incubate at -20 °C for 20 minutes.
DNA was extracted using the Qiagen DNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions. The 200 μl DNA extracts were frozen and stored at -20°C until
required, or if carrying out qPCR immediately, then extracts were held on ice. The qPCR
reaction was prepared inside 8-well strips or 96-well plates (low profile, Roche or Thermo
Fisher). The reaction mix was made up per Table 2.2 and 18 μl dispensed into each well. 2
μl DNA extract solution (or sterile, 0.2 μm filtered, DI water was added for the no-template
controls to ensure no contaminating DNA was present inside the reaction mix). DNA
standard solutions were added to the well plates last, adding from lowest to highest
concentration, to reduce contamination risk. The qPCR reaction was cycled for 2 minutes at
50 °C, 10 minutes at 95 °C and then 40 cycles of alternating 15 seconds 95 °C and 1 minute
59 °C (Lightcycler 96, Roche). Data was outputted into the Lightcycler 96 software (Roche),
analysed in MS Excel and visualised in R.
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Table 2.2: Reagent recipe for each qPCR reaction (total volume per well is 20μl).
Working Stock
Reagent

Volume (μl)

Final conc. (nM)

-

4

-

TaqMan Probe 77T a

10

0.4

200

48F Forward Primer b

10

1.8

900

120R Reverse Primer b

10

1.8

900

TaqMan 2x Mastermix c

-

10

-

DNA Extract

-

2

-

Conc. (μM)
Sterile H2O

aProbe

purchased from Thermo Fisher Scientific; bPrimers purchased from Integrated DNA

Technologies; cMastermix purchased from Primer Design

2.2.2.1
Testing Different Fixatives
Triplicate 1 ml samples from A. spinosum culture were fixed with neutral lugol’s or acidified
lugol’s (both 1%) to compare the fixatives. A non-fixed sample was used as a control. All
samples were extracted and analysed using the above DNA extraction and qPCR (Section
2.2.2).
2.2.2.2
Testing the Stability of Stored Samples
Triplicate 1 ml samples from A. spinosum culture were fixed in 1% Lugol’s acidified and 1%
Lugol’s neutral Iodine and stored at 4 °C in the dark. Samples were analysed at 0, 7, 14, 22
days and monthly thereafter for 4 months (total 8 time points). Samples were extracted and
analysed using the above qPCR protocol (Section 2.2.2).
2.2.2.3
Testing Methods for the Concentration of Cells
For centrifugation, 50 ml samples were compared between swingout and fixed angle
centrifuges. A microcentrifuge (1 ml sample volume) was used as a control. Three cell
concentrations (100, 1000 and 10,000 total cells per sample) were analysed. Samples were
extracted and analysed using the above DNA extraction and qPCR protocol (Section 2.2.2).
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2.2.2.4
Testing for Inhibitor Presence in Raw Seawater
Triplicate seawater samples were spiked with a known concentration of cultured cells and
compared with L1 media at two different volumes (1 ml and 50 ml samples) across five
different cell concentrations (1, 10, 100, 1000 and 10,000 total cells in a sample). Samples
were extracted and analysed using the above protocol (Section 2.2.2).
2.2.2.5
Reliability of Cell Concentration Estimates in Field Samples
Individually isolated cells (without extraction as this would lose DNA) were found to be easily
analysed directly by qPCR, using 2 μl of accompanying media to ensure correct reagent
concentration for qPCR (see Table 2.2). Four strains of A. spinosum were analysed (3D9
Scotland, UTHE2 Denmark, SM2 Ireland and SHETF6 Shetland) to address how DNA varies
per cell and between strains. The qPCR reaction was run as above (Section 2.2.2).
2.2.2.6
Testing a Different Source for DNA Standards
To test whether DNA extracts of serially diluted cell culture have a linear relationship, five cell
concentrations (10, 100, 1000, 10,000 and 100,000 total cells) in triplicate were analysed
using qPCR. Acidified Lugol’s Iodine was used as a fixative (after results from Section 2.3.2).
These extracts were compared against unfixed unextracted cells, fixed unextracted cells and
unfixed extracted cells to ensure that no differences were occurring between these
treatments. All extracted samples were extracted per protocol above (Section 2.2.2), and all
samples analysed by qPCR as above (Section 2.2.2). Samples were standardised by volume
before data analysis.
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2.2.2.7
Final qPCR Methodology
This section states the final qPCR methodology used for Chapters 3 and 4 to detect A.
spinosum from field samples (see workflow in Figure 2.3).

Field sampling
Fixed in 1% acidified Lugol's iodine solution

Sample Storage
Ideally immediate analysis; <1 month

Concentration of cells prior to extraction
Centrifugation in a large swing-out rotor at 3000g for 15
minutes and discard supernatant
Centrifugation in microcentrifuge at 13,000g for 5 minutes

DNA Extraction
Qiagen DNeasy Mini Kit
Centrifugation times doubled

qPCR
45x cycles

Data Analysis
Lightcycler 96 Software
MS Excel & R Studio

Figure 2.3: Flowchart of the workflow for A. spinosum molecular monitoring used in this
thesis, from sample collection in the field to data analysis in Excel and R Studio.
67

Environmental samples were collected inside an opaque polypropylene bottle (Nalgene) and
fixed using 1 % acidified Lugol’s Iodine solution. The sample was gently inverted ~8x to mix,
and then stored in the dark at 4 °C. Cells were concentrated by centrifugation in a large
swingout rotor. Cells were harvested from 50 ml of sample by centrifugation at 3000 g for 15
minutes. The supernatant was removed and the pellet transferred to a 2 ml Safe-lock round
bottom microcentrifuge tube (Eppendorf). 1 ml 1.15 mM sodium thiosulphate (Na2S2O3)
dissolved in sterile filtered seawater was added, vortexed to mix and centrifuged at 13000 g
for 5 minutes then the supernatant discarded. The sample was stored at -20 °C until further
analysis. If analysis was to occur straight away, then incubate at -20 °C for 20 minutes.
DNA was extracted using the Qiagen DNeasy Mini Kit (Qiagen) according to the
manufacturer’s instructions, with centrifugation times doubled to improve cell concentration.
200 μl DNA extracts were frozen and stored at -20°C until required, or if used immediately in
qPCR then were held on ice. The qPCR reaction was prepared inside 8-well strips or 96-well
plates (low profile, Roche or Thermo Fisher). The reaction mix was made up per Table 2.2
and 18 μl dispensed into each well. 2 μl DNA extract solution (or sterile, 0.2 μm filtered, DI
water was added for the no-template controls to ensure no contaminating DNA was present
inside the reaction mix). DNA standard solutions were added to the well plates last, adding
from lowest to highest concentration, to reduce contamination risk. The qPCR reaction was
cycled for 2 minutes at 50 °C, 10 minutes at 95 °C and then 40 cycles of alternating 15
seconds 95 °C and 1 minute 59 °C (Lightcycler 96, Roche). Data was outputted into the
Lightcycler 96 software (Roche), analysed in MS Excel and visualised in R.
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2.3 Results
2.3.1 CARD-FISH
2.3.1.1
Initial Protocol
Firstly, the initial protocol from Toebe (2013, 2010) and Toebe et al. (2012) was tested to
provide a baseline for further method development. The initial procedure only returned 9 ±5%
of input cells (Figure 2.4) and cells appeared broken on the filter when viewed on the
microscope.
2.3.1.2
50 ml Syringe
The initial protocol from Toebe (2013, 2010) and Toebe et al. (2012) used a vacuum pump
with filtration rig, which is unsuitable for the FSS monitoring programme, as it has a lot of
sites in rural areas. A handheld syringe was tested to determine whether it would make a
cheap replacement which doesn’t require electricity. Using a 50 ml syringe, however, made it
difficult to load small volumes onto the filter membrane (e.g. 100 μl H2O2 solution). It also still
resulted in burst cells, potentially from too high filtration pressure through the narrow opening
at its base. Only 12 ±13% of cells were recovered and standard deviation was much higher
than for the original protocol (Figure 2.4).
2.3.1.3
2ml Syringe
As the 50 ml syringe was found to be too high pressure, resulting in burst cells, a 2 ml
syringe was thought to potentially be gentler on cells during filtration. By modifying the
protocol to use a 2 ml syringe the percentage return of cells increased to 29 ±6% (Figure
2.4). Cells still appeared broken on the filter; however, some remained intact indicating that
by gradually reducing filtration pressure whole cells should be achievable.
2.3.1.4
Exclusion of Light During Hybridisation
Kerstin Toebe suggested that cells may not be fluorescing adequately for detection due to
light exposure during hybridisation, which could denature the fluorophore before analysis
could be conducted. Inclusion of dark stages in the protocol, however, did not improve cell
return rates (this experiment = 13 ±4% cell return, Figure 2.4). As this stage, it was thought
that the saline ethanol fixative, which should permeabilise the cell membrane to allow large
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HRP-probe molecules access to the rRNA, could weaken the cell structure to such an extent
that it made them more susceptible to filtration forces.
2.3.1.5
Gravity Filtration and Fixation with DAPI
Since the exclusion of light during hybridisation did not result in increased cell counts, we
returned to the hypothesis that filtration was the problematic step in the protocol. Vacuum
pumps and both handheld syringes caused burst cells, therefore gravity filtration was tried as
it is the gentlest method of filtration. By fixing cells, filtering under gravity and then staining
with DAPI, there was a slight improvement in cell return (23 ±4%, Figure 2.4). Cells were
also visually observed whole.

Figure 2.4: CARD-FISH changes to sampling and fixation technique, compared to the
original protocol (1st Protocol Wash, palest grey). Error bars = one standard deviation.

2.3.1.6
Summary
The CARD-FISH technique was determined to be unsuitable for use to monitor A. spinosum
in the high throughput FSS monitoring programme because of the low accuracy of the
method (< 30% of input cells could be enumerated). The complexity of the protocol requires
extensive training (Kerstin Toebe recommended I travel to Germany to spend a week
learning the technique) and consequently would be unsuitable for large numbers of samples
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in a high-throughput scenario because of the time taken in analysis (>6 hours for 3 samples).
No researcher had used CARD-FISH at SAMS before these preliminary experiments, which
made troubleshooting very difficult. In addition, the requirement for a saline ethanol fixative
(including the immediate freezing of samples) which would require special handing
restrictions upon postage for processing which would quickly become prohibitively
expensive. Finally, if the method could be suitably developed and the samples shipped
properly from field locations then the need for manual counts of filters would require
hundreds of technician hours per week at fluorescence microscopes. Additional fluorescence
microscopes would need purchased for the institute and several technicians trained in filter
counting which would take significant time to process. All of these factors would make
CARD-FISH an extremely risky, difficult and expensive option for FSS monitoring of A.
spinosum.
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2.3.2 qPCR
2.3.2.1

Cell Fixation

Figure 2.5: Comparison between acidic and neutral lugol’s with no fixation used as a
control (dark grey). White bar = acidic Lugol’s, grey bar = neutral Lugol’s and black bar =
no fixative. Sodium thiosulphate washes were applied to all samples. Error bars = one
standard deviation.

Results show that both that both acidic and neutral lugol’s fixatives reduced the amount of
DNA copies by a factor of two as detected by qPCR when compared with the unfixed sample
(Figure 2.5). There was no significant difference (one-way analysis of means (not assuming
equal variance), p<0.001) between neutral and acidic lugol’s, indicating that the pH of the
sample had negligible effect on qPCR results.
2.3.2.2

Stability of Stored Samples

Samples for qPCR would need to be analysed promptly when integrated into a monitoring
programme. However, it is important to understand how samples may degrade over time,
and how long samples can be stored while still providing good data both for quality control
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purposes and additional research work (e.g. cruises) where samples may be stored for
longer before analysis.
Results showed that number of DNA copies measured using qPCR fluctuated around a
mean value (1.3 x105 and 1x105 copies DNA for acidic and neutral respectively) over the
course of the experiment (Figure 2.6). There was no statistical difference between the
combined means of both treatments when time was not considered as a factor (one-way
analysis of means, assuming equal variance, p: 0.11). The variation in copy number was
consistent between Lugol’s type when time was not considered as a factor (one-way analysis
of means (assuming equal variance), p>0.1).
In the acidic treatment, copy number was not significantly different from the starting
measurement at T3, T5, T6 and T7 [p: 1.000, p: 0.116, p: 1.000 and p: 0.229 respectively
(Table 2.3)]. 22 days was significantly higher than 0 days (mean: 2.2 x105 copies DNA, p:
0.010). Copy number was significantly below the starting value at 141 days (mean: 5.0 x104
copies DNA, p: 0.009). In the neutral treatment, copy number was not significantly different
from the starting measurement at 22 days, 49 days and 113 days (p: 0.365, p: 0.159 and p:
0.068 respectively (Table 2.3)). All other measured timepoints were significantly lower than
the original measurement at 0 days (Figure 2.6, Table 2.3). This highlights the variability of
detecting A. spinosum with time in storage indicating that an error factor may need to be
considered to account for changes in copy number if samples are stored before analysis, as
in quality control.
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Figure 2.6: Lugol’s fixed sample storage analysed across a 4-month period using (A)
acidified Lugol’s and (B) neutral Lugol’s. Error bars = one standard deviation.

Table 2.3: Pairwise comparisons between 0 days and subsequent timepoints plotted in
Figure 2.6 using t-tests with non-pooled standard deviations (no assumed homogeneity of
variance)1.

Days Since T1

7

14

22

49

84

113

141

Acidic

0.007*

1.000

0.010*

0.116

1.000

0.229

0.009*

Neutral

0.005*

0.010*

0.365

0.159

0.009*

0.068

0.002*

1

Starred (*) items are significantly different using significance level p: 0.05 (95%).
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2.3.2.3
Concentration of Cells
DNA extraction must be carried out on a <1 ml sample, but the phytoplankton sample taken
from the field is 50 ml, therefore cells must be concentrated before extraction can take place.
Concentrating material before extraction also improves detection because there is more DNA
to detect. However, there are different methods of cell concentration. Filtration was shown to
be unsuitable in experiments for CARD-FISH (Section 2.3.1.6) which leaves centrifugation.
Swing-out and fixed angle centrifuges were compared to determine the best method for the
protocol.
Results showed that more DNA was recovered for the highest cell concentrations tested in
all treatments (Figure 2.7). Only the swing out centrifuge returned higher DNA copy number
in the 1000 than the 100 cell concentration, both other treatments returned the same, or
lower, copy number. The microcentrifuge was the best method at all concentrations at getting
cells into the extraction process. However, this method cannot be used for environmental
sampling as the required sample volume (50 ml) is too high. The large swingout centrifuge
was the only technique to have a linear relationship between the tested cell concentrations.
The lowest concentration (100) was slightly better in the fixed angle centrifuge compared to
the swing out, however medium cell number (1000 cells) inside the fixed angle had the
lowest DNA return of all the techniques. The microcentrifuge returned the highest number of
DNA copies of all the centrifuges tested.
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Number of DNA Copies

1,000,000

Condition
Fixed Angle
Microcentrifuge
Swing Out
100,000

100

1000

10000

Input Number of Cells

Figure 2.7: Comparison of centrifuge techniques for cell concentration using a fixed angle
and swing out large rotor centrifuge. A microcentrifuge acted as a control. Three cell
concentrations (100, 1000 and 10,000 total cells) were used. Error bars = one standard
deviation.

All techniques could detect cells at the lowest tested concentration and, therefore, all can be
said to have a detection limit of, at least, 2000 cells L-1 (100 cells in 50 ml). Methods may
have been able to detect less than this, but this was not tested in this experiment. However,
when dealing with cell concentrations larger than 1000 cells per sample (20,000 cells L-1) the
fixed angle technique loses cells when the supernatant is removed.
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Table 2.4: Comparison of centrifuge types for A. spinosum qPCR detection. Percentage of
expected DNA copies, based on calculated copies per cell for SM2 strain, which was
measured using qPCR when comparing different centrifuge types.
Concentration of Cells

Fixed Angle

Swingout

Microcentrifuge

100

46%

14%

410%

1000

35%

108%

324%

10,000

3.5%

6.8%

20%

Table 2.4 shows the expected cell return from the number of cells included in each sample
(based on 1508 copies of DNA per cell for SM2 (calculated in Section 2.3.2.5)). The
microcentrifuge returned >100% of the expected DNA copy number for the number of cells
extracted, except 10,000 cells which only returned 20% of expected copy number. This
indicates that there was a very high variability in the copy number by qPCR, either through
individual cell DNA content changing in the cell cycle or a highly variable part of the entire
qPCR protocol.
The swing-out bucket returned 14% of DNA when 100 cells were spun down, but 108% when
1000 cells were spun down (Table 2.4). The fixed angle bucket returned 46% of DNA for 100
cells in a sample and 35% with 1000 cells per sample. However, both centrifuge types
performed poorly at the highest cell concentration (3.5% and 6.8% for fixed angle and swingout respectively).
The swing out technique provided the most predictable pattern of cell input to copy number
measured. A regression through the points was significant at r2: 0.89 (p<0.001). Therefore,
this method was chosen for analysing the environmental samples in Chapters 3 and 4.
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2.3.2.4
Inhibitor Presence in Seawater
Initial method development was carried out at the Alfred Wegener Institut, and therefore the
seawater used in experiments was most likely from somewhere off Bremerhaven. Scottish
seawater, as would be used in this thesis, may react differently in the reaction.
Results show significant linear correlations for all treatments (L1 1 ml: r2: 0.92, p<0.001; L1
50 ml: r2: 0.96, p<0.001; Raw Seawater 50 ml: r2: 0.91, p<0.01; Figure 2.8). When slopes
were compared using ANCOVA they were found to be significantly different by treatment (p:
0.027). In both 50 ml treatments, cells could not be detected at <100 cells concentration (100
cells in 50 ml seawater = 2000 cells L-1). This agrees with the earlier experiment where cells
could not be detected in a swing out centrifuge below 2000 cells L-1 (Section 2.3.2.3). Even in
the microcentrifuge technique, when 1 cell per sample was analysed, only a third of samples
were positive (Figure 2.8A). Therefore, a more reliable estimate of the microcentrifuge
detection limit is 10 cells ml-1 (per sample; 10,000 cells L-1).
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Figure 2.8: Testing the difference between using culture medium (L1) and raw seawater at
several cell concentrations (1, 10, 1000, 10,000 and 100,000 total cells per sample) using
qPCR. (A) L1 medium in 1ml sample volume r2: 0.92, F: 86, p<0.001 (Note for 1 cell
concentration only 1 out of 3 samples were positive), (B) L1 medium in 50ml sample
volume r2:0.96, F: 108, p<0.001, (C) Raw seawater in 50ml sample volume r2: 0.91, F: 42,
p<0.01.
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2.3.2.5
Reliability of Cell Concentration Estimates in Field Samples
The measurement of DNA copy number in single cells is highly important as it allows back
calculation of the number of cells contained in a field sample from DNA copy number
measured in a sample using qPCR. If the assumed copy number per cell for A. spinosum is
incorrect, then the estimation of cells L-1 in the field will also be erroneous. For the monitoring
programme, the concentration of toxic cells in the environment allows the relative risk of
shellfish toxicity incidence to be estimated. False negative results (where cell concentration
is below some threshold concentration) could prevent early warning for future toxic events,
putting the shellfish industry and its consumers at risk. False positive results may trigger an
increase in testing of shellfish flesh and end-products which is unnecessary and wasteful.

Number of DNA Copies

6000

4000

2000

0
3D9

Shet F6

SM2

UTH E2

Strain

Figure 2.9: Single cell copy number analysis using individually isolated cells directly into
qPCR without extraction. The mean copy number and uncertainty was calculated per
strain: Shet F6 had 1530 ±4131 copies cell-1; 3D9 had 2599 ±5250 copies cell-1; UTHE2
had 1824 ±6913 copies cell-1 and, SM2 had 1508 ±4645 copies cell-1. The mean copy
number for all strains was 1856 copies cell-1 and the mean uncertainty was 5235 copies
cell-1.
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Figure 2.9 shows that there was a large variation in DNA copy number per cell, but this
variation was consistent between strains with mean values similar (no significant difference
between groups when tested with ANOVA, p>0.05). The variation in DNA copy per cell was
also consistent between strains (Bartlett test, p>0.05). The variation in DNA copy per cell is,
however, large for every strain leading to large errors for mean copy number per cell
estimations: ±4131 copies cell-1 Shet F6, ±5250 copies cell-1 3D9, ±6913 copies cell-1 UTH
E2 and ±4645 copies cell-1 SM2 (Figure 2.9).
2.3.2.6
New DNA Source for Standards
The usual source for DNA standards for qPCR is from E. coli cloned plasmids. For the A.
spinosum FSS monitoring application, however, this introduces additional error to the
protocol because of the significant importance of knowing exactly how much DNA is in a
certain number of cells. It is very difficult to equate plasmid solution with number of cells,
therefore a standard curve generated from a dilution series of known cell concentration DNA
extracts would be much more reliable. Different treatments (fixative and/or extraction) for
generating this standard curve were tested for efficacy.
All fixed unextracted samples failed, whereas all other sample treatments gave positive
qPCR results (Figure 2.10), and all had an r2 value of 0.97 (significant at p<0.001). No
significant differences were detected between each treatment; therefore, it was determined
that known cell concentration extracts are appropriate standard reference material for this
qPCR application. Although sample treatment made no difference to DNA copy number it
was decided that by processing (fixation, concentration of cells technique and DNA
extraction method) the standards in the same manner as the environmental samples
(Section 2.2.2) that it would limit any unknown error sources, by making samples and
standards directly comparable.
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Figure 2.10: Comparison of extraction and use of fixative for a known cell concentration
standard curve to use in calculating number of cells in an environmental sample. (A) Fixed
extracted samples r2: 0.97, F: 496, p: <0.001, (B) Unfixed extracted samples r2: 0.97, F:
456, p: <0.001, (C) Unfixed unextracted samples r2: 0.97, F: 395, p: <0.001. Note that all
samples in the fixed unextracted treatment resulted in total qPCR failure and therefore not
shown on plot.
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2.4 Discussion
Field monitoring for toxic phytoplankton is currently carried out in Scotland by light
microscope analysis for species which are known to be harmful to humans through toxin
production and the consequent contamination of shellfish. Cell counts are carried out on a
weekly basis (in months which are historically most at risk of toxicity in shellfish) for 100+
sites around the Scottish coast. Only a shellfish flesh sample over the regulatory limit for
algal toxins can legally close shellfish harvesting for a production area, but the occurrence of
toxic algae in the water column can act as a useful early warning signal for future shellfish
toxicity. Field monitoring for A. spinosum cells is currently not carried out in Scotland
because of the difficulty in identification when using light microscopy on high-throughput
samples. Therefore, molecular methods are being developed and applied to provide early
warning detection for AZAs in Scotland. Both qPCR and CARD-FISH have been suggested
as possible methodologies and their application and use for A. spinosum monitoring is
discussed here.
In theory, CARD-FISH should be a successful method in enumerating cell density of A.
spinosum in field samples. The method has been optimised for the species by Toebe et al.,
(2012) who reported that up to 80 % of input cells could be enumerated. However, in this
study, a maximum of 29 ±6 % of input cells could be enumerated using the CARD-FISH
method by using a 2 ml handheld syringe, compared with the filter manifold and vacuum
pump described in the original protocol. Measuring about one third of A. spinosum cells
present in a sample may be useful for monitoring presence/absence of the species, but will
severely reduce the method’s limit of detection. More quantitative data sets are required by
the FSS for harmful algal monitoring.
The sample collection/ fixation steps appear to be causing the reduction in the number of
cells that are whole and stained on the filter paper. Even when the CARD-FISH section of the
protocol was removed, and cells were gravity filtered, only 23 ±4 % of cells could be counted.
These cells were observed whole, so we can infer that the reduction in filtration pressure
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helped preserve cells intact, however it did not lead to an increase in cell counts. Due to the
low efficiency of the technique and the complex procedure of washes which would be difficult
to implement on a large number of samples, I chose to focus solely on qPCR for the
remainder of this study.
The implementation of the qPCR technique was not without its challenges. Published
protocols miss out much of the nuance involved in doing successful laboratory work, and
without relevant experience of similar techniques, and advice from experts in the field, the
method would have been very difficult to implement. When troubleshooting an initial lack of
method sensitivity by conducting literature searches and contacting other researchers
involved in molecular detection of A. spinosum (in particular, Mr Dave Clarke, Marine
Institute, Ireland) I came across various untested parameters which I realised were important
to investigate if FSS wanted to implement qPCR monitoring in the future. Questions
regarding which type of fixative is appropriate; how long samples can be stored for, while
retaining sensitivity; which method of concentrating cells from field samples before extraction
is most effective; whether our local Scottish seawater is conducive to molecular analysis;
how much variability there is in single cell DNA copy number measurements (imperative for
back calculating cells L-1 from a field sample DNA copy number); and improving the source
for DNA standards for more accurate results all were highly important to test before applying
the method to large-scale field studies. Of course, this list is not exhaustive and there is
much work still to be carried out to fully quantify the limitations, detection limits and errors
associated with the methodology. qPCR is by no means a perfect technique, and regulators
need to be fully aware of its limitations before relying on its data to make recommendations
about shellfish safety. In the future, I also hope that the assay can be broadened to include
detection of other toxic species in the genus (see Table 1.2) in a multiplex assay.
From Figure 2.5 we can see that by using any Lugol’s fixative the copy number detected in a
qPCR reduced by a factor of two. This could not be attributed to the fixative pH, as there was
no difference between acidic or neutral Lugol’s fixed samples. This allows the use of sub84

samples of the phytoplankton samples already being collected for harmful species
enumeration by manual microscope counts for A. spinosum qPCR monitoring. These
samples are delivered to SAMS laboratory and parallel molecular testing could easily be set
up. Eckford-Soper and Daugbjerg (2005) compared a range of fixatives for qPCR and
showed acidified Lugol’s Iodine to be an effective fixative; however, the study did not
consider the difference between acidic and neutral Lugol’s Iodine. Auinger et al. (2008) also
found that the inclusion of sodium thiosulphate in the protocol acted against the loss of DNA,
caused by Lugol’s (of any pH). The sodium thiosulphate wash in the protocol for this study
allows the detection of DNA by qPCR as unwashed samples always were negative in qPCR
(see Figure 2.10).
The effect of time on sample storage is still unclear from this study. Samples were stored for
up to four months, and qPCR detection fluctuated around a mean of 1.3 x105 copies DNA for
acidic lugol’s and 1 x105 copies DNA for neutral Lugol’s (Figure 2.6). Initial reduction in copy
number measurement occurred after 7 days; however, copy numbers increased to more than
the initial measurement at 22 days for acidic Lugol’s and 49 days for neutral Lugol’s. After
this peak the ability to detect the target DNA decreased to below the initial measurement until
the end of the experiment at 141 days (5.0 x104 and 1.9 x104 copies DNA acidic and neutral
respectively). Eckford-Soper and Daugbjerg (2015) found that acidified Lugol’s fixed samples
could be stored for up to 1 month for accurate qPCR analysis, before the number of copies
which could be measured decreased dramatically. This study agrees with this, in part,
because the copy number decreased after about one month of storage; however, I observed
an initial decrease, which was not shown in the published study. More work needs carried
out in this area to assess the long-term fluctuations of DNA return upon sample storage.
Several cell concentrations and the use of larger sample volumes would be interesting to
include to explore how detection limit is affected at different cell concentration and in larger
sample volumes. Furthermore, this experiment did not consider the variability between
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different DNA extraction runs, which may explain some of the DNA measurement variability
shown in Figure 2.6.
The swing-out centrifuge had a linear relationship between target DNA copies and cell
concentration, whereas, the fixed angle centrifuged samples did not (Figure 2.7). This was
most likely caused by different rotational forces. Rotation affects the sample in each case
differently: in a fixed angle rotor, the relative centrifugal force (RCF, g) acts on the sample
perpendicularly to the rotor axis, whereas in a swing out the RCF acts directly down the
length of the tube as the bucket can rotate to meet the perpendicular angle. The
microcentrifuge also holds samples at a fixed angle and this probably explains why the
samples follow the same pattern as the large fixed angle centrifuge. The swing out centrifuge
can precisely concentrate the pellet into the bottom of the sample tube and allows a linear
relationship between number of cells in the sample and the amount of DNA recorded in
qPCR (Figure 2.7). This had unexpected effects, however, when the percentage of returned
DNA copies (compared to the expected amount when it is known how many copies are in
single cell) is considered. In the swing-out centrifuge, DNA return was low with few cells in
the sample, but recovery was near 100% in medium-density samples (Table 2.4). In the fixed
angle centrifuge, recovery was never more than 50% for any cell concentration.
There was no optimal solution for centrifuge type when monitoring A. spinosum. For this
study, I chose to work with the swing-out centrifuge technique because DNA return for
medium concentration samples was high and the linear relationship between DNA
concentration and input cells was convenient. There is, however, a lot more work still to be
done to improve cell concentration methods, especially at low and high cell densities; in
particular, the relationship of centrifugation time and efficiency of qPCR detection.
The limit of detection was at least 2000 cells L-1 for all three tested centrifuges (Figure 2.7).
This was confirmed in Figure 2.8 where down to a single cell per sample was tested in a
swing-out centrifuge. Few studies contain published values of A. spinosum cell

86

concentrations from environmental samples. In Argentina: blooms can reach 9.3 x106 cells L1

(Akselman and Negri, 2012); however, samples during the rest of the year may not exceed

960 cells L-1 (Akselman et al., 2014). Because of the lack of information on A. spinosum field
concentrations it is difficult to state an appropriate limit of detection for the monitoring
programme. In Argentina, cells were enumerated using light microscopy with an oil
immersion objective (to improve visuals); however, there is also a limit of detection
associated with phytoplankton count samples. The harmful algae counting programme (FSS,
conducted at SAMS) has calculated this at 40 cells L-1 for a 50 ml Hydro-Bios settlement
chamber when the entire chamber is enumerated (Sarah Swan, personal communication).
Therefore qPCR, compared to traditional cell counts, has a much higher limit of detection
and may only be suitable for samples where A. spinosum is reliably present in medium-high
density. However, it is highly dependent on which kind of toxin the target algae produce and
what cells L-1 are considered harmful for shellfish aquaculture. For example, some
Alexandrium spp. are so noxious that the trigger level is simply presence (40 cells L-1) in the
FSS monitoring programme, whereas Pseudo-nitzschia spp. triggers at >50,000 cells L-1
(Stubbs et al., 2014).
L1 culture medium (made from aged filtered oceanic seawater collected from the Tiree
Passage, west coast Scotland) was used for all preliminary method development
experiments, leading to the possibility that environmental samples in raw coastal seawater
could contain additional contaminants which may inhibit qPCR reactions. Seawater from
different field sites has been shown to affect qPCR results differently, which may depend on
varying organic matter compositions (Rodríguez et al., 2012) and there may not be a single
method appropriate for complete removal of all sample contaminants (Wilson, 1997). As part
of the initial probe development, spiked seawater samples were tested and recovery rates
were shown to be very good for A. spinosum (80-108% (Toebe et al., 2012)). It was deemed
prudent, however, to test spiked seawater samples in Scottish seawater as it may contain a
very different array of compounds, potentially inhibitory to qPCR.
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It was found that the correlations between the three tested treatments (1 ml L1 medium, 50
ml L1 medium, and 50 ml raw seawater) were significantly different (ANCOVA, p: 027)
(Figure 2.8). Both slope and y-intercept vary between treatments. In Figure 2.8A the intercept
is ~0.1 DNA copies and the slope is 0.97. The slope of Figure 2.8C is similar (0.85) but the
intercept on the y-axis is lower, indicating a reduced ability to detect DNA when using raw
seawater compared to L1 media. However, in the central panel, L1 50 ml treatment, (Figure
2.8B) the slope was higher than both other treatments (1.43) and, consequently, the y
intercept was much lower too. This indicates a complex relationship between sample volume
and media matrix: by increasing the sample volume there was a reduction in the ability to
detect DNA at all cell concentrations, however the use of raw seawater appears to improve
the detection at higher cell concentrations by reducing the slope of the regression. This could
potentially be due to matrix effects of other substances contained in raw seawater, which
may be filtered out during L1 media preparation, acting as a mesh to capture cells during the
centrifugation process and draw them down to the base of the tube more easily. For this
PhD, I decided that raw seawater samples from Scotland were suitable for qPCR analysis
because A. spinosum can be detected in natural seawater to a comparable extent to L1
culture media. The tested raw seawater did, however, originate from only one sampling site
at one time. It cannot therefore be inferred that there are no differences in results when
various Scottish sampling locations are considered at different times of the year.
It is important to understand how many copies of DNA there are per cell of A. spinosum
because this is the number used to back calculate the number of cells there are in an
environmental sample. To date, two studies have been conducted to determine the target
DNA copy number per cell in A. spinosum: 1216 copies per cell (Toebe et al., 2012) and
“<1000 copies per cell” (pers. comm., Dave Clarke, Marine Institute). These experiments
were carried out by extracting DNA from a known cell concentration and dividing the
resultant copy number amount by the number of cells in that sample. To truly understand
how copy number varies on a per cell and per strain basis individual cells must be isolated
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and analysed by qPCR. Our results showed that there was little difference in copy number
between strains (overall mean across 4 strains = 1856 copies per cell (Figure 2.9), a similar
value to previous studies). However, there was up to 379% (±5235 copies cell-1) variation in
copy number between cells of the same strain. This leads to error in the calculation number
of cells in an environmental sample as the limit of detection (2000 cells L-1) is dependent on a
confidence interval of ±5235 copies cell-1. If we take the mean cell copy number as 1856 then
the confidence interval is 2.8 cells for every 1 cell detected. Therefore, the limit of detection is
2000 ±5600 cells L-1. Future research must focus on the differences in DNA content between
cells at different stages of the cell cycle, nutrient regimes and light availability to fully
understand what is meant when cell concentration in an environmental sample is calculated
by qPCR. The use of flow cytometry and cell sorting techniques, in conjunction with qPCR, to
address this should be explored in the future.
To make use of the qPCR method in this study as realistic as possible it was decided that
using plasmid-generated DNA for the standard curve was unsuitable. As the number of
copies in an A. spinosum cell is so variable, it is better to compare environmental samples
with extracts of cell culture with known concentration. We can create a dilution series which
are fixed and extracted, in the same manner as an environmental sample would be (see
Section 2.2.2), to generate a standard curve which is directly comparable to field samples
(Figure 2.9). The fixed extracted samples in Figure 2.10A were used in Chapters 3 and 4 as
standards for the calculation of cell concentration from environmental samples.
Overall, even though the method requires further exploration, qPCR can be used for the
measurement of A. spinosum cells from 50ml acidified Lugol’s fixed samples with a detection
limit of approximately 2000 ±5600 cells L-1.
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3. Chapter 3

Environmental Survey in Scottish waters using qPCR for
the detection of Azadinium spinosum cells

3.1 Introduction
Azadinium is a cosmopolitan genus which has been detected on almost every continent
(Figure 1.6). The focus of this thesis, Azadinium spinosum was first isolated from waters to
the east of Scotland (Tillmann et al., 2009) and it is now well known to occur throughout the
North Sea and off the Irish coast (Table 1.2). It is therefore likely that A. spinosum also
occurs within Scottish west coast phytoplankton in areas of aquaculture production; however,
this has never been explored.
Most A. spinosum studies, to date, have been point-sampling events to demonstrate the
existence of the species in particular locations (e.g. Hernández-Becerril et al. (2012);
Tillmann et al. (2012)). Some cruise surveys investigating A. spinosum distributions over
larger geographical areas have also been carried out off the Irish west (Silke, 2016),
Norwegian (Chapter 6) and Argentinian coasts (Akselman et al., 2014). Ireland and New
Zealand have been the only countries to monitor A. spinosum abundances throughout the
year as part of their shellfish safety monitoring programmes. These regulatory monitoring
programmes have been running for several years and large datasets have been collated;
however, much of these data have yet to be published.
A small survey was conducted in the Marlborough Sounds (South Island, New Zealand)
using the Toebe et al., (2012) A. spinosum and Azadinium poporum qPCR probe/primer set
(see Chapter 2) and a newly developed Amphidomataceae probe/primer set, which can
detect both species (Smith et al., 2015). Samples were taken as part of the New Zealand
monitoring programme between September 2014 and March 2015. The A. spinosum probe
gave no positive results, but the A. poporum probe was positive in 9/25 samples. A. poporum
mostly occurred in September (spring) and January (summer). Only presence/absence data
is reported from the study.
The only published seasonal time series data for A. cf. spinosum [now, Azadinium
luciferelloides (Tillmann and Akselman, 2016)] is from a station located ~12 km from the
Argentinian coast, near Mar del Plata (38°28’S 57°41’W, 48 m water column depth), which
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was sampled 56 times between May 1994 and November 2000 (Akselman et al., 2014).
Samples (taken from various depths) were fixed using Lugol’s iodine (pH unspecified) and
counted as genus ‘Azadinium’ with an inverted light microscope. In bloom (>104 cells L-1)
samples, cells were observed using scanning electron microscopy for detailed views of their
thecal plates. Cells of Azadinium occurred mainly during warm spring, summer and autumn;
and less frequently in winter. Abundance rarely exceeded 400 cells L-1 (maximum recorded
960 cells L-1, except during the 1998 blooms). These Azadinium cells were observed at all
sampled depths of the water column and were associated with salinity (PSU) between 33.433.9 and 7.3-19.3 °C. These data indicated that the genus prefers fully marine water and is
seasonal, but can survive at various temperatures, however occurs more often in springautumn. The study suggested that Azadinium spp. is most abundant during the early spring
bloom and rivals Thalassiosira in cell density at certain times of the year (Akselman et al.,
2014; Akselman and Negri, 2012).
The Argentine coast has seen three previously recorded instances of large A. cf. spinosum
blooms since 1991, where concentrations reached 9.03 x106 cells L-1 (Akselman and Negri,
2012). Two further blooms were observed at the shelf break off the mouth of the Río de la
Plata river (1993) and ~100 km from Mar del Plata on the Argentine coast (1998) (Akselman
et al., 2014).
The link between AZA toxin occurrence in shellfish and A. spinosum cell ingestion has been
demonstrated through direct feeding trials in blue mussels (Mytilus edulis) with shellfish
reaching toxicities above the regulatory limit for AZA-1 within 24 hours (Salas et al., 2011).
The AZA toxicity in shellfish is detectable with cell abundances of 2 x107 cells L-1 A.
spinosum with a maximum detected AZA-1 toxicity of “~0.015 μg g-1” (15 ng g-1) shellfish
flesh (Salas et al., 2011). This is much lower than the observed maximum 518 ng g-1 AZA-1
concentrations (11/10/2016) in the field observed in Scottish shellfish (Figure 1.4B) and the
maximum 2400 ng g-1 in Irish shellfish (Figure 1.4A). Given that 2 x107 cells L-1 constitutes an
exceptional bloom for any species of dinoflagellate, and one not likely missed by regulatory
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monitoring, it is evident that we do not fully understand the mechanisms for the accumulation
of this toxin within shellfish flesh. Furthermore, the occurrence of AZAs within shellfish in
aquaculture production areas does not always match with the occurrence of A. spinosum
cells in the water column (Dave Clarke, Marine Institute, pers. comm. and Dr. Phillip Hess,
IFREMER, pers. comm.).
In the temperate coastal waters of Scotland, the bulk of the phytoplankton community
undergoes a predictable seasonal succession related to water column stability and
availability of sunlight. In winter, the water column is fully mixed as a result of elevated winds.
Surface nutrient concentrations are high; however, phytoplankton are unable to grow
because of low sunlight and their continual mixing out of the surface layer. In spring, the
upper water temperature increases, which stabilises the water column and allows cells to
remain in the surface layer. This upper layer is replete with nutrients from winter mixing and
an algal spring bloom is initiated. Once the nutrients have been depleted by phytoplankton
growth the bloom begins to wane and crash. Summer further increases temperature driven
water column stability; however, large algal biomass is not supported through a lack of
nutrients. In autumn, wind speeds increase slightly and promote introduction of nutrients
across the thermocline into the surface layer. Cells are again able to grow to great number
and an autumn bloom is initiated, albeit to lower cell concentrations than the spring bloom.
Winter returns and storms completely break down the thermocline, mixing cells out of the
surface layer and redistributing nutrients. This seasonal cycle is thought to be the main driver
of phytoplankton succession in temperate waters and its effects can be identified just by
observing community structure throughout the year.
These observations are at odds with the increased AZA content of shellfish during winter in
the Irish aquaculture industry (Cusack et al., 2016) suggesting that the life cycle of
Azadinium is atypical of the normal phytoplankton flora of the UK shelf. Scottish shellfish
AZA toxicity was first recorded in August 2011 in a toxic event which spanned several
months (Figure 1.4B). Medium to low concentrations of AZAs continued until July 2012 when
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another toxic event occurred, this time lasting until June 2013 (maximum concentration 433
ng g-1 shellfish flesh on 21/8/2012). The occurrence of AZAs in autumn and winter in Scottish
shellfish agrees with observations from Irish waters and is unusual compared with other
shellfish toxins, which are usually present in spring or summer. For this reason, regulatory
monitoring is more frequent during spring and summer months (usually considered the
“growth season”); however, this may not be as effective for AZA toxin monitoring in the
British Isles.
The aim of the work reported in this chapter was therefore to determine changes in the
distribution and abundance of A. spinosum in three contrasting Scottish locations across a
single year period in relation to the rest of the phytoplankton community and environmental
drivers of species succession. The species of interest, A. spinosum, was enumerated using a
qPCR molecular technique discussed in Chapter 2 (Section 2.2.2.7). The rest of the
phytoplankton community was identified to genus level by light microscopy and standard
oceanographic data were also collected to provide context for the A. spinosum abundances.
Dissolved water column toxins [using solid phase adsorption toxin tracking (SPATT)
technology (Hermann et al., 2010; MacKenzie et al., 2004)] and shellfish toxicity contents at
the sampling sites were monitored by Food Standards Scotland (FSS) for the sampling
period to detect whether AZAs were present concurrently with A. spinosum cells.
This is the first environmental survey for A. spinosum abundance in Scottish waters ever
conducted, therefore some basic research questions were identified to provide the baseline
information from which more detailed sampling strategies can be developed in the future.
FSS can also utilise data on A. spinosum seasonality to direct and implement future
monitoring efforts. Hypotheses to test: (1) A. spinosum is a regular member of the
phytoplankton community in Scotland (2) A. spinosum abundance has seasonal and/or
spatial (between sites) variability (3) dissolved AZAs are present in the water column at the
same time as A. spinosum cells (4) dissolved AZAs and A. spinosum presence correlate with
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shellfish flesh AZA toxicity and (5) A. spinosum cell presence (or dissolved toxins) correlate
with some measured environmental abiotic parameters.
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3.2 Methods
3.2.1 Sampling Sites
Scottish aquaculture operations tend to utilise sheltered locations along the fjordic coastline
to protect their equipment and stock. Phytoplankton dynamics are influenced by local
hydrography which will vary depending on location. It is therefore, pertinent to include a
variety of hydrographic environments in this study. Three different locations, which represent
contrasting Scottish coastal environments, were chosen as monitoring sites for this study: (1)
A restricted exchange sealoch, (2) An open exchange sealoch and (3) a completely open
embayment. These sites are: Loch Creran, on the south-west coast (Figure 3.1) ; Loch Ewe,
on the north-west coast (Figure 3.2); and Scalloway Harbour, on the Shetland Islands (Figure
3.3).
As A. spinosum has rarely been studied in a time-series fashion worldwide, and never in
Scotland, a sampling strategy had to be devised which would sample at regular intervals, to
capture events when we had no prior knowledge of their potential frequency. It also had to be
undertaken on a limited budget. Therefore, sampling was conducted in surface waters at
multiple sites; rather than at multiple depths at a single site. Weekly sampling was
undertaken as A. spinosum is thought to be able to bloom within a week (Dave Clarke,
Marine Institute, pers. comm.) and hence lower frequency sampling would risk missing bloom
events. While even higher frequency sampling would have been desirable, it was not
practical.
Loch Creran (Figure 3.1) is a restricted exchange sealoch connected to Loch Linnhe on the
west coast of Scotland. It is considered to be a typical Scottish sealoch (Laurent et al., 2006)
in regards to its hydrography and it has been studied in depth. The small island of Eriska
partially blocks the entrance, creating an 8 m deep entrance sill, and there is a narrow 3 m
deep sill at Dallachulish which separates the upper and lower basins. The loch is heavily
utilised for aquaculture and contains mussel farms, oyster trestle beds and finfish cages; in
addition to a fish processing plant on the banks of its outer basin at South Shian. The inner
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basin is 3 km long by 0.8 km wide with a maximum depth 40 m and has freshwater input to
the head (8.6 x105 m3 day-1 (Tett and Wallis, 1978)). The outer basin is larger, 11 km long
and 1.5 km wide with its deepest point at 53 m. The Loch Creran sampling point was located
at Barcaldine pontoon on the southern shore midway up the lower basin (Figure 3.1) and
was easily accessible from SAMS on a weekly basis.

Figure 3.1: Loch Creran with sampling site Barcaldine Pontoon

Loch Ewe (Figure 3.2) is a semi-restricted sealoch located in Wester Ross (Gamble et al.,
1977) and opens to the Minch. Loch Ewe is ~12 km in length and 5 km wide (Figure 3.2).
Within Loch Ewe there is a local fishery, finfish cages and shellfish aquaculture (mussels and
scallops). The loch has a deep entrance sill (33 m maximum) and a slightly shallower sill
located between An Sguileach and the Isle of Ewe (29 m maximum). The deepest point of
the loch is south of the shallower sill at 73 m depth. The 4 km2 Isle of Ewe is centrally placed
and at the south end is the smaller Loch Thurnaig; however, this is little more than a small
embayment (CEFAS, 2015). The water depth differs substantially on either side of the Isle of
Ewe: west 34-71 m and east shallowest point 6.3 m. The freshwater Loch Maree drains into
the head through the River Ewe [mean flow 29.6 m3s-1 (CEFAS, 2015)] at Poolewe. Many
other small freshwater bodies drain into the area including Loch a’Bhaid-luachraich to the
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east. Marine Scotland Science has operated a comprehensive ecosystem monitoring
programme at Loch Ewe since 2003 where temperature, salinity, nutrients, phytoplankton
and zooplankton have been collected on a weekly basis (Bresnan et al., 2016). Dissolved
algal toxins were monitored using SPATT bags (Hermann et al., 2010; MacKenzie et al.,
2004). The Loch Ewe sampling site for phytoplankton was located at the mouth of the loch
and was sampled weekly, using a bucket into the surface, from a small dinghy by Jane Grant
(Scot-Hatch Ltd) in parallel to Marine Scotland Science (MSS) phytoplankton monitoring that
is routinely conducted at this site.

Figure 3.2: Loch Ewe Marine Scotland Science sampling site

Scalloway harbour (Figure 3.3) is an open harbour located on the south west coast of
mainland Shetland, sheltered by Trondra island to the south-west. The harbour entrance to
the west is ~300 m wide and 12 m deep in the centre of the channel. The way in to the
harbour is dredged for commercial ship access to ~9 m depth. The harbour proper has a
maximum depth of ~11m by the lighthouse on the Commercial Quay. To the east of the
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harbour proper there is a second shallow inlet, the East Voe of Scalloway (<5 m), extending
north ~600 m from the main channel. Directly south of the East Voe is Clift Sound (~36 m
deepest point at Burn of Scord), which eventually leads to open sea between the isles of
Tronda, East Burra and South Havra; and the mainland. Numerous aquaculture sites, for
both shellfish and finfish aquaculture, are present in Scalloway Harbour and Clift Sound.
MSS has operated at coastal ecosystem monitoring site at Scalloway since 2001 where
temperature, salinity, nutrients and phytoplankton have been monitored weekly (Bresnan et
al., 2016). Salinity throughout Scalloway Harbour and Clift Sound is 34.7-35.3 PSU from
multiple depths indicating a fully marine environment without stratification (Hendrikz et al.,
2014). Freshwater runoff was minimal into the nearby Burwick Voe [~0.003 m3 yr-1 (Larkham
et al., 2014)], which may be similar for Scalloway Harbour. The maximum current speed
recorded in Clift Sound is 0.18 ms-1 which flows in a south to south-west direction (Hendrikz
& Price-Hayward, 2014). Scalloway sampling site was located at the Scalloway Harbour
pontoon. Samples were taken by bucket from the surface, as at Loch Ewe this sampling was
conducted in parallel to ongoing MSS sampling.

Figure 3.3: Scalloway Harbour Marine Scotland Science sampling site
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3.2.2 Phytoplankton Sampling
Water samples were taken from each site on a weekly basis, from summer 2014 until
summer 2015, and transported to the Scottish Association for Marine Science (SAMS)
laboratory, or MSS, for analysis.
At Loch Creran, samples were taken by submerging a 500 ml sampling bottle to 0.5 m and
capped at depth at Barcaldine pontoon. The sample was immediately fixed with ~5 ml
acidified Lugol’s iodine and then stored at 4 °C in the dark. Samples were taken between 24
July 2014 and 15 May 2015.
At Loch Ewe, samples were taken by bucket from the surface and collecting a sub-sample
into a 500 ml opaque plastic bottle from the mouth of the sealoch. The sample was
immediately fixed with ~5 ml acidified Lugol’s iodine and then stored at 4 °C in the dark.
Samples were collected between 14 April 2014 and 1 June 2015.
At Scalloway, samples were taken by bucket from the surface and collecting a sub-sample
into a 500 ml opaque plastic bottle from Scalloway Harbour pontoon. The sample was
immediately fixed with ~5 ml acidified Lugol’s iodine and then stored at 4°C in the dark.
Samples were taken between 4 April 2014 and 18 May 2015.
In the laboratory, 50 ml of the Lugol’s fixed sample were dispensed into a 50 ml settling
chamber (Hydro-Bios) for overnight settlement of cells. The algae in the chambers were
identified to genera level and enumerated using an Ziess Axio S100 inverted microscope
microscope and converted into cells L-1 abundance.
3.2.3 Molecular Detection of Azadinium spinosum
A sub-sample of each phytoplankton sample (taken and fixed as described in Section 3.2.2)
was shipped to SAMS laboratory for DNA extraction and qPCR analysis. Samples were
prepared and analysed using methodology stated in Chapter 2 (See Section 2.2.2.7).
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3.2.4 Azaspiracids Dissolved Toxin Measurements
Dissolved toxins were measured using SPATT developed by MacKenzie et al. (2004) and
used widely for the simulation of toxin uptake by bivalves in the marine environment.
SPATT bags were prepared in MSS according to Hermann et al. (2010) by Dr Jean-Pierre
Lacaze and dispatched to all sites where they were suspended in the water column at ~1m
depth for 1 week periods. After exposure, the bags were collected, sealed inside ziplock
bags and frozen (-20 °C) at the earliest opportunity before frozen shipment back to MSS for
analysis by Dr Jean-Pierre Lacaze.
Analysis was carried out by UPLC-MS/MS (Ultra Performance Liquid Chromatography
Tandem Mass Spectrometry). The 1290 Infinity Liquid Chromatography system (Agilent,
Stockport, UK) comprised a 1290 binary pump (G4220A) with degasser, a 1290 autosampler
(G4226A) with thermostat (G1330B) and a 1290 thermostated column compartment
(G1316C). The mass spectrometer was a 3200 Qtrap (ABSciex, Warrington, UK).
Chromatographic separation was achieved using an Acquity UPLC BEH C18 column (100
mm × 2.1 mm, 1.7 µm). A binary mobile phase was used for the analysis. Mobile phase A
was 100% aqueous and mobile phase B was 95% acetonitrile, both containing 2mM
ammonium formate and 50 mM formic acid. Separation of the AZA analogues were
performed through a gradient which was ramped from 30% to 90% B over the first 3 min and
then held for 1.5 min. At 4.5 min, the composition was reset to 30% B and held for 2 min to
re-equilibrate the column before the next injection. Flow rate was set at 0.4 ml min-1, column
temperature was maintained at 20 ºC throughout the analysis and sample injection was 5 μl.
The 3200 QTrap MS detector was used in multiple reaction monitoring (MRM) mode where
specific transitions, one for quantitation and one for confirmation, were monitored for 7 AZA
analogues (AZA-1 to 5, 33 and 34). The following transitions were selected for MRM
analysis: AZA-1 (m/z 842.5 → 824.4 and 842.5 → 362.3), AZA-2 (m/z 856.6 → 838.6 and
856.6 → 672.6), AZA-3 (m/z 828.58 → 810.6 and 828.5 → 362.3), AZA-4 (m/z 844.5 →
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826.5 and 844.5 → 658.6), AZA-5 (m/z 844.5 → 826.6 and 844.5 → 446.4), AZA-33 (m/z
716.5 → 698.5 and 716.5 → 462.3) and AZA-34 (m/z 816.5 → 798.5 and 816.5 → 672.5).
The electrospray source was operated in positive mode and other parameters set up were as
follows: ionspray voltage - 4.4 Kv; source temperature - 700ºC; Gas 1 and Gas 2 - 44 psi and
48 psi respectively; curtain gas - 20 psi; and CAD gas - 6 psi. Other parameters, specific to
the MRM transitions, are detailed in Appendix C.
Standards for AZA-1 to 3 were purchased from the Certified Reference Materials Programme
(CRMP) of the National Research Council Canada (NRCC). Calibrations solutions were
prepared by dilution of the stock standard solutions in methanol. As no standards were
available for AZA-33 and AZA-34, the AZA-1 calibration curve was used to quantify those
two AZA analogues. For an example of an extracted ion chromatogram (XIC) see Appendix
C.
3.2.5 Environmental Sampling
Key phytoplankton growth indicators were monitored at each site. Temperature was
monitored continuously using loggers (Loch Creran: HOBO Pendant® logger, Onset®; MSS
(Loch Ewe and Scalloway Harbour): Minilog-II-T data logger, VEMCO Ltd) deployed at ~1 m
depth. Discrete salinity data was measured at Loch Creran using a handheld marinecalibrated refractometer (DD The Aquarium Solution, H2Ocean Seawater Refractometer).
Nutrients were sampled by taking a 50 ml water sample and immediately filtered, using a
handheld syringe, through a pre-combusted 25 mm 0.2 μm GF/F filter into a sample bottle,
which was frozen at the earliest opportunity. In the laboratory at SAMS, Loch Creran
samples were thawed and analysed on a five channel QuAAtro autoanalyser (Seal
Analytical) for dissolved inorganic nitrogen (nitrate and nitrite, TOxN), phosphate and silicate
content. Environmental parameters (temperature, salinity, nutrients) at Loch Ewe and
Scalloway were collected as described in Bresnan et al. (2016). Tidal height data was taken
from the POLTIPS tidal model using the closest point to each sampling station; and
meteorological data (wind speed/direction and rain) was taken from the Met Office Integrated
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Data Archive System (MIDAS) data set accessed through the Centre for Environmental Data
Analysis (CEDA) archive.
3.2.6 Data Analysis
Data was analysed and visualised in Multivariate Statistics for Ecologists (PRIMER-E, Quest
Research Limited) software and the R programming language (R Studio).
To focus results reporting, only “important” members of the phytoplankton community, those
which contribute at least 5% of individuals to any single sample per site, are reported here.
Other univariate measures (number of genera, number of individuals and a measure of
sample biodiversity [Shannon Diversity Index (H’, Equation 1)] are described for each site.
A non-parametric multivariate analysis strategy is used here, developed in (Clarke, 1993;
Clarke and Ainsworth, 1993; Clarke and Green, 1988) and used within the PRIMER-E
software package. The analysis framework is especially useful for analysing large biological
data sets with high differences in abundance across samples and a high number of variables
(genera). These data sets most often violate the assumptions of parametric statistical tests
and therefore a non-parametric random permutation approach is preferred (Clarke, 1993).
The analysis also allows linking of environmental variables to biological abundance, allowing
important variables which best explain the distribution of biological data, in a statistically
significant manner, to be identified (Clarke et al., 2008).
Phytoplankton abundance data was fourth-root transformed and Bray-Curtis Similarities
calculated using Equation 2. The resultant similarity triangular matrix was used to carry out
multi-dimensional scaling (MDS), hierarchical agglomerative clustering (HAC) with similarity
profile routines (simprof) to determine statistically similar groups within the data which could
not have arisen by chance from random spread in the data. These tests are applied using
permutation techniques where the observed values are compared against 999 random
permutations of genera distribution.
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(1)

𝐻 = − ∑ 𝑝 log(𝑝 )
∑

(2)

𝑆 = 100 1 − ∑

Environmental data is normalised to make each variable directly comparable in the
subsequent analyses and a Principal Component Analysis (PCA) applied to visualise the
spread of the samples using only their abiotic characteristics. Then, the environmental data
set is compared with the biological abundances to find statistically significant correlations of
environmental variables with biological data spread. The BIO-ENV routine in PRIMER-E
achieves this using permutations where each variable is compared stepwise to the biological
dataset then compared with 999 random permutations of the data to see whether the
correlation could have occurred by chance.
No a-priori sample groupings were used for the analysis, but, simply to aid with
interpretation, each sample was assigned a season defined by the standard calendar (Table
3.1) and these were overlaid onto the MDS in addition to the statistically significant groups
from simprof.
Table 3.1: Seasonal dates to define grouping overlays for MDS plots (not a-priori groups for
statistical analyses).

Date Begin

Date End

Spring

March 1st

May 31st

Summer

June 1st

August 31st

Autumn

September 1st

November 31st

Winter

December 1st

February 28th
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3.3 Results
The results below are separated by site. Loch Creran is presented first, followed by Loch
Ewe, then Scalloway Harbour. At each site, selected data are presented diatom abundance,
dinoflagellate abundance, changes in total abundance of the main cell groups (diatoms,
dinoflagellates and ciliates), changes in univariate measures of the community, abiotic
variables and measured water column toxicity. Then, multivariate statistical results are
presented which organise the phytoplankton community and abiotic variables by similarity.
Finally, the abiotic variables which best explain the spread in the multivariate biological data
are identified (see Section 3.2.6).

3.3.1 Loch Creran
The annual abundance cycle for the dominant diatom genera in Loch Creran, each
contributing >5% of any single sample, are shown in Figure 3.4. Most genera have blooms in
spring. Navicula spp., Paralia spp. and Thalassionema spp. have peaks during the winter
period (Figures 3.4D, E, J). The highest abundances were reached by Skeletonema spp.
(maximum 4.2 x107 cells L-1, Figure 3.4I) and Chaetoceros spp. (maximum 5.5 x106 cells L-1,
Figure 3.4A); with Pseudo-nitzschia delicatissima (group) (maximum 2.5 x106 cells L-1, Figure
3.4F) and Thalassiosira spp. (maximum 5.6 x 106 cells L-1, Figure 3.4K) also highly abundant.
Navicula spp. (Figure 3.4D) and Paralia spp. (Figure 3.4E) are unusual in that they occur
throughout the year with multiple peaks, when the other genera have short-lived high
abundance peaks. All samples were negative for A. spinosum when tested with qPCR.
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Figure 3.4: Creran important diatom species (those that contribute >5% of any single
sample) (A) Chaetoceros spp. (B) Cylindrotheca spp. (C) Leptocylindrus spp. (D) Navicula
spp. (E) Paralia spp. (F) Pseudo-nitzschia delicatissima (group) (G) Pseudo-nitzschia
seriata (group) (H) Rhizosolenia spp. (I) Skeletonema spp. (J) Thalassionema spp. (K)
Thalassiosira spp.
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Figure 3.5: Creran important dinoflagellate species (those that contribute >5% of any
single sample) (A) Ceratium/Tripos spp. (B) Gymnodinium spp. (C) Gyrodinium spp. (D)
Heterocapsa spp. (E) Lingulodinium spp. (F) Prorocentrum spp. (G) Protoceratium spp.
(H) Scrippsiella spp. (I) Unknown Taxa

Only nine dinoflagellate genera (Figure 3.5) contributed >5% of cells to any single sample.
They also generally reached lower maximum cell densities with Heterocapsa spp. (maximum
3.0 x 106 cell L-1, Figure 3.5D), Lingulodinium spp. (maximum 1.5 x 106 cells L-1, Figure 3.5E)
and Scrippsiella spp. (maximum 1.2 x106 cells L-1, Figure 3.5H) having the most intense
blooms.
Dinoflagellates are most abundant in late winter (maximum 4.5 x107 cells L-1, February –
March) and August (maximum 2.6 x107 cells L-1) (Figure 3.6A). Diatoms tend to occur after
dinoflagellate blooms, in autumn (maximum 2.1 x106 cells L-1, August – October) or during
late winter/spring (maximum 4.5 x107 cells L-1, February – April) (Figure 3.6B). Ciliates
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appear less predictably with a higher average cell density throughout the year than both
diatoms or dinoflagellate out-with bloom periods (Figure 3.6C). Ciliates bloom (maximum 4.2
x105 cells L-1) concurrently with a large dinoflagellate bloom (mainly Heterocapsa spp.
(Figure 3.6D)) and a smaller diatom bloom (consisting of Navicula spp., Pseudo-nitzschia
seriata (group), Thalassionema spp., Skeletonema spp. and Cylindrotheca spp.) in March
2015.

Figure 3.6: Creran cell groups (A) Dinoflagellates (B) Diatoms (C) Ciliates
The number of genera and the number of individuals generally reduced during autumn and
winter (Figure 3.7) with an average of 21 genera present per sample. The highest numbers
of genera are recorded during both the autumn and early spring, maximum of 37 genera per
sample (November 2014). Two major blooms occur within the sampling period: September
2014 where maximum abundance reached 1.9 x107 cells L-1 and March (marked by two
peaks) reaching a maximum abundance of 4.5 x107 cells L-1. Consequently, during the
periods of peak cell abundance sample biodiversity is lower than usual: autumn bloom H’ 11.5 and spring bloom H’ 0-1.2. Biodiversity (H’) during the rest of the year fluctuates between
1 and 3. In November and January, the number of genera present reach minimum values of
8 and 6 genera respectively (November: Katodinium spp., Prorocentrum spp., Cylindrotheca
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spp., Pseudo-nitzschia delicatissima (group), Skeletonema spp., ciliates, cryptophytes,
Dityocha spp; January: Unknown dinoflagellates, Navicula spp., Pseudo-nitzschia
delicatissima (group), Skeletonema spp., ciliates, cryptophytes).
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Figure 3.7: Univariate measures of Loch Creran phytoplankton (A) Number of genera, (B)
Number of individuals, (C) Shannon Diversity Index

Temperature in Loch Creran decreases in winter, reaching a minimum in January of 5 °C
(Figure 3.8A). The curve is smooth with no short-term fluctuations. The maximum
temperature in summer is 14 °C.
TOxN increased in winter from October until April, with the maximum occurring in December
(7.6 μΜ) (Figure 3.8B). TOxN was susceptible to some short-term fluctuations potentially
from increased rainfall or wind events. Silicate also increased during the winter months and
reached higher concentrations than TOxN (maximum 13 μΜ). Phosphate and ammonium
increased in the spring and summer months (maximum 2.4 and 4.7 μM respectively).
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Figure 3.8: Loch Creran measured abiotic variables (A) Surface temperature, (B) Surface
nutrients, (C) Precipitation and (D) Salinity.

Salinity is highly variable, and the values range from a maximum of 34 down to <20 (Figure
3.7C). This is potentially closely linked with rain (Figure 3.8D) which reaches a weekly
average maximum of 55.2 mm day-1 (October). Heavy rain events are interspersed with dry
periods. The salinity of the loch may not be directly affected by rainfall because of the tide:
full marine water is transported into the loch on flood tide and taken away from the loch when
the tide goes out interfering with any freshwater signature.
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Figure 3.9: Water column toxins measured using SPATT bags (A) Azaspiracids toxins (B)
Other recorded toxin groups

Dissolved water column azaspiracids (AZAs) were present in very low concentrations (Figure
3.9). AZA-1 was detected in autumn, winter and very early in spring to a maximum
concentration of 1 ng g-1 (9th January 2015). AZA-2 and 3 were detected in December and
the beginning of January to a maximum of 0.2 and 0.4 ng g-1 respectively. Another, smaller,
peak in AZA-1 was observed at the beginning of sampling: August 2014, maximum 0.7 ng g-1
(Figure 3.9).
Other important phytoplankton toxins tended to peak in 2014 (July-December) and did not
reappear substantially in 2015. Okadaic acid (OA) reached the highest concentration
(maximum 90 ng g-1 in August 2014) during a toxic event which lasted ~3 months. OA toxins
increased again at the end of the year where sampling points are sparse. Pectenotoxins
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(PTXs) were <20 ng g-1 throughout 2014, then in 2015 dropped to <5 ng g-1.
Dinophysistoxins (DTX)-1 and DTX-2 have very low concentrations throughout 2014 (<10 ng
g-1, except a small peak in November 2014 for DTX-1 reaching 15 ng g-1) and are negligible
in 2015. An increase in yessotoxin (YTX) occurred in July 2014 to a maximum of 60 ng g-1.
Loch Creran phytoplankton abundance undergoes clear seasonal succession displayed by
an roughly circular distribution of samples in MDS (Figure 3.9A). Summer samples group
closely together and have some overlap with spring and autumn samples. Winter samples
are variable but do not overlap with summer samples. However, samples from spring and
autumn overlap with both groups. Overall, progression follows a clockwise path from winter
to spring then summer and autumn samples before circling back to winter at the bottom of
the plot. The abundance data is well represented by a 2D plot which preserves 80% of the
distance between samples (stress = 0.2). Stress is reduced to 0.12 in a 3D plot (not shown).
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Figure 3.9: (A) MDS Phytoplankton data Loch Creran [not a-priori groups by season
(symbols)] with statistically significant SIMPROF groups (letters) (B) hierarchical
agglomerative clustering showing only SIMPROF significant groups (p = 0.001) (a) Feb,
Feb, Nov, Dec, Jan, Jan, Jan, Nov, Nov (b) Mar, Mar, Apr, Mar, Apr (c) Apr, Apr, May,
May, May (d) Jan (e) Feb, Feb, Mar (f) Oct (g) Nov, Dec (h) Aug (i) Aug, Sep (j) Aug, Jul,
Aug, Aug (k) Sep, Oct, Sep, Sep (I) Oct, Oct, Oct
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This is mirrored in the HAC (Figure 3.9B) where months contained within a season tend to
occur in the same groups. Group a contains winter and autumn samples (32% similarity),
which progress into group b containing spring and winter samples (42% similarity). These
groups are the least similar to all other samples. Group c is closely related to b (but still
significant) and contains spring samples (43% similarity). Group d contains samples taken in
February and March (50% similarity). Group e (60% similarity) contains only winter samples
which are closely related (but significantly different) to groups f and group g (both 63%
similarity), which both contain autumn samples. Groups i, j and k all contain only summer
samples and are 60, 62 and 62% similar respectively. Group l breaks off at 50% similarity
and contains autumn samples.
When only environmental data are considered (temperature, salinity, tidal height, individual
nutrients, rainfall and tidal height) and visualised in a PCA based on sample similarity,
summer and winter samples do not overlap (Figure 3.10). There are some extreme summer
and spring values which are similar to each other and occurred close in time to one another.
Autumn samples overlap heavily with winter; however, some points overlap with spring and
summer values. Neither the autumn or winter values are similar to the extreme
spring/summer values on the bottom right of the plot.
Overlaid vectors show that salinity and temperature have the greatest correlation with
summer and spring samples (Figure 3.10). TOxN, silicate and rainfall have the greatest
correlation with winter and autumn samples. The less similar (bottom right spread) spring
and summer samples were correlated with ammonium and phosphate occurrence.
When environmental data is correlated stepwise with phytoplankton abundance we can see
which variables best explain the spread in the data from Figure 3.9A. The best correlation
occurred when salinity, temperature, silicate, TOxN and rainfall are included (Table 3.2). The
correlation is weak (r = 0.444) but significant (p = 0.001). If the variable silicate is dropped
from this list the correlation is only lowered slightly (r = 0.427, p= 0.001), a similar decrease
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occurs if rainfall is, instead, excluded (r = 0.426, p= 0.001). Therefore, the core variables are
temperature, salinity and TOxN; with silicate and rain of similar importance to each other (at
least one must be included).

Figure 3.10: Principle component analysis of Loch Creran abiotic data.
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Table 3.2: BEST analysis (BIO-ENV) top five variable selections. 1 = Salinity, 2 = Tidal
Height, 3 = Temperature, 4 = Ammonium, 5 = Phosphate, 6 = Silicate, 7 = Total Oxidised
Nitrogen, 8 = Rain, *p = 0.001 using 99 random permutations where 0 permutations were ≥
0.444.
Number of

Correlation Selections

Variables
5

0.444*

1,3,6-8

4

0.427

1,3,7,8

4

0.426

1,3,6,7

4

0.419

3,6-8

5

0.411

3,4,6-8
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3.3.2 Loch Ewe

Figure 3.11: Loch Ewe important diatom species (those that contribute >5% of any single
sample) (A) Chaetoceros spp. (B) Dactyliosolen spp. (C) Detonula spp. (D) Eucampia spp.
(E) Grammatophora spp. (F) Guinardia spp. (G) Lauderia spp. (H) Lennoxia spp. (I)
Leptocylindrus spp. (J) Melosira spp. (K) Navicula spp. (L) Nitzchia spp. (M) Unknown
diatom (N) Pleurosigma spp. (O) Pseudo nitzschia spp. (P) Rhizosolenia spp. (Q)
Skeletonema spp. (R) Thalassiosira spp.

Eighteen diatom genera in Loch Ewe contribute to >5% of cells in any single sample (Figure
3.11). Most genera have blooms in late spring or early summer. Detonula spp., Eucampia
spp., Guinardia spp., Lennoxia spp., Navicula spp., Nitzchia spp. and Pleurosigma spp. all
have peaks in autumn and winter (Figure 3.11C, D, F, H, K, L, N). The highest abundances
were reached by Leptocylindrus spp. (maximum 2.6 x106 cells L-1, Figure 3.11I) and
Skeletonema sp. (maximum 1.7 x106 cells L-1, Figure 3.11Q). Nitzchia spp. (Figure 3.11L)
and Pleurosigma spp. (Figure 3.11N) are unusual in that they occur throughout the year with
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multiple peaks, when other genera tend to be limited by season or to short-lived blooms. All
samples were negative for A. spinosum when tested with qPCR.

Figure 3.12: Loch Ewe important dinoflagellate species (those that contribute >5% of any
single sample) (A) Amphidinium spp. (B) Unknown thecate dinoflagellate (C) Unknown
athecate dinoflagellate (D) Ceratium/Tripos spp. (E) Dinophysis spp. (F) Gymnodinium
spp. (G) Heterocapsa spp. (H) Katodinium spp. (I) Prorocentrum spp. (J) Protoperidinium
spp. (K) Scrippsiella spp. (L) Torodinium spp.
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Twelve dinoflagellate genera were important (contributed to >5% of any single environmental
sample) to the Loch Ewe phytoplankton community (Figure 3.12). Ceratium/Tripos spp. was
most abundant, reaching 1.0 x105 cells L-1 in an isolated bloom in August/September 2014
(Figure 3.12D). Most genera did not occur in winter, with Torodinium spp. a notable
exception (Figure 3.12L), reaching up to 4066 cells L-1 in January 2015.
Diatoms in Loch Ewe typically bloom (maximum 2.6 x106 cells L-1) between April and June,
however the timing of the spring bloom is variable between years (Figure 3.13B).
Dinoflagellates bloom in later summer and reached a maximum cell density of 1.5 x105 cells
L-1 (Figure 3.13A). Ciliates tend to occur at low cell numbers throughout the year, with peaks
occurring around the time of the spring diatom bloom (maximum 2.3 x104 cells L-1, Figure
3.13C).

Figure 3.13: Loch Ewe cell groups (A) Dinoflagellates (B) Diatoms (C) Ciliates

The number of genera, number of individuals measured in each sample, and the biodiversity
of the samples all reduced during winter (Figure 3.14). During spring and summer months all
counts were higher but variable. A maximum of 17 genera were observed in a single sample
(July 2014) with a minimum of 1 genus in February 2015. Peak abundance occurs in October
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2014 and peak number of species occurs in July 2014. There are two blooms which occur
during the sampling period: May 2014 (3 x106 cells L-1) and March 2015 (2 x106 cells L-1).
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Figure 3.14: Univariate measures of Loch Ewe phytoplankton (A) Number of genera, (B)
Number of individuals, (C) Shannon Diversity Index (H’)

In Loch Ewe temperature follows a sinusoidal pattern reaching a peak of 15 °C in summer
and a low of 5 °C in winter (Figure 3.15A). TOxN and silicate increase during winter months
to maximum values of 7 and 9.8 μM respectively (Figure 3.15B). Phosphate and ammonium
remain comparatively low throughout the year with a small peak in ammonium of 0.51 μM in
late September 2014. Rainfall is characterised by intense periods of heavy rain (up to a
weekly average of 44 mm day-1 in September 2014, Figure 3.15C) which drive down surface
salinity to <30 PSU directly afterward (Figure 3.15D). Summer months appear drier, but
intense rain periods occur in autumn (September), winter (December, January) and spring
(April) (Figure 3.15C).
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Figure 3.15: Environmental data from Loch Ewe: (A) surface temperature, (B) surface
nutrients, (C) rainfall, (D) salinity

The highest recorded value for AZA water column toxicity in the surface of Loch Ewe was 6.3
ng g-1 in September 2014 (Figure 3.16). Smaller peaks of AZA-1 occur in Janurary-March
2015 (maximum 4.9 ng g-1). AZA-2 occurs for a short period from January until March 2015
reaching a maximum value of 1 ng g-1 resin toxin content. The appearance of AZA-2
corresponds with a long-lived peak of AZA-1; the variability of each analogue acting
synchronously. There were no positive qPCR samples for the period from Loch Ewe.
OA and PTX follow a near-identical pattern in Loch Creran, with both having large spikes in
concentration between July and November 2014 (maximum OA: 410 ng g-1, maximum PTX:
325 ng g-1). DTX-1 and -2 have similar patterns reaching maxima in August (52.4 ng g-1) and
September (212 ng g-1) respectively.
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Figure 3.16: Dissolved toxin measurements from Loch Ewe surface waters analysed from
SPATT deployments (A) azaspiracid toxins (B) Other measured biotoxins

Seasonal succession in phytoplankton species was apparent from MDS and cluster analyses
of Loch Ewe data (Figure 3.17A). Summer samples form a group near the top of the MDS
(Figure 3.17A) and overlap somewhat with spring and autumn samples. These transitional
seasons also overlap with winter samples; however, there is no similarity between winter and
summer samples. Winter samples have more dissimilar values than all other seasons with
two dramatically different samples to the left of the plot.
At this sampling site, winter samples tend to be less statistically similar to the group than
summer samples (Figure 3.17B). HAC analysis with simprof shows that samples become
progressively more similar, rather than forming distinct groups, as can be seen by the
cascading branches of the dendrogram each branch forming ~5-10% similarity intervals.
Group a contains exclusively winter samples. Groups b tends to contain only winter samples;
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groups c, i and j tend towards spring; groups d and f-h contain mostly summer samples; and
group e contains autumn samples. Group k contains a mixture of summer and autumn
samples.

Figure 3.17: Loch Ewe phytoplankton data (A) MDS of phytoplankton (not a-priori
groupings by calendar season) with simprof statistical groupings (letters) (B) hierarchical
agglomerative clustering analysis (cluster) showing which grouping of samples are
statistically significant. Collapsed groups (green dotted lines): (a) Jan, Feb (b) Dec, Jan,
Jan, Feb, Nov, Nov, Dec, Dec, Dec, Dec, Nov, Jan, Oct, Oct, Nov (c) Apr, Apr, Mar, Mar,
Mar, Mar, Apr, Apr, Apr, Feb, Mar (d) Aug, Aug, Aug (e) Oct, Oct (f) May, Jun (g) Sep, Jul,
Jul, Aug (h) Jun, Jul (i) May, May, Jun, Jun (j) Apr, May, May, May, Apr, May (k) May,
Sep, Sep, Sep, Sep, Jul, Jun, Jun
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When samples are considered from their environmental characteristics only distribution is on
a gradient (Figure 3.18). Winter samples are approximately linearly spread along a vector of
TOxN and silicate. Summer samples occupy the left of the plot (low nitrite and phosphate)
and spread upwards along vectors of temperature and rainfall. Autumn samples have a
similar spread to winter samples, they are however higher up the plot and have high top right
values which best correspond to nitrite and phosphate vectors. Spring samples overlap with
summer and winter values in the bottom left of the MDS, with some spread into
winter/autumn values to the right.

Figure 3.18: Principle component analysis of environmental data from Loch Ewe

When environmental data is correlated stepwise with the phytoplankton distribution we can
see which variables best explain the spread in the data from Figure 3.17A (Table 3.3). The
best correlation possible is when TOxN and silicate are combined (r = 0.575, p = 0.001). The
inclusion of silicate, however, only slightly improves the correlation from 0.569 (p = 0.001). If
temperature is also included then the correlation drops to 0.547 (p = 0.001).
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Table 3.3: BEST analysis (BIO-ENV) Top 5 variable selections. 1 = Temperature, 2 =
Phosphate, 3 = Total Oxidised Nitrogen, 4 = Silicate, 5 = Nitrite, 6 = Rain *Significance of
best correlation = 1% using 99 random permutations where 0 permutations were ≥ 0.575
Number of

Correlation Selections

Variables
2

0.575*

3,4

1

0.569

3

3

0.547

1,3,4

1

0.536

4

4

0.519

1-4
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3.3.3 Scalloway Harbour

Figure 3.19: Scalloway important diatoms (which contribute >5% to any single sample) (A)
Achnanthes spp. (B) Unknown centric diatom (C) Ceratulina spp. (D) Chaetoceros spp.
(E) Coscinodiscus spp. (F) Cylindrotheca spp. (G) Dactyliosolen spp. (H) Detonula spp. (I)
Ditylum spp. (J) Eucampia spp. (K) Guinardia spp. (L) Pleurosigma spp. (M)
Leptocylindrus spp. (N) Navicula spp. (O) Nitzchia spp. (P) Odontella spp. (Q) Unknown
pennate diatom (R) Rhizosolenia spp. (S) Pseudo-nitzschia spp. (T) Skeletonema spp. (U)
Thalassionema spp. (V) Thalassiosira spp.

Scalloway Harbour samples had eighteen important genera which contributed at least 5% to
any single sample. The most abundant were Chaetoceros spp. (maximum 2.2 x106 cells L-1,
Figure 3.19D), Dactyliosolen spp. (maximum 3.4 x104 cells L-1, Figure 3.19G), Pseudonitzscha spp. (maximum 4.0 x105 cells L-1, Figure 3.19S), Leptocylindrus spp. (maximum 3.5
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x105 cells L-1, Figure 3.19M) and Thalassiosira spp. (maximum 4.4 x105 cells L-1, Figure
3.19V). Many taxa bloom in spring with Chaetoceros spp., Skeletonema spp. and
Thalassiosira spp. contributing most cells to the spring bloom (Figure 3.19D, T, V). Summer
blooming species are Dactyliosolen spp., Eucampia spp., Leptocylindrus spp., Rhizosolenia
spp., Pseudo-nitzschia spp. and Guinardia spp (Figure 3.19G, J, M, R, S, K). Winter
blooming species are Achnanthes spp., Ditylum spp. and Pleurosigma spp (Figure 3.19A, I,
L). Samples were positive for A. spinosum using qPCR in two instances: 22/8/14 (2545 cells
L-1) and 5/9/14 (2015 cells L-1).

Figure 3.20: Scalloway important dinoflagellates (which contribute to >5% of any one
sample) (A) Amphidinium spp. (B) Microflagellates (C) Gyrodinium spp. (D)
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Ceratium/Tripos spp. (E) Prorocentrum spp. (F) Protoperidinium spp. (G) Unknown naked
dinoflagellate (H) Unknown armoured dinoflagellate

Eight genera of dinoflagellate were found to be important to the phytoplankton community in
Scalloway Harbour (contributes at least 5% to any one sample, Figure 3.20). The most
abundant were Prorocentrum spp. and Protoperidinium spp. both reaching maxima of 3.5
x105 cells L-1 and had co-occurring blooms in early summer of 2014 (Figure 3.20E, F). Some
genera appeared throughout the year (Amphidinium spp. and Gyrodinium spp.; Figure 3.20A,
C); however, these tended to reach lower cell densities.
Overall in Scalloway Harbour, diatoms tend to bloom in late spring (maximum 2.2 x 106 cells
L-1, April – June) and again in summer (Figure 3.21A). Dinoflagellates form part of the spring
bloom and, unusually, do not form a summer bloom (maximum 7.2 x105 cells L-1, Figure
3.21B). Ciliates tend to occur all year round (maximum 1.6 x105 cells L-1, albeit at lower cell
density than either diatoms or dinoflagellates, reaching highest concentrations in spring and
summer (Figure 3.21C).

Figure 3.21: Scalloway cell groups (A) Diatoms (B) Dinoflagellates (C) Ciliates
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Univariate phytoplankton data demonstrates that the number of genera and total cell
abundance decreases in winter (< 5 species identified and < 5 x104 cells L-1; Figure 3.22A, B)
which leads to a decrease in biodiversity in samples (H’ 0-1; Figure 3.22C). In summer, the
maximum number of genera identified reached 18 and cell abundance 2.6 x106 cells L-1. The
spring bloom occurred at the beginning of the sampling period (May 2014) and again in late
March 2015, reaching maximum cell densities of 2.6 x106 and 1.9 x106 cells L-1. The autumn
bloom (September 2014) is by comparison lower in abundance (maximum 4.4 x105 cells L-1)
but is a more diverse bloom. Biodiversity (Shannon Diversity, H’) is variable throughout the
sampling period. Overall, diversity appears to decrease generally during winter and spring
bloom periods, and increase again during summer. Maximum H’ occurred during the autumn
bloom period in August 2014 (2.5) which corresponds with 16 genera counted in a single
sample.
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Figure 3.22: Univariate phytoplankton for Scalloway (A) Number of genera, (B) Number of
individuals and (C) Shannon Diversity Index (H’)

In Scalloway Harbour, temperature reaches a maximum of 15 °C in summer (July 2014) and
a minimum of 5 °C in winter (February 2015) (Figure 3.23A). TOxN and silicate increase from
September – April (maximum 12.1 and 7.6 μM respectively, Figure 3.23B). Ammonium peaks
in June 2014 and becomes the highest measured nutrient (7.7 μM). Phosphate remains low
in concentration throughout the sampling period, never >1 μM. Rainfall increased slightly
during autumn/winter months; however, the largest rain event occurred in August 2014, with
a weekly average of 19.1 mm day-1 (Figure 3.23C). Salinity was never recorded <30 PSU
(Figure 3.23D); however, records cease in January 2015 due to faulty recording equipment.
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Figure 3.23: Scalloway environmental data (A) surface temperature, (B) surface nutrients,
(C) dissolved toxins (SPATT) and (D) salinity

A single positive dissolved AZA toxin data point was observed, above the detection limit,
from Scalloway Harbour SPATT bags: 0.2 ng g-1 of AZA-1 week for the week of 13th April
2015. In addition, two positive A. spinosum qPCR samples were measured on 22nd August
and 5th September 2014 containing 545 cells L-1 and 15 cells L-1 respectively (this was 2545
±5600 cells L-1 and 2015 ±5600 cells L-1 if the limit of detection and confidence intervals are
taken into account from Chapter 2). During A. spinosum cell occurrence, a decrease in
nutrients was detected for TOxN, silicate and ammonium (0.5, 0.8 and 0.4 μM respectively).
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Biotoxins in Scalloway Harbour peaked between June and September 2014. PTX-2 had the
highest concentrations (maximum: 30 ng g-1), and OA and DTX-1 reached similar
concentrations (maximum: 15 and 12 ng g-1 respectively). No DTX-2 or YTX was detected.
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Figure 3.24: Water column toxicity measurements taken from SPATT bags. No
azaspiracids were detected for the whole sampling period.
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Figure 3.24: Scalloway Harbour (A) MDS with (not a-priori groups by calendar season)
simprof statistically significant groups (letters) (B) Hierarchical Agglomerative Cluster
(cluster) with collapsed statistically significant groups: (a) Feb (b) Dec, Jan (c) Nov, Jan
(d) Oct, Feb, Mar (e) Sep, Aug, Sep, Oct, Sep, Sep, Jul, Jul, Jun, Jun, Aug, Jul, Aug, Aug,
Jul, Aug (f) May, May, May, Jun (g) Mar, Mar, Mar, Apr, Apr, Apr, Apr, May, Apr, Apr, May,
May, May, May, Jun, Apr (h) Oct, Dec, Dec, Nov, Nov, Jan, Oct, Apr, Oct, Nov, Feb, Mar.
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Scalloway Harbour seasonal succession of phytoplankton is depicted in Figure 3.24A. Winter
and autumn samples overlap greatly, with winter extreme samples spreading up/down (one
extreme value in far left), whereas autumn samples overlap with the spring and summer
groups. Spring samples occupy a tight group in the centre of the MDS and share
commonalities with all other seasons; however, the core of the group lies separate. Summer
samples have much in common with spring and autumn. The seasons appear to be less
pronounced here, perhaps with similar climate throughout the year. A 2D visualisation
represents distance between samples by 82% (stress 0.18).
When just the environmental data is considered the resultant PCA (Figure 3.25) begins to
enquire which abiotic variables group samples together. Winter samples occupy the upper
half of the plot, with some overlap in the spring and autumn groups. Summer samples
occupy the bottom left of the plot with some right-spread. Summer samples share abiotic
properties with some spring and autumn sample and spread in the general direction of
autumn samples in the bottom right.
When the environmental data spread (Figure 3.23) is correlated with the biological data
spread (Figure 3.24A) we find that temperature and phosphate provide the best explanation
of the spread in the abundance data (r = 0.522, p = 0.001) (Table 3.4). Correlation lowers to
0.504 with the inclusion of rain data (p = 0.001).
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Figure 3.25: Principle component analysis of Scalloway environmental data

Table 3.4: Scalloway Harbour BEST analysis (BIO-ENV) top five variable selections. 1 =
Temperature, 2 = Salinity, 3 = Phosphate, 4 = Silicate, 5 = Nitrite, 6 = Nitrate, 7 = Rain
*Significance of best correlation = 1% using 99 random permutations where 0 permutations
were ≥ 0.522
Number of

Correlation Selections

Variables
2

0.522*

1,3

3

0.504

1,3,7

4

0.489

1,3,6,7

3

0.479

1,3,6

2

0.474

1,6
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3.4 Discussion
The aim of this study was to assess the seasonal distributions of A. spinosum in Scottish
coastal environments, in relation to the rest of the phytoplankton community and
environmental drivers of species succession, which may be used for harmful phytoplankton
monitoring purposes. From previous studies [Ireland (Salas et al., 2011), Norway (Chapter 6)
and within Scotland itself (Tillmann et al., 2012, 2009)] it is reasonable to presume that A.
spinosum is present within the Scottish phytoplankton. AZAs have previously been detected
within Scottish shellfish, reaching a maximum of 0.433 ug g-1 (433 ng g-1) toxin per shellfish
flesh during a short period of elevated AZAs on the west coast between February 2013 and
February 2014 (Stubbs et al., 2014, 2013) (Figure 1.4B).
3.4.1 Azadinium spinosum and Azaspiracids
During the sampling period, there were no detectable AZAs within Scottish shellfish flesh
(Figure 1.4B). All further discussed toxicity data at field sites is from dissolved water column
toxin detected using SPATT bag technology.
Within deployed SPATT bags, very low concentrations of AZA toxin were detected in the
water column (maximum 6.3 ng g-1 AZA-1 in September 2014 at Loch Ewe site, Figure 3.13).
Almost no dissolved AZA toxin was detected throughout the whole year from Scalloway site
(one positive sample at limit of detection), and very low concentrations were detected in Loch
Creran (maximum 0.95 ng g-1 AZA-1 in January 2015, Figure 3.8). The most abundant AZA
analogue was AZA-1, suggested to be derived directly from algal production rather than
product biotransformation within shellfish (Jauffrais et al., 2012). AZA-2 was present in low
concentrations (maximum detected 1 ng g-1 AZA-2 in February 2015 at Loch Ewe site, Figure
3.13; maximum detected from Loch Creran 0.2 ng g-1, Figure 3.8) and in much fewer
samples than AZA-1. AZA-3 was also detected at Loch Creran only, in two samples, which
also contained AZA-1 and AZA-2 (Figure 3.8).
Toxins for all sites (where present) appeared to occur in increased concentrations during
winter and summer. During September 2014 AZA-1 occurred in Loch Creran (0.489 ng g-1)
138

and Loch Ewe (6.3 ng g-1). Between January and May increased toxins were observed at
both sites (the maximum values for each site occurred in January and February 2015). The
highest peaks of AZA-1 at each site were accompanied by other toxins: AZA-2 for Loch Ewe;
and AZA-2 and -3 for Loch Creran. The occurrence of winter toxicity agrees with observed
patterns for AZAs within Irish and Scottish shellfish, where toxins occur for extended periods
during winter, but are also observed in late summer (Figure 1.4A,B; Cusack et al., 2016).
The observed dissolved toxin concentrations from SPATT are very low compared with
previously observed shellfish toxicities in the field (433 ng g-1 (Figure 3.1) and 2500 ng g-1 in
Ireland (Figure 1.4A). However, perhaps this is to be expected because laboratory results
show the toxin content of A. spinosum cells is very high in relation to the dissolved toxin
fraction from culture media, indicating that cells release minimal toxin into the dissolved
phase during growth (Salas et al., 2011), a hypothesis which is supported by my own
research in Chapter 5. In addition, shellfish accumulate toxins inside their flesh by actively
filter feeding massive quantities of cellular material, whereas SPATT technology has no such
active filtration system and simply captures toxin at normal water column density.
The general lack of A. spinosum cells detected by qPCR indicates that the species seems to
not be regularly present in the Scottish phytoplankton on the west coast, at least for the study
period. From Figure 1.4B, the lack of AZA shellfish toxicity during the sampling period
(summer 2014- summer 2015) is evident and implies a lack of A. spinosum cells in Scotland
during this time. Some unknown abiotic forcing could have caused a temporary absence of
cells, or caused a shift to a different toxin-producing species which may not be identified by
an A. spinosum-specific molecular probe. However, it is not confirmed that the 2013 period of
increased shellfish toxicity was indeed caused by A. spinosum so the specificity of the probe
for Scottish waters still requires further research (see Chapter 6). It is also possible that
toxins were released from cells occurring in a different location, the toxins remained in the
water column and were advected into the sampling area. Another hypothesis is that very low
cell concentrations were present, but below the limit of detection for qPCR (this is discussed
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in more detail in Chapter 7). It is difficult to speculate on the most likely scenario without
more information.
Two positive qPCR samples were detected from the Scalloway site during August 2014
(2545 ±5600 cells L-1) and September 2014 (2015 ±5600 cells L-1). A. spinosum was
previously identified from Shetland (Tillmann et al., 2012) making Scalloway likely to have
positive samples in this survey, either through similar population (cell lineage) occurrence or
the predisposition for those waters to contain the species. No concurrent increase in SPATT
toxins were observed at Scalloway. During the short period when qPCRs were positive there
was a clear drop in water nutrients: silicate dropped from 4 to 1 μM, TOxN from 3 to 1 μM
and ammonium from 3 to 1 μM (Figure 3.23). The number of individuals observed at the
location also rapidly increased from 0 to 1 x106 cells L-1 and sample biodiversity (H’)
concurrently decreased rapidly from 2.5 to 1 (Figure 3.22). This indicates the onset of a
bloom of few species depleting nutrients from the water column for a short period, before
biomass decreases at the end of September. Figure 3.21 shows that this is mostly diatoms,
although there is a slight increase in observed microflagellates at around this time (~4000
cells L-1) which could potentially include Azadinium (Figure 3.20B). Shortly after, nutrients
increase in the water column sharply and remain high until April, when cell abundance again
increases dramatically for the spring bloom. The autumn bloom generally tends to be more
biodiverse than the spring bloom, which can be observed at the Scalloway site (spring bloom
maximum H’ 2 (10 genera); autumn bloom maximum H’ 2.5 (20 genera)) (Figure 3.15A, C).
It appears that for A. spinosum environmental biogeography and toxicity, at least in Scotland,
the picture is not complete. Cells appear infrequently, if at all, and not concurrently with
dissolved toxins in the water column. AZAs are measured in SPATT bags but not inside
shellfish flesh from the same location. It is possible that compound errors in the qPCR
methodology (as discussed in Chapter 2), and a non-specific Taqman probe (as discussed in
Chapter 6) could have resulted in false negative samples for A. spinosum cells, although
very low concentrations of SPATT AZAs were recorded (<10 ng g-1). AZAs in shellfish could
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be below limit of detection for LC/MS-MS and if the compounds are very stable in the
environment (free, without biotransformation) then they could have been advected in from
elsewhere, or have been produced by a short-lived bloom which occurred between sampling
dates. This last scenario seems unlikely, however, as Loch Ewe experienced toxicity within
SPATT all year but there no A. spinosum cells were detected throughout.
The possibility of an, as yet unidentified, additional step in the process of shellfish
contamination with AZAs from A. spinosum should be explored in future work. The mismatch
between cells present, dissolved toxin detection and shellfish toxicity has previously been
observed for A. spinosum (Dr Phillip Hess, pers. comm.) and the reasons for this remain
unexplained. A vector organism could accumulate toxin prior to its consumption by shellfish,
increasing the bioaccumulation factor for toxicity. It has been observed that A. spinosum can
be ingested by heterotrophic plankton, and was the reason behind the initial misidentification
of the producer of AZAs as Protoperidinium crassipes (James et al., 2003; Tillmann et al.,
2009). There could even have been an additional grazer involved in this particular ingestion
because P. crassipes aims for prey of size 1:1 or larger to suit its grazing strategy of using an
external food vacuole and a peduncle (Naustvoll, 2000). As A. spinosum is many times
smaller than P. crassipes it may have been ingested by one organism which was in turn
ingested by P. crassipes. Blooms of the ciliate Favela sp. have also been observed after
blooms of A. spinosum in Irish waters (Dave Clarke, pers. comm.). A grazer could also be
advected away from a toxic bloom and intoxicate shellfish in an area apparently without A.
spinosum cells allowing shellfish/ SPATT toxicity without the presence of A. spinosum cells in
the water column.
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3.4.2 Phytoplankton seasonal succession, with an emphasis on harmful species
As the seasonality of A. spinosum could not be discussed in detail because of a lack of data;
the general phytoplankton community, with an emphasis on potentially harmful species, will
be explored here.
3.4.2.1
Harmful Genera
The heavily barbed diatom Chaetoceros spp. can become harmful to finfish aquaculture
activities at high concentrations as setae irritate fish gills, inducing suffocation and potentially
leading to fish kills [see Bruno et al. (1989); Treasurer et al. (2003)]. Chaetoceros spp. was
one of the most abundant phytoplankton genera and was recorded at all three sampling
sites, reaching a maximum density of 5 x106 cells L-1 in Loch Creran. At all sites,
Chaetoceros spp. bloomed in spring and again in summer contributing substantially to the
spring and autumn blooms. There were no recorded instances of fish mortality/ distress from
Chaetoceros spp. blooms in Scotland during the sampling period (Prof. Keith Davidson, pers.
comm.).
The important amnesic shellfish poisoning (ASP) toxin-producing diatom Pseudo-nitzschia
spp. is very common in Scottish coastal waters and was recorded at all sites during the
sampling period. Maximum cell densities reached 2.5 x 106 cells L-1 in Loch Creran, 3.5 x105
cells L-1 in Loch Ewe and 2 x106 cells L-1 in Scalloway Harbour. It should be noted there was
a difference in the manner that the genus was grouped in cell counts between sites: for
Scalloway Harbour and Loch Ewe, Pseudo-nitzschia spp. is treated as a single genus;
however in Loch Creran, the genus is separated into two groups [seriata and delicatissima
groups, as in Fehling et al. (2006)]. The P. seriata group is known to occur during summer
(July-October) and produces domoic acid (DA) which causes ASP; and P. delicatissima
group occurs in both spring and summer (February-May; July-August) and is thought to be
largely non-toxic (Fehling et al., 2005, 2004). These groups are visually differentiated by cell
size. In Loch Ewe and Scalloway, Pseudo-nitzschia spp. had two distinct peaks in spring and
summer indicating group separation could be an effective method here also. In Loch Creran;
however, P. delicatissima group occurred only in spring (April), the P. seriata group occurred
142

both in spring (March) and summer (August-October) which implies a more complex
seasonality for the toxin-producing group than previously thought. DA toxicity was not
detected from SPATT bags during the sampling period.
The toxic dinoflagellate genera Lingulodinium spp., in particular the species Lingulodinium
polyedrum, is known to produce yessotoxins (YTXs), which can bioaccumulate within
shellfish flesh, producing PSP-like symptoms in humans. Lingulodinium spp. bloomed in
Loch Creran during September, reaching 1.5 x106 cells L-1. This corresponded to a spike in
SPATT recorded water column YTXs to a maximum of 60 ng g-1 toxin (Figure 3.9B).
There are six species of Dinophysis spp. which are commonly recorded in Scottish waters.
By far the most commonly observed are Dinophysis acuminata and Dinophysis acuta (Swan
and Davidson, 2012; Tett and Edwards, 2002). See Chapter 4 of this thesis for an in-depth
discussion on Dinophysis spp. occurrence in the UK. Dinophysis spp. was only an important
constituent of the community in Loch Ewe, reaching a maximum of 5000 cells L-1 in May
2015 with no substantial increase in OA, PTX, DTX-1 or DTX-2 dissolved toxins measured in
SPATT bags at this time (<31 ng g-1 toxin resin, Figure 3.16). Shellfish flesh toxicity (FSS
data: http://aquaculture.scotland.gov.uk/data/biotoxin_monitoring_sample.aspx) was,
however, detected at the monitoring site (47 ng g-1 OA/DTXs/PTXs shellfish flesh) in Loch
Ewe on 20th May 2015. Dissolved OA and PTX toxins, were elevated on on 13th August 2014
(326.8 ng g-1 OA resin, 266 ng g-1 PTX resin), in a toxic event between September-November
2014 at Loch Ewe. This event was not associated with high in-situ abundance of Dinophysis
spp. collected in this survey, however 540 cells L-1 of Dinophysis spp. were detected from the
Loch Ewe FSS monitoring point on 5th August 2014, with high cell counts continuing
throughout August, September and October. This highlights the difficulty in sampling
phytoplankton, which tend to bloom in a patchy manner (especially Dinophysis spp.
(Reguera et al., 2012)) rendering sampling programmes sometimes ineffective at capturing
the reality of the field.
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Finally, the microflagellate Heterocapsa spp. is mentioned here because of its morphological
similarity to Azadinium (Salas et al., 2014). The Taqman molecular probe applied in this PhD
thesis was developed to aid species identification of toxic A. spinosum as they could not be
accurately identified in high-throughput scenarios under light microscopy (Toebe et al.,
2012). It is possible that in this survey, some cells which were identified as Heterocapsa sp.
are, in fact, part of the Amphidomataceae. Whether some of these cells are A. spinosum, or
produce AZAs, remains to be seen in future studies. The Heterocapsa spp. in this survey
bloomed in Loch Creran (March 2015) and reached 3 x106 cells L-1 which did not correspond
to an increase in water column AZA toxicity. Heterocapsa spp. wasn’t an important member
of the phytoplankton community in either Loch Ewe or Scalloway Harbour.
3.4.2.2
Seasonal Succession and links to environmental variables
Each of the three studied sites show clear seasonal succession in the phytoplankton
community. Winter and summer samples do not overlap in MDS plots. Autumn and spring
samples share characteristics with both winter and summer, and are spread in the centre of
the plots mostly occupying their own space (Figure 3.9a, 3.17a, 3.24a). Loch Ewe has the
most progressive seasonal change with the MDS almost circular in distribution of seasonal
groups. This is supported in the HAC with simprof (Figure 3.9b) which shows significant
groups cascading off a single large group of mostly winter samples (group b). Group a is very
different from other samples and may represent an extreme winter weather event. Loch
Creran and Scalloway Harbour also both show strong seasonal gradients with months close
together in the calendar tending to form significant groups in the HAC with simprof analysis
(Figure 3.17b, 3.24b).
This classical seasonal cycle of the phytoplankton in Scottish coastal waters can be seen in
univariate biological data (Figure 3.6, 3.7, 3.13, 3.14, 3 21, 3.22). The spring and autumn
blooms occur at similar times across all sites with the spring bloom having the highest total
cell abundances. The autumn bloom, however, generally has a higher biodiversity and is
mainly comprised from dinoflagellates. Scalloway Harbour does not appear to have an
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autumn diatom bloom, perhaps derived from its well-flushed nature. Diatoms generally reach
a higher cell density than dinoflagellates at all sites; and peaks in ciliate abundance tend to
co-occur, or follow, diatom or dinoflagellate bloom periods. Environmental data also follows
regular seasonal patterns across all sites (Figure 3.7, 3.12, 3.16). Salinity has a greater
range in Loch Creran (<20-34 PSU) than in either Loch Ewe (28-33 PSU) or Scalloway
Harbour (32-35 PSU). This is likely due to the different hydrodynamic environments of each
site. Scalloway Harbour is an open embayment with ready flushing by the North Atlantic
which will keep its salinity very stable and fully marine unless a large rain event (as in August
2014, Figure 3.23C) drives the salinity down. Loch Ewe is a sealoch and therefore will have
more limited water exchange but has a mid-depth entrance sill (33m deep) compared with
the very shallow entrance at Loch Creran (8m). It also has a large freshwater input at its
head so rainfall will reduce its surface salinity. The shallow sills, and Island, at the entrance
to Loch Creran severely limits its water exchange with the coastal sea which makes its
salinity very influenced by the tide and to freshwater inflow at its head. This meant that
salinity measurements could be <20 PSU when rain had been heavy. All sites experience
low temperature (minimum 5 °C at all sites) and increased nutrients in winter. Rainfall
generally increases during autumn and winter, however intense rain events (up to 44 mm d-1
in Loch Ewe, Figure 3.15C) seem to occur at any time of year.
Weak, but significant (p = 0.001) correlations resulted from multivariate stepwise correlation
of the collected environmental data with the biological abundance data (BIO-ENV; Table 3.2,
3.3, 3.4). The highest correlation occurred in Loch Ewe site (r = 0.575) with TOxN and
silicate explaining most biological data. Loch Creran correlates best (r = 0.444) with salinity,
temperature, silicate, TOxN and rain; and Scalloway Harbour with temperature and
phosphate (r = 0.522). Loch Creran has the most complex array of significant variables which
explain biological spread and the smallest correlation coefficient, which may relate to its
complex hydrographic environment with strong influence from the tide. The other sites only
require 2 variables for the best correlation, but neither site shares common variables. These
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correlations are difficult to interpret in more detail. In theory, variables explain the seasonal
distribution of phytoplankton, however, as similar patterns have been seen across sites it
was expected for the same variables to correlate which is not the case.

3.5 Conclusions
This environmental survey using the qPCR methodology developed by (Toebe et al., 2012)
was successful in answering the first hypothesis posed at the beginning of this chapter: A.
spinosum does not appear to be regular member of the phytoplankton in the Scottish west
coast. The other research questions required the measurement of A. spinosum cell
abundance across the year which, as only 2 positive samples were found, could not be
determined. Therefore, general phytoplankton succession at each site was studied in more
detail, especially regarding the potentially harmful species which were present.
Important harmful algae species detected during the survey were Chaetoceros spp., Pseudonitzschia spp., Dinophysis spp. and Lingulodinium spp. All experienced blooms in at least
one location, of particular interest a transient Lingulodinium spp. bloom and concurrently
measured dissolved YTXs. Differences in reported cell densities of Dinophysis spp. in two
different samples from the same time highlights the high spatial patchiness of some harmful
species which may require integrated water column sampling in future. In addition, observed
patterns in Pseudo-nitzschia group abundances differed from previously published results,
implying that more research in this area is required.
Dissolved AZAs could be measured and their presence and seasonality indicated the
presence of A. spinosum cells (or another AZA producer) in the sampling locations. It is likely
that since the limit of detection for the qPCR methodology was shown to be 2000 ±5600 cells
L-1 (see Chapter 2) and the concentration of observed dissolved AZAs, at any sampling site,
was very low (maximum 6.3 ng g-1 AZA-1) that concentrations of A. spinosum cells were
present at sampling locations but below the limit of detection. No AZA shellfish toxicity in the
whole of Scotland were recorded for the entire sampling period, supporting the new
hypothesis that cells were below the limit of detection and there simply were not enough
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toxins present to enter shellfish in detectable quantities. However, as in Dinophysis spp., it is
possible to have huge discrepancies in cell abundance in different samples taken from
similar locations at the same time, therefore the presence of AZAs, and not cells, may be a
factor of patchy cell distributions. It is also possible that a different AZA producer was present
which was outside of the specificity of the Taqman probe, a hypothesis which shall be
explored in more detail in Chapter 6 of this thesis.
This survey only captures one year of data and to determine whether A. spinosum does
occur in the plankton (regularly or perhaps every couple of years) Scottish field samplings
must continue. It may be beneficial in future surveys to combine qPCR with another
technique to determine presence of other nanoplankton species, rarely considered in
traditional phytoplankton surveys, which may be contributing to dissolved toxicity (e.g. using
immersion oil, specific fluorescent stains or scanning electron microscopy).
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Chapter 4

An unusual bloom of Dinophysis acuta and associated
shellfish toxicity was associated with a thermal front at
the mouth of a sealoch

This chapter has been published by the journal Harmful Algae (Elsevier):
Paterson, R. F., McNeill, S., Mitchell, E., Adams, T., Swan, S. C., Clarke, D.,
Miller, P. I., Bresnan, E., Davidson, K. (2017) Environmental control of
harmful dinoflagellates and diatoms in a fjordic system. Harmful Algae.
69:1-17. Doi: https://doi.org/10.1016/j.hal.2017.09.002.

Note: This study involves a research cruise to the Clyde Sea, on the west coast of Scotland, where
we applied the qPCR methodology presented in Chapter 2 (Section 2.2.2.7) to samples collected
along the transect (Figure 4.1). No Azadinium spinosum cells could be detected and there were
no concurrent AZAs found in shellfish flesh anywhere in Scotland. However, we observed an
unusual bloom of Dinophysis acuta, and associated shellfish toxicity in the local area, at the
mouth to Loch Fyne. Therefore, this chapter is an account of the bloom and how a thermal front
at the mouth to Loch Fyne appeared to allow cells to proliferate and also may have protected
shellfish inside the sealoch from toxin contamination. This article has been published by
Harmful Algae Journal. All attributions have been indicated in the text; however, I conducted all
data analysis and interpretation.

4.1 Introduction
Harmful algal blooms (HABs) are a recurrent problem for marine aquaculture. While some
blooms are anthropogenically generated, often related to elevated water column nutrient
concentrations (Davidson et al., 2014; Glibert et al., 2005; Gowen et al., 2012), many are
natural events that exhibit great spatial and temporal variability.
HABs can be harmful to aquaculture in a number of distinct ways. High biomass blooms are
a threat to finfish aquaculture. While some of these blooms may generate toxins or water
column deoxygenation, blooms of diatoms can often be harmful to fish by virtue of heavily
silicified and barbed setae. These setae can irritate or damage fish gills when concentrations
are high enough, sometimes leading to mortality (Davidson et al., 2011).
In temperate waters, human poisoning is typically related to the consumption of shellfish
contaminated with algal toxins. Algal toxins are most frequently produced by selected
dinoflagellate genera. These organisms can potentially be harmful at relatively low cell
concentrations (e.g. <2000 cells L-1 for Alexandrium tamarense (Lebour) Balech (Davidson
and Bresnan, 2009)) when consumed by bivalves that concentrate the toxins in their flesh
(Davidson and Bresnan, 2009). Important amongst these is the genus Dinophysis
(Ehrenberg) that produces potent lipophilic toxins that generate severe gastrointestinal
illness in consumers of contaminated shellfish (Reguera et al., 2012). Incidents of Dinophysis
generated shellfish toxicity (e.g. Whyte et al., 2014) have generated significant and
indiscriminate negative publicity for the aquaculture industry as a whole.
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Understanding the (potentially different) environmental conditions that promote blooms from
both of these different harmful genera is therefore important for the sustainable development
and management of aquaculture. Given the importance of fjordic regions to aquaculture
worldwide (Norway, Chile, New Zealand, Scotland), such understanding is particularly
important in these environments (Cembella et al., 2010, 2005). Worldwide, these locations
are often relatively remote and free from the anthropogenic nutrient loading that can
sometime generate high biomass HABs in more urban locations. However, even these low
anthropogenic impact environments experience temporally and spatially variable naturally
occurring HAB events that have the potential to negatively impact both shellfish and finfish
aquaculture.
Out of the greater than 200 identified species of the globally occurring genus Dinophysis,
only 12 of these have been classified as toxin producers (Reguera et al., 2012). These
Dinophysis species have been associated with the production of okadaic acids (OAs),
dinophysistoxins (DTXs [analogues 1-4]) and pectenotoxins (PTX) (Reguera et al., 2012). A
low abundance (<100 cells L-1) of Dinophysis spp. are present as a background in the regular
phytoplankton community but high abundance blooms can occur (Reguera et al., 2012).
Blooms are most common in summer and, in Scottish waters, can reach abundances of 103
cells L-1 (Swan and Davidson, 2012) and 104 cells L-1 (S. Swan, pers. comm,), although
abundances of 105 cells L-1 have been observed worldwide, probably aggregated by water
movements rather than in-situ cell growth (Smayda, 2006). Six Dinophysis species appear in
Scottish waters, the majority of which are toxin producers, the most common being
Dinophysis acuminata (Claparède & Lachmann) followed by Dinophysis acuta (Ehrenberg)
(Tett and Edwards, 2002, Swan and Davidson, 2012).
Analysis of plankton data from the Continuous Plankton Recorder has shown spatial and
temporal shifts in the distribution of Dinophysis in the North Sea over recent decades
(Edwards et al., 2006). There has been an observed reduction in the mean annual
abundance of Dinophysis off the east coast of the United Kingdom, while an increase
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occurred in west Norwegian coastal waters. Edwards et al. (2006) speculate that the role of
increased sea surface temperature (SST) and reduced salinities due to climate change off
the Norwegian coast may be important in promoting Dinophysis growth. Indeed, there has
been an observed reduction in salinity and an increase in water temperatures of Norwegian
coastal waters in recent years (Saetre et al., 2003).
Dinophysis blooms are recurrent features in UK waters and have been observed for over 100
years (Davidson et al., 2011). Shellfish toxicity is common and while regulatory monitoring
has generally been successful in protecting humans, DSP (Diarrhetic Shellfish Poisoning)
incidents do occur. The first reliable record of this was in 1997 when 49 people in London
became ill after consuming contaminated shellfish (Scoging and Bahl, 1998). This DSP
outbreak represented the first recorded illnesses from UK shellfish in 30 years (Scoging and
Bahl, 1998). See Tett and Edwards (2002) for a summary of shellfish toxicity outbreaks in
Scotland.
The most recent UK outbreak of DSP happened in 2013 when 70 people were recorded as
suffering from symptoms in London. Whyte et al. (2014) argue that this bloom, and another in
2006, was related to a rapid change in the dominant mean wind direction around the
Shetland Islands where the contaminated shellfish were grown. This hypothesis is supported
by research carried out into “wind-driven water exchange” onto the southwest Irish shelf and
links to recurrent HAB events, including Dinophysis blooms (Raine et al., 2010). These
Dinophysis spp. cells are carried along a wind-initiated coastal jet current off the Irish west
coast into Bantry Bay (Farrell et al., 2012; Raine, 2014), on the Irish south-west coast, an
area responsible for 80% of mussels and 50% of oysters in total Irish aquaculture (Raine et
al., 2010). Once inside the bay the cells are able to proliferate in toxic blooms which close
shellfish harvesting sites for months of the year resulting in inconvenience and economic loss
(Raine et al., 2010).
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The toxin DTX-2 is a dinophysistoxin and its production is often linked with the presence of
D. acuta (Aune et al., 2007; MacMahon and Silke, 1996; Vale and Sampayo, 2000). This
toxin may be depurated from shellfish flesh more slowly than other lipophilic toxins causing a
build-up of DTX-2 relative to OA (Vale, 2004) thus potentially prolonging closures of shellfish
harvesting areas. While D. acuta may be less frequently observed than D. acuminata in
Scottish waters, it has the potential for greater impact on the shellfish industry. Shellfish
toxicity, however, may not have a simple relationship to D. acuta cell abundance due to
variable cellular toxin contents or toxin dilution within shellfish from other food sources (Dahl
and Johannessen, 2001).
While negative impact of blooms of the diatom Chaetoceros (Ehrenberg) is not so frequently
documented there are a number of reports relating to Chaetoceros mediated kills of farmed
fish (Bruno et al., 1989; Treasurer et al., 2003). Diatom mediated fish kills are increasingly
being reported by aquaculture businesses in Scotland with weekly alert reports now being
produced for some areas of the country to provide early warning of these events (K.
Davidson, unpublished data). Oceanographic studies on the western Scottish shelf
demonstrate the frequent presence of Chaetoceros and its potential for advection to the
coast (Fehling et al., 2012; Siemering et al., 2016) where it can impact on aquaculture
activities.
Oceanic species typically have larger spines and setae than coastal species (Tomas, 1997),
which may cause more irritation to fish gills at lower concentrations due to spines with barbs
breaking off, remaining inside fish gills even after a bloom has passed (Bruno et al., 1989;
Hallegraeff, 2004). Fish can be killed through capillary haemorrhage, upset to gas exchange
in gills, suffocation from excess mucus production or by secondary disease from open
wounds. In British Columbia Chaetoceros convolutus (Castracane) and Chaetoceros
concavicornis (Mangin) caused mass fish mortalities (2.4 tonnes) in cultured salmonids at
only 5000 cells L-1 (Albright et al., 1993; Hallegraeff, 2004). In Scotland, Chaetoceros
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wighami (Brightwell) caused losses of 44 tonnes of salmonids (Bruno et al., 1989; Treasurer
et al., 2003).
The genus Chaetoceros is often the most abundant phytoplankton community member
(Bresnan et al., 2009; Fehling et al., 2012; Moschonas et al., 2017) and is a particularly
species-rich genus (Rines and Hargraves, 1987). Typically, in inshore Scottish locations the
coastal morphotype is most common and peaks in spring and summer (Moschonas et al.,
2017). Gowen et al. (1983) found Chaetoceros decipiens to be common throughout spring
and summer in the well-mixed Scottish Loch Ardbhair. In Narragansett Bay, USA,
Chaetoceros blooms in early spring and again in autumn; the most abundant species being
Chaetoceros debilis (Cleve), Chaetoceros compressus (Lauder) and Chaetoceros didymus
(Ehrenberg) (Rines and Hargraves, 1987). Tomas (1997) states that C. wighami is present
mainly in brackish water, whereas C. convolutus and C. concavicornis are cosmopolitan to
northern temperate and cold-water regions. As many as fifteen different species can be
observed together (Rines and Hargraves, 1987), which can make identification difficult,
therefore the separation of species into groups [as in Tomas (1997) and Fehling et al. (2012)]
is useful.
In common with other fjordic regions that support an aquaculture industry the Scottish west
coast is characterised by complex hydrography. Currents are split around many small islands
and water exchange into fjords is restricted by shallow entrance sills (Booth, 1987). In
addition, conditions undergo short-term periods of intense change (Bresnan et al., 2016),
flushing coastal regions and breaking down stratification. These many variables mean that
prediction of the occurrence of HAB events is challenging in fjordic regions and requires
further investigation into the interaction between the organisms and their physico-chemical
environment.
This study reports the results of a research cruise in the fjordic Scottish Clyde sea region
during summer 2015 at a time when blooms of highly toxic D. acuta and potentially fish killing
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Chaetoceros were both present. By conducting a transect through different water masses
within the restricted exchange environment of Loch Fyne and out into the more open Clyde
Sea the relationships between the environmental conditions and the different harmful
phytoplankton present were studied hence allowing evaluation of potential drivers for the
blooms and their location.
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4.2 Methods
4.2.1 Study Site
The Clyde Sea study site is located on the west coast of Scotland (Figure 4.1) and is a large
area which connects the River Clyde and several sealochs to the North Channel, above the
Irish Sea (McIntyre et al., 2012). Marine inflow water comes mainly from the Irish Sea and
the Malin Shelf, and is dependent on their respective compositions (Grantham and Tett,
1993). It is isolated from the Irish Sea and the rest of the Scottish west coast by a front
across the Great Plateau which separates the high salinity waters of the North Channel (>34)
from those inside the Clyde Sea (<33) (Edwards et al., 1986).

Figure 4.1: The Clyde Sea area showing field sampling stations (circles), Food Standards
Scotland biotoxin monitoring sites (squares) and other points of reference (italic text)

Celtic Sea water flowing north past the Irish east coast is influenced by freshwater runoff
(reduced salinity/ increased nutrients) and enters the North Channel. Malin shelf water is
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held offshore by the Islay front (Simpson et al., 1979), created by North Channel outflow
north into the Inner Hebrides. The Great Plateau front prevents direct exchange of currents in
and out of the Clyde Sea, and provides vertically homogeneous water masses there
(Edwards et al., 1986). Tidal speeds rarely exceed 0.5 ms-1 within the Clyde Sea, this is
reduced to 0.2 ms-1 for the sealochs (McIntyre et al., 2012). Most water flows northwards in
an anti-clockwise direction, at depth, around Arran and into the northern sealochs and
channels. Water transit time is ~1 month with a mean northwards current speed, at depth, of
0.03 ms-1 (Edwards et al., 1986). A smaller branch of water diverts clockwise up Kilbrannan
Sound and mixes at the north of Arran with Loch Fyne and Kyles of Bute outflows.
Surrounding the main basin are several restricted exchange fjordic sealochs (Lochs Fyne,
Riddon, Striven, Holy, Long, Goil, Ryan and the Gareloch), as well as the islands of Arran,
Bute and the Cumbraes (Connor and Little, 1998). Loch Fyne, the largest of the associated
sea lochs, is situated on the north-west corner of the basin, generates a 1.3 x 109 m3 annual
freshwater outflow, from an 894 km2 catchment area, to the Clyde Sea region (Gillibrand,
2001). Nitrate-salinity concentrations are indicative of unpolluted runoff with highest DIN
concentrations <20 µM (Grantham and Tett, 1993). The Loch has two sills (located at Otter
Ferry and Minard) which restrict exchange between in- and outflows (Gillibrand, 2001). See
McIntyre et al. (2012) for a detailed review of the study area.
4.2.2 Field Campaign
In situ sampling was conducted on 8-9 September 2015 aboard the RV Seòl Mara by myself,
Sharon McNeill (Scottish Association for Marine Science (SAMS)) and Dave Clarke (Marine
Institute). Samples were collected from 12 stations that spanned Loch Fyne and the Clyde
Sea, east of Arran (Figure 4.1). At each station, the vertical profile of the water column was
analysed for salinity, temperature, fluorescence and oxygen concentration using a SBE 19
CTD profiler (Sea-Bird Electronics) with SBE 43 (Sea-Bird Electronics) oxygen and Wetlab
Wetstar (Sea-Bird Electronics) fluorometer sensors. The fluorescence data were used to
guide discrete sampling at three depths in the upper water column corresponding to (1)
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surface, (2) chlorophyll maximum (if present, else 5 m) and (3) below the chlorophyll
maximum (BCM). Table 4.1 records each sampled depth and the total water column height
at each station. Food Standards Scotland (FSS) regulatory biotoxin and harmful
phytoplankton monitoring sites are also marked (Figure 4.1), where samples were collected
and analysed prior to, and concurrently with, the cruise for shellfish biotoxins. The diatom
genus Chaetoceros was not enumerated in these regulatory samples as it does not present a
specific threat to human health.
Table 4.1: Field stations and sampled depths. Referred to throughout the text as surface,
chlorophyll maximum and below the chlorophyll maximum (BCM)
Water
Field Station

Latitude

Longitude

Depths

(Figure 1)

(Decimal)

(Decimal)

Sampled (m)

Column
Depth (m)
1

56.2

-5.07

2, 5, 10

44

2

56.1

-5.18

2, 6, 10

136

3

56.1

-5.26

2, 7, 10

65

4

56.0

-5.36

2, 5, 10

43

5

55.9

-5.38

2, 5, 10

145

6

55.8

-5.31

1, 3, 10

134

7

55.8

-5.26

1, 4, 10

132

8

55.7

-5.17

1, 4, 10

123

9

55.7

-5.08

1, 4, 8

146

10

55.6

-4.99

1, 4, 12

80

11

55.6

-4.93

2, 6, 10

90

12

55.5

-4.91

1, 12, 15

77
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4.2.3 Satellite Imaging
Satellite SST scenes were acquired and processed by Dr Peter I Miller [Plymouth Marine
Laboratory (PML)] from the NOAA Advanced Very-High Resolution Radiometer (AVHRR)
sensor, cloud-masked, and mapped to the study area at 1.1 km resolution in geographic
projection (Miller et al., 1997). In addition, ocean colour data were acquired from the NASA
Aqua-MODIS and NASA/NOAA Suomi-VIIRS sensors, but these data are not presented as
the relatively low surface cell concentrations did not allow distinction of phytoplankton types
during the rare glimpses of the ocean due to considerable cloud cover during the study.
4.2.4 Phytoplankton
Phytoplankton samples were collected by a Niskin bottle at three depths per site (see Table
4.1) and decanted into 150 ml amber glass bottles then fixed to ~1% final concentration of
acidified Lugol’s iodine. Samples were stored on deck in a cool box and on return to the
laboratory, they were stored at 4 °C in the dark. For analysis, a 50 ml sub sample was
dispensed into a Hydro-Bios settling chamber and allowed to settle overnight before
enumeration by Elaine Mitchell (SAMS) on a Zeiss Axio S100 inverted microscope
(Utermöhl, 1958).
The phytoplankton community (including diatoms, dinoflagellates and ciliates) were
enumerated, where possible, to species level. Nanoplankton, including cryptophytes, were
not counted in this study. The diatom Pseudo-nitzschia (Peragallo) was grouped as either
large seriata or small delicatissima groups following Fehling et al. (2006) and Chaetoceros
was recorded as oceanic or coastal group (Tomas, 1997). When the community is
considered by cell type (diatoms, dinoflagellates or ciliates) samples from each site (surface,
chlorophyll maximum and BCM) are averaged and their standard deviation calculated.
Otherwise, error bars are not present since points are a single sample count.
4.2.5 Pigments
For pigment analysis, 0.5 L of seawater was vacuum filtered onto 47 mm GF/F filters, then
stored at -20 °C. On return to the laboratory, samples were transferred to a -80 °C freezer.
Each sample was processed in duplicate. Extraction was carried out by Denise Cummings
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(PML) and Dr Ruth Airs (PML) in 5 ml 90% acetone solution using an ultrasonic probe for 35
s at 50 W. Extracts were clarified and analysed by reverse phase HPLC using a Thermo
Accela Series HPLC system with chilled autosampler (4 °C) and photodiode array detector.
The instrument was calibrated with standards purchased from DHI (Denmark). Pigments
were identified based on retention time and spectral match using photodiode array.
4.2.6 Weather Data
Wind data from Prestwick Airport, site number 01007, were accessed from the Met Office
Integrated Data Archive System (MIDAS, n.d.).
4.2.7 Nutrients
Samples for the determination of inorganic nutrients were taken from each sampled depth at
all sites (see Table 4.1) and immediately hand filtered using a 50 ml polycarbonate syringe
(Sartorius) and 25 mm filter holder containing a glass fibre filter (25 mm GF/F, Whatman) and
stored in clear polyethylene bottles at -20 °C. In the laboratory, samples were defrosted and
analysed on a QuickChem 8500 LACHAT flow injection auto analyser for Total Oxidised
Nitrogen [nitrate and nitrite (TOxN)], phosphate, ammonium and silicate content by Sharon
McNeill (SAMS).
4.2.8 Multivariate Data Analysis
Data were statistically analysed using the software package PRIMER. The multivariate
analyses Multidimensional Scaling (MDS) and Hierarchical Agglomerative Clustering with
SIMilarity PROFiles (HAC, SIMPROF) were carried out on similarity matrices of fourth-root
transformed phytoplankton community count data [see Clarke (1993); Clarke and Ainsworth
(1993); Clarke and Green (1988)]. The Bray-Curtis similarity coefficient (Equation 1)
effectively compares different stations to determine which are most similar according to their
phytoplankton community structures. For ease of interpretation, samples were binned
according to cell type (diatoms, dinoflagellates, ciliates) with separate analyses conducted on
each a-priori assigned group, as well as the phytoplankton as a whole. Significant sample
groupings, determined from HAC with SIMPROF (plots not shown), were used to encircle
MDS sample groups to aid interpretation.
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∑

𝑆 = 100 1 − ∑

(1)

4.2.9 Food Standards Scotland Data
Publicly available local area shellfish biotoxin data from around the cruise period were
accessed from the results of FSS regulatory monitoring programme (Food Standards
Scotland, n.d.) carried out under contract by the Centre for Environment, Fisheries and
Aquaculture Science (CEFAS). Shellfish samples were collected and analysed for biotoxins
as described in Stubbs et al. (2014).
4.2.10 Modelling Study
An unstructured grid based biophysical particle tracking model was run to determine the
likely spread and mixing of phytoplankton cells in late summer of 2015, coincident with the
cruise and, for comparison, in 2014 when D. acuta and Chaetoceros blooms were not
evident. This was carried out by Dr Thomas Adams (SAMS).
The model was based on previous studies in the area (Adams et al., 2016, 2014), with the
underlying hydrodynamics derived from a well-established and comprehensively tested
implementation of the Finite Volume Community Ocean Model (FVCOM) (Chen et al., 2011).
This simulated the hydrographic conditions in our study region in different years, deriving
oceanographic boundary conditions from a larger-scale ocean shelf model (Dabrowski et al.,
2014) and a tidal inversion solution (Egbert et al., 2010), with major river inputs and
meteorological forcing being obtained from a linked implementation of the Weather Research
and Forecasting Model at 2 km resolution. The hydrodynamic model’s horizontal resolution
varied from 130 m in complex coastal areas to 4.6 km at the open boundaries. Its
configuration, testing and validation have been described in more detail previously in Aleynik
et al. (2016).
The movement of phytoplankton (as passive organisms) was modelled occupying the
surface layer of the water column (mean depth = 1.48 m, standard deviation = 1.70 m) in
both 2014 and 2015 to compare conditions in two separate years. Three separate four week
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long simulations were undertaken (start dates staggered by two weeks, beginning 13th
August) in both years. In each case, the transport of 1000 particles that were released from
each of 17 locations throughout the Clyde Sea was simulated (Figure 4.12). The 17 locations
were chosen to evaluate cell transport in different parts of the sealoch, specifically around
the frontal system observed in 2015 at the entrance to Loch Fyne, the FSS sampling sites, at
the Clyde Sea entrance and some transition stations. By following the location of particles
throughout each four week simulation, the degree of spread and mixing of cells in the water
column was identified.
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4.3 Results
4.3.1 Oceanographic Conditions: Field and Satellite Data
Stations at the head of Loch Fyne (Stations 1-3) had elevated temperature (>12.5 °C, Figure
2B) and slightly reduced salinities (<31) compared with the rest of the loch (Figure 4.2B).
These stations were coincident with a patch of increased florescence in the surface layer
(spans stations 1-5; 3.21-6.22 mg m-3) (Figure 4.2E). There is a shallow sill at Station 3 (<50
m water depth at station 3, Figure 4.2) which limits exchange of water between the upper
and lower basins of the loch, resulting in an isolated deep water mass (9.60-10.76 °C, Figure
4.2A) in the upper basin. Elevated oxygen (Figure 4.2D) is restricted to the upper water
column (<40 m) but is elevated deeper further into the Clyde Sea (8.19 mg L-1 at 5 m for
stations 1-3 to 7.12 mg L-1 at 50 m for station 12, Figure 4.2D). A patch of high fluorescence
(up to 7.23 mg m-3) between stations 10, 11 and 12 was observed in the Clyde Sea (Figure
4.2E), maximum depth 18 m, and corresponds with a surface patch of lower salinity (31.44).
A change in water mass signature is evident between stations 4 and 6 in the
temperature/salinity (T/S) plot (Figure 4.3). This can also be seen in the surface waters in the
temperature (Figure 4.2A), salinity (Figure 4.2B), density (Figure 4.2C) oxygen (Figure 4.2D)
and fluorescence (Figure 4.2E) plots, with a clear temperature front at station 6 separating
the water within Loch Fyne from the outer Clyde Sea water. The least cloud covered satellite
SST scene during the study period confirms the presence of the temperature front to the
northwest of Arran near stations 7 and 8 (Figure 4.4).
The wind in the Clyde is predominantly South-Westerly (plots not shown). This is consistent
with the prevailing wind in the region and the approximately North-South orientation of the
Clyde Sea and sealochs funnelling wind. Wind speed can increase to up to 34.92 ms-1 in
isolated events, however most wind is between 1-5 m s-1. Wind direction and speed did not
correlate with cell abundance of D. acuta in the Clyde (r: -0.02, p: >0.5 and r: 0.01, p: >0.1
respectively), and did not undergo any large changes in speed or direction in the period
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before the bloom. The lack of routine monitoring of Chaetoceros in the cruise area meant
there was insufficient data to conduct this analysis for this genus.

Figure 4.2: CTD contour plots from cruise transect (A) Temperature (°C), (B) salinity, (C)
density (kg m-3), (D) oxygen concentration (mg L-1) and (E) fluorescence (mg m-3). Water
depth is <50m.
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Figure 4.3: Temperature salinity plot depicting different water masses across the transect (all
data is <50 m water depth, as in Figure 2)

Figure 4.4: Sea surface temperature satellite data taken from the time of the cruise (16
September 2015) showing a temperature front to the north of Arran. Scale in degrees
Celsius. Grey areas are cloud cover and white areas are land
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4.3.2 Nutrient Conditions
TOxN, phosphate and silicate are not markedly increased by the front, but do peak just
inside the front’s edge, at station 6, across all depths (4.08-4.96 µM, 0.49-0.51 µM and 3.313.86 μM respectively). Surface layer depletion of TOxN, phosphate and silicate is evident in
upper Loch Fyne (stations 1-3; 0-0.09 µM, 0.04-0.08 μM and 0.98-1.34 µM respectively);
however, concentrations of all nutrients here remain elevated at the chlorophyll maximum
and BCM.
At station 7, seaward of the front, concentrations of TOxN, phosphate and silicate were
markedly lower than station 6. Here, and elsewhere in the Clyde sea, nutrient concentrations
do not vary much with depth (0.48-1.01 µM TOxN, 0.15-0.21 µM phosphate, 0.59-1.15 µM
silicate, Figure 4.5 B-D) in contrast to the observations made in upper Loch Fyne (stations 13). Moving seaward, nutrient concentrations gradually increased to stations 9 and 10 (1.263.18 µM for TOxN, 0.26-0.44 μM for phosphate and 1.82-2.68 µM for silicate). Subsequently,
concentrations gradually decreased from stations 10-12. Ammonium does not share the
same pattern to other forms of N, maintaining low concentrations (0.01-0.17µM at all depths)
until station 12 where concentrations increased markedly (0.26-0.48 μM, Figure 4.5A).
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Figure 4.5: Nutrients at stations (A) Ammonium, (B) Total Oxidised Nitrogen (TOxN), (C)
Phosphate, (D) Silicate. Solid line = surface, dotted line = chlorophyll maximum, dot-dash
line = below the chlorophyll maximum. See Table 4.1 for sample depth information.

4.3.3 Phytoplankton Community & Pigments
Surface waters in Loch Fyne have increased total chlorophyll (chlorophyll a + chlorophyll b +
chlorophyll c + chlorophyllide a) (maximum 7.2 μg L-1 station 3), which decreases steadily
approaching the front at station 7 (Figure 4.6). Total chlorophyll is generally lowest at BCM
depth, apart from around the front where BCM concentrations were slightly increased (station
7 4.2 μg L-1) compared to the surface layers. In the outer Clyde Sea, concentrations were
much higher than anywhere else on the transect, at all depths (maximum 9.9 μg L-1 station
11).
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Figure 4.6: Total chlorophyll concentration; solid line = surface, dotted line = chlorophyll
maximum, dot-dash line = below chlorophyll maximum (See Table 1 for sample depth
information). Total chlorophyll = chlorophyll a + chlorophyll b + chlorophyll c + chlorophyllide
a

Sampling stations were mostly dominated by diatoms (maximum abundance 1.2 x106 cells L1

) except for stations 7 and 9 where more dinoflagellates were recorded (4.6 x104 ± 2200

cells L-1 and 1.9 x104 ± 1800 cells L-1 dinoflagellates respectively) (Figure 4.7). Outer Clyde
Sea stations (10-12) had the highest concentrations of diatoms overall (3 x106 – 1.2 x106
cells L-1) (Figure 4.7). Stations above the front (1-6) were also diatom dominated (3.2 x105 –
6.1 x104 cells L-1). Ciliates decreased in concentration steadily from the top of Loch Fyne to
the front edge (station 6) where concentrations increased again from station 7 at the front
seaward edge (Figure 4.5). The diatoms Chaetoceros (coastal group), Thalassiosira (Cleve),
Skeletonema (Greville) and Katodinium (Fott) were the four genera observed to reach the
highest abundance during the study (1.3 x 106, 1.8 x 105, 2.6 x 104 and 1.5 x 104 cells L-1
respectively, Figure 4.8).
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Figure 4.7: Total ciliates (black), diatoms (grey) and dinoflagellates (white) in cells L-1. Each
bar is the mean between the three sampled depths (See Table 1) at each station. Therefore,
n=3 and error bars are one standard deviation

Dinophysis Species
At all cruise stations three Dinophysis species were identified: D. acuta, D. acuminata and
Phalacroma rotundatum [Dinophysis rotundata (Claparède & Lachmann)]. There was a
bloom of D. acuta at stations 7 and 8, positioned just seaward of the identified front (Figure
4.8B). The bloom was evident at all sampled depths, with the deep sample at station 7
exhibiting the highest abundance (2840 cells L-1). In contrast, D. acuminata, while exhibiting
some degree of increased abundance near the front, reached significantly lower abundances
(maximum = 200 cells L-1). A second minor increase was also evident at the chlorophyll
maximum of station 11 (Figure 4.8B). There was a general low abundance of P. rotundatum;
it only occurred in three samples and reached a maximum concentration of 40 cells L-1 at
station 3 (Figure 4.8C).
Results from FSS regulatory monitoring for shellfish toxins were consistent with the presence
of elevated D. acuta in the region at the time of the cruise. At Campbeltown monitoring site
toxins reached their highest concentration at the time of the cruise (7th Sept 2015, 601 ± 237
μg OA eq/kg shellfish flesh) which then steadily reduced to 37 ± 15 μg OA eq/kg shellfish
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flesh on 16th November 2015 (Figure 4.9A). Ardkinglas site toxicity peaked (457 ± 159 μg OA
eq/kg shellfish flesh) on 14th July 2015; however, did not show a pronounced increase in
shellfish toxins around the time of the cruise (148 ± 58 μg OA eq/kg shellfish flesh, 8th
September 2015) (Figure 4.9B). Otter Ferry site, being the only location with Pacific Oysters
[Magallana gigas (Thunberg)] instead of Blue Mussels [Mytilus edulis (Linnaeus)], had very
little toxicity throughout the year (Figure 4.9C), with no instances above the regulatory limit
(regulatory limit = 160 μg OA eq/kg shellfish flesh, above which shellfish harvesting is
closed). The Loch Riddon site did not increase above the regulatory limit; however, the
maximum value (159 ± 62 μg OA eq/kg shellfish flesh, 8th September 2016, Figure 4.9D),
was coincident with the cruise date and observed D. acuta bloom. Loch Striven had elevated
toxicity during the cruise period (371 ± 129 μg OA eq/kg shellfish flesh, 15th September 2015,
Figure 4.9E). The Sound of Gigha, located outside of the Clyde Sea on the west coast of the
Mull of Kintyre peninsula, did not have toxicity more than 62 ± 25 μg OA eq/kg shellfish flesh
(27th July 2016) (Figure 4.9F).
Diatoms
At station 10 there were large abundances of Chaetoceros coastal group (6.4 x105 – 1.3 x106
cells L-1); however, cells did not occur inside Loch Fyne, or around the front (1-7, Figure 8H).
At stations 11 and 12 concentrations remain elevated, however only in deep samples (7.8
x105 and 6.9 x105 cells L-1 respectively). The Chaetoceros coastal group bloom corresponds
with a patch of elevated fluorescence (6.7 mg L-1, Figure 2E) and reduced salinity (31.44,
Figure 2B). Oceanic group of Chaetoceros reached four orders of magnitude lower cell
abundance than the coastal group (maximum 300 cells L-1). However, the oceanic group did
occur inside Loch Fyne at station 4 (200 cells L-1).
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Figure 4.8: Important phytoplankton species plot; solid line = surface, dotted line =
chlorophyll maximum, dot-dash line = below chlorophyll maximum (See Table 1 for sample
depth information) (A) Dinophysis acuminata (B) Dinophysis acuta (C) Phalacroma
rotundatum (D) Katodinium spp. (E) Tripos furca (F) Pseudo-nitzschia delicatissima group
(G) Pseudo-nitzschia seriata group (H) Chaetoceros coastal group (I) Chaetoceros oceanic
group (J) Skeletonema spp. (K) Thalassiosira spp.
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Potentially toxic members of the Pseudo-nitzschia seriata group reached maximum
abundance (1200 cells L-1) in the surface of station 10 (Figure 4.8G); however, this only
occured at a single station at one depth. The largely non-toxic Pseudo-nitzschia delicatissima
group was more abundant throughout the transect. The common spring bloom diatom genus
Skeletonema, peaked only in station 6 located inside the front, with maximum concentration
at the chlorophyll maximum (2.6x104 cells L-1, Figure 4.8F).

Figure 4.9: Total toxin content, measured in total OA/DTXs/PTXs (μg OA eq/kg), of sites in
and around the Clyde Sea (A) Campbeltown, Blue Mussels (B) Ardkinglas, Blue Mussels (C)
Otter Ferry, Pacific Oysters (D) Loch Riddon, Blue Mussels (E) Loch Striven, Blue Mussels
(F) Sound of Gigha, Blue Mussels. Note regulatory limit for OA/DTXs/PTXs in shellfish flesh
is 160 μg OA eq/kg, above which shellfish harvest areas are closed. Zero values are not
plotted
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Non-harmful dinoflagellates and ciliates
Dinoflagellate abundance increased at the seaward front edge (station 7) and was lower
elsewhere (Figure 4.7). The most abundant dinoflagellate species observed was Katodinium
spp. reaching a maximum abundance at station 12 (1.5 x104 cells L-1 at the chlorophyll
maximum) within the Clyde Sea (Figure 4.8D). The maximum abundance of Tripos furca
(Ehrenberg) was observed just after the front at station 7 (maximum abundance 5240 cells L1

) and was similar in distribution to D. acuta (Figure 4.8E). Concentrations of ciliates were

lower in Loch Fyne, with high abundance at station 7 and 8, and lower concentrations in the
outer Clyde Sea, except for surface Loch Fyne samples having high abundance (stations 13, 8460-1 x104 cells L-1). In Loch Fyne stations 1-6, Strombidium (<50 μm, Claparède &
Lachmann) dominated, especially in surface waters, with small peaks of Leegaardiella (Lynn
& Montagnes) and Mesodinium (von Stein) at the surface stations 2-4 (not shown).
Strombidium (<50 μm) is still a dominant ciliate outside of Loch Fyne, however at most
stations Mesodinium was the most abundant ciliate member particularly at stations on the
Clyde Sea side of the front (7 and 8) where D. acuta blooms were observed. There is a
strong correlation (r2: 0.79, p = <0.001) between D. acuta abundance and the ciliate
Mesodinium from all stations at all depths (Figure 4.10A). There is a weak, but nevertheless
significant, correlation (r2: 0.22, p = <0.01) between D. acuta and total ciliate abundance
(Figure 4.10B), however once Mesodinium abundance is removed from that of total ciliates,
then there is no correlation (r2: 0.003, p = >0.5) (Figure 4.10C).
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Figure 4.10: Correlations between (A) D. acuta and Mesodinium presence: r2 = 0.78 and p =
<0.001; (B) D. acuta and total ciliate presence: r2 = 0.19 and p = <0.01; (C) D. acuta and
ciliate abundance (without Mesodinium abundance): r2 = -0.03 and p = >0.5
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4.3.4 Multivariate Analysis
Based on the phytoplankton community structure, transect sites were found to occupy
distinct groups related to their similarity of species composition. The distance between points
on the MDS ordination reflect their biological similarity to each other. The HAC plots with
SIMPROF procedure are not shown, but statistically significant groupings are overlaid as
bubbles on MDS plots. Stress coefficients were low for all MDS plots (Figure 4.11A-D), i.e. a
2D plot preserves the distances between points well.
Total phytoplankton
Statistically significant groups were Loch Fyne, the front region and outer Clyde Sea stations
(Figure 4.11A). Stations in the outer Clyde Sea (10-12) group away from other samples in a
HAC at 60% similarity, these stations can be further grouped at 75% similarity. Loch Fyne
and stations on both sides of the front (1-9) separate at 60% similarity. The stations
immediately seaward of the front (7-9) group at 75% similarity. Stations above the front (1-6)
have some smaller, but still statistically significant, 75% similarity groups, except for a
sample from station 1 (BCM sample) which separates from all the other samples at 56%
similarity.
Diatoms
Samples were statistically separated with 50% similarity at the front edge (Figure 4.11B).
Stations 7-9 largely group at 70% similarity away from Loch Fyne stations (1-6) which occur
above the front. Seaward of the front, stations 10-12 are grouped together and form 2
significant groups at 75% similarity.
Dinoflagellates
Overall, these form a single significant group which is 60% similar (Figure 4.11C). Three
samples from stations 1 (BCM), 2 (chlorophyll maximum) and 3 (BCM) form another group.
Front stations were grouped together (75% similarity) with stations on the seaward side of
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the front (7-11), with the exception of station 10 which forms another 75% similarity group.
Loch Fyne stations (1-6) were largely grouped at 75% similarity in the centre of the plot.
Ciliates
Ciliates form no significant groups in HAC with SIMPROF analysis, therefore all samples can
be considered as one group (Figure 4.11D).

Figure 4.11: MDS of stations phytoplankton community with HAC clusters showing
statistically significant simprof sections. For all plots: triangle = surface sample, circle =
chlorophyll maximum sample and cross = below chlorophyll maximum sample. (A) Total
Phytoplankton (solid = 60% similar, dashed = 75% similar), (B) Diatoms (solid = 50% similar,
dashed = 70% similar), (C) Dinoflagellates (solid = 60% similar, dashed = 70% similar), and
(D) Ciliates, no significant clustering.
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4.3.5 Modelling Study
The model allowed us to explore how differences in hydrography between different years
impacted the transport of (harmful) phytoplankton, and hence the role of the front into
whether cells could have been suspended in one location leading to in-situ growth. The front
is potentially a transient feature at the mouth of Loch Fyne and the model can enquire about
hydrodynamics of the region between different years which may have promoted its formation.
Figure 4.12A and B show cumulative model outputs over the month-long model simulations
from 13th August 2015 – 10th September 2015, coincident with our cruise and the significant
D. acuta and Chaetoceros blooms, and between 14th August 2014 – 11th September 2014,
for comparison, when no D. acuta bloom was evident. The 17 model seeding points are
strategically placed to show transport of cells from the entrance to Loch Fyne (D-I), the FSS
regulatory monitoring sites (A, C, M), at the Clyde Sea entrance (N, P, Q) and other transition
stations. Seed sites were identically placed for both model runs.
Simulations in 2015 show cells seeded within Loch Fyne remaining within the loch (A, B,
Figure 4.12B). Seed points around the proposed frontal region (D-I) appear to cluster their
cells within the area east of the Isle of Bute, with some transport into upper Kilbrannan
Sound (J). Cells seeded at Campbeltown site (M) were transported across the south end of
Arran and into the cell plume originating from the inner Firth (K). These cells do not appear to
be carried into the river Clyde or Kyles of Bute regions, therefore it is unclear how cells would
exchange with the Loch Striven site (C) in this instance. Sites located near in the Great
Plateau undergo a greater degree of mixing (particle spread) than in the 2014 model
simulation, with more exchange of particles occurring between the Clyde Sea and the North
Channel.
Simulations from 2014, in contrast, indicate that a distinctive frontal region was not present
near the mouth of Loch Fyne, with particles from all seeding points, including those
originating within the loch travelling toward the exit of the Clyde Sea (Figure 4.12A). The
seeding points across the Great Plateau (N, P, Q) either travel out into the North Channel or
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remain stationary, as if suspended in the Great Plateau front. Particles seeded at
Campbeltown site (M) are transported out of the Clyde Sea, not fuelling blooms within the
area. The proposed frontal region at the entrance to Loch Fyne is indistinct with cells
transported freely from inside Loch Fyne and into Kilbrannan Sound (B, E, H), where there is
some confinement of their transport with most travelling down the east coast of Arran (F, G,
I). In common with those seeded in Loch Fyne, there is free-flow of particles from Loch
Striven (C) and the mouth of Loch Fyne to the inner Firth (K).
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Figure 4.12: Particle tracking model simulations run in two years: (A) 2014, key geographic
locations labelled (B) 2015. Points A-Q mark model seed simulation points. Both panels
show the cumulative particle distribution at the end of the model run. Each seed point has a
different colour distribution for ease of interpretation. Modelling carried out and output
produced by Dr Thomas Adams (SAMS).
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4.4 Discussion
The major oceanographic feature of the Clyde sea area evident from our 2015 survey was
the temperature front located near the mouth of Loch Fyne (Figure 4.2A), supported by
satellite data (Figure 4.4), with a salinity front also evident near the head of Loch Fyne
(Figure 4.2B). This water mass arrangement is common in fjords and estuaries which have
freshwater inflow at their head and a shallow sill at their entrance restricting offshore water
exchange (Largier, 1993; Parsons et al., 1983). Frontal systems are often associated with
high phytoplankton biomass (Franks, 1992a) with patches of elevated chlorophyll often
following the pycnocline in the surrounding stratified regions (Franks, 1992b). A clear
example of this was in the low salinity stratified water at stations 1-4 near the head of Loch
Fyne (Figure 4.2B), with taxonomic analysis indicating this was associated with a bloom that
was primarily composed of the diatom Thalassiosira (Figure 4.8K). This genus is usually
considered not harmful to aquaculture, although Kent et al. (1995) reported gill lesions and
fish mortality associated with a dense bloom of Thalassiosira spp. in British Columbia. Cell
abundance data were not reported in that study, but were likely to be much greater than
those found in this study which are typical of Scottish coastal waters (Fehling et al., 2006,
2012) without reported harm to farmed fish.
The pronounced temperature front at the mouth of Loch Fyne did not exhibit the high
phytoplankton biomass typical of these structures elsewhere (Franks, 1992a) with relatively
low fluorescence and total chlorophyll concentrations being evident at, and immediately
adjacent to, the front. Dinoflagellate blooms, in particular, often occur at fronts (Franks,
1992a, 1992b; Parsons et al., 1983) which do not require a particularly high cell abundance
to harm aquaculture operations when toxins are produced, which appears to be the case
here. The greatest abundance of dinoflagellates was found at station 7 on the seaward side
of the front, with this peak being dominated by shellfish toxin producing D. acuta, and the
non-harmful taxa Katodinium and Tripos furca. The front also promoted the highest
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abundance of D. acuminata found in the transect, but this was an order of magnitude less
than that of D. acuta (Figure 4.8).
Nutrient availability at frontal regions is often linked to enhanced phytoplankton biomass and
productivity. As noted above, enhanced biomass was not evident at the Loch Fyne
temperature front. However, this is consistent with the lack of significantly elevated nutrient
concentrations. The most dominant dinoflagellates at the front (Katodinium, D. acuta and T.
furca), are now known to have phagotrophic capabilities (Naustvoll, 2000; Reguera et al.,
2012; Smalley and Coats, 2002). Various authors have demonstrated that Dinophysis spp.
feed on the ciliate Mesodinium in laboratory culture (Nishitani et al., 2008; Park et al., 2006;
Reguera et al., 2012), with Dinophysis spp. and Mesodinium spp. having been observed to
aggregate together in the field in thermally stratified thin layers (Sjöqvist and Lindholm,
2011). The greatest abundance of ciliates in the transect was also found at the temperature
front, with Mesodinium being the most abundant genus. The total ciliate population, and
Mesodinium alone, were significantly correlated with D. acuta over the transect as a whole
(Figure 4.10A, B). However, when the Mesodinium population was removed from total ciliate
abundance then the correlation with D. acuta was not significant (Figure 4.10C), showing that
Mesodinium, specifically, is linked to D. acuta abundance. Hence, our results are consistent
with the hypothesis that Mesodinium is an important prey species for Dinophysis.
According to the literature, Dinophysis may be part of a food chain involving cryptophytes
and ciliates: the internal plastids in Dinophysis have been found to be molecularly similar, or
identical, to those found in Geminigera cryophilia (Takishita et al., 2002) and Teleaulax
amphioxia (Janson, 2004). It has been suggested that Dinophysis gained these plastids of
cryptophyte origin through ingestion of ciliates which had previously fed on cryptophytes
(Janson, 2004). Therefore, even though cryptophytes were not specifically enumerated in
this study, an avenue of useful research in the future would be to observe co-occurring
abundances of Dinophysis spp., ciliates and cryptophytes in the field.
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The most abundant Dinophysis species in Scottish waters is D. acuminata, with the D. acuta
bloom event being sporadic in the region (Stubbs et al., 2014). The frontal Dinophysis bloom
observed during this study was composed of both D. acuta and D. acuminata, the order of
magnitude larger concentration of the former suggests that D. acuta blooms later in the year,
when the thermocline is deeper, a hypothesis supported by many studies [see Dahl and
Johannessen (2001); Díaz et al. (2016); Escalera et al. (2006); Reguera et al. (2012, 1993)].
Raine (2014) and Reguera et al. (2012) suggest that a fine balance between aggregation of
cells, their retention time in the system and the potential for in-situ growth is required for
Dinophysis bloom development, with blooms having been previously linked with upwelling
systems (Diaz et al., 2013; Escalera et al., 2010; Pazos et al., 1995) and hydrographic
features such as thin layers (Reguera et al. 2012) and coastal jets (Farrell et al., 2012).
Thermally-driven stratification patterns are an important driver for general seasonal
phytoplankton growth (Raine, 2014), have been linked to Dinophysis blooms (Lassus et al.,
1988) and were even observed to shift Dinophysis assemblages in favour of D. acuta in
warmer years (Escalera et al., 2006). Our results also suggest that coastal temperature
fronts may be important in its bloom development.
During the survey, D. acuta was only present in significant concentrations on the Clyde Sea
side of the front, suggesting that it provided conditions suitable to promote a bloom of those
cells that then aggregated against it. In contrast, D. acuminata was more dispersed and
occurred, albeit at lower abundance, across the length of Loch Fyne and the Clyde Sea with
cells present at all sampled depths. This cosmopolitan distribution suggests a different
growth strategy to D. acuta.
The lack of enhanced nutrient availability at the front may explain the relatively low observed
diatom abundance in this part of the transect, with the most abundant diatom Chaetoceros
coastal group reaching only 2.9 x104 cells L-1 at station 6 and even lower in concentration at
station 7 (5280 cells L-1). The front did promote the highest abundance of silicoflagellates
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over the transect with an abundance of ~ 2000 cells L-1 at station 7, suggesting that these
organisms, rather than diatoms, best utilised what silicate was available there.
An additional community structuring factor which cannot be overlooked is that of zooplankton
grazing impact. One of the largest losses to the phytoplankton community is through topdown zooplankton control (Lampert et al., 1986), however the impact of zooplankton grazing
on the formation and demise of harmful algal blooms is still an under-researched area
(Campbell et al., 2005). Zooplankton have been shown to be selective in their grazing
(Porter, 1973; Stoeker et al., 1981; Teegarden et al., 2001) and their preference for certain
prey species will shape the phytoplankton community potentially by promoting blooms of
certain species. Studies have shown that zooplankton may selectively avoid toxic cells
(Teegarden, 1999; Teegarden et al., 2001); however, other studies have shown no impact on
grazing through the presence of toxic species (Kozlowsky-Suzuki et al., 2006). Zooplankton
certainly have the ability to bioaccumulate toxins (Maneiro et al., 2000) and transfer them to
higher trophic levels potentially causing wide-reaching harm to the local marine food web. Of
course, the vast array of size classes and trophic preferences within the zooplankton will
affect what impact their grazing has on different harmful species (Kozlowsky-Suzuki et al.,
2006).
Univariate phytoplankton data show key differences in cell abundance between diatoms and
dinoflagellates on different sides of the frontal region indicating that it provided an important
barrier to cell transport, potentially protecting the aquaculture sites located on the landward
side. As noted above, potentially harmful Chaetoceros coastal group were abundant at outer
Clyde Sea stations, and did exhibit a small increase at the front, but its abundance at stations
1-5 was below 1000 cells L-1, indicating that this potentially harmful diatom was not
transported further towards the within-loch aquaculture sites.
However, diatoms were not absent within the loch with Skeletonema occurring at station 6
(maximum = 2.5 x104 cells L-1), on the Loch Fyne side of the front, and Thalassiosira being
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important in upper Loch Fyne (maximum 1.6 x105 cells L-1) where the freshwater inflow at the
loch head mixes with the loch body water mass. Cells of the Pseudo-nitzschia delicatissima
group, that is thought to be largely non-toxic in Scottish waters (Fehling et al., 2004), also
only reached ~1000 cells L-1 in the loch. In addition, oceanic group of Chaetoceros was
present at 200 cells L-1 at the chlorophyll maximum at station 4. With the exception
Chaetoceros oceanic group, these genera were more abundant within, rather than outside of,
the loch again suggesting that the front was limiting exchange.
While dinoflagellates were most numerous at the front the composition of the community was
different on both sides of the front. Pronounced blooms were less obvious than for diatoms,
but the multivariate analysis demonstrated, in common with diatoms, two somewhat distinct
dinoflagellate communities on different sides of the front.
The transfer of water and cells between the open coastal ocean and areas of restricted
exchange is potentially key to governing HAB events therein. For example, Raine et al.
(2010) demonstrated the important impact of wind driven transfer on harmful blooms of
Dinophysis in Ireland’s Bantry Bay. Advective transport as a mechanism of promoting
harmful blooms has also been demonstrated in Scottish waters by Gillibrand et al. (2016) for
Karenia mikimotoi (Hansen & Moestrup), Whyte et al. (2014) for Dinophysis and Aleynik et
al. (2016) through hydrodynamic modelling. Smayda (2006) hypothesised that most
Dinophysis blooms in Scottish waters are the result of wind aggregations and possible further
in-situ growth. Sometimes these aggregation events correlate with a change in wind
conditions [e.g. Whyte et al. (2014)], but comparison of meteorological data across years
indicated that no substantive changes to normal wind conditions occurred in the Clyde
around the time of the 2015 survey and hence neither anomalous wind speed nor wind
direction appear to be the immediate promotors of the 2015 blooms. It is possible that a lag
effect prevents the immediate response of Dinophysis occurrence from wind directional
changes in the sheltered Clyde Sea area. Offshore cells may be initially transported into the
Irish Sea or onto the Malin Shelf, then coastal currents transport them within the Clyde Sea
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sometime later where they were able to proliferate. Similarly, rainfall may increase north or
west of the Clyde Sea and this water subsequently enters the Clyde Sea through rivers
which may affect front formation. Calculating exact drivers for the difference in Clyde Sea
characteristics would require further observational weather and current studies across a wide
area.
Data from the FSS shellfish toxicity monitoring, do suggest that advection is important in
providing the seed population for the observed Dinophysis bloom. Clyde Sea waters are
thought to circulate anti-clockwise around the Isle of Arran, some water entering the inshore
areas north of the Isle of Bute and Great Cumbrae and potentially another branch travelling
up Loch Fyne (Edwards et al., 1986). This progression of offshore water in the Clyde Sea
can be seen in Figure 4.2 as a warm oxygenated tongue of water decreasing with depth at it
travels inshore. Consistent with this model of water movement is the marked increase in DSP
toxin concentration in shellfish at the Campbeltown FSS monitoring site from approximately 2
weeks prior to the cruise (Figure 4.9A). Ardkinglas site, located at the head of the loch,
appears protected from DSP toxin contamination during this D. acuta bloom (Figure 4.9B),
however suffered from toxicity earlier in the year (July) when there may have been no front
preventing cell transport inside the loch. Toxicity was accumulated at the Loch Striven site
throughout the year, reaching a peak during the September D. acuta blooms (Figure 4.9E).
As Loch Striven is located to the east of the Clyde Sea basin, and on the seaward side of the
Loch Fyne front, it is entirely reasonable to assume that this loch is always open to toxin
contamination with, or without, the presence of a front, and began accumulating toxin from
the supposed previous Dinophysis bloom which reached Ardkinglas. The Otter Ferry site,
also located within Loch Fyne, also appears to have not accumulated toxins during the D.
acuta bloom in September (Figure 4.9C); however, this site harvests Pacific Oysters (all
other sites farm Blue Mussels). Mussels are known to accumulate more DSP than other
bivalve species (Vale and Sampayo, 2002; Yasumoto et al., 1978), and even appear to
selectively ingest dinoflagellates, in particular Dinophysis spp. (Sidari et al., 1998). As
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oysters are cultivated on intertidal trestle beds in Scotland, as opposed to mussels, which are
hung from ropes in the upper water column, this may further limit their exposure to certain
types of toxic algae (Mcleod, 2014). Loch Riddon mussels did not accumulate substantial
DSP toxins (Figure 4.9D), which is surprising given their proximity to Loch Striven. It is
possible that the location of the Isle of Bute limits water exchange between the Kyles of Bute
and the outer Clyde Sea basin. Sound of Gigha site is located outside of the Clyde Sea and
shows that the Dinophysis toxic events of summer 2015 are restricted to the Clyde Sea
region (Figure 4.9F).
Particle tracking modelling was consistent with the conclusions drawn above (Figure 4.12). In
both modelled years, there is some aggregation of particles around the mouth of Loch Fyne
(particularly at sites 5-9), however there is much more defined exchange of these modelled
cells between the loch and the Clyde Sea in 2014 indicating that, in absence of the front
cells, were more easily able to exchange between the open sea and the loch. The model
does not, however, take into account any in-situ growth of cells which would allow localised
blooms to form, or any mixing out of the surface layer. Inclusion of some biological
parameters to simulate a growth/death response is a necessary next step but is currently
limited by the difficulty in parameterising the growth and mortality of important HAB genera,
in particular heterotrophs such as Dinophysis. Detailed laboratory growth studies are
required to achieve this.
The model highlights the difference of Clyde Sea circulation patterns between 2014 and
2015 suggesting that the conditions which promoted the 2015 D. acuta bloom may not be
annually recurring in the region. In addition, we observed that, in both years water in the
outer Clyde sea at the location of the large 2015 Chaetoceros bloom, was not exchanged
with Loch Fyne.

4.5 Conclusions
This study demonstrates the occurrence of an unusual D. acuta bloom in the Scottish Clyde
Sea which was associated with a temperature front at the mouth of a sealoch. FSS
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regulatory data show the accumulation of DSP toxins inside Clyde Sea shellfish during the
time of the bloom. Toxins appear to be transported around the Clyde Sea in a similar mode
to that suggested in Edwards et al. (1986). The bloom’s associated toxicity resulted in
prolonged periods of closure for the region’s shellfish harvests. A strong relationship was
evident between the occurrence of the ciliate Mesodinium and D. acuta abundance, further
supporting the hypothesis that Mesodinium is a preferred prey species for heterotrophic
Dinophysis. The potentially harmful diatom Chaetoceros was also found to bloom to
considerable concentrations on the Clyde Sea side of the front. The front appeared to
separate phytoplankton communities between the loch and the outer Clyde Sea, preventing
the exchange of harmful phytoplankters thereby protecting aquaculture activities in the loch.
The presence of a front, however, could easily trap harmful algae within the loch causing
blooms to occur near aquaculture activities.
Particle tracking modelling showed that the frontal region is likely a transient feature which
requires an unknown specific set of conditions to form. Further research into the
hydrodynamics of the region and growth parameters of harmful algae to improve future
implementations of the model are both important areas of future research to drive
understanding of HAB events in these complex coastal regions.
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5. Chapter 5

Batch Culture Toxicity of Two Azadinium spinosum
Strains

5.1 Introduction
The species Azadinium spinosum has been reported to produce azaspiracid (AZA) -1 and -2
(Tillmann et al., 2009), and AZA-33 to -35 (Kilcoyne et al., 2014). These toxins are known to
contaminate shellfish flesh (Magdalena et al., 2003; Salas et al., 2011), which has led to
reported human illnesses (Hess et al., 2015; McMahon and Silke, 1996; Twiner et al., 2008).
The target for AZA in humans has not been fully elucidated, but it is thought to have a similar
K+ channel blocking action to saxitoxin. AZA has been shown to be an open state blocker of
hERG K+ channels which contributes to regulation of the heartbeat (Twiner et al., 2012).
AZAs have also been shown to break down stomach and intestinal linings, and causes
visible symptoms very similar to DSP (Twiner et al., 2008). Only AZA-1, -2 and -3 are thought
to be health risks (Twiner et al., 2012) even though there are 50+ analogues recorded (see
Appendix C).
Very few studies have been carried out on physiology and toxin production in the Azadinium
genus. Jauffrais et al. (2013) investigated the effect of environmental variables on toxicity,
finding low temperature to be the only tested variable which increased cell toxin quota
(maximum observed 220 fg AZA-1 and -2 cell-1 at 10 °C). At such low temperature, (<14 °C)
growth rate in culture was supressed and peak cell numbers were reduced at the end of
exponential phase. Most toxins were held within cells, with 5-10% existing extracellularly.
These authors also found cellular toxin content to increase with time, from ~10 fg AZA-1 and
-2 cell-1 after 2 days to ~100 fg AZA-1 and -2 cell-1 after 15 days.
A single study on the effect of nutrients on cell growth and toxicity has been carried out on
two Azadinium poporum strains isolated from the South China Sea (Li et al., 2016). Cultures
exposed to “extreme” nutrient conditions (2647 μM nitrate and 109 μM phosphate; normal f/2
nitrate concentration is 882.4 μM nitrate and 36.2 μM phosphate) grew in a non-limiting
manner showing that they have limited capacity to take up excess nutrients (Li et al., 2016).
These strains were found to mainly produce AZA-2 which was claimed to triple in
concentration under these “extreme” nutrient conditions (Li et al., 2016); however, evidence
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of this was not clear from the provided data. More toxin was detected in stationary phase
compared to exponential phase, implying that cells in active growth divert away from toxin
biosynthesis and towards cell division during growth.
Culture studies of other harmful taxa are more in-depth: for example, Alexandrium, certain
species of which produce saxitoxin, has become a helpful model for the study of harmful
algal bloom (HAB) dynamics. According to Anderson et al. (1990), Alexandrium cultures with
no environmental stressors have low toxin content in lag phase, peak toxin content in early
exponential phase and steadily decreasing toxin content throughout late exponential into
stationary phase. However, AZA is a linear polyether lipophilic toxin (Twiner et al., 2008)
whereas saxitoxin is a trialkyl tetrahydropurine hydrophilic molecule (Cusick and Sayler,
2013), therefore genetic regulation and production of each toxin type may respond very
differently to environmental variables.
Generally, toxin production in harmful algae is thought to increase with a reduction in growth
rate (Granéli and Flynn, 2006) when physiology is disturbed and growth is unbalanced. A
complex array of factors appears to promote or reduce toxicity in cells (see Granéli and Flynn
(2006) for a summary). Cells under stress (changes in temperature, nutrient concentrations,
salinity and availability of organic matter) have been shown to increase their cellular toxin
content (Granéli and Flynn, 2006). Ecologically, toxin production may act as a defence
mechanism through the genetic up-regulation of toxin-producing genes under stress
(Cembella and John, 2006); provide communication between cells (allelopathy) to stimulate
sexual reproduction (Cusick and Sayler, 2013); or provide a resistance to grazing
(Teegarden et al., 2001). Transitioning in or out of stationary phase can also “shock” cells
into increased toxin production, e.g. saxitoxin is promoted during N-upshock and P-limitation
(Flynn et al., 1994).
Toxin production itself may not increase during stress, but changes in cell volume may alter
toxin content per cell. A reduction in cell division rate relative to toxin synthesis will increase
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toxin contents (Cembella, 1998). Consequently, it is important to be explicit between cell
toxin content (quota) and genuine toxin production (measured as a rate) when carrying out
experiments.
The aim of this chapter was to determine differences in A. spinosum cellular toxin content
between different phases of growth under simulated environmental conditions. Using two
strains which have not been tested before, we can compare results with previous studies
which used a different strain (Jauffrais et al., 2013) for information on the growth and toxicity
of three strains of A. spinosum.

5.2 Methods
Triplicate cultures of two strains of A. spinosum (SM2, isolated from Bantry Bay, Ireland;
UTHE2, isolated from the Danish coast) were set up in simulated Loch Creran, Scotland,
summer conditions (17 hours light: 7 hours dark at 15 °C in L1 medium). Cultures were
grown in these conditions for ~3 months prior to beginning experiments to ensure complete
acclimation. Inoculations were ~20 % of the total experimental culture volume and were in
exponential phase. During the experiment, cell concentration was enumerated daily at the
same time ± 15 minutes (as suggested in Wood et al. (2005)) from an acidified Lugol’s fixed
sample using a Sedgwick Rafter counting chamber. Analysis for intra- and extracellular toxin
content was carried out every second day by extraction of toxins into solvent and LC-MS/MS
analysis. The experiment continued until stationary phase could be identified from the growth
curve.
For toxin analysis, a 10 ml sample of culture was taken inside a 15 ml polypropylene
centrifuge tube (VWR) and centrifuged for 20 minutes at 2500 g at 4 °C. The extracellular
fraction was transferred into a new 15 ml tube prior to further extraction, and 500 μl acetone
(VWR Chemicals) added to the pellet (intracellular fraction) which remained inside the
original tube. The pellet mixture was then transferred into a microcentrifuge tube
(Eppendorf).
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The pellet was bath ultrasonicated for 10 minutes then centrifuged for 10 minutes at 2500 g
at 4 °C. The supernatant was transferred into a glass 5 ml test tube (VWR). The pellet
extraction process was repeated three times in total and the acetone extracts combined
(~1.5 ml) in the 5 ml tube.
The extracellular fraction (culture supernatant, in the 15 ml tube) was mixed with 2 ml
dichloromethane (DCM, VWR Chemicals) and homogenized by shaking vigorously for ~5
seconds then centrifuged at 2500 g for 10 minutes at 4 °C. The organic phase (bottom layer)
was then transferred into a 15 ml glass test tube. This process was repeated three times,
until ~6 ml dichloromethane with toxin extract was present inside the 15 ml tube.
Both intracellular (acetone) and extracellular (DCM) extracts were then immediately
evaporated under nitrogen (N-EVAP, Organomation) at room temperature until dry. The
residues were reconstituted in 500 μl methanol solution (MeOH-H2O, 9:1 v/v, VWR
Chemicals) and filtered using a 0.2 μm microcentrifugal filtration device (NANOSEP MF,
modified nylon, PALL, 1.5 ml vial with filter insert) at 15,000 g for 5 minutes. The filtrate was
then transferred to an amber 2 ml glass HPLC vial with fused 300 μl glass insert (Micro+™
Chromacol™, Thermo Scientific) and frozen at -20 °C until further analysis.
Analysis was carried out by UPLC-MS/MS (Ultra Performance Liquid Chromatography
Tandem Mass Spectrometry) at Marine Scotland Science (MSS) by Dr Jean-Pierre Lacaze.
The 1290 Infinity Liquid Chromatography system (Agilent, Stockport, UK) comprised a 1290
binary pump (G4220A) with degasser, a 1290 autosampler (G4226A) with thermostat
(G1330B) and a 1290 thermostated column compartment (G1316C). The mass spectrometer
was a 3200 Qtrap (ABSciex, Warrington, UK).
Chromatographic separation was achieved using an Acquity UPLC BEH C18 column (100
mm × 2.1 mm, 1.7 µm). A binary mobile phase was used for the analysis. Mobile phase A
was 100% aqueous and mobile phase B was 95% acetonitrile, both containing 2mM
ammonium formate and 50 mM formic acid. Separation of the AZA analogues were
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performed through a gradient which was ramped from 30% to 90% B over the first 3 min and
then held for 1.5 min. At 4.5 min, the composition was reset to 30% B and held for 2 min to
re-equilibrate the column before the next injection. Flow rate was set at 0.4 ml min-1, column
temperature was maintained at 20 ºC throughout the analysis and sample injection was 5 μl.
The 3200 QTrap MS detector was used in multiple reaction monitoring (MRM) mode where
specific transitions, one for quantitation and one for confirmation, were monitored for 7 AZA
analogues (AZA-1 to 5, 33 and 34). The following transitions were selected for MRM
analysis: AZA-1 (m/z 842.5 → 824.4 and 842.5 → 362.3), AZA-2 (m/z 856.6 → 838.6 and
856.6 → 672.6), AZA-3 (m/z 828.58 → 810.6 and 828.5 → 362.3), AZA-4 (m/z 844.5 →
826.5 and 844.5 → 658.6), AZA-5 (m/z 844.5 → 826.6 and 844.5 → 446.4), AZA-33 (m/z
716.5 → 698.5 and 716.5 → 462.3) and AZA-34 (m/z 816.5 → 798.5 and 816.5 → 672.5).
The electrospray source was operated in positive mode and other parameters set up were as
follows: ionspray voltage - 4.4 Kv; source temperature - 700ºC; Gas 1 and Gas 2 - 44 psi and
48 psi respectively; curtain gas - 20 psi; and CAD gas - 6 psi. Other parameters, specific to
the MRM transitions, are detailed in Appendix C.
Standards for AZA-1 to 3 were purchased from the Certified Reference Materials Programme
(CRMP) of the National Research Council Canada (NRCC). Calibrations solutions were
prepared by dilution of the stock standard solutions in methanol. As no standards were
available for AZA-33 and AZA-34, the AZA-1 calibration curve was used to quantify those
two AZA analogues. For an example of an extracted ion chromatogram (XIC) see Appendix
C.
Means and standard deviations for cell counts and toxin contents were determined and
plotted. No strain reached true exponential phase, however a linear growth phase was
identified for strain UTHE2 (identified and confirmed using linear regression). Growth
statistics (proportional rate of change, r (Equation 1); doublings per day, k (Equation 2); and
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the doubling time, T2 (Equation 3)) were then calculated from the linear phase data as in
Wood et al. (2005).

𝑟=

⁄

(

)

∆

(1)

𝑘 = 𝑟⁄ln 2

(2)

𝑇 = ln 2⁄𝑟

(3)

To calculate per cell toxin content, the intracellular total toxin concentration (for each
measured toxin, measured in ng ml-1) was divided by two (as the extract sample volume was
500 μl) and then divided by the cell abundance at each timepoint. These were then averaged
for each growth phase (lag, linear and stationary) then compared using ANOVA and Tukey
post hoc tests to determine whether the cell toxin quota changed between growth phases.
Growth phases were identified a-priori to statistical analysis using the linear phase identified
to calculate growth statistics above (Equations 1-3). For strain UTHE2, lag phase was
identified as days < 15, linear phase were days 15-26 (as in Figure 5.2 and Table 5.1), and
stationary phase are days > 26. For strain SM2, which did not exit lag phase, “before” (<30
days) and “after” (>30 days) growth stages are identified to compare cell toxin contents
before and after an extended lag phase.
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5.3 Results
5.3.1 UTHE2
Strain UTHE2 of A. spinosum completed a growth cycle, reaching a maximum of 104,400
cells ml-1 after 29 days (Figure 5.1). A linear growth phase was identified by linear regression
between days 15-26 for all replicates (11 day interval, r2: 0.922 (Figure 5.2)). The mean
proportional rate of change (r) for all replicates was 0.158, the mean doublings per day (k)
was 0.228 d-1 and the mean doubling time (T2) was 4.49 days (Table 5.1). r is equal to the
traditional growth rate statistic μ when mortality is zero, as is assumed in exponential phase
(Wood et al., 2005). For this study, the linear phase was assumed to behave similarly to an
exponential phase.
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Figure 5.1: Growth curve of UTHE2 strain cultures which displays the complete growth
curve with clear exponential phase. Mean of three independent cultures. Error bars = one
standard deviation.
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Figure 5.2: Linear growth phase cell abundance data (subset of Figure 5.1, day interval
15-26) with regression statistics used to calculate growth values in Table 5.1. This is the
best regression window possible from the data. Regression formula y = 4790.5x – 55375,
r2: 0.9224. Mean of three independent cultures. Error bars = one standard deviation.

Table 5.1: UTHE2 growth statistics from Figure 5.3 data, calculated following Wood et al.
(2005).
Strain Replicate
Growth
Statistics
Exponential
period
Time Interval

Unit

Symbol

Eq.

days

A

B

C

Mean

15-26

15-26

15-26

15-26

11

11

11

11

days

Δt

t2 - t1

Proportional
rate of change

d-1

r

0.125

0.167

0.182

0.158

Doublings per
day
Doubling time

d-1

k

ln(𝑁 ⁄𝑁 )
∆
𝑟⁄ln 2

0.181

0.241

0.263

0.228

days

T2

ln 2⁄𝑟

5.53

4.15

3.81

4.49
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Toxin was primarily accumulated inside the cells, with little detected in the culture medium
until later in the growth curve (Figure 5.3). Intracellular toxins were mainly composed of AZA1 and increased gradually throughout the growth curve until stationary phase (maximum 40 ±
12 ng ml-1). The other toxin found intracellularly was AZA-2 (maximum 25 ± 8 ng ml-1) which
also gradually increased throughout the growth curve. Extracellular toxins were also
composed of AZA-1 and -2, however at an order of magnitude lower concentration (Figure
5.3B). Toxins appeared to be released from cells during the latter stages of linear phase and
stationary phase.

Figure 5.3: Strain UTHE2 (A) Intracellular (B) Extracellular fractions toxin concentration
over the growth curve in Figure 5.1. Black = AZA-1 and grey = AZA-2. Error bars are one
standard deviation.

Toxin cell contents for UTHE2 were between 66 ±14 – 419 ±131 fg AZA-1 cell-1 and 35 ±8 –
264 ±89 fg AZA-2 cell-1 (Figure 5.4A). Figure 5.4A shows how intracellular toxin content
varied per day throughout the growth curve, whereas Figure 5.4B shows the intracellular
ratio of AZA1 to AZA2 across the growth curve. In Figure 5.4B, days 2 and 4 were
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significantly higher from nearly every other date (ANOVA with Tukey p<0.05; days 2 and 4
were not significantly different from days 4 and 13 respectively).

Figure 5.4: (A) Toxin content per cell for strain UTHE2. Black = AZA-1 and grey = AZA-2.
(B) Intracellular AZA1:AZA2 across growth curve. Error bars are one standard deviation.

Figure 5.5 shows the mean of each toxin analogue from each growth phase (identified as lag
= all days before exponential phase from Figure 5.2 (day 1-14), linear phase = 11 days in
Figure 5.2 used to calculate growth statistics in Table 5.1 (day 15-26), and stationary phase
= all days after the exponential phase in Figure 5.2 (day 27-31)) which allows us to show
statistically whether there were changes in toxin content across the growth curve. The growth
intervals were identified a-priori before carrying out the following statistics.
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There was no significant difference between growth phases for intracellular AZA-1 (p=0.87,
ANOVA) or AZA-2 (p=0.65, ANOVA) (Figure 5.5A, B). Extracellular AZA-1 was significantly
increased at stationary phase from both lag and exponential phase (p<0.05, ANOVA with
Tukey) (Figure 5.5C). The same pattern was observed for AZA-2 (lag – stationary (p<0.05,
ANOVA with Tukey), linear – stationary (p=0.06, ANOVA with Tukey) (Figure 5.5D)). There
was no difference between lag and linear phase for extracellular AZA-1 or -2 (Figure 5.5C,
D).

Figure 5.5: UTHE2 means of toxin contents (AZA-1 = black, AZA-2 = grey) from different
growth phases (lag = lag phase, linear = linear phase, stat = stationary phase), both
intracellularly (panels A, B) and extracellularly (panels C, D). Error bars are one standard
deviation.
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5.3.2 SM2
Strain SM2 remained in lag phase throughout the experiment (Figure 5.6) with maximum cell
concentration 13,772 cells ml-1, an order of magnitude lower than for UTHE2 (Figure 5.1).
Growth statistics could not be calculated for SM2 because of the lack of an exponential or
linear growth phase. Toxin content measurements, however, were taken during the first 14
days and then on days 43-45 to compare toxin content before and after an extended lag
phase (Figure 5.7).
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Figure 5.6: Growth curve of SM2 strain cultures (triplicate) where cells have remained in
lag phase. Error bars are one standard deviation.

Three toxin types were produced by SM2. The toxin analogue AZA-33, in addition to AZA-1
and -2. AZA-1 had the highest concentration measured (maximum 3.2 ± 2 ng ml-1) in both
intercellular and extracellular fractions (Figure 5.7). AZA-33 occurred in higher concentration
than AZA-2 throughout the culture period (maxima 1.4 ± 0.6 ng ml-1 and 0.14 ± 0.10 ng ml-1
respectively). Days 43-45 exhibited higher total toxin content than the early days of culture,
but with increased standard deviation between replicates (Figure 5.7).

207

Figure 5.7: Strain SM2 (A) Intracellular (B) Extracellular fractions toxin concentration over
the growth curve in Figure 7. Black = AZA-1, grey = AZA-2 and AZA-33 = white. Error bars
are one standard deviation. Note break in x axis.

Maximum intracellular toxin contents were 237 ± 40 fg AZA-1 cell-1, 12 ± 21 fg AZA-2 cell-1
and 122 ± 31 fg AZA-33 cell-1 (Figure 5.8). There was some variation in the early part of lag
phase but then concentrations were similar from days 6-13 for each analogue (Figure 5.8).
Early culture results were similar to those from days 43-45. There are no differences (in any
AZA analogue) before and after the extended lag phase when cell toxin contents are
compared statistically (all groups p>0.05, ANOVA, Figure 5.9).
There was no significant difference between cell contents of AZA1:AZA2 across the growth
curve (Figure 5.10A), except between days 10 and 14 (p<0.05, ANOVA with Tukey). Cell
contents of AZA2:AZA33 not statistically different across the growth curve (p>0.05, ANOVA)
(Figure 5.10B). The ratio of AZA1:AZA33 did change across the experiment (p<0.05,
ANOVA) with days 2, 4 and 14 were significantly different from most other days (p<0.05,
ANOVA with Tukey) (Figure 5.10C).

208

Figure 5.8: Toxin content per cell for strain SM2. Black = AZA-1, grey = AZA-2 and AZA33 = white. Error bars are one standard deviation. Note break in x axis.

Figure 5.9: SM2 means of toxin contents (AZA-1 = black, AZA-2 = grey, AZA-33 = white)
before and after extended lag phase, both intracellularly (panels A, B, C) and
extracellularly (panels D, E, F).

209

Figure 5.10: Intracellular toxin ratios (A) AZA1:AZA2 (B) AZA2:AZA33 and (C)
AZA1:AZA33 across growth curve. Error bars are one standard deviation. Note break in x
axis.
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5.4 Discussion
This experiment is the first which compares the toxin contents of different A. spinosum
strains in simulated environmental light and temperature conditions [chosen to replicate Loch
Creran in summer (Chapter 3)]. The two strains used in this study (UTHE2 and SM2) were
observed to have different toxin profiles: UTHE2 produced AZA-1 and AZA-2, whereas SM2
produced AZA-1, -2 and -33. Currently, AZA-33 is not currently considered to be a health
concern (Twiner et al., 2012). However, SM2 was able to produce it to concentrations
comparable to AZA-1.
Strain UTHE2 was grown in triplicate for a full growth curve, reaching a maximum of 1.04
x105 cells ml-1 (Figure 5.1), whereas strain SM2 did not exit lag phase in 45 days of culture,
reaching a maximum of only 1.38 x104 cells ml-1 (Figure 5.6). It is unusual for a batch culture
to survive long periods at low cell density without dying completely (Dave Green, pers.
comm.); however, throughout this PhD I have observed this frequently in A. spinosum
making reliable culture difficult.
The proportional rate of change (r) can be equated with the traditional growth rate statistic μ
during exponential phase (Wood et al., 2005), however for this thesis I have assumed that is
also applies during the observed linear phase (Figure 5.2). For UTHE2 strain, r was relatively
low for all culture replicates (Table 5.1). When optimised for the photobioreactor, growth
rates of A. spinosum can reach 0.41 ± 0.02 d-1 without aeration, but can drop to 0.12 ± 0.01
d-1 when grown under stressful conditions (Jauffrais et al., 2013). Mean r in this study was
0.158 d-1 even though conditions might have expected to be conducive to optimal growth (15
°C and full L1 medium with 17h of light).
Reduction in cell growth is known to increase the G1 phase (Cembella and John, 2006)
potentially increasing cellular concentrations of storage molecules. Each cell will go through
an individual cell cycle, beginning with the first gap phase (G1), where cells increase in size
and build up their contents prior to cell division; DNA synthesis phase (S), where DNA is
duplicated prior to cell division; and the second gap phase (G2), where DNA replication
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errors are tested and repaired (Taroncher-Oldenburg et al., 1997). Next the cell undergoes
nuclear division (mitosis) and cell division (cytokinesis), after which G1 phase can begin
again or cells can enter a resting phase (G0) where cells remain inactive until they are ready
to begin growth and division once again (Taroncher-Oldenburg et al., 1997). This cycle is
tightly linked to the light period (Cembella and John, 2006) with cell division usually occurring
in the dark (Pan et al., 1999) and toxin production in the light (Taroncher-Oldenburg et al.,
1999). The extended light period of 17h (as in Scottish summer) may have caused
irregularities to occur to the cell division cycle. Furthermore, as toxin production is largely
confined to the light period the extended daylight hours in summer may have resulted in
higher than expected cell toxin content in A. spinosum.
In A. fundyense low growth rates increased the length of the G1 phase, and was strongly
correlated to an increase in cell toxin content (because of the increased length of time for
toxin production to occur) (Taroncher-Oldenburg et al., 1999). However, in cultures of A.
spinosum, which underwent extensive lag phase (e.g. Figure 5.6), increased intracellular
AZAs were not detected (Figure 5.9) suggesting that an extended G1 phase did not influence
the rate of toxin production. Toxin also accumulated continuously over the growth curve for
strain UTHE2 (Figure 5.3), and there was no significant difference in toxin per cell between
growth phases for AZA-1 and -2, indicating a constant rate of toxin production when a culture
undergoes linear phase. In extracellular media, toxin concentration increased significantly in
stationary phase, suggesting that cells are releasing toxin to the surrounding media during
cell lysis, but only once cells reach stationary phase. It has been suggested that phycotoxins
have a cell signalling (allelopathic) role and the release of toxins, especially during cell death,
may stimulate sexual reproduction in cells at the end of the growth cycle (Cusick and Sayler,
2013). Sexual reproduction and cyst formation has not yet been shown for A. spinosum,
however, cyst like structures have been observed in cultures of Azadinium polongum
(Tillmann et al., 2012b) and new Azadinium spp. isolates been have acquired from sediment
incubations (Gu et al., 2013; Luo et al., 2017, 2016, 2013; Potvin et al., 2012).
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The ratio between AZA analogues changed during the growth curve of UTHE2. AZA-1: AZA2 was significantly increased at the very beginning of the growth curve (days 2 and 4). Low
ratios of AZA-2: AZA-33 and AZA-1: AZA-33 was observed at the beginning of the
experiment in SM2, indicating that the production of AZA-33 is promoted at the beginning of
a growth period. The initial shock of cell transfer to new medium could have promoted toxin
production which was quickly regulated once cells began dividing. Transitioning in or out of
stationary phase has been shown to “shock” cells into increased toxin production, e.g. in
Alexandrium minutum saxitoxin was promoted during N-upshock and P-limitation (Flynn et
al., 1994). Toxins were shown to be released into the surrounding medium during stationary
phase (Figure 5.5) which could have contaminated AZA measurements on days 2 and 4.
These observations in days 2 and 4 of culture, could have also been artefacts due to the
transfer inoculum containing elevated AZA-33 (for SM2) or reduced concentrations of AZA-1
(for UTHE2) from a high-density culture in exponential growth. Unfortunately, as SM2 did not
reach exponential phase we cannot ascertain what effect this would have on the production
of AZA-33.
The toxin contents of cells were unusually high for A. spinosum in both cultured strains.
UTHE2 reached a maximum of 419 ±131 fg AZA-1 cell-1 and 264 ±89 fg AZA-2 cell-1, which
is approximately double the maximum concentrations previously observed in strain 3D9
(Jauffrais et al., 2013). When originally isolated, A. spinosum (strain 3D9) was found to
contain between 5-40 fg AZA-1 cell-1 (Tillmann et al., 2009) and SM2 was found to have ~1525 fg AZA-1 cell-1 and ~1-5 fg AZA-2 cell-1 (Salas et al., 2011). In this study, SM2 had a
maximum of 237 ± 40 fg AZA-1 cell-1, 12 ± 21 fg AZA-2 cell-1 and 122 ± 31 fg AZA-33 cell-1.
This supports Kilcoyne et al. (2014) earlier findings that strains SM2 (Ireland) and 3D9
(Scotland) can produce AZA-33. UTHE2 (North Sea). Strains of A. spinosum isolated from
Shetland have also been reported to produce AZA-33 (Tillmann et al., 2014, 2012b) and
strains SM2 and 3D9 have additionally been shown to produce AZA--34 and -35 (Kilcoyne et
al., 2014). See Appendix C for details on toxin production across the Azadinium genus.
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Alternatively, the strains could have become more toxic from spending ~5-10 years in
laboratory culture under potentially sub-lethal levels of stress which increased toxin contents
over many generations. The difficulty of acclimating strains to laboratory conditions in SAMS
(empirical observations) indicates some local component of seawater which specifically
hinders growth of A. spinosum in this laboratory. This would be an unusual effect, however,
as algae tend to lose toxicity with time when kept in laboratory culture for long periods.
Salas et al. (2011) observed that very high concentrations of shellfish toxicity in the field (>
2000 ng g-1 shellfish flesh in Ireland, Figure 1.4A) could not be replicated with mussels fed
exclusively on laboratory cultured A. spinosum (maximum generated shellfish toxicity = ~15
ng g-1 AZA-1). The elevated toxicity of cells observed in this chapter highlights their capacity
to contain more toxin than previously thought. Combine this with a bioaccumulation factor in
a heterotrophic vector species (e.g. Favela, discussed in Chapter 3) before ingestion by
shellfish and the opportunity for increased shellfish toxicity potentially exists.
In future work, SM2 should be cultured through exponential phase to get a full picture of
changes in toxin contents between different growth stages. These growth curves should then
be repeated at a simulated winter condition (10 °C with 7 hr daylight) to see whether toxin
content is significantly increased between summer and winter conditions, as is suggested by
results in Jauffrais et al. (2013). This was, unfortunately, not carried out in this thesis due to
the difficulties in establishing stable cultures.

5.5 Conclusions
This chapter has demonstrated that under non-limiting conditions (simulated summer
conditions) A. spinosum strain UTHE2 (Denmark) accumulates toxins over the growth curve,
but there is no difference in cellular toxin content between growth phases for intracellular
toxins. However, toxin per cell of the extracellular fraction was significantly higher in
stationary phase, indicating that cells are releasing toxin during senescence, perhaps due to
a release of cell contents upon death, or a communication mechanism to stimulate cyst
formation and sexual reproduction. Sexual reproduction is, as yet, unproven in A. spinosum.
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Strain SM2 of A. spinosum maintained low cell concentration in culture without entering
exponential phase or senescence. With extended lag phase culture (45 days here) there is
no statistical change in toxin contents which suggests in this case, that even though growth
rates would have been low and G1 phase potentially extended, that toxin production rates
remained constant.
Both tested strains had a surprising level of toxicity, more than double previous observations
for A. spinosum. Strain SM2 also produced high concentrations of AZA-33 which highlights
the need for increased research on this analogue to confirm its lack of toxicity in humans.
The higher than expected concentrations of toxin inside A. spinosum cells could explain why
AZA shellfish toxicity is much higher in the field than can be simulated in the laboratory with
toxic cultures (Salas et al., 2011).
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6. Chapter 6

Investigating the efficacy of the Azadinium spinosum
qPCR probe and primer set

Note: This chapter is based on 36 unpublished Azadinium/ Amphidoma strains (isolation
locations in Figure 6.1, strains listed in Table 6.2) with additional data (i.e. sequence data and
toxin profiles) provided by Dr. Urban Tillmann, Prof. Bente Edvardsen and Dr. Bernd Krock.
Throughout the thesis this will be referenced as personal communication from Urban Tillmann
(urban.tillmann@awi.de). All the data will be published in a collaborative publication in the
future.

6.1 Introduction
The use of molecular probes is revolutionising the way harmful algae (HA) are monitored in
the marine environment. Quantitative real-time polymerase chain reaction (qPCR) has been
previously used to detect HA species important to the aquaculture industry due to their
production of biotoxins (Delaney et al., 2011; Hosoi-Tanabe and Sako, 2005; Kavanagh et
al., 2010), but has only recently been applied to Azadinium (Toebe et al., 2012).
Quantification of species-specific ribosomal DNA (rDNA) in marine water samples using
qPCR allows cell abundance to be determined quickly and easily in high-throughput
scenarios (Moorthi et al., 2006), such as HA monitoring programmes. See Chapter 2 for a
detailed summary of the qPCR methodology used in this thesis.
The Azadinium spinosum assay was originally developed by Toebe et al. (2012) and uses
oligonucleotide probes, which target the large subunit (LSU) of the rDNA. The probe’s
specificity was originally tested against A. spinosum (three strains), Azadinium poporum
(three strains), Azadinium obesum, Amphidoma languida, Heterocapsa triquetra,
Heterocapsa rotundata, Alexandrium tamarense and Scrippsiella trochoidea. The probe was
demonstrated to be specific only to the tested A. spinosum strains with no cross-reactivity
(Toebe et al., 2012). However, since 2012 no new strains of A. spinosum have been isolated,
until now.
Traditionally, phytoplankton have been taxonomically separated using morphology. For
thecate dinoflagellates such as Azadinium, thecal plate tabulations remain a key component
of species identifications, but this is only possible using scanning electron microscopy (SEM),
or high-magnification light microscopy (LM) which, as mentioned previously, is unsuitable for
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high-throughput detection of the genus. The introduction of molecular analyses has
enhanced phytoplankton taxonomy. Based on molecular evidence, some species of
dinoflagellate have been separated into multiple “cryptic species”, which cannot easily be
differentiated by morphology alone. For example, the A. tamarense complex was separated
into five ribotype groups (Touzet et al., 2010), and now is separated into five separate
species (John et al., 2014). Consequently, this raises problems for detection methods as
researchers need to know what they are looking for. As what is meant by the “target species”
evolves, so too must the tools for its detection. For qPCR, this means regular tests to confirm
that probes and primers still target the desired taxa. Pacheco et al. (2016) states that “as the
number of sequences in the databases increases, the design of probes/primers should be
updated and optimized to improve coverage by detecting new variants of the target gene”.
For example, Pseudo-nitschzia probes have required sequence updates to incorporate new
isolated strains which previously prevented accurate field enumerations (Orsini et al., 2002;
Parsons et al., 1999).
The aim of this chapter was to evaluate whether the current probe and primer sequence for
A. spinosum, as stated in Toebe et al. (2012) and used throughout this thesis (see Chapters
2, 3 and 4), is able to detect the newly isolated strains of the A. spinosum species. If the
probe and primer set, as developed in 2012, is not capturing the known genetic diversity of
the species, as expanded in this study, then this could partially explain the lack of A.
spinosum detected on the Scottish West Coast (see Chapters 3 and 4).

6.2 Methods
The probe and primers (Table 6.1) were tested using qPCR and sequence comparisons on a
selection of new A. spinosum strains isolated from The Norwegian and Argentinian coasts
(Figure 6.1). A number of strains were identified as A. spinosum based on LM and SEM
(Urban Tillmann, pers. comm.). Several other strains of closely related species (A. poporum,
A. obesum, Azadinium daliense, Azadinium trinitatum, Azadinium polongum and A. languida;
all identified by LM and SEM) were also tested with the probe and primers to assess cross221

reactivity. For qPCR, the strains were randomised and analysed blind to remove biases and
the protocol was carried out on lugol’s fixed samples as described in Chapter 2 (Section
2.2.2.7) at the Scottish Association for Marine Science by Ruth Paterson. The new, yet
unpublished, strains were sequenced by Prof. Bente Edvardson (University of Oslo,
Department of Biosciences) and analysed for AZA toxins by Dr. Bernd Krock (Divisions of
Biosciences and Ecological Chemistry, Alfred Wegener Institut) (Urban Tillmann, pers.
comm.). This data is unavailable for inclusion in this thesis in full; however, partial sequences
pertinent to conclusions made in this chapter are included in Figure 6.2.
LSU sequences were compared to that of the probe/primer set to test whether theoretical
binding was possible (and if sequences are complimentary) using Geneious© bioinformatic
software (v10.2.3). Table 6.2 lists all strains, their source location, treatment (qPCR and/or
sequencing), strain number and whether toxins were detected. Sequence data was imported
into Geneious©, aligned and annotated to show the position of the qPCR primers and
probes. Mismatches between the probe and rDNA sequence data were highlighted. A
phylogenetic tree was constructed in Geneious© to compare the similarity of LSU rDNA
sequences of the analysed strains. Strains with missing data (shortened sequences) were
removed to improve the separation of the A. spinosum group, therefore 25 (out of 39 total
sequences (Table 6.2)) were included in the tree.The tree was rooted to the genetically
dissimilar species Triadinium polyedricum.
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Table 6.1: Master reagent mix for qPCR reaction for a single well (total 18μl). Sequences
from Toebe et al. (2012).

Reagent

Company

Sequence

Stock
Conc.
(μM)

Sterile H2O

-

-

-

4

-

CGC CCA AAA GGA
CTC CT

100

0.4

200

TCG TTTG TGT CAG
GGA GAT G

10

1.8

900

GGA AAC TCC TGA
AGG GCT TGT

10

1.8

900

-

-

10

-

Taqman probe
77T
48F forward
(5’-3’) primer
120R reverse
(3’-5’) primer
precisionPLUS
Mastermix

Life
Technologies,
Thermo Fisher
Scientific
Integrated
DNA
Technologies
Integrated
DNA
Technologies
Primer Design
Ltd

Volume
(μl)

Final
Conc.
(nM)
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Figure 6.1: (A) Argentinian strains isolation locations. Square = strains H-3-B5, H-1-B5, H1-D11, H-1-E9, Circle = strains H-4-A10, H-2-G7 (B) Norwegian isolation sites for strains
listed in Table 6.2.
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6.3 Results
The A. spinosum probe and primer set (Table 6.1) was tested using qPCR against three of
the original A. spinosum strains (3D9, SM2 and UTH E2) and 20 new strains originating from
Norway and Argentina (Figure 6.1, Table 6.2). Positive signals were detected in four strains
of A. spinosum (3D9, SM2, UTH E2 and one of the new strains N-04-01). All other tested
strains of A. spinosum were negative. There was no observed cross-reactivity in qPCR with
closely related Azadinium species.
LSU sequencing was conducted on 25 strains of A. spinosum and related species (Table
6.2). The LSU were aligned in Geneious© and the binding positions of the primers and
probes identified. The binding potential for the primers and probe to bind was detected in ten
strains; six of which were A. spinosum, all originating from the Northern Hemisphere.
Complete probe/primer binding, without any nucleotide mismatches, was confirmed in strains
3D9, SM2, UTHE2 and N-04-01, which were also found to be positive by qPCR. Another
Norwegian A. spinosum strain (N-04-02) had binding potential but was lost shortly after
sampling for DNA and toxins and thus could not be tested using qPCR (Urban Tillmann,
pers. comm.) (Figure 6.2). Primer/probe binding potential, but with nucleotide sequence
mismatches, were detected between the probe and the reverse primer in four strains (A.
spinosum: N-04-04, N-05-01, N-05-02 and N-14-02, Figure 6.2). These strains were negative
for qPCR. Probe-template mismatches from the consensus sequence were consistently
identified at position 7 from the 5’ end (G-A mismatch), and reverse primer-template
mismatches at positions 9 (C-T) and 15 (A-G) from the 5’ end (Figure 6.2). The forward
primer had 100% complementarity to all sequenced strains. Some strains of A. spinosum
were shown to produce AZA -1 and -2, whereas the other strains of A. spinosum produce a
new, yet undescribed, AZA (Table 6.2).
The phylogenetic tree demonstrates that the A. spinosum species form a complex at ~2.85
nucleotide substitutions per site removed from the root species Triadinium polyedricum. The
sequences of A. spinosum separate into two groups (labelled as A and B on Figure 6.3)
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which agree with the different groups created by qPCR binding mismatches (Figure 6.2). All
original strains of A. spinosum [used to develop the probe/primer set in Toebe et al. (2012)]
belong to group A.
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Table 6.2: List of dinoflagellate strains used in this study. Source location, whether qPCR or LSU sequencing was as carried out, toxins
produced and assigned ribotype group are indicated. Blank cells = not determined for strain.
Genus

Species

Source

Strain

Azadinium

spinosum

Scotland

Azadinium

spinosum

Azadinium
Azadinium

Site
(Fig
6.1)

qPCR Result

LSU Seq

+

qPCR bind
sites
(mismatches)
(Fig 2)
+ (0)

3D9

+

Ireland

SM2

spinosum

Denmark

UTH E2

spinosum

Argentina

H-3-B5

Square

-

Azadinium

spinosum

Argentina

H-1-B5

Square

-

Azadinium

spinosum

Argentina

H-4-A10

Circle

-

Azadinium

spinosum

Argentina

H-1-D11

Square

-

Amphidoma

parvula

Argentina

H-1-E9

Square

-

Azadinium

dalianense

Argentina

H-2-G7

Circle

-

Azadinium

spinosum

Norway

N-04-01

4

Azadinium

spinosum

Norway

N-04-04

Azadinium

spinosum

Norway

N-05-01

Azadinium

spinosum

Norway

Azadinium

spinosum

Norway

Azadinium

spinosum

Norway

Azadinium

poporum

Norway

Azadinium

dalianense

Norway

Azadinium

obesum

Azadinium
Azadinium
Amphidoma

Toxins

AZA -1,-2

A. spinosum
Proposed
Ribotype
(Fig 3)
A

+

+

+ (0)

AZA -1,-2

A

+

+

+ (0)

AZA -1,-2

A

+

+

+ (0)

AZA -1, -2

A

4

-

+

+ (3)

new AZA

B

5

-

+

+ (3)

new AZA

B

N-05-02

5

-

+

+ (3)

new AZA

B

N-14-02

14

-

+

+ (3)

new AZA

B

N-39-02

39

-

N-39-01

39

-

N-12-04

12

-

Norway

N-41-01

41

-

+

-

trinitatum

Norway

N-39-04

39

-

+

-

polongum

Norway

N-47-01

47

-

+

-

languida

Norway

N-33-01

33

-

+

-

new AZA
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Genus

Species

Source

Strain

Azadinium

dalianense

Norway

N-38-03

Amphidoma

languida

Norway

Azadinium

dalianense

Norway

Amphidoma

languida

Azadinium

spinosum

Amphidoma
Azadinium

Site
(Fig
6.1)

qPCR Result

LSU Seq

qPCR bind
sites
(mismatches)
(Fig 2)
-

38

+

N-04-03

4

+

-

N-15-01

15

+

-

Norway

N-39-06

39

+

-

Norway

N-04-02

4

+

+ (0)

languida

Norway

N-37-01

37

+

-

dalianense

Norway

N-38-02

38

+

-

Amphidoma

languida

Norway

N-XX-01

XX

+

-

Amphidoma

languida

Norway

N-40-06

40

+

-

Azadinium

poporum

Norway

N-39-13

39

+

-

Amphidoma

languida

Norway

N-01-01

1

+

-

Amphidoma

languida

Norway

N-40-04

40

+

-

Amphidoma

languida

Norway

N-40-03

40

+

-

Amphidoma

languida

Norway

N-39-12

39

+

-

Amphidoma

languida

Norway

N-39-07

39

+

-

Toxins

A. spinosum
Proposed
Ribotype
(Fig 3)

AZA -1, -2

A
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Figure 6.2: Partial sequences of strains which show binding potential to the probe/primer set (44-126bp is displayed, out of total ~750bp
length). Consensus sequence is shown above the sequence data. Forward primer (48F), Taqman probe (77T) and reverse primer (120R)
binding locations are depicted in dark green, red and light green respectively. Mismatch locations are depicted in yellow above the
sequences and highlighted below within the sequence itself (Yellow/Red for G/A mismatch and Green for T/C mismatch). Acc. = Accession
numbers. Group* = assignment of new ribotypes according to qPCR bind sites and phylogenetic tree analysis (see Figure 6.3).
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Figure 6.3: Phylogeny of Azadinium spinosum inferred from partial LSU rDNA sequences using maximum likelihood. Branch lengths are
drawn to scale, with the scale bar indicating the number of nucleotide substitutions per site. Labels indicate species name, strain number (if
available) and accession numbers. Numbers to the right of branches are support values (support values <50% not shown). Proposed
ribotypes for A. spinosum are suggested according to clustering on the tree and qPCR bind site differences in Figure 6.2. In each group,
whether the strain was qPCR positive and which toxins were produced (from Table 6.2) is noted.
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6.4 Discussion
This study has demonstrated that the probe and primer set designed for A. spinosum
(Toebe et al., 2012) is too specific to detect all current strains of this species. This is
due to the availability of only three isolates of A. spinosum at the time the probe and
primer set was developed. Since the first isolation of A. spinosum by Tillmann et al.
(2009) from the Scottish east coast, strains have been isolated from Ireland (Salas et
al., 2011) and the Shetland Islands (Tillmann et al., 2012). These isolates have been
sequenced across their LSU region and their toxin profiles tested. The species has
also been recorded from the Argentinian Shelf (Akselman and Negri, 2012) and Mexico
(Hernández-Becerril et al., 2012); however, no new strains were isolated in these
studies.
In contrast, many more isolates exist for Azadinium poporum. Sediment incubations
have provided the vast majority of new clonal strains: 25 from the China Sea (Gu et al.,
2013), 14 from the Argentinian Shelf (Tillmann et al., 2016), 1 from the Gulf of Mexico
(Luo et al., 2016) and a further 3 from the French (Corsica and Bretagne) coasts (Luo
et al., 2017). Another 3 clonal cultures were isolated directly from the plankton off the
coast of Chile (Tillmann et al., 2017). These data are invaluable in showing that A.
poporum has at least three (Luo et al., 2017) identifiable ribotypes. This picture will
inevitably change further as new strains from around the world are isolated and
sequenced. The four strains of A. spinosum whose sequence data have been
published to date (3D9, UTH E2, SM2 and SHET F6), appear in light of the data in this
thesis, to represent a single ribotype and may now underestimate the true ribotype
diversity of A. spinosum.
6.4.1 Effects of Primer Mismatches
Mismatches between primers and their target template decrease the thermal stability of
the primer-template molecule, which can reduce the efficiency of amplification and
potentially cause the failure of the qPCR reaction (Stadhouders et al., 2010). The type
231

of mismatch, its location and the primer length all play a role in determining the severity
of its effects (Bru et al., 2008). Bru et al. (2008) found that a mismatch in the 3’ half of
the primer sequence can reduce the detection of DNA copy number up to 1000 times.
Mismatches at the 3’ end of a primer are relatively well studied, as it is generally
accepted to be the most destabilising mismatch location in a primer (Winton et al.,
2002) and certain types can completely prevent any PCR amplicons being made (Bru
et al., 2008; Stadhouders et al., 2010). An A:G mismatch (present in this study at
position 15 from the 5’ end), near the 3’ terminus, could reduce PCR product yield by
100x, yet multiple mismatches, at least 8 bases away from a primer 5’ end, do not
have significant effects on PCR (Kwok et al., 1990). Kwok et al. (1990) found that a
single mismatch in the centre of a primer sequence would have negligible effect on the
PCR outcome. In this study, the primer mismatches were located in the centre of the
sequence, which does not indicate location to be a reason behind qPCR failure in this
case.
Purine-purine (A and G) mismatches have the most severe effect on PCR; medium
effects result from pyrimidine-pyrimidine mismatches (C and T); and small effects were
noted from purine-pyrimidine mismatches (Stadhouders et al., 2010). In this study, an
A:G and a C:T mismatch were present in the reverse primer, which has been shown to
negatively affect PCR amplicon formation. Multiple mismatches in a primer sequence
may either have no effect (Kwok et al., 1990) or completely halt the PCR reaction
(Stadhouders et al., 2010). The difference in effect is potentially due to variations in
experimental conditions between the studies. Two mismatches located in the centre of
the primer using both a purine-purine and a pyrimidine-pyrimidine mismatch are very
likely to destabilise the primer-template duplex completely and prevent a qPCR
reaction, potentially explaining why strains without sequence complementarity did not
give a positive qPCR result in this study.
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6.4.2 Effects of Probe Mismatches
The mismatch location, type and number of occurrences are also of great importance
to probe design, however, as with primers, there is disagreement in the literature. A
mismatch located in the centre of the probe is generally considered to be the most
damaging (Süß et al., 2009; Winton et al., 2002) and has been observed to produce
quantification errors up to 33% (Süß et al., 2009), or total PCR failure (Lengerova et
al., 2007). Süß et al. (2009) observed C-A mismatches to have very detrimental effects
on PCR yet attributed this more to the location of the mismatch rather than the type.
6.4.3 Toxin Profiles
Toxin profile data shows distinct differences in the toxin types which are produced by
the different strains of A. spinosum (Table 6.2). The analogues AZA-1 and AZA-2
which previously were found in the original strains SM2, 3D9 and UTHE2, are also
present in the new strains N-04-01 and N-04-02, whereas the other new A. spinosum
strains from group B produce a new, as yet undescribed, AZA analogue. Future
detailed studies are needed to confirm the status of the different ribotypes (i.e. if they
might represent cryptic species) and if toxin profile is a stable and ribotype-specific
trait.
6.4.4 Biogeography
The phylogenetic tree shows that the currently cultured strains of A. spinosum,
including the new Norwegian sequence data, can be separated into two ribotypes
(Figure 6.3). Ribotypes A and B were separated by a branch support value of 100%.
Moreover, each ribotype was also supported by the differences in ability for qPCR
detection (with current probe/primer set) and toxin profile differences. The strains
which were detected with the probe and primer set all originated from the North Sea
region, which suggests that ribotype A is dominant in this region. The strain which was
unavailable for direct testing with qPCR (N-04-02) is predicted to have been qPCRpositive due to the absence of any mismatches between the LSU sequence data and
the probe and primer set (Figure 6.2).
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Argentinian strains (H-3-B5, H-1-B5, H-4-A10, H-1-D11), which have been identified as
A. spinosum by SEM (Urban Tillmann, pers. comm.) resulted in negative qPCR
assays. This suggests that the currently published qPCR primer/probe combination
would fail to detect any A. spinosum in this region. Strains which were isolated from
sites which were closer together were more likely to be genetically similar (Casteleyn
et al., 2008; Lilly et al., 2007, 2005; McCauley et al., 2009; Wilson et al., 2005);
however, the situation for A. spinosum detection in Norwegian waters appears more
complex as two ribotypes were detected there (Figure 6.2, 6.3). As ribotype B is
currently not detected with the current qPCR primer/probe set (Figure 6.2), this
suggests that qPCR monitoring results for A. spinosum in Norway are likely to
underrepresent true field population densities. This has significant implications for
other monitoring programmes operating in the North Sea area as we currently do not
know the biogeography of these new ribotypes. Sequencing of the LSU regions of the
strains from Argentina, further detailed morphological studies and more field
campaigns to isolate new strains around different countries are needed to clarify the
taxonomic status of these strains and to further explore the genetic diversity of A.
spinosum globally.
6.4.5 A Proposed Multiplex System for the Detection of Azadinium spinosum
Ribotypes
The location of mismatches, shown by comparing sequence data to the probe and
primer sequences, were consistent between all tested A. spinosum strains from
ribotype B. This indicates that a simple update of the primer and probe oligonucleotide
sequences should create two probe and primer sets which, when the probes are
labelled with different fluorophores, can be used in a multiplex assay to identify both
ribotypes A and B (Table 6.3). That the probes/primers have the same length and the
same binding position for both groups should result in directly comparable data sets
and a very successful multiplex system.
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Use of FAM and VIC fluorophores (emission at 520 and 583 nm respectively (Applied
Biosystems by Life Technologies, 2014)), is recommended because of their suitability
for use with MGB probes (Applied Biosystems by Life Technologies, 2014). In practice,
the use of Texas Red or Cy5 (emissions at 605 and 670 respectively) fluorophores
may be preferable to VIC as emission spectra are more removed from FAM thereby
avoiding overlap in emission spectra (Prediger, 2015). It is not necessary to substitute
the standard MGBNFQ quencher molecule, as it is already non-fluorescent, especially
important when using multiple fluorophores (Marras, 2006). Once the multiplex system
has been designed it is important to test each assay individually before combining and
further optimising the multiplex system (Applied Biosystems by Life Technologies,
2014). It is especially important to prevent inhibition of one reaction by the components
of another, by, for example primer limitation, to ensure that the most abundant target
detection reaches stationary phase quickly, thereby preserving the free reagent pool to
increase detection sensitivity of the less abundant target (Eckford-Soper and
Daugbjerg, 2015). Advantages of using a multiplex system include all those of qPCR
(see Chapter 2); and the ability to conserve sample material by running multiple
fluorophores in the same sample well, and generating multiple data sets from a single
sample (i.e. providing more information about community structure, rather than
abundance of a single species).

Table 6.3: Proposed changes to probe and primer design for A. spinosum groups A
and B (see Figure 6.3) using multiplex technology with specified fluorophores.

Forward Primer
Probe
Reverse Primer

Group Aa

Group Ba

TCG TTTG TGT CAG GGA GAT G

TCG TTTG TGT CAG GGA GAT G

CGC CCA AAA GGA CTC CT

CGC CCA GAA GGA CTC CT

GGA AAC TCC TGA AGG GCT TGT

GGA AAC CTC TGA GGG GCT TGT
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FluorophoreFAM-MGBNFQ

VIC-MGBNFQ

(Toebe et al., 2012)

This Study

Quencher
Citation
a

Discriminating nucleotide positions are noted in underlined, bold text.

The failure to detect most of the new A. spinosum strains is of potential concern for
monitoring programmes currently using the Toebe et al. (2012) probes and primers for
qPCR (New Zealand and Ireland at present). False-negative results will be impossible
to identify when the positive control used is the strain used in probe development. The
early warning system may be undermined if toxic populations of A. spinosum are not
detected prior to shellfish contamination events.
The biogeographical distribution of the different A. spinosum ribotypes, as discussed in
this chapter, must be addressed for results to be trusted, especially in the Southern
Hemisphere where there is no published genetic information for A. spinosum. It is
possible that the Argentinian strains in this study may belong to yet another ribotype,
which would require more probe and primer sequence updates to be detected by
qPCR. Consequently, the use of the current (2012) qPCR probe/primer set in New
Zealand is also brought into question without a field campaign to isolate local A.
spinosum strains for sequencing. Indeed, when this probe/primer set was used for a
field survey to detect A. spinosum in Marlborough Sounds (South Island, New Zealand)
all samples were negative (Smith et al., 2015). Furthermore, the identification of two
ribotypes in the North Sea area and the lack of probe specificity for ribotype B may be
an explanation for why A. spinosum was not detected in this study across a year-long
period in Scottish waters (see Chapter 3).

6.5 Conclusions
The revelation that the probe and primers currently used for detection of A. spinosum
using qPCR does not detect many of newly isolated strains from Norway shows that
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monitoring programmes should evaluate the diversity and molecular identity of local
Azadinium species before fully adopting this technique. An extensive global field
campaign is required to isolate strains and carry out sequencing of all species in the
Azadinium genus to provide enough data to develop the next generation of probes and
primers for the detection of each species, leading to the development of potentially
powerful multiplex assays.
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Chapter 7

General Discussion & Conclusions

7.1 Purpose of this PhD
This PhD was undertaken to meet the need for Foods Standards Scotland (FSS) to better
understand the biogeography of toxin-producing Azadinium spinosum in Scottish waters and
to determine whether a molecular technique to monitor cell abundance from field
phytoplankton samples could be implemented as a warning system of potential shellfish toxin
contaminations. This project has been able to define the efficacy of the chosen method
(qPCR) and identify important limitations, which will require further research (Chapter 2 and
6). This project monitored A. spinosum cell abundance and dissolved AZA water column
toxins in a range of Scottish field locations for a year-long sampling period (Chapter 3).
However, the qPCR method was largely unable to detect A. spinosum cells during the survey
and hence the presence of other harmful species, which are of importance to FSS
monitoring, is also discussed (Chapters 3 and 4). The growth and toxicity of A. spinosum was
also studied in batch laboratory culture experiments, with the aim of providing information on
the species under typical Scottish environmental conditions which is important to
understanding bloom dynamics and for use as parameters for future modelling studies
(Chapter 5).

7.2 Harmful Algae in Scotland
Since A. spinosum was largely absent from Scotland during the sampling conducted in
Chapter 3 and 4 of this thesis, the observed dynamics of harmful species are discussed
(important for FSS monitoring). Of note was a bloom of Lingulodinium spp. (maximum 1.5
x106 cells L-1) in Loch Creran during September 2014, which was associated with an
increase of yessotoxin (YTX) in SPATT bags (maximum 60 ng YTX g-1). A bloom of
Heterocapsa spp. in Loch Creran (maximum 3 x106 cells L-1), which did not correspond to an
increase in water column azaspiracid (AZA) toxicity, occurred in March 2015. Since I have
shown that the qPCR probe and primer sequence currently used for monitoring (Toebe et al.,
2012) is too specific to detect all strains of A. spinosum (Chapter 6), it is possible that some
cells in this Heterocapsa spp. bloom were Azadinium. However, the lack of AZA toxicity in
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the area makes this unlikely. See Chapter 3 for a detailed discussion on observed harmful
algae during the sampling period.
Blooms of Dinophysis spp. were observed in Loch Ewe (5000 cells L-1) in May 2015 with no
substantial increase in OA, PTX, DTX-1 or DTX-2 dissolved toxins measured in SPATT bags
(<31 ng g-1 toxin resin). However, contaminated shellfish between September-October 2015
caused harvest closures without associated Dinophysis spp. cells present in the water
column. Yet, parallel FSS harmful cell sampling detected Dinophysis spp. in the water
column, highlighting the patchy spatial distribution of some algae which can make sampling
difficult.
An unusual bloom of Dinophysis acuta occurred in the Clyde Sea (see Chapter 4), which was
linked to a temperature front at the mouth of a sealoch. The front was instrumental in
distributing the local phytoplankton community and likely protected the aquaculture sites
located within Loch Fyne from toxin contamination. Particle tracking modelling showed that
the oceanographic conditions which lead to the D. acuta bloom are not annually occurring
explaining why blooms of the species are not common in the region. Shellfish toxicities on
the seaward side of the front were elevated and caused harvesting closures in the area for
several months (maximum 601 ± 237 μg OA eq/kg shellfish flesh). The abundance of D.
acuta was also correlated with Mesodinium abundance which supports previous studies
which report the grazing on Dinophysis by Mesodinium.

7.3 Biogeography of Azadinium spinosum in Scottish waters
From results found in Chapters 3 and 4 of this thesis, A. spinosum does not appear to be a
continuous member of the Scottish phytoplankton community. Only two qPCR samples were
found to contain cells (2545 ±5600 cells L-1 in August and 2015 ±5600 cells L-1 in September
at Scalloway Harbour). A. spinosum could be restricted from blooming in the complex inner
west coast of Scotland, as it was originally isolated from the east coast (Tillmann et al.,
2009), and also from Shetland (Tillmann et al., 2012b). However, AZAs in 2012/2013 were
detected in shellfish throughout the Scottish west coast, including very sheltered inshore
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locations (Stubbs et al., 2014). The lack of cells could have been due to an absence of
Azadinium generally in Scotland during 2014-2015, which is supported by the lack of
shellfish toxicity (AZAs) detected during this period. Since the end of the 2013 bloom, only a
single positive AZA sample was detected in Scotland, from the Isle of Mull (Loch A
Chumhainn Site, December 2016) at a concentration of 22 μg AZA equivalent kg-1, which
was below the regulatory limit (Coates et al., 2017; Stubbs et al., 2016, 2015) (Figure 1.4B).
The very few A. spinosum cells which were detected throughout the year-long sampling
period did not allow for temporal analyses on the seasonality of the species.
AZAs were detected from SPATT bags in very low concentration (maximum 6.3 ng g-1 AZA1, Loch Ewe in January 2015) at all sampled sites, however there was a lot of variation in
concentrations between those sites (Chapter 3). Loch Ewe had AZAs in the water column all
year, peaking in September 2014 and, again, in December through April 2015 (Figure 3.16).
Loch Creran had variable toxicity in the water column between summer 2014 and March
2015 (Figure 3.9). AZAs were largely absent from the water column at Scalloway Harbour,
which is surprising given the detection of A. spinosum cells by qPCR there. AZA-1 was
primarily detected across all sites; however, low levels of AZA-2 were present between
January-March 2015 in Loch Ewe and in December 2014 in Loch Creran. AZA-3 was only
present in two samples in December 2014 from Loch Creran. From the data in Chapter 3, it
appears there was a small AZA event during the festive period of 2014, when sampling was
less frequent due to the holidays.
It is still unclear what caused the 2012-2013 AZA blooms in Scotland, which were far
reaching and generalised toxicity was above the regulatory limit for several months (see
Figure 1.4B). No AZAs had ever been detected in Scottish shellfish prior to the event,
however LC-MS/MS was only implemented in 2011 [it was implemented in 2001 in Ireland
(Cusack et al., 2016)], so previous toxic events could have been mistaken for diarrhetic
shellfish poisoning (DSP) toxins as the symptoms in mouse bioassays were similar (Twiner
et al., 2008). In fact, AZAs and DSP toxins tend to co-occur in shellfish (Cusack et al., 2016).
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After early January 2014 (two positive samples were measured in January 2014, which were
below the regulatory limit and were considered part of the 2013 bloom (Stubbs et al., 2015)),
there is a conspicuous absence of AZAs in Scottish shellfish. In Ireland, however AZA
toxicity remains a near constant problem (Figure 1.4A).
Geographically, Ireland is located very close to Scotland and the shelf currents of both
nations appear interlinked. The shelf current flows northwards along the contour of the shelf
edge passing Ireland and Scotland on its way to the Arctic region (Hill et al., 1997) with a
transit time of ~6 months for water to travel the length of Scotland (McKay et al., 1986).
Harmful algal events have been tracked to follow this movement with harmful species
appearing further north on the Scottish coast over consecutive months (Davidson et al.,
2009; Gillibrand et al., 2016). Since water is evidently exchanged between the two countries,
the consequent potential for the transport of harmful algae from Ireland to Scotland is a
cause for concern for FSS. However, there is no clear oceanographic link between harmful
algae events in Ireland and Scotland. The area to the south-west of Scotland where waters
meet and are exchanged is a complex environment of fronts [in particular the Islay Front
(Moschonas et al., 2015)], estuarine circulation and strong tidal flows (Aleynik et al., 2016)
making the prediction and linking of HAB events between nations difficult. For example, the
exceptional bloom of Karenia mikimotoi which occurred off western Ireland in 2005 did not
get transported to Scottish waters (O’Boyle et al., 2016) even though blooms of the species
are common in Scotland (Gillibrand et al., 2016).
There is a continued lack of coherence in the A. spinosum ecology picture, in particular the
observation of AZAs in the water column without cells being present. This is consistent with
other unpublished observations reported by Philip Hess, IFREMER, and Dave Clarke, Marine
Institute (pers. comm.). This complex picture of water column AZAs, qPCR results and
shellfish toxicity make results difficult to publish due to the lack of positive data and concrete
conclusions. However, by publishing these apparently conflicting records and by continuing
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to build observations of A. spinosum and AZAs in the field we may begin to define the
complex ecology of the species.

7.4 Azadinium spinosum toxicity in simulated Scottish environmental
conditions
During this project, I experienced a lot of difficulty stabilising cultures of A. spinosum to
laboratory conditions. I believe this is due to some unknown component of local seawater
(which was used to make media) preventing the stable growth of cultures. Using an
alternative seawater source was not an option in this case due to collection and transport
difficulties. Other species in the Azadinium genus have also been reported to have specific
growth conditions: e.g. Azadinium dexteroporum could not grow when at <18 °C, or in full K
medium (the species required K/10) (Percopo et al., 2013).
Jauffrais et al. (2013) was able to culture A. spinosum well using both photobioreactors
(continuous culture) and (large scale >10 L) batch cultures with maximum growth rates of
0.66 ± 0.02 d-1 with aeration. In this thesis, I report a growth rate of 0.158 ± 0.03 d-1, which is
similar to those reported by Jauffrais et al. (2013) for non-optimal conditions.
Continuous culture systems are time-consuming and temperamental to set up, but once in
operation can provide useful datasets on balanced growth of species where growth rate and
cell density remain constant (Wood et al., 2005). However batch, or semi-continuous culture
still remains more suitable for studies on cellular response to environmental conditions, as
their unbalanced growth (as cultures move through all growth phases) is more realistic
compared to the artificially constant conditions of a photobioreactor (Wood et al., 2005). As
one of the aims of this PhD was to assess A. spinosum biogeography and growth in
conditions representative of the Scottish field we chose to undertake a batch instead of
continuous culture approach. Using water temperature data collected from Loch Creran
(Chapter 3) and the daylength on midsummer’s day (from Loch Creran, 56.5 °N) we
simulated summertime environmental conditions in the Scottish sealoch (15 °C and 17h
daylight). We observed growth and toxin content in triplicate cultures of two strains.
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Strain SM2 survived for 45 days in lag phase without significant difference in cellular toxin
contents, which suggests that A. spinosum is able to remain at low cell concentration in the
field. It is unusual for a batch culture to be able to survive for such an extended period
without either crashing or entering exponential phase (Dave Green, pers. comm.). Persistent
low cell numbers in the field could be an explanation for long-term toxin bioaccumulation in
shellfish, and a method for cells to remain in the water column ready for conditions to be
suitable for opportunistic blooms. Low cell numbers could evade the detection of monitoring,
especially when using visual counting techniques, due to the A. spinosum small cell size.
Toxin content in the strains used in this study were approximately double those observed
previously (66 ±14 – 419 ±131 fg AZA-1 cell-1 and 35 ±8 – 264 ±89 fg AZA-2 cell-1 UTHE2,
Figure 5.4A). A higher cellular toxin capacity than previously thought for A. spinosum could
potentially explain why shellfish from the field can have such high flesh toxicities (>2000 ng g1

from Ireland, Figure 1.4A). Yet, when laboratory kept mussels were fed exclusive toxic A.

spinosum diets the extraordinary flesh toxicities seen in the field could not be replicated
[maximum ~15 ng g-1 (Salas et al., 2011)].
It has been suggested that A. spinosum blooms may be subject to grazing impact by
heterotrophic/mixotrophic organisms ((James et al., 2003; Dave Clarke, pers. comm.), as is
very common in the microbial community (Sherr and Sherr, 2002). Protoperidinium crassipes
was misidentified as an AZA producer (James et al., 2003; Tillmann et al., 2009), evidently
because of its phagotrophic consumption of AZA containing organisms. The tintinnid Favella
has been observed to peak in abundance directly following blooms of A. spinosum in Irish
coastal waters suggesting predatory behaviour (Dave Clarke, pers. comm.). The additional
steps in the food chain between A. spinosum and bivalve shellfish will only increase the
bioaccumulation factor and may result in significantly increased shellfish toxicities in the field.
Such a hypothesis remains speculative as we were unable to test any correlations between
A. spinosum and ciliate abundance in Scotland due to the lack of A. spinosum cells detected
during this study period (Chapter 3).
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Considering the above discussions, further extensive research is required into the
physiology, life cycle and toxin production of A. spinosum to provide an ecological context to
the molecular studies carried out in this thesis. Low cell densities in the field may not equate
to low shellfish toxicities if shellfish have been feeding on cells for long periods of time to
slowly acquire their toxicity, or if a complex microbial food web bioaccumulates toxin prior to
contamination of shellfish flesh. In addition, growth and toxin production studies in different
nutrient conditions, light regimes and temperatures are required to provide valuable data for
modelling of A. spinosum blooms by particle tracking (e.g. Chapter 4), or field growth
simulations (e.g. Aleynik et al., 2016; Gillibrand et al., 2016).

7.5 Limit of Detection for qPCR
The limit of detection (LOD) for the qPCR methodology, stated in Section 2.4, was found to
be 2000 ±5600 cells L-1, when using a 50 ml acidified Lugol’s fixed phytoplankton sample.
This raises the question of whether A. spinosum is truly absent from the Scottish
phytoplankton (at least during the study period), or present below LOD. Cells could have
been present at concentrations which were undetectable using the current qPCR
methodology. Low concentrations of A. spinosum have been shown to be able to survive for
long periods of time in laboratory culture (see Chapter 5) rendering it plausible for low density
populations to exist in the coastal sea. Indeed, off the coast of Argentina, A. cf. spinosum
(now Azadinium luciferelloides) was observed to most commonly exist in concentrations
<400 cells L-1 during spring and autumn (Akselman et al., 2014), supporting this argument.
What constitutes a high density bloom differs between genera and species of phytoplankton.
For the common spring bloom diatoms Skeletonema and Chaetoceros cell counts of 106 cells
L-1 are not unusual (Figure 3.4); however, for shellfish toxin producing species concentrations
as low as 200 cells L-1 may constitute a bloom. Typically, dinoflagellates have lower cell
densities than diatoms and require lower cell densities to have negative consequences. For
example, in Chapter 4 a relatively low abundance bloom (compared with previously
mentioned high abundance species) of Dinophysis acuta (maximum 2840 cells L-1) was
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shown to cause above regulatory limit shellfish toxicities (maximum recorded 601 ± 237 μg
okadaic acid eq/kg shellfish flesh) for several weeks, compared to a concurrent bloom of
Chaetoceros (maximum 1.3 x106 cells L-1), which had no recorded harmful effects in this
study. Chaetoceros has been reported to harm fish at 4.6 x105 cells L-1 (Treasurer et al.,
2003), however this was in static fish pens where the fish were unable to swim away
therefore representing a somewhat artificial situation.
It is incredibly important to determine what a suitable LOD is for the detection of A. spinosum
in the FSS monitoring programme, and this requires an ecological context for A. spinosum
and AZAs, which is not currently available. Depending on the potency of a particular toxin,
the trigger level for harmful phytoplankton in the water column used by FSS varies. For
example, Pseudo-nitzschia is considered above threshold (which is “red” on the traffic light
system and triggers increased FSS shellfish flesh sampling for biotoxins) at >5 x104 cells L-1
(Stubbs et al., 2016), Dinophysis and Prorocentrum are above threshold when >100 cells L-1
(Stubbs et al., 2016), and Alexandrium tamarense above threshold at only >40 cells L-1
(Stubbs et al., 2016), which is the LOD of FSS phytoplankton analysis (Sarah Swan, pers.
comm.). We do not currently know how many cells of A. spinosum are required to generate
above regulatory limit shellfish toxicities. Salas et al., (2011) suggested a value of >3 x104
cells ml-1, as this only generated ~15 ng g-1 AZA, which would make the current qPCR LOD
of 2000 cells L-1 (Chapter 3) sufficient to detect problematic concentrations of A. spinosum in
the field. The qPCR LOD could potentially be lowered with further method development,
however it is still unclear whether a lower LOD is required for adequate monitoring by the
FSS programme, or whether A. spinosum abundance even correlates with AZA toxicity in
field shellfish.

7.6 Specificity of the qPCR probe/ primer set
Phylogenetic analysis shows that there are two distinct ribotypes of A. spinosum which are
separated by toxin profile and the ability to be detected by the Toebe et al., (2012) probe/
primer set (Chapter 6). Ribotype A contains original isolate strains (SM2, 3D9 and UTHE2)
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and some other new isolates from Norway (Figure 6.3); and is able to produce AZA-1 and -2
(Table 6.2). In chapter 5, I have shown that strain SM2 is also able to produce AZA-33.
Ribotype B contains only new isolates from the Norwegian coast, which can produce a new
analogue AZA which is, as yet, undescribed. Ribotype B strains were also undetectable by
qPCR.
The difference is due to sequencing irregularities in the LSU region between the two ribotype
groups (Figure 6.2). New strains of A. spinosum from Argentina were not detectable using
the current qPCR probe/primer set; however, these have not been sequenced so we cannot
determine whether they belong to ribotype B or another unidentified ribotype. Since it is likely
for strains taken from similar locations to also be genetically similar (Casteleyn et al., 2008;
Lilly et al., 2007, 2005; McCauley et al., 2009; Wilson et al., 2005), it is possible that strains
isolated in Argentina may also be undetectable by qPCR and potentially from a different
ribotype. Azadinium poporum may contain four ribotypes (Luo et al., 2016; Tillmann et al.,
2017b), indicating that this species has a complicated genetic landscape which we are only
just beginning to understand. Another much better researched example is A. tamarense,
which used to be classified as five groups as part of a species complex (Lilly et al., 2007;
Touzet et al., 2010), and now is separated into distinct cryptic species (John et al., 2014). As
we evidently do not fully understand the genetic complexity of the Azadinium genus (Chapter
6), and their toxin profiles or capabilities for toxin production (Chapter 5), it is imperative to
carry out a large field campaign with the specific aim strain of isolation for genetic
sequencing, physiological experimentation and toxicity analysis.
There is potential for the development of a highly successful multiplex assay from a simple
update of the forward primer and probe sequences, and the substitution of the fluorophore on
one of the probes (Section 6.4.5) which could detect both ribotypes A and B. The system
would create highly comparable datasets because of the equal length of the probes and
primers which have the same melt temperature (Tm), which would result in reactions which
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ran for the same number of cycles and used the same amount of reagents (Zimmermann
and Mannhalter, 1996).
The lack of specificity in the qPCR method also raises the question of whether A. spinosum
strains were present, but not detected in Scottish waters (Chapter 3 and 4). Heterocapsa
(previously noted for being visually similar to A. spinosum (Salas et al., 2014)) was observed
to bloom in Loch Creran to a maximum of 3 x106 cells L-1 (Figure 3.5). It is possible that
some of these cells were unidentified A. spinosum, potentially from a ribotype which is
currently undetectable by qPCR. Under the current assay conditions, A. spinosum cells from
ribotype A need to be present above LOD to achieve a positive result. This is potentially too
specific to make A. spinosum qPCR an adequate monitoring strategy at this time without
significant further research into genetic variation in the species complex.
Recent literature has shown that other species in the Azadinium genus can also produce
AZAs (See Appendix C). A. poporum is able to produce AZA-2 (Luo et al., 2017) and AZA-11
(Tillmann et al., 2017b); and A. dexteroporum is able to produce AZA-3 and -7 (Percopo et
al., 2013). Furthermore, Amphidoma languida is able to produce AZA-2 and AZA-43
(Tillmann et al., 2012a) and has been tentatively linked to shellfish toxicity above the
regulatory limit in southern Spain (Tillmann et al., 2017a). Clearly A. spinosum is no longer
the only target for regulatory cell monitoring and the scope of LC/MS-MS shellfish flesh
monitored AZAs potentially needs to be widened to include more analogues. However,
ecological context is still key. How potent are these new species, are they present in Scottish
waters and can their production of more diverse analogues of AZAs be linked to local
shellfish toxicity? We need to know what we are looking for in order to implement further
qPCR developments past the current capabilities.

7.7 Knowledge Exchange
When carrying out research for this thesis, I became acutely aware of the need for a system
of knowledge exchange (KE) between laboratories carrying out (or researching) molecular
monitoring. Hallegraeff et al. (2003) and Karlson et al. (2010) are fantastic starting points for
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this kind of KE, but cannot be relied on as the source of all pertinent information, especially
when implementing newly-developed specific assays. Without reaching out to other institutes
for information on how they operate their methods and the difficulties they have encountered,
qPCR for A. spinosum would have been much more difficult to implement as much
information is not yet published. When speaking to the people directly involved (e.g. Dave
Clarke (Marine Institute) and Kirsty Smith (Cawthron Institute)), I realised that they had many
of the same issues, but were handling them in different ways (e.g. the difference in cell
concentration techniques prior to DNA extraction (See Section 2.3.2.3): Ireland uses
centrifugation and New Zealand uses filtration). Methods require standardisation across
regulatory bodies to ensure that data collection is comparable between institutes, especially
for non-final methodology such as the A. spinosum probe/ primer set. This does not eliminate
the benefit of rigorous method testing and development, but just highlights the need for
research groups to work together to compare results (positive or negative) and important
observations to progress research avenues quickly and efficiently.
The lack of nuance contained within published methods may determine whether an applied
method, developed in a different institute (without in-house expertise), is successful,
especially as very few documents are available for reference. During this PhD, the methods
published in the literature were difficult to implement due to some steps being not fully
described, assumptions of previous knowledge were made about the reader or protocol
steps were simply omitted.
Furthermore, the lack of “pressure to publish” experienced by regulatory agencies means
much of their knowledge is held internally in grey literature, unpublished datasets and
personal expertise. When conducting this PhD, it was difficult to find out about the existence
of such information and relied much on personal accounts of what the data showed prior to
(potential) future publication [e.g. Azadinium surveys conducted off the coast of Ireland from
2012, with more planned for 2017 and 2018, have still yet to be published (Silke, 2016)].
Regulatory staff are primarily hired to monitor the marine environment which is a difficult and
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full-time endeavour. Hence, they place little emphasis on academic publication as they are
not absolutely required to publish for their work. It is likely that the process of publishing data
in academic journals is unrealistic for monitoring agencies; however, short publicly available
reports [as are already produced for routine regulatory monitoring of shellfish toxins and
harmful algae in Scotland, e.g. (Coates et al., 2017)] or cohesive research programmes to
fast-track specific research aims [e.g. ASTOX (Kilcoyne et al., 2014)], may go some way to
transfer knowledge and the current status of research between relevant agencies and
researchers.

7.8 Recommendations on molecular monitoring of Azadinium spinosum
by qPCR for Foods Standard Scotland
From this thesis, we can conclude that the current qPCR methodology (Section 2.2.2.7) has
an LOD of 2000 ±5600 cells L-1 and can be easily combined with the current Scottish
regulatory phytoplankton sampling regime by taking 50 ml sub-samples from acidified Lugol’s
fixed phytoplankton samples. As regulatory samples will be analysed immediately there is
little concern over sample degradation in storage; however, this is an avenue which will need
careful consideration in the future if quality control methods are to be implemented.
In order to develop a traffic light system, as is in place for other species of harmful
phytoplankton (Coates et al., 2017; Stubbs et al., 2014) we need more information on what
“high” (red, above threshold), “medium” (amber) and “low” (green) cell concentrations mean
in terms of shellfish toxicities which are harmful to human health. This ecological context is
also imperative to determine whether 2000 cells L-1 is an acceptable LOD for the method.
From the information we have available at this point in time, 2000 ±5600 cells L-1 (i.e.
presence/absence) may be a viable “medium” cell concentration trigger. Meaning that
anything <2000 cells L-1 is “low” and >2000 cells L-1 is “medium”. Deciding what a suitable
above threshold level should be, which would trigger increased shellfish toxicity sampling
because of the higher risk of shellfish AZA contamination, is more difficult.
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There is very little information linking A. spinosum abundance to shellfish toxicity. Salas et al.
(2011) shows that A. spinosum can cause AZA shellfish toxicity; however, even at the
highest concentration of cells used in the laboratory (30,000 cells ml-1 = 3 x107 cells L-1)
shellfish flesh above regulatory limit for AZA toxicity could not be replicated. A cell
concentration of 3 x107 cells L-1 is remarkably high for a field bloom of phytoplankton, and
would be the highest trigger level set for any harmful phytoplankton (current highest is
Pseudo-nitzschia at 50,000 cells L-1). A. languida has been suggested to cause AZA
poisoning in shellfish from southern Spain; however, this is based on the isolation of a toxinproducing species when shellfish were contaminated with AZAs. No experimental evidence
is available to verify this link and, unfortunately, cell concentrations in the water column at the
time of shellfish toxicity were not recorded. Therefore, we have no information linking cell
densities of toxin producing Azadinium/ Amphidoma species with toxin concentrations in the
field.
Table 7.1 summarises and compares regulatory limits, lethal doses and cell toxin contents
for each group of dinoflagellate-produced toxins which are important in Scottish waters. By
comparing what we know about other toxins we can make an estimate of what the threshold
cell monitoring limit for A. spinosum should be. The lethal dose for AZAs is approximately
double that of the DSP toxin group (OA/DTX/PTX) and >100x less than for saxitoxin.
Cellular toxin contents for A. spinosum are between 5-450 fg cell-1 for AZA-1, Dinophysis
acuminata [the most abundant Dinophysis species in Scotland (Stubbs et al., 2015)], has
DSP group toxin contents of 1-447 ng cell-1 (up to 4.47 x108 fg cell-1) and A. tamarense cells
contain between 37-1299 fg cell-1 saxitoxin (see Table 7.1 for references). From these data,
we can see that AZAs are much less potent than either saxitoxin or DSP group toxins, and
the concentration per cell is also much lower (one million times lower in the case of DSP).
Dinophysis sp. has a threshold abundance of ≥100 cells L-1 which could be doubled on
account of the halved lethal dose of AZAs, then x106 because of the concentration per cell
being one million times lower. This gives a threshold abundance of 2 x108 cells L-1, which
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agrees with Salas et al. (2011) who was unable to replicate shellfish toxicity at A. spinosum
cell densities of 3 x107 cells L-1.

254

Table 7.1: Summary of toxicity information and regulatory limits for key toxin groups which are produced by dinoflagellates and are of
importance in Scottish shellfish. IP = Intraperitoneal injection, which is used when conducting rodent bioassays. Key species used for cell toxin
content data are Alexandrium tamarense for saxitoxin, Azadinium spinosum for azaspiracids and Dinophysis acuminata for OA/DTX/PTX
Group.
European

References

Regulatory Limits
Saxitoxin

800 μg eq./kg shellfish

Lethal Dose, body

References

weight by IP

Cellular

References

Toxin Content

Coates et al., 2017

3-10 μg kg-1 STX

Wang, 2008

37-1299 fg STX cell-1

Brown et al., 2010

Coates et al., 2017

443 μg kg-1 AZA-1

Tubaro et al., 2014

5-40 fg AZA-1 cell-1

Tillmann et al., 2009

626 μg kg-1 AZA-2

~15-25 fg AZA-1 cell-1

Salas et al., 2011

875 μg kg-1 AZA-3

8-220 fg all AZAs cell-1

Jauffrais et al., 2013

450 fg AZA-1 cell-1

Chapter 5, this thesis

flesh
40 cells L-1
Alexandrium spp.
Azaspiracids

160 μg eq./kg shellfish
flesh

200 μg kg-1 OA

Yasumoto and Murata,

16.0-120.2 ng OA cell-1

Kamiyama et al.,

flesh

160 μg kg-1 DTX-1

1990

1.2-3.9 ng DTX-1 cell-1

2010

≥100 cells L-1

352 μg kg-1 DTX-2

Aune et al., 2007

203.9-447.3 ng PTX-2

Dinophysis spp.

~500 μg kg-1 DTX-3

Woods, 1999

cell-1

OA/DTX/PTX

160 μg eq./kg shellfish

Group

Coates et al., 2017
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7.9 Achievements


A qPCR monitoring technique for A. spinosum cells using acidified Lugol’s fixed
phytoplankton samples from the FSS monitoring programme was implemented.



The LOD was found to be 2000 ±5600 cells L-1; however, it remains unclear
whether this is sufficient for monitoring A. spinosum in the marine environment
in relation to what this means for shellfish toxicity.



It was demonstrated that A. spinosum is largely absent from the Scottish
phytoplankton, at least for the study period (summer 2014-2015). There were
some residual water column AZAs present, albeit at very low concentration.



It was demonstrated that at least two ribotypes of A. spinosum exist and this
currently prevents the detection of the full A. spinosum species complex using
qPCR since the published probe and primer set (Toebe et al., 2012) is too
specific.

7.10


Areas for Future Work

As a priority, the ecology of A. spinosum (and Azadinium) cell abundance,
AZAs present in the water column and AZA contamination in shellfish needs to
be elucidated. This will provide much needed context for monitoring guidelines
regarding the species in the future. Furthermore, this ecology will allow a better
definition of what we are trying to monitor and why.



Large-scale isolations of toxigenic species within the Azadinium genus will
allow sequencing to continuously update probe and primers for qPCR to ensure
monitoring is targeting the correct organisms.



Laboratory growth studies in batch culture need to be carried out on A.
spinosum (and other toxigenic species in the Amphidomataceae) to provide
information on environmental growth and bloom dynamics. This is imperative
information to understand bloom dynamics and for use as parameters in future
modelling studies.
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Appendix A – CARD-FISH Reagents List
Saline Ethanol (prepared fresh)




25 vol. 100% molecular grade ethanol
2 vol. distilled water
3 vol. 25x SET buffer
o 3.75M NaCl
o 25nM EDTA
o 0.5M Tris/HCl
o Adjust to pH 7.8 and filter-sterilise

3% (v/v) hydrogen peroxide (H2O2)
PBS containing 0.1% Tween-20
Hybridisation buffer






5x SET buffer
0.1% (v/v) IGEPAL CA-630
40% (v/v) Formamide
Full up with 10% blocking reagent – final concentration 2%
Filter sterilise

1x SET buffer (wash buffer)
TNT Buffer




0.1M Tris/HCl pH 7.5
0.15M NaCl
0.05% Tween-20

Tyramide Substrate Solution



1 vol. amplification dilutant (from tyramide signal amplification kit)
1/50 vol. Tyramide solution (fluorescein labelled)

Citifluor/DAPI Solution




2ml Citifluor (Citifluor Ltd, Cambridge)
1ml distilled water
1.5μl DAPI (stock 1.0 μg/μl)
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Appendix B – CARD-FISH and DAPI staining images of
Azadinium spinosum

(see referenced paper for original image)

Cells of Azadinium spinosum stained using (A) FISH and (B) CARD-FISH, from Medlin et
al. (2011).
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DAPI staining of A. spinosum, carried out during this PhD, after CARD-FISH staining
failed (see Section 2.3.1.6): (A) Burst cells when using high filtration pressures (50 ml
handheld syringe and vacuum pump filtration; (B) Intact cells viewed when gravity filtration
only is used.
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Appendix C – Azaspiracid Toxin Analysis Details
Table 1: Current known (published) AZA analogues and source.
AZA
AZA-11
AZA-1*a
AZA-2*a

Type
phycotoxin/metabolite
phycotoxin
phycotoxin

Reference
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008

epi-AZA-7
AZA-33*
AZA-34*
AZA-35

Source
A. poporum/ shellfish
A. spinosum
A. spinosum/ A.
poporum/ A. languida
A. dexteroporum
A. spinosum
A. spinosum
A. spinosum

phycotoxin
phycotoxin
phycotoxin
phycotoxin

AZA-36*
AZA-37*
AZA-38
AZA-39
AZA-40
AZA-41
AZA-42
AZA-43
AZA-54
AZA-55
AZA-56
AZA-57
AZA-58
AZA-59
AZA-2-phosphate
AZA-3a
AZA-4
AZA-5
AZA-6
AZA-7
AZA-8
AZA-9
AZA-10
AZA-12
AZA-13
AZA-14
AZA-15
AZA-16
AZA-17
AZA-19

A. poporum
A. poporum
A. languida
A. languida
A. poporum
A. poporum
A. poporum
A. languida
A. dexteroporum
A. dexteroporum
A. dexteroporum
A. dexteroporum
A. dexteroporum
A. poporum
A. poporum
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish
shellfish

phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
phycotoxin
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite
metabolite

Rossi et al., 2017
Kilcoyne et al., 2014
Kilcoyne et al., 2014
Kilcoyne et al., 2014,
Rossi et al., 2017
Krock et al., 2015
Krock et al., 2015
Krock et al., 2012
Krock et al., 2012
Krock et al., 2014
Krock et al., 2014
Tillmann et al., 2017b
Tillmann et al., 2017a
Rossi et al., 2017
Rossi et al., 2017
Rossi et al., 2017
Rossi et al., 2017
Rossi et al., 2017
Kim et al., 2017
Tillmann et al., 2016
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
Rehman et al., 2008
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AZA-21
shellfish
metabolite
Rehman et al., 2008
AZA-23
shellfish
metabolite
Rehman et al., 2008
AZA-25
shellfish
metabolite
Rehman et al., 2008
AZA-26
shellfish
metabolite
Rehman et al., 2008
AZA-27
shellfish
metabolite
Rehman et al., 2008
AZA-28
shellfish
metabolite
Rehman et al., 2008
AZA-44
shellfish
metabolite
Kilcoyne et al., 2015
AZA-45
shellfish
metabolite
Kilcoyne et al., 2015
AZA-46
shellfish
metabolite
Kilcoyne et al., 2015
AZA-47
shellfish
metabolite
Kilcoyne et al., 2015
*Structures have been elucidated using nuclear magnetic resonance, aAnalogues currently
monitored for in shellfish flesh samples by Foods Standard Scotland

Table 2: AZA transitions and corresponding parameters specific to multiple reaction
monitoring transitions.
Transition (m/z)
Analyte

Precursor
T1

AZA1
T1

856.6

T2
T1

AZA3

828.5

T2
AZA4

T1
T2

844.5

T1
AZA5

CE

CXP

824.4

43

32

362.3

67

4

838.6

41

32

672.6

53

6

810.6

43

8

362.3

61

4

826.5

41

32

658.6

53

32

826.6

41

8

446.4

53

6

698.5

42

32

462.3

70

5

798.5

42

32

672.5

70

5

844.5
T2
T1

AZA33

716.5
T2

AZA34

Product

842.5
T2

AZA2

Parameters (V)

T1
T2

816.5

DP

EP

CEP

76

6.5

40

86

9

32

81

7

34

81

9.5

36

76

9.5

32

70

8

36

70

8

33

CE: Collision Energy, DP: Declustering potential, EP: Entrance Potential, CEP: Collision cell
Entrance Potential, CXP: Collision cell eXit Potential
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Figure 1: Example of an extracted ion chromatogram (XIC) for sample from strain SM2,
replicate C, culture supernatant (i.e. not from cell pellet contents).
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Appendix D – Particle Tracking Model Parameters and
Validation
The key hydrodynamic model inputs from Chapter 4 are, given by Aleynik et al. (2016), are
summarised below.

Oceanographic boundary conditions
Tidal elevation
To simulate tidal forcing we used the Oregon State University Tidal Prediction Software
(OTIS) in its 1/30 degree implementation for the European shelf (Egbert et al., 2010).
Temperature/Salinity/Currents
This model is one-way nested within the operational 1/12 Mercator ocean model, which
assimilates sea surface height and temperature over the North Atlantic (Dabrowski et al.,
2014). The 3-hourly values for temperature, salinity and velocity are linearly interpolated from
the parent model onto the model grid at the boundaries.

Bathymetry
The model bathymetry is based on gridded data from the SeaZone digital atlas (2007
edition), Admiralty charts, and a number of past and recent multibeam surveys.

Rivers
Discharge from the 91 largest rivers was included using a freshwater input rate computed
from 3-hourly rainfall data over respective catchment areas (Edwards and Sharples, 1986)
averaged daily with a 1–2 day lag (the lag is proportional to the catchment area size)

Meteorology
Obtained using the non-hydrostatic Weather Research and Forecasting model (WRF v.
3.5.1), configured for the Scottish domain. This was nested within the NCEP Final
operational forecast with 1 degree spatial resolution (National Center for Environmental
Prediction, 2000), and forced using a sea surface temperature field derived from a 1/12
degree daily real-time global sea surface temperature product (Gemmill et al., 2007). The
meteorological model was validated against 8 Met-office weather stations within the domain.

Hydrodynamic model validation
Tide
Eight tide gauges, and historical analyses derived from 59 local ports and harbours (from
International Hydrographic Office).
Temperature/salinity/currents
SAMS CTD station transect near Isle of Lismore, and two SEPA CTD time series in Clyde
system. SAMS thermistor data from Loch Etive. Current and subsurface CTD measurements
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from 18-year mooring in Tiree passage. Satellite Multi-scale Ultra-High resolution Sea
Surface Temperature at 1 km horizontal resolution.
Drifter tracks
In the summer of 2013, thirty Surface Velocity Programme drifters were deployed on the
Malin shelf edge, to the west of the southern WSC – FVCOM domain, as part of the
FASTNEt project.
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Appendix E – Posters and Presentations
17th International Conference on Harmful Algae – Florianpolois (Brazil), October 2016
Oral Presentation

Title: Too Small to See: Using qPCR to monitor azaspiracid producer Azadinium spinosum in
Scottish waters
Ruth Flora Paterson, Keith Davidson (SAMS), David Green (SAMS), Eileen Bresnan (MSS),
Jean-Pierre Lacaze (MSS)
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Challenger Society for Marine Science Conference – Liverpool (UK), September 2016
Oral Presentation, winner of the MASTS prize for Societal Impact

Title: Keeping Shellfish Safe: New technologies to help protect consumers of cultured
shellfish from toxic algae (Azadinium spinosum and azaspiracids) in Scottish waters
Ruth Flora Paterson, Keith Davidson (SAMS), David Green (SAMS), Eileen Bresnan (MSS),
Jean-Pierre Lacaze (MSS)
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British Phycological Conference – Bournemouth (UK), June 2016
Oral Presentation, winner of the Irene Manton Prize

Title: Working towards cells monitoring of toxic dinoflagellate Azadinium spinosum in Scottish
coastal regions
Ruth Flora Paterson, Keith Davidson (SAMS), David Green (SAMS), Eileen Bresnan (MSS),
Jean-Pierre Lacaze (MSS)
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16th International Conference on Harmful Algae – Wellington (New Zealand), October
2014
Poster Presentation
Title: Unexplained cyst-like cells in laboratory cultures of Azadinium spinosum
Ruth Flora Paterson, David Green (SAMS), Keith Davidson (SAMS), Urban Tillmann (AWI)
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16th International Conference on Harmful Algae – Wellington (New Zealand), October
2014
4 Minute Speed Oral Presentation

Title: Formation of cyst-like cells in laboratory cultures of Azadinium spinosum
Ruth Flora Paterson, David Green (SAMS), Keith Davidson (SAMS), Urban Tillmann (AWI)
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Appendix F – The Flora Collection: Science outreach
project

I first met Jessica Giannotti when
I began my BSc in Marine
Science at SAMS. We studied
there together for 4 years, and
after our graduations we both
remained in Oban. I started this
PhD and Jessica opened her own
textile design company, Crùbag.
Jessica uses luxury textiles to communicate intricate and, sometimes slightly unsavoury
subjects to a lay audience. Her approach to public communication really caught my eye as I
feel innovation is very difficult, as is genuine impact, among the many gimmicks and clichés
employed by a scientific community who are largely untrained in popular media engagement.
As a supporter of the zero-waste movement, I also wanted my outreach project to produce
items which would be treasured, not just thrown away the next day and forgotten.
I was positive that harmful algal blooms (HAB) would perfectly translate to this new medium
of science dissemination and I approached Jessica to begin our project. I wanted the
collection, that Jessica was to design using scientific research images, to show the diversity
of HAB events and their complex far-reaching effects.
To tackle such a big subject, I broke it down into 5 distinct types of effect which we might see
from a HAB event:
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1. Damage to fish gills – Diatoms are housed inside a spiny silica exoskeleton which
increases their surface area and allows them to float close to the surface near the
sunlight. At high cell densities, these spines can become lodged inside fish gills
causing inflammation, mucus production and haemorrhaging which can result in
suffocation and death. This can be a particular problem in the aquaculture industry
when fish are held in cages and cannot escape a bloom.

R. Paterson, 2015
2. Water discolouration – High density blooms can discolour waters a variety of
colours with dramatic visual results. This can negatively impact local recreational
activities, like fishing or swimming. A key indicator of freshwater cyanobacterial
blooms, for example, is local dog deaths; and much research is being invested into
the link between cyanotoxins in drinking water and neurogenerative diseases in
humans.
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3. Anoxia – After a high-density bloom, the vast quantities of algal biomass is broken
down by respiring bacteria. This chokes the water column by using much of the
available oxygen sometimes resulting in fish kills, which are dramatic to witness.
4. Slime and foam formation – High density blooms, as well as incurring water
discolouration, are slimy and foul smelling. This slime can clog beaches and
waterways and prevent people from interacting with the marine environment. The
slimes can sometimes produce skin rashes on people who encounter them. Seaside
towns can also become inundated with metres deep tides of foam which have been
churned up at sea by wave action on decaying Phaeocystis blooms.
5. Biotoxin production – Arguably the most intensely felt of all the harmful effects,
biotoxin contamination inside shellfish leads to shellfish poisoning syndromes and
ciguatera toxins in tropical fish kill people every year. The build-up of cyanotoxins in
freshwater sources on land is linked to neurogenerative diseases in humans. Also,
toxic blooms, when exposed to wave action, can become airborne in aerosols which
causes respiratory problems for coastal populations.

We approached several research bodies for funding to develop the collection with the
associated public outreach package. After over a year of writing funding proposals, the
International Society for the Study of Harmful Algae (ISSHA) provided us with what we
needed to get the ball rolling. We were to design 5 scarves, prepare a little booklet on the 5
themes to present with each scarf, and present the whole project to experts in the scientific
community at their bi-annual International Conference on Harmful Algae (ICHA). After the
presentation at the conference the collection would be launched at the SAMS annual general
meeting and would then be available for public sale.
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R, Paterson. 2015
We approached the International Society for the Study of Harmful Algae (ISSHA) for financial
support and they generously funded the design and production of sample stages of the
project. After we had the final designs and some samples, then Jessica could continue into
commercial production.
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See the collection and get more information at http://www.crubag.co.uk/harmful-algalblooms/

Damage to Fish Gills
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90cm x 90cm
100% silk twill
Rolled edges

Water Discolouration
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70cm x 70cm
100% Silk twill
Rolled edges
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Anoxia

70cm x 70cm
100% silk twill
Rolled edges
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Slime and Foam Formation

45cm x 160cm
100% silk chiffon
Rolled edges
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Biotoxin Production

90cm x 90cm
100% silk twill
Rolled edges
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@Crubagofficial Instagram selection
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