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Abstract 
Scottish harmful phytoplankton monitoring programmes, and previous research studies, have 

shown that the saxitoxin producing (Group I) and, recently, the non-saxitoxin producing 

(Group III) ribotypes of Alexandrium tamarense are present in Scottish waters, co-occurring 

in some locations. Shellfish toxicity events may have been in decline in recent years, possibly 

due to increasing presence of the benign Group III ribotypes. This thesis investigated the 

interactions between these two A. tamarense ribotypes. To study these morphologically 

identical organisms a fluorescence in situ hybridization-flow cytometry (FISH-FC) based 

method of cell identification and enumeration was developed, allowing, for the first time, 

Group I and Group III A. tamarense strains to be studied in co-culture. In isolation, toxin 

production of the Group I strain was elevated under P limitation as well as at low temperature 

and short light (spring) conditions. In co-culture a competitive interaction between Group I 

and Group III ribotypes was clear, with growth rates, maximum cell densities and total 

toxicity per cell showing marked changes compared to monocultures. Both strains showed a 

preference for the intermediate temperatures of 15 and 18 °C. Yet despite this, strain 

differences did occur. The Group III strain out-competed the Group I strain, having a higher 

biomass and maximum specific growth rate across most of the temperatures studied. The 

Group III strain also appeared to be able take up and utilise P more effectively that the Group 

I strain. Mathematical modelling revealed that the observed growth patterns (i.e. dominance 

of the Group III strain) in mixed culture was not solely due to more efficient nutrient uptake 

but, additional interaction(s) such as allelopathy were also involved. Laboratory studies 

assessing a number of Scottish sediment samples identified the presence of Group I, Group III 

and hybrid cysts, highlighting the possibility that the more dominant ribotype may outbreed 

the other over time, if as the literature suggests, hybrid crosses fail to produce viable progeny.   
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Chapter 1: General Introduction 
 1.1 Phytoplankton  

Derived from the Greek words phyto (plant) and plankton (drifting), the term ‘Phytoplankton’ 

describes microscopic organisms that are capable of photosynthesis. These organisms are free 

floating plants that are transported by currents and tides. The size range of phytoplankton can 

cover up to three orders of magnitude but with cells typically being in the size range of 2-50 

µm in diameter (Smetacek 2001).   

Like terrestrial plants phytoplankton contains chlorophyll which they use to utilise the 

sun’s energy though photosynthesis. Around half of all photosynthesis and oxygen globally is 

accomplished by the phytoplankton that live in the top layer of the oceans known as the 

eutrophic zone, where there is enough light to support their growth (Fuhrman 2003). 

Planktonic ecosystems have important roles in shaping global climate. They also play a 

key role in biochemical cycles of a number of important chemical elements, including carbon. 

Microorganisms in the sea underpin the cycle of production and decomposition of organic 

matter; requiring only the input of sunlight or chemicals/nutrients. Phytoplankton along with 

other photosynthetic or chemosynthetic organisms convert inorganic CO2 or bicarbonate and 

inorganic nitrogen and phosphorus into organic cell constituents (Pomeroy et al. 2007).  

Phytoplankton make up the base of the marine and freshwater food chain (Gowen et al. 

2009) and are responsible for maintaining key food webs (Morin & Fox 2004). Phytoplankton 

are an important food source for many marine and freshwater organisms, such as: filter-

feeding bivalve shellfish, crustaceans and fish, as well as the larvae of many commercially 

important crustaceans and shellfish (Hallegraeff 1993). 

Of the approximately 4000 species worldwide the phytoplankton are commonly 

grouped into three main categories: diatoms, dinoflagellates and microflagellates (Gowen et 
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al. 2012). Due to the nature of this thesis the introduction below will mostly focus on 

dinoflagellates.  

1.1.1 Dinoflagellates 	  

Dinoflagellates are characterised by having two flagella which they use for swimming and 

prey capture. For most dinoflagellates the first flagellum, the transverse flagellum may be 

contained in a groove around the equator allowing for forward motion and spin whereas the 

second longitudinal flagellum called the sulcus trails behind creating a propulsive force. This 

type of arrangement is termed dinokont, in contrast to the desmokont arrangement (where the 

two flagella are inserted apically) found in some other dinoflagellates. Another common 

characteristic of a dinoflagellate is the cell wall composition and structure. The upper epicone 

and lower hypocone are divided by the girdle (Bold & Wynne 1985). The shape, structure and 

orientation of these two sections are often important for taxonomy and identification (Taylor 

1990). The cell wall can either be armoured by cellulose plates, or be uncovered without 

plates. Originally there were thought to be two types of dinoflagellates; those without a cell 

wall and those with a cell wall. However, there are now though to be combinations of the two 

(Janson & Hayes 2006). 

Dinoflagellates are almost all estuarine or marine with only approximately 250-300 of 

the ~2000 known species being freshwater (Burkenholder et al. 2006). In comparison to other 

phytoplankton, they are often large with a cell diameter of up to 45µm (Burkenholder et al. 

2006). They can be (but not always) capable of rapid growth. Many dinoflagellate species are 

able to form temporary cysts when they encounter adverse conditions, as well as the cysts 

associated with life histories (Taylor 1990).  

Dinoflagellates have an important role as primary producers. Approximately half of all 

known living species are heterotrophic (Burkenholder et al. 2006) while the rest are 
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photosynthetic (autotrophic) and mixotrophic (Taylor 1990). Dinoflagellates are only second 

to diatoms in contributing to primary production in the marine ecosystem.  

1.2 Algal Blooms  

Many blooms are natural events and are part of the natural cycle of phytoplankton growth 

(Gowen et al. 2009). The spring bloom is an annual event and plays an important role in 

primary production and is of benefit to aquaculture and wild fisheries, (Hallegraeff 1993; 

Gowen et al. 2009) driving food web dynamics and nutrient cycling in most temperate aquatic 

ecosystems. The organic material produced during the bloom is a crucial food source for 

zooplankton and benthic organisms.  

A bloom can exhibit a high genetic diversity with many different populations, strains 

and species being present within it (Erdner et al. 2008). Often there is a succession of 

phytoplankton species, each reaching their growth peaks at different times throughout the 

bloom, as well as seasonal succession being evident (Brandt & Wirtz 2009).  

Blooms vary in intensity from year to year and between years. For example the timing, 

spatial extent and the duration of the first seasonal peak in phytoplankton concentration 

exhibits inter-annual variation (Brandt & Wirtz 2009). In order to better understand, model, 

predict and assess changes to blooms over time, large data sets are required over large 

temporal and spatial scales. There is a requirement to relate cell numbers to other available 

data, including information from remote sensing, in situ monitoring and water quality 

information (NOAA 2001; Edwards et al. 2006).  
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1.3 Harmful Algal blooms (HABs) 

Algal species that cause harm are commonly referred to as ‘harmful algae’.  Harmful algae 

can be motile or non-motile; nano or larger photoautotrophs, mixotropic, or obligate 

heterotrophs (Granéli et al. 2006).  

The term ‘harmful algal bloom’ (HAB) has been used to describe a diverse array of 

phytoplankton with negative impacts (Figure 1.1). These algae belong to a wide variety of 

taxa. Dinoflagellates, raphidophytes, prymnesiophytes, diatoms and cyanobacteria all contain 

genera that fall into the ‘harmful’ category (Figuerias et al. 2006). However, most HAB 

species are dinoflagellates. Gowen (2009) defines a harmful algal bloom as:  

 

‘a discrete event associated with a ‘bloom’ of micro-algae or cyanobacteria that 

damages human use of ecosystem goods and services’. 

 

  Figure 1.1 The diverse harmful effects of harmful algae (ICES 1999). 
 

While it is only a relatively small fraction of dinoflagellates that can cause ‘harm’. Some 

produce toxins or other bioactive chemicals which can impact marine life, whilst others cause 

harm by predation or parasitism or cause adverse changes in habitats (Burkenholder et al. 

2006).  
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1.3.1 High and low biomass blooms 

It is important to distinguish between high biomass blooms with millions of cells per litre and 

low biomass blooms with typically thousands of cells per litre, as their impact on ecosystems 

and their services are very different. Deoxygenating of bottom water causing fish and benthic 

organism mortalities, water discolouration and odour are mostly associated with high biomass 

HABs (Hallegraeff et al. 1995; Smayda 1997). Only around 300 (7%) of algal species can 

bloom in such high numbers that they can discolour the surface of the sea causing the 

infamous ‘red tides’ (Hallegraeff et al. 1995; Smayda 1997; Granéli et al. 2006). Around a 

quarter of these higher biomass species are capable of producing toxins.  

Commonly (however not exclusively) the problems caused by biotoxins are related to 

low biomass blooms, with the algae responsible being found in lower abundance than other 

species (Gowen et al. 2009). The term HAB can therefore be a bit misleading, especially 

when used to describe low biomass “blooms” but it is the harmful effect that the term is 

referring to, and not the abundance.  

Also, even though one species may be problematic in one part of the world it can be of 

benefit in other regions. For example the diatom Skeletonema grethae present in northern 

European seas is an important element of the spring bloom, providing food for zooplankton 

and benthic species. However, some for example Chen & Gu (1993) consider it a leading red 

tide species in the Far East. 

1.3.2 Seasonality 

At temperate latitudes, during springtime, diatoms are the first organisms to take advantage of 

improving conditions, propagating rapidly, but as nutrients rapidly become depleted the 

diatom bloom deteriorates. In the post bloom conditions, nutrients are then quickly recycled 

through autotrophic and heterotrophic linkages, allowing small nanoflagellates, picoplankton 



Chapter 1 
______________________________________________________________________ 

 
 

6 
 

and both large and small dinoflagellates to prevail as they are more effective than diatoms at 

obtaining nutrients in low nutrient environments (Hoe et al. 2001). During summer despite 

high light levels, low nutrient levels often prevent high biomass bloom events until the 

breakup of the thermocline in late summer/early autumn replenishes nutrient supplies 

allowing for a late bloom. As most marine HABs are caused by dinoflagellate species 

(Burkenholder et al. 2006), the occurrence of toxic blooms is highly seasonal with higher 

occurrences during summer/autumn (Hoe et al. 2001).  

1.3.3 Nutritional modes 

There are three different major trophic modes; autotrophic, heterotrophic and a combination 

of the two, mixotrophic (Adolf et al. 2006; Jeong et al. 2010). Many phototrophic 

dinoflagellates have been extensively studied assuming they were exclusively autotrophic, 

however many of these have recently been revealed to be mixotrophic, (capable of 

photosynthesis and prey ingestion) and so the study of phagotrophy in dinoflagellates is 

increasing (Jeong et al. 2005; Jeong et al. 2010).   

Both mixotrophic and heterotrophic dinoflagellates can have diverse feeding 

mechanisms and have been observed to feed on a wide array of prey and prey sizes. 

Mixotrophic dinoflagellates can often feed on a diversity of prey items including bacteria, 

dinoflagellates and other protists (Jeong et al. 2010).  

Stoecker (1998) characterised mixotrophic nutrition based on the balance between 

autotrophy and heterotrophy. The perfect mixotroph (model I) is equally as proficient at 

autotrophy and heterotrophy. Model II species are mostly phototrophic but ingest prey under 

certain conditions and model III species are the reverse and only photosynthesise under 

certain conditions.   
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Many HABs have been dominated by mixotrophic dinoflagellates. Jeong et al. (2010) 

put forward the theory that mixotrophy may be a mechanism for the development, persistence 

and succession of dominant bloom species during a HAB. During this time predation may 

play an important role in energy transfer. The discovery of mixotrophy in phototrophic 

dinoflagellates may change the concepts and mechanisms of a HAB outbreak, persistence and 

eventual decline (Jeong et al. 2010). 

1.3.4 Natural vs. anthropogenically generated blooms 

It is important to make a distinction between anthropogenically induced blooms and natural 

blooms. HABs are not a new phenomenon; the literature describes examples of HABs that 

predate anthropogenic nutrient enrichment, with records of red-tides dating back to 1234 AD 

(Gowen et al. 2012). Not all naturally occurring blooms are however advantageous or benign, 

some can still be harmful, but it should be noted that toxin production events have occurred 

naturally for hundreds of years and are not a recent phenomenon (Collins et al. 2009).  

Despite many blooms being natural phenomena, anthropogenic nutrient enrichment is 

often thought to be a key factor contributing to the perceived increase in HAB occurrences. It 

is often assumed that blooms and toxic events can be used as indicators of eutrophic 

conditions and an index of ecosystem health (Gowen et al. 2012). However, the case whether 

or not nutrient enrichment influences the occurrence of HABs “The eutrophication-HAB 

hypothesis” (Smayda 2008) has been widely debated in the literature, with Gowen et al. 

(2012) finding the evidence for a link to be equivocal in all but a few cases.  

1.3.4.1 the perceived increase in HABs 

Over the last 20 years, the observed frequency, intensity and geographical distribution of 

observed harmful blooms has increased (Figure 1.2). This has caused public health and 

economic problems (Hallegraeff 1993; Lilly et al. 2007).  
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The perceived global expansion in HABs could be due to a number of factors: the 

increased awareness, monitoring and study of toxic species, the increased use of coastal 

waters for aquaculture, the transfer of shellfish stocks and the associated water to different 

areas (Hallegraeff 1993; FAO 2004), as well as the few linked to anthropogenic 

eutrophication from industry, agricultural and domestic sources, and increased inputs of 

humic substances and trace metals by deforestation and acid precipitation (Smayda 2008). 

Over-fishing and decreased water quality may have altered food webs by reducing grazing 

pressure by the removal of predators, which may have affected bloom distribution and 

frequency. However the lack of baseline information on bloom dynamics can make 

interpreting the influence of human interference difficult (Burkenholder et al. 2006). 

 

 

 

 

 

 

 

 

  

 
 

The transportation of cells or resting cysts through the vector of ships ballast water (Bolch & 

de Salas 2006) could also be contributing to the increased HAB trend (Hallegraeff 1993; FAO 

2004). As resting cysts can lay dormant for months to years, species that have a resting stage 

are more at risk of being transported through a number of different routes. When focusing on 

 
Figure 1.2: Increase in HABs in the West 
central Atlantic between 1970 and 1999.) 
(Edwards et al. 2006) 
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ballast water as a vector, coastal and estuarine species will be more of a threat as they 

commonly have a wide range of salinity tolerances (IOC 2010). 

It was concluded by Collins et al. (2009) that there may not be one single hypothesis 

causing the apparent changes in bloom occurrences. These changes could be a result of many 

factors noted above acting together. Despite the increase, only around 10-12 dinoflagellate 

species (including Alexandrium) are responsible for the perceived current global expansion of 

HAB events (Smayda 1997). 

1.3.4.2 Climate  

The only thing that is certain about climate is that it is constantly changing; there have been 

periods of warm and cool along all time scales from one extreme to another, these also 

include short term oscillations such as El Nino Southern Oscillations (ENSO) and North 

Atlantic Oscillations (NOA) (Dale et al. 2006). 

The effect of projected global climate change on HABs is not well understood (Dale et 

al. 2006). Some authors have suggested that anthropogenic influences along with climate 

variability will increase HABs globally (Hallegraeff 1993; Hallegraeff 2010). Climate change 

will affect ecosystems through a complex set of stressors such as increasing temperatures, 

increased stratification, altered ocean currents, altered nutrient upwelling, elevated CO2, 

reduced calcification mediated by ocean acidification, and changes in land runoff and nutrient 

availability (Hallegraeff 2010).  

Analysis of phytoplankton time series data from the continuous plankton recorder 

(CPR) has observed a number of changes over the last forty years. These include extension of 

the growing period and an increase in phytoplankton biomass (associated with warmer sea 

surface temperatures) (MCCIP 2010). For example climate variability and regional climate 

warming appear to play a dominant role in the long-term changes in functional groups of 
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phytoplankton in the North Sea. Significant hydro-climatic changes have occurred since the 

1980’s; this has resulted in an environment which favours the growth and earlier succession 

of flagellates and dinoflagellates. In the North Sea dinoflagellates have been positively 

correlated with the North Atlantic Oscillation (NOA) and sea surface temperature (SST) 

(Edwards et al. 2006). Patterns similar to this have also been observed in the Baltic Sea 

(Edwards et al. 2006). 

Most likely there will be climate change winners and losers. We can anticipate; range 

expansion of warm-water species at the expense of cold water species, changes in species 

abundance and seasonal window of growth, and a change in the timing of peak production 

(Hallegraeff 2010). In some areas climate change has warmed winter temperatures and 

continued warming could also increase summer temperatures, this has already occurred in the 

North Sea and North East Atlantic causing changes in plankton numbers and distribution 

(Dale et al. 2006). 

Understanding the possible effects of climate change is an important requirement for 

predicting future change and creating risk assessments for the effective management of HABs 

(Dale et al. 2006). There is currently a large effort being made by the International Panel on 

Climate Change (IPCC) to look at the impacts man has made on the climate. However, it can 

be difficult to blame all environmental change on climate alone as change can develop slowly 

and can be masked by natural phytoplankton variability. More long-term data series are 

therefore required to detect long-term trends (Smayda 2004).  

1.3.5 Effects of HABs 

1.3.5.1 Toxins  

A number of phytoplankton species are able to synthesise a diverse range of toxic and 

bioactive metabolites that have diverse modes of harmful action (Hallegraeff 1993; Gowen et 
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al. 2012). Only 2% (60-80 species) of the estimated 4000 phytoplankton species worldwide 

produce toxins associated with shellfish poisoning (Granéli et al. 2006). Algal toxins are some 

of the most potent biotoxins known (Anderson 2004). Some toxins produced by 

dinoflagellates and diatoms can be fatal if consumed, while others can produce an array of 

other symptoms  (Bagnis et al. 1980; Hallegraeff 1993).  

Algal toxins are globally wide-spread. Humans and animals can be exposed through 

direct routes, from recreational exposure, as well as indirect routes through the consumption 

of contaminated shellfish and aerosols (Hallegraeff 1993). 

If toxic species are filtered by shellfish and the toxin is accumulated, the toxin can then 

be transferred up the food web to humans and cause shellfish poisoning (Taylor 1980)  

(Figure 1.1). Toxin exposure can have both acute health effects and possible long chronic 

term health effects (Gowen et al. 2009).  

 Aerosols containing toxins and cellular debris can expose humans and animals to 

toxins, causing respiratory problems and eye and skin irritation such as those experienced 

during a Florida redtide caused by Karenia brevis (Kirkpatrick et al. 2011) and blooms of 

species belonging to the genera Ostreopsis in European waters (Penna et al. 2005). 

 

Toxins are categorised depending on the different syndrome they cause. A number of shellfish 

and fish poisoning syndromes are known to occur worldwide.  

• Paralytic shellfish poisoning (PSP) caused by Paralytic shellfish toxins. PSP can be 

a life threatening syndrome, with the rapid onset of neurological symptoms. PSP is 

caused by dinoflagellates in the genera Alexandrium, Gymnodinium and Pyrodinium 

(Hallegraeff 2003). The principal toxin responsible for PSP is saxitoxin, but there 
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are at least 21 other closely related toxins with differing toxicities, yet saxitoxin is 

the most toxic. PSP toxins are discussed in more detail in 1.4.5. 

• Diarrhoeic shellfish poisoning (DSP) caused by diarrhoeic shellfish toxins. DSP is 

caused by dinoflagellates in the genera Dinophysis and the benthic dinoflagellate 

Prorocentrum lima (Aune & Yndstad 1993). The toxins responsible include; 

okadaic acid, dinophysistoxins, yessotoxin and pectenotoxins. DSP produces 

gastrointestinal symptoms (Hallegraeff 2003). 

• Neurotoxic shellfish poisoning (NSP) caused by neurotoxic shellfish toxins. The 

toxins responsible are brevetoxins. NSP produces a syndrome in which 

gastrointestinal and neurological symptoms occur. In addition, formation of toxic 

aerosols by wave action can produce respiratory asthma-like symptoms. NSP is 

caused by dinoflagellates particularly in the genera Karenia (Hallegraeff 2003). 

• Azaspiracid shellfish poisoning (AZP) caused by azaspiracid shellfish toxins 

(AZAs). Symptoms of AZP resembled those of diarrhoeic shellfish poisoning DSP 

(Hallegraeff 2003). AZP is caused by Azidinium spinosum (Tillman et al. 2009). 

• Ciguatera fish poisoning (CFP) caused by ciguatoxins (CTX). CTX is derived from 

benthic dinoflagellates of the genus Gambierdiscus, which grow predominantly in 

association with macroalgae in coral reefs in tropical and subtropical climates. CFP 

produces gastrointestinal, neurological, and cardiovascular symptoms (Hallegraeff 

et al. 1995). 

• Spiroimine shellfish poisoning (SSP) caused by spirolides. Spirolides are produced 

by Alexandrium ostenfeldii and Alexandrium peruvianum. Spirolides cause 

neurological symptoms (Gueret & Brimble 2010).  
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• Amnesic shellfish poisoning (ASP) caused by amnesic shellfish toxins (domoic 

acid). The toxin is produced by diatoms in the genus Pseudo-nitzschia (Fehling et al. 

2012). ASP can be a life-threatening syndrome that is characterized by both 

gastrointestinal and neurological disorders (Fehling et al. 2004). 

 

The marine toxins described above are divided into two different classes; hydrophilic and 

lipophilic. Toxins associated with the syndromes ASP and PSP are hydrophilic and have a 

molecular weight below 500 Da. Toxins responsible for NSP, DSP, AZP SSP are all strongly 

lipophic and have a molecular weight between 600 and 2000 Da (Gerssen 2010).  

 
There are some sparse international and national records on the number of incidents of 

human intoxication caused by consuming contaminated seafood (Hinder et al. 2011). 

However, any figures most likely underestimate the numbers of cases, as many cases probably 

go undiagnosed or unreported (Granéli et al. 2006).  

1.3.5.2 Allelopathy 

Phytoplankton often face a number of challenges for survival such as attacks from grazers, 

pathogens and parasitism as well as competition from other organisms (Hulot & Huisman 

2004). Phytoplankton compete for resources such as light and nutrients by using an array of 

different physiological and biochemical adaptations. These include differences in the surface 

area to volume ratio, production of enzymes, differing nutrient requirements, pigments, 

photosynthetic ability, mixotrophy and vertical migration (Legrand et al. 2003). Species 

interactions and species performance play an important role in determining which species will 

survive and which will be able to divide rapidly and form blooms (Ma et al. 2009). 

The abundance, structure and composition of phytoplankton communities can be 

explained by a number of different biotic and abiotic factors such as resource competition, 
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turbulence, predation, parasitism and viral infections. However recently there has been a 

growing awareness that allelopathic interactions between populations (Legrand et al. 2003; 

Hulot & Huisman 2004; Ma et al. 2009) should be added to this list. 

 
The international Allelopathy Society describes allelopathy as: 

‘any process involving secondary metabolites produced by plants, algae, bacteria 

and fungi that influence the growth and development of biological and agricultural 

systems ’ 

 

This definition includes both stimulatory and inhibitory effects as well as both direct and 

indirect biochemical interactions. Allelopathic interactions have been reported in numerous 

settings between bacteria and phytoplankton and between zooplankton and phytoplankton 

(Hulot & Huisman 2004). The production of allelochemicals may protect against predation 

and could give a competitive advantage over non-allelochemical producing taxa (Legrand et 

al. 2003). The ability to immobilise or kill potential predators or competitors is most likely an 

adaptive strategy, it may allow HAB species to form dense and long lasting blooms (Tillmann 

& John 2002: Ma et al. 2009). Allelopathy should be considered an important part of 

competition. 

Many HAB species are regarded as ‘background’ species and are thought of as poor 

competitors in terms of their growth rate and nutrient uptake abilities (Smayda 1997). To 

compensate for this some HAB species may be able to produce allelochemicals that can affect 

other organisms and alter their growth. The reduction and inhibition of grazing pressure may 

be an important factor in harmful bloom dynamics (Smayda 1997; Tillmann & John 2002). 

These allelochemicals may exclude competitors from utilising the limited resources and could 

be used to avoid or reduce predation (Ma et al. 2009). 
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1.3.6.2.1 Allelochemicals  

Many allelochemicals or chemical inhibitors are believed to be secondary metabolites 

(Granéli & Hansen 2006). Allelochemicals have been well studied in higher plants but less is 

known about micro-algal allelochemicals, those that have been identified show high structural 

diversity and include: cyclic peptides, alkaloids and long chain fatty acids (Legrand et al. 

2003). 

Some microbial allelochemicals can interrupt or stimulate a number of essential 

functions of prokaryotic and eukaryotic cells. Allelochemicals have been known to target 

other algae, bacteria, viruses, fish and fungi. However, the modes of action are not commonly 

described and many are still unknown. Phytoplankton allelochemicals have been observed to 

cause cell lysis, blistering, growth inhibition, paralysis, eedysis or cell death of target cells 

(Legrand et al. 2003). In addition to this, a number of secondary metabolites have also been 

shown to have haemolytic activity and can perforate cell membranes of fish gills (Granéli & 

Hansen 2006).  

1.3.6 Geography  

HABs are a complex oceanographic phenomena that require multidisciplinary study 

including: molecular and cell biology, field surveys, remote sensing and numerical modelling 

(Anderson 2005). Currently almost every coastal country worldwide is affected by HABs, in 

many cases over large geographical areas and generated by more than one harmful species 

(Hallegraeff 1993).  

Physical dynamics, water movement, nutrient loading and anthropogenic forces are 

some of the main elements controlling HAB development (Gilbert et al. 2005). Communities 

will have analogous functional characteristics in response to the ecology of the body of water 

in which they are situated, e.g. dinoflagellates are commonly found in areas with high nutrient 
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concentrations and low turbulence (Margalef 1978) e.g. coastal lagoons and occasionally sea 

lochs. Hydrographic factors play an important role, as many blooms tend to form in weakly 

flushed, semi-enclosed bays and inlets (Anderson 2005; Lee et al. 2010). 

The geography of an area is highly important for bloom formation. For example the 

circulation pattern and hydrographic complexity of waters off the west coast of Scotland 

appears to favour intra-regional and far field recruitment of phytoplankton cells which are 

advected as passive particles (Smayda 1998).  

1.3.7 Monitoring 

As harmful species are a common constituent of the spring and summer phytoplankton 

communities (Collins et al. 2009), a monitoring program has been put in place for a number 

of toxin producing shellfish species which complies with the EU Shellfish and Hygiene 

directive 91/4921/EEC.  

In Scotland sampling takes place monthly between November and February and weekly 

between March and October. Phytoplankton monitoring is carried out by the Scottish 

Association of Marine Science (SAMS) on behalf of the Food Standards Agency Scotland. 

Water samples are collected from designated shellfish growing areas. Samples typically are 

collected using a 10 m integrated tube sampler. They are then preserved in 1% Lugol’s iodine 

solution and analysed by light microscopy (FSA 2010). A 50 ml sub-sample is analysed on an 

inverted microscope using the Utermöhl technique. The cells are only identified to genus 

level. ‘Alert level’ phytoplankton concentrations have been set as indicated in Table 1.1 (FSA 

2010). Other species do not have an AOAC alert level in Scotland.  
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Table 1.1 ‘Alert levels’ for harmful phytoplankton concentrations and their associated 
biotoxins (FSA 2010) 
Biotoxin Phytoplankton Alert Level 
PSP  Alexandrium  

(saxitoxin) 
Presence of Alexandrium  

DSP Dinophysis 
(Okadaic acid) 

Greater than or equal to 100 cells L-1 Dinophysis 

ASP Pseudo-nitzchia 
(Domoic acid) 

Greater than or equal to 50,000 cells L-1 Pseudo-
nitzchia 

 

1.3.7.1 Analytical methods 

Maximum levels of biotoxin in shellfish have been set (Table 1.2) (FSA 2010). Previously the 

main regulatory method for the analysis of PSP toxins in shellfish is the AOAC mouse 

bioassay (MBA), official method 959.08. However the use of animals in testing procedures is 

being progressively phased out throughout the world and many countries have been trying to 

find alternative methods to animal testing. The UK has replaced the MBA with analytical 

chemistry techniques.  Defining standardised techniques began with liquid chromatography 

(LC) and between 2007 and 2012 CEFAS refined and validated a fully quantitative LC-

fluorescence detector (LC-FLD) method. In parallel, CEFAS also refined and validated a 

liquid chromatography with mass spectrometer technique. The association of official 

analytical chemists HPLC (high performance liquid chromatography) quantitative assay has 

also been approved as an official method by the European Commission for the detection and 

quantification of a number of PSP toxins in certain harvested shellfish products (CEFAS 

2008) 

Table 1.2: Maximum permissible biotoxin 
concentrations in shellfish.   
 

Biotoxin Maximum Concentration  
PSP  80µg STX eq/100 g 
ASP 20 µg/g 
DSP DSP toxins must not be present 

in the sample. (For species not 
tested by LC-MS) 
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Lawrence et al. (2004) introduced methods using a HPLC-FLD pre-column oxidation step for 

the determination of PST in shellfish (Lawrence et al. 2004), and this was adopted after 

validation in 2005. However this method has its limitations.  A major drawback is that it is a 

time consuming and laborious method as three separate analyses are required per sample. A 

method used in monitoring laboratories has to be able to cope with high daily throughput. A 

second limitation is that it cannot distinguish between isomeric toxins, which present 

significant different toxicities. An alternative to the Lawrence method is the post-column 

oxidation (PCOX) method, which separate out the toxins before oxidation to fluorescent 

compounds. Adaptations of this technique have allowed for shorter running times and high 

sample throughput and could prove to be a possible alternative to the Lawrence method. The 

PCOX method is discussed in more detail in chapter 3.  

1.3.7.1 Local issues: Scotland 

Sea lochs and fjordic sea lochs are one of the most prominent features of the West coast of 

Scotland. These features are glacially-deepened river valleys that are characterised by having 

a low sill entrance (Tett & Edwards 2002). Many Scottish sea lochs, fjords and firths are 

characterised by freshwater driven circulation and tidal exchange with adjacent coastal 

waters. Onshore and offshore advections occur in both directions, so sea lochs can be both 

sources and sinks of nutrients and phytoplankton. Sea lochs that have high retention times 

often favour HAB formation, as high retention times create long periods in which cells can 

thrive (Anderson et al. 1998). Lochs that flush quickly potentially have a similar 

phytoplankton community and biomass to the offshore waters. Out-flowing sea loch 

populations can be caught and moved by shore currents and seed adjoining sealochs (Smayda 

1998). 
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Harmful marine microorganisms have been a concern in the Scottish waters since the 

first reliable record of paralytic shellfish poisoning in 1928 (Smayda 2006). Outbreaks of 

HABs in Scottish coastal waters have caused ASP, DSP and PSP events (Tett & Edwards 

2002; Smayda 2006). These shellfish mediated illnesses not only compromise human health, 

but result in fisheries closures, commercial losses and creates concerns over seafood safety 

and environmental quality (Tett & Edwards 2002; Smayda 2006: Swan & Davidson 2012). 

Some of the major HAB issues in Scotland are listed below.   

Routine monitoring has highlighted a number of harmful species in Scottish waters. Of 

all the harmful dinoflagellates in Scottish waters the one of greatest concern is Alexandrium a 

genus associated with the production of saxitoxins, the causal agents of paralytic shellfish 

poisoning (Swan & Davidson 2012). Alexandrium as the focus of this thesis is discussed in 

more detail in section 1.4.   

Certain species of Dinophysis including D. acuminata, which has a wide spread (but 

often low level) distribution (Hallifors et al. 2011), and the benthic dinoflagellate 

Prorocentrum lima, are known producers of okadaic acid and have been associated with DSP 

illnesses in Scotland (Murakami et al. 1982; Smayda 2004).  

Prorocentrum minimum is a high biomass species, often discolouring the water column. 

P. minimum can produce two kind of toxins: hepatotoxic and diarrhetic shellfish toxins 

(Witek & Plinski 2000; Heil et al. 2005) and has been connected with problems associated 

with high biomass blooms e.g. oxygen depletion in other areas (Smayda 2006).  

The dinoflagellate Lingulodinium polyedrum occurs irregularly in Scottish waters, but 

can lead to intense red tides leading to fish and shellfish mortalities. L. polyedrum and 

Protoceratium reticulatum are linked to yessotoxin production (YTX), yet, reports of its 

toxicity have been contradictory (Paz et al. 2004; Smayda 2006; Swan & Davidson 2012). 
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The diatom genus Pseudo-nitzchia, is a producer of domoic acid and causal agent of 

ASP and can be widespread and abundant on the West coast of Scotland  (Fehling et al. 2006;  

Fehling et al. 2012). In 1999 a scallop-fishing ban covering 8,000 square miles from the 

Western Isles to Cape Wrath down to Jura, Lewis, Barra, Coll, Tiree and Mull was imposed 

after high levels of ASP toxins were discovered in Scallops.  

The recently described thecate dinoflagellate Azadinium spinosum has been identified as 

a producer of azaspiracids, this recently discovered toxin is still not yet fully understood 

(Tillmann et al. 2009). 

The ichthyotoxic and hypoxia inducing dinoflagellate Karenia mikimotoi is wide spread 

across Scottish waters, while remaining relatively benign to humans it is a threat to fish and 

shellfish farming (Smayda 2006).  

1.3.8 Modelling 

Understanding the possible effects on HAB species caused by the interaction of a number of 

environmental factors is an important requirement for predicting future change and creating 

risk assessments for the effective management of HABs (Dale et al. 2006). 

Mathematical models have been widely used in studies of phytoplankton and primary 

production (Davidson 1996). Typically models represent phytoplankton to the level of 

functional groups at best. Developing a general model explaining the relationships between 

organisms within phytoplankton communities is therefore difficult due to the complexities 

involved and requires specific parameterisation for the organisms of interest.  

The most basic approach to modelling phytoplankton uses a yield coefficient to relate 

biomass to the utilised limiting nutrient. Monod (1949) proposed an equation to relate 

microbial growth rates with the concentration of limiting nutrient. Growth rate is a hyperbolic 
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function of nutrient concentration, eventually reaching saturation and a maximum value of 

growth rate (Monod 1949). The change in population biomass with respect to time is equal to 

the specific growth rate multiplied by the standing crop of biomass. The loss of the nutrient 

from the medium is related to changes in biomass multiplied by the yield coefficient. So the 

yield coefficient is defined as the units of biomass produced per unit of nutrient (Auer & 

Canale 1982).  

A further approach relates growth to intracellular nutrient concentration. Droop (1957) 

first described the importance of internal nutrient stored for regulating growth in nutrient 

limited environments. One can define the minimum ‘cell quota’ as the lowest internal nutrient 

concentration per unit biomass before growth ceases. The growth rate then increases as a 

hyperbolic function of the internal concentration of the nutrient before reaching a maximum 

(Droop 1968; Sommer 1991; Caperon 1968). Modelling techniques are discussed in more 

detail in chapter 4.  

1.4 Alexandrium   

Alexandrium is a genus of armoured dinoflagellates. Alexandrium is one of the major harmful 

algal bloom (HAB) genera (Anderson et al. 2012) and is one of the most important in terms of 

severity, global distribution and diversity. The genus now includes approximately 31 species 

many of which were originally described under different genus names 

(as Gonyaulax, Protogonyaulax, Gessnerium, Goniodoma, and Pyrodinium), demonstrating 

this genus’s turbulent taxonomic history (Anderson et al. 2012). At least half of the 31 species 

are known to be toxic or have other harmful effects (Anderson et al. 2012). Alexandrium has a 

high toxigenic diversity with species within the genus producing saxitoxins, spirolides and 

goniodomins (Anderson et al. 2012). Many of the species within the genus have been 

comprehensively studied, leading to important improvements in our understanding of their 



Chapter 1 
______________________________________________________________________ 

 
 

22 
 

biogeography, physiology, behaviour, genetics, toxicology and management (Anderson et al. 

2012). As this thesis focuses primarily on A. tamarense it is discussed below in more detail.  

1.4.1 Alexandrium tamarense 

A. tamarense (Gonyaulax tamarensis) (Lebour) is a toxin producing dinoflagellate, producing 

potent PSP toxins. This species is responsible for numerous illnesses and several deaths after 

the consumption of contaminated shellfish. Not all strains of A. tamarense are toxic: both 

toxic and non-toxic strains have been reported. A. tamarense is a widely distributed coastal 

and estuarine dinoflagellate species associated with PSP events around the world, up until the 

1970’s it was mainly found in cold to temperate waters in North America, Europe and Japan  

(Sournia 1978; Hallegraeff 2003; Lilly et al. 2007). It has now been found in warmer waters 

around the world form Australia, Venezuela and the gulf of Thailand (Sournia 1978; 

Hallegraeff 2003).  

1.4.2 A. tamarense species complex 

 The majority of toxic Alexandrium blooms have been caused by the morphospecies A. 

catenella, A. tamarense and A. fundyense which together make up the Alexandrium tamarense 

species complex. Until 1970 PSP causing dinoflagellates in the Alexandrium tamarense 

species complex were known only in Europe, North America and Japan, but by 2000 

Alexandrium tamarense complex cells had been documented in both hemispheres, now being 

found in South America, South Africa, Australia, the Pacific Islands, India, Asia and the 

Mediterranean (Lilly et al. 2007). 

The taxonomy of the species complex has often been disputed with some believing that 

these three morphospecies are true biological species, while others argue that the 

morphological variations are variations within a single species (Anderson et al. 1994; Scholin 

et al. 1995). 
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The morphospecies are identified by their cell shape in the ventral view, cell size, chain 

forming ability, presence or absence of a ventral pore between plates 1’ and 4’ (Lilly et al. 

2007), sulcal list, posterior sucal plate and the presence or absence of the posterior attachment 

pores (Hosoi-Tanabe & Sako 2006). So the taxonomic criteria for the A. tamarense species 

complex have been difficult to establish as it is hard to observe the thecal plate 

microscopically, and the classification of each species is based on multiple criteria. As the 

morphological differences are small and numerous morphospecies can occur, researchers have 

looked for molecular evidence to confirm identification. The results of these studies were 

initially confusing and conflicting (Lilly et al. 2007).  

Analysing molecular sequences can help to determine evolutionary relationships and 

taxonomy for species that are morphologically similar (Granéli et al. 2006). So the rRNA 

gene family, 5.8S rDNA, 18S rDNA, 28S rDNA and the internal transcribed spacer (ITS) 

have been determined for A. tamarense. This has helped to clarify the phylogenetic 

relationships within the genus. It has often be noted that classification based on molecular 

phylogenetic relationships are frequently different from those based on morphological 

characteristics (Hosoi-Tanabe & Sako 2006). 

rDNA sequences in the genus Alexandrium have variations that may reveal genetic 

divergence in species that have a similar morphology, so any studies that have previously 

used differences in morphology may have miscalculated the actual genetic diversity 

(Anderson et al. 1994). Based on their rDNA-ITS and 5.8S rDNA sequences, the three toxic 

HAB forming species in the Alexandrium tamarense species complex: A. catenalla. A. 

fundyense and A. tamarense are more closely related to each other than to other non-toxic 

species outside of the complex (Janson & Hayes 2006). 

A study of the species in the A. tamarense species complex using 28S rDNA sequencing 

demonstrated a correlation between A. tamarense species and their historical geographical 
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location (Scholin et al. 1995). Scholin et al. (1994) defined five main phylogenetic clades, 

which were named after the origin of the majority of the strains in each clade including: North 

American, Western European, Temperate Asian, Tasmanian and Tropical Asian. The work by 

Scholin et al. (1994), was useful for demonstrating the extent of strain expansion worldwide, 

and allowed researchers to determine the origin of their local populations of Alexandrium.  

Following the study by Scholin et al. (1994), Lilly et al. (2007) also recognized that the 

three morphospecies of the A. tamarense complex do not conform to the phylinogentic, 

biological or morphological species definition and should not therefore be considered valid 

species, but instead confirmed the five Groups of A. tamarense are genetically distinct 

lineages, with different biogeographical histories. They also observed that the geographic 

distinctions (e.g. North American ribotype, Western European ribotype etc.) are no longer 

representative of the range occupied by each group. Due to this a numbering scheme was 

introduced to replace the geographically named clades (Anderson et al. 2012). Group I is the 

PSP toxin producing (North American) strain and Group III containing the non-toxic 

(Western European) strain. These shall be the main focus of the thesis.  

1.4.3 Alexandrium life cycle transitions 

Life histories of Alexandrium species usually involve an alternation between asexual and 

sexual reproduction (Figure 1.3) (Anderson 1998). Recurring divisions leads to the 

propagation of motile, vegetative cells as a bloom develops. This asexual process is 

terminated when sexuality is induced. Once sexuality begins there is the formation of gametes 

which fuse and form swimming zygotes (planozygotes) which can become dormant resting 

cysts (hypnozygotes (Anderson 1998). When motile cells are stressed by unfavourable 

conditions a temporary resting cyst can form. When conditions become more favourable these 
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temporary cysts can quickly reinstate their motile vegetative forms. This temporary resting 

ability can allow the cells to survive short-term environmental fluctuations (Anderson 1998) 

 

 

After the gametes fuse to form planozygotes, the planozygotes swim for a period of up to a 

week and then fall to the sediment as resting cysts to begin a period of dormancy (This is not 

to be confused with quiescence). Dormancy is the suspension of growth by active endogenous 

inhibition whilst quiescence is the suspension of growth due to unfavourable conditions. 

 

Figure 1.3: The Life cycle of Alexandrium: the diploid cyst, 
dormant on the sediment, excysts and forms two haploid vegetative 
cells, which divide vegetatively until they form gametes, which fuse 
to eventually form the diploid cyst: Diploid phases of the life cycle 
(Brosnahan et al. 2010). 
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Cysts that are dormant cannot germinate even when there are favourable conditions while 

quiescent cysts are able to germinate but are inhibited by unfavourable conditions (Anderson 

1998) Alexandrium cysts usually undergo a compulsory period of dormancy before they are 

able to germinate which is characterised by low metabolic activity (Anderson 1998). 

Vernalization (the exposure to cold temperatures for a set period of time) is an important 

factor associated with the key dormancy period (Genovesi et al. 2009). Important 

morphological, structural and biochemical changes occur during the cysts resting period. 

During this period germination cannot take place (Anderson 1998); storage products 

within the germling allow it to survive. The period of maturation varies between species and 

can be between 12 hours to 6 months. There are a number of predictions for the time between 

cyst formation and excystment. Genovesi et al. (2009) estimated that some A. catenella and A. 

tamarense cells can undergo encystment, mandatory dormancy and excystment between 3-13 

days, while other studies have shown the time period to range between 15-180 days 

(Genovesi-Giuntim et al. 2006). Non-optimal conditions such as differences in salinity or 

temperature can lengthen the pre-excystment period (Anderson 1998; Genovesi et al. 2009). 

The length of this period is important with respect to bloom formation. Species with a long 

maturation time may only be able to seed one or two blooms per year, whilst strains that have 

a short maturation period may interchange between the plankton and the sediment and cause a 

number of blooms throughout the year. After the maturation period is over the resting state 

will continue if the conditions are unfavourable. After germination a fraction of the seeding 

population dies quickly (10-50%) (Genovesi et al. 2009).  

Bloom seeding needs successful recruitment from resting cysts from cyst beds into the 

water column and their germination may be controlled by a number of environmental 

parameters. Environmental factors such as temperature, oxygen concentration and light can 
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trigger and alter germination (Anderson 1998). Buried resting cysts appear to not be able to 

germinate under anoxic conditions (Genovesi et al. 2009). Alexandrium cysts can persist in 

sediments for 2-8 years under anoxic conditions (Genovesi et al. 2009). Nutrient depleted 

conditions slow germination (Genovesi et al. 2009). The optimum salinity and light levels  for 

cyst germination are species dependent and may vary geographically across populations and 

may be adapted to local environmental conditions through ecotype selection  (Genovesi et al. 

2009). Cysts may only germinate in an appropriate temperature window (Anderson 1998) 

which will depend on the geographical origin of the strain.  

Anderson et al. (1998) stated that in Cape Cod, (USA) A. tamarense has a temperature 

window between 5-21 ºC. This allows for two blooms per year; one in the spring and one in 

the autumn. When temperatures increase in the spring, over-wintering cysts germinate causing 

a spring bloom which causes new cysts to settle on the sediment. As the temperature exceeds 

21 ºC no other cysts can germinate and the new cysts mature. In the autumn when water 

temperatures cool, this allows a second bloom to form (Anderson 1998). Genovesi et al. 

(2009) demonstrated that cold-dark storage had an important impact on excystment timing 

and allowed for synchronised germination. This suggests that winter resets the internal clock 

of resting cysts allowing synchronised excystment the following year.  

Alexandrium cyst beds are of great importance and provide the inoculum for the 

population. The mechanisms for bloom initiation and the relative importance of cyst seedbeds 

changes between habitats (Anderson 1997). So it is important to understand the optimal 

conditions that resting cysts require to germinate and the contribution the emerging cells make 

to seeding the population. 
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1.4.3.1 Alexandrium blooms 

Alexandrium blooms are a consequence of a rapid proliferation of cells caused by a high 

growth rate or the preservation of a large concentration of cells by behavioural adaptations, 

successful competition or changes to the life-history or chemical interactions (Cembella et al. 

2006). The timing and the positioning of the bloom is dependent on the timing of germination 

and the location of the cysts (FAO 2004). 

After a bloom is initiated and the cells are growing exponentially then there is a large 

increase in numbers. However, the water column cannot maintain this growth as nutrients 

become depleted. As the environmental conditions degrade the population reaches the 

stationary phase. With continued degradation of environmental conditions, the population 

begins to decline and eventually crashes. At this point it is common for cysts to form and sink 

to the sediment (FAO 2004). In some instances what is considered a ‘bloom’ of Alexandrium 

represent a minor portion of the total phytoplankton community at the time.  

1.4.4 Toxicity of Alexandrium 

Each year 2000 cases of paralytic shellfish poisoning are reported world-wide with around 

15% being fatal (IOC 2010). There are at least 28 compounds contributing to toxicity in 

Alexandrium species and these toxins occur in a number of combinations and concentrations. 

Paralytic shellfish toxins (PSTs) can be divided into three groups based on their side chain 

chemical structure; the carbamoyl, decarbamoyl and sulfamate toxins. The carbamoyl group, 

which includes saxitoxin (STX), neosaxitoxin (NEO), and the gonyautoxins (GTX-4), is the 

group containing the most toxic compounds. The sulfamate group is the least toxic, and 

contains the four C-toxins and B1 (GTX5) and B2 (GTX6). The decarbamoyl group has 

intermediate toxicity and includes the decarbamoyl derivatives of STX, GTX and NEO (Costa 

2009). STX’s are made of polar molecules and so easily dissolve in water. They are thought 
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to be the most lethal non-protein toxins. 0.2 mg could be enough to kill the average human, 

with an LD50 in mice of 10 µg kg-1 (Smayda 2004).  

PSTs are nitrogen rich compounds (Cembella et al. 2006) and are highly potent 

neurotoxins which can cause muscular paralysis, neurological symptoms and in very severe 

cases death (Collins et al. 2009; Touzet et al. 2010). PSTs blocks voltage gated sodium 

channel with very high affinity but leaves the potassium channel unaffected (FAO 2004). This 

is the reason why bivalves can accumulate PSTs to high levels and not become affected as 

bivalves use calcium channels to control neuromuscular functions (Landsberg 2002), allowing 

them to carry on filter feeding while becoming highly toxic. The voltage gated sodium 

channel is a protein around 250,000 Da in size, which crosses the plasma membrane. Voltage 

gated sodium channels are found in mammal nerves, skeletal muscle fibres and cardiac 

muscle fibres. When there is a depolarisation of the cell a conformational change occurs to 

allow the movement of sodium ions into the cell. This causes an increase in action potential. 

PST molecules therefore cause the transmission of the action potential to be slowed or 

prevented, inhibiting signal transmission between neurons. Voltage gated potassium channels 

allow the outward movement of intracellular potassium causing repolarisation.  

1.4.4.1 Toxin synthesis  

PSP intoxication can occur even at very low cell densities (Davidson & Bresnan 2009).  PSPs 

are chemically complicated and can be altered by organisms through the food chain (Lilly et 

al. 2007).  

The toxicity of Alexandrium spp is also highly variable even within a bloom 

(Alpermann et al. 2010). Different isolates can produce different toxin compositions. Single 

isolates can also have very different toxin profiles when grown under different conditions. In 

batch culture the toxin content is variable between different growth stages, salinities, 
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temperatures, light intensities and nutrient concentrations. Lower temperatures and phosphate 

concentrations can increase toxicity, whilst N limitation can cause it to decrease (Anderson et 

al. 1998). 

Previously it has not been understood why some species of Alexandrium produce toxins 

while others do not, or why some strains of the same species do and others do not. STX 

compounds are synthesised by organisms spanning two kingdoms of life. PSPs are 

synthesised by prokaryotic freshwater cyanobacteria as well as eukaryotic marine 

dinoflagellates and the toxin synthesis appears to occur in a similar manner (Stüken et al. 

2011). Until recently the large divergent genomes of dinoflagellates have prevented the 

genetic basis of their toxin production from being identified (Stüken et al. 2011). However, 

the biosynthetic pathway and the genes responsible for STX production have now been 

identified in a number of cyanobacteria species. The STX gene clusters contain a set of core 

genes which are common to STX clusters as well as a set of variable genes. It has now been 

demonstrated that there are close homologies of the genes involved in STX biosynthesis in 

cyanobacteria, the same genes are also present in STX producing dinoflagellates.  

Stüken et al. (2011) investigated saxitoxin encoding genes in a number of 

dinoflagellates species. The investigation looked at SXTA the starting gene of STX synthesis 

in cyanobacteria. SXTA has four catalytic domains SXTA1, SXTA2, SXTA3 and SXTA4. 

SXTA1 and SXTA4 genomic sequences were present in all STX producing dinoflagellates 

but absent from most non-STX producing dinoflagellates with the exception of A. tamarense 

where both these fragments were found and amplified in non-saxitoxin producing strains. It 

was suggested that this could be due to these non-STX producing strains missing other parts 

of the pathway, the post transcriptional mechanisms differing or the amount of STX these 

strains produce being below detection limits. As cyanobacteria SXT genes are highly 

conserved between species and SXTA transcripts have been shown to be closely related 



Chapter 1 
______________________________________________________________________ 

 
 

31 
 

between cyanobacteria and dinoflagellates, Stüken et al. (2011) suggested this is most likely 

due to a gene transfer event between STX producing bacteria and dinoflagellates.  

1.4.5 Factors effecting Alexandrium  

1.4.5.1 The role of nutrients 

There is a great deal of interest in the nutritional mode of phytoplankton, as many HABs have 

been associated with eutrophication or altered nutrient concentrations (Smayda 1998). 

Nutrient levels affect dinoflagellate population dynamics (Sui et al. 1997) with changing 

ratios of phosphorus and nitrogen affecting algal physiology and community structure when 

limiting (Davidson et al. 2012).  

1.4.5.1.1 Macronutrients  

The influence of variations in macronutrient availability on the physiology of Alexandrium 

spp have shown contradictory results depending on the species and the experimental protocol 

(Touzet et al. 2006). 

Nitrogen and phosphorus are essential nutrients for dinoflagellates but they are required 

in the correct proportions. Nitrogen is almost always required in a greater molar quantity and 

a balanced culture medium usually contains a N:P ratio close to 16:1 (the Redfield ratio) 

(Rodríguez et al. 2009). However, N:P ratios can vary from between 8.2 to 45.0 depending on 

the ecological conditions and the recognised Redfield ratio of 16 represents an average of 

species specific N:P ratios (Klausmeier et al. 2004).  

The N:P ratio can influence toxin production (Davidson et al. 2012). Nitrogen limitation 

reduces both somatic growth, protein synthesis and toxin production, as toxins are nitrogen 

rich compounds. Phosphorus limitation affects metabolic regulation such as phosphorylation 

nucleotide synthesis but may enhance toxin concentration (FAO 2004; Graneli, et al. 2006). 

As phosphorus deficiency negatively affects nucleotide synthesis, it has been suggested that 
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cells subjected to phosphorus stress could be kept in the G1 phase and so accumulate toxins 

(John & Flynn 2000). The G1 phase is part of interphase, where the cell grows in size and 

synthesises mRNA and proteins. 

1.4.5.2 Biological control mechanisms 

It is thought that some HAB species can affect the growth and survival of other co-occurring 

organism with HAB exochemicals causing autoinhibition of growth. An important HAB 

control mechanism (allelopathy) has already been described in section 1.3.5.2 but other 

biological control mechanisms are described below. 

In the natural environment pathogens such as viruses and bacteria and parasites are a 

significant factor causing cell death in HABs. Many viruses cause a loss of photosynthetic 

efficiency after infection. Bacteria may have an important role in HAB dynamics, toxin 

formation and growth. A number of toxic dinoflagellates have been reported to have bacterial 

species associated with them. Aeromonas, Altermonas, Bacillus, Cytophaga, Flavobacterium, 

Moraxella, Pseudomonas, Roseobacter and Vibrioare are the bacterial genera that are most 

frequently associated with toxic dinoflagellates (Burkenholder et al. 2006). HAB species may 

be physically altering their bacterial assemblages to best suit them, as a way of increasing 

carbon transfer by altering the microbial loop (Weissbach et al. 2010). It was proposed by 

Taylor (1968) that dinoflagellate specific parasites could be used as biological control against 

HAB species. However at the time this idea was rejected due to the apparent lack of 

specificity of parasites. However, further study by Chambouvet et al. (1999) identified host-

specific interactions amongst several dinoflagellate species, including A. minutum. It was 

discovered that the host species was infected with a single genetically distinct parasite year 

after year, thus again highlighting their potential as biological control agents.  
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1.4.5.3 Physical forcing 

Physical forcings play an important role in Alexandrium bloom formation and population 

dynamics over a broad range of spatial and temporal scales (FAO 2004). Physical variability 

is driven by external forces such as meteorology and climatology (Glibert et al. 2005).  

The uppermost part of the coastal ocean is physically controlled by interactions between 

the air and land, rivers and the interior ocean. The degree of turbulence in this upper most part 

of the ocean affects growth rate, cell shape as well as transport of material in and out of the 

cell (Figuerias et al. 2006). The effect of turbulence is species specific and dependent on 

environmental conditions. Some studies have reported positive or even indifferent 

environmental responses to turbulence while others have reported negative responses (Bolli et 

al. 2007). 

A. tamarense cells appear to be stimulated by freshwater plumes (Weise et al. 2002). In 

a study by Anderson et al. (1998) more cells were found within lower salinity plumes. This 

could be due to higher growth rates within the plumes or it could be due to physical 

interaction migrating cells. Freshwater runoff may contain high levels of dissolved and 

particulate organic matter and nutrients which may elevate growth rates (Figuerias et al. 

2006).  

The presence of a thermocline can be very important (FAO 2004) as stratified water 

columns favour proliferation and retention of dinoflagellates. Blooms of Alexandrium have 

been linked to particular water masses. A number of HAB species including Alexandrium 

form in thin subsurface layers within the thermocline or nutricline (Touzet et al. 2010).  

1.4.6 Alexandrium distribution in Scottish waters 

Alexandrium blooms commonly occur in open coastal waters, estuaries and sealochs (Smayda 

2004). Routine monitoring has shown the regular occurrence of Alexandrium in Scottish 



Chapter 1 
______________________________________________________________________ 

 
 

34 
 

phytoplankton communities in spring and particularly summer periods. Regional hotspots 

include Orkney, Shetland, the western Isles, the east coast of Scotland and Northern England 

(Collins et al. 2009). The most widespread species of Alexandrium found in Scottish waters is 

A. tamarense and A. tamutum. A. minutum and A. ostenfeldii are not observed as frequently 

(Bresnan et al. 2009; Brown et al. 2010; Toebe et al. 2013). Previously in Scotland the PSP 

and spirolide producer A. ostenfeldii was found only in Orkney but in the past it may have 

been overlooked elsewhere due to its low densities, and the fact that there were virtually no in 

depth examinations of the Alexandrium population (Smayda 2006). A. minutum is the PSP 

producer in English waters. A. minutum had previously been absent among the harmful 

dinoflagellate species reported in Scottish waters, as studies examining it had been sparse, 

until it was reported in Orkney by Tobe et al. (2001). 

1.4.6.1 Alexandrium tamarense in Scotland 

In Scottish waters PSP outbreaks have been linked to Group I strains of A. tamarense. There 

is a long history of PSP outbreaks in Scotland. One of the first recorded PSP events may have 

occurred in 1837 following the consumption of contaminated mussels from the Firth of Forth. 

Subsequently only 10 PSP outbreaks were recorded until May 1968 where 79 clinical cases 

were recorded (Smayda 2006). The 1968 event was attributed to A. tamarense contaminating 

mussels from the Firth of Forth and Bundle Bay near the Scottish border in Newcastle. After 

the 1968 outbreak a weekly PSP monitoring programme assessing 15-20 sites from Aberdeen 

to Bridlington between March and August was put into place. Between 1969 and 1990 

showed that the emergence of PSP is variable between years, and can begin anywhere 

between March and June (Joint et al. 1997). The location of the first appearance also varied 

between years (Joyce 2005). During this time the quarantine levels were exceeded 17 times 

with no clinical PSP cases being reported (Smayda 2006). 
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In 1968 and 1975 there was a significant mass mortality of sea birds in the Farne Islands 

attributed to paralytic shellfish toxins being passed through the food web. In 1990 an intense 

A. tamarense bloom and PSP outbreak occurred along the North East Coast of the UK, West 

Scotland and Northern Ireland (Joint et al. 1997). Diverse faunal intoxication was seen after 

this event (Smayda 2004). During the 1990’s PSP was found regularly along the West Coast  

(Tett & Edwards 2002; Smayda 2006). 

A. tamarense along with A. tamutum are thought to be the most abundant Alexandrium 

taxa in Scottish waters (Toebe et al. 2013). In recent years A. tamarense has become common 

in the Orkney Islands where it has caused a number of PSP events. In Orkney the first 

recorded PSP outbreak was in 1991. Since that time PSP outbreaks have been recorded on an 

almost annual basis, yet outbreaks now appear to be in decline (Bresnan et al. 2008). In 

western Scotland in spite of intermittent PSP events, levels requiring closures of shellfish 

fisheries are not common. However closures of fisheries are required most years in Orkney 

(Joint et al. 1997). PSP outbreaks around the rest of the UK are rare.  

A. tamarense cyst beds are present around Orkney and the east coast of Scotland. These 

cyst beds help to propagate Alexandrium  bloom events (Joyce 2005; Bresnan et al. 2008; 

Brown et al. 2010). A. tamarense cyst accumulations in the Firth of Forth have been linked to 

toxic blooms in the neighbouring waters to the north and south (Joint et al. 1997; Anderson et 

al. 2005). 

In Northern Scottish waters even though the cell densities are lower than those in 

Southern England (~1000-2000 cell L-1 compared to >1x106 cell L-1) the PSP concentrations 

are far greater (Bresnan et al. 2009). 
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1.5 Status of knowledge and direction needed 

Since the discovery of saxitoxin impacts on human health, there have been many studies of 

the dynamics and monitoring the occurrence of Alexandrium species worldwide. A wide 

range of information has been gathered through environmental monitoring programmes and 

laboratory studies, creating a better understanding of the environmental variables affecting 

growth, reproduction, bloom development and PSP toxin production.     

Microscopy and molecular methods have been developed to identify Alexandrium 

species and ribotypes from laboratory and field samples (Godhe et al. 2007; Toebe et al. 

2013). Laboratory studies have been used to create a better understanding of the mechanisms 

behind toxin production, biosynthetic pathways and gene regulation of saxitoxin synthesis. 

Toxicology studies have investigated the impacts of saxitoxins on both human health and 

marine food webs.  

Scottish based monitoring programmes, and previous environmental studies, have 

shown that A. tamarense is a common constituent of Scottish phytoplankton communities. 

These studies have shown that, historically, the saxitoxin producing (Group I) and, recently, 

the non saxitoxin producing (Group III) ribotypes are present in Scottish waters, co-occurring 

in some locations. More recent studies have demonstrated that Group III strains are now 

present in the Orkney and Shetland Isles (Brown et al. 2010), on the West coast (Brown et al. 

2010), and the East Coast ranging from the Firth of Forth to the Pentland Firth (Toebe et al. 

2013). Now Group III ribotypes are found in the same geographical areas that were previously 

dominated by Group  I ribotypes and their ranges overlap in locations in the Shetland (Touzet 

et al. 2010) and Orkney Isles, as well as down the East coast of Scotland from the Pentland 

Firth to the Firth of Forth (Toebe et al. 2013). While Scottish coastal areas in recent history 

have been problematic areas for paralytic shellfish poisoning these toxification events may 
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have been in decline in recent years possibly due to increasing presence of the benign Group 

III ribotypes. Despite being frequently studied separately, little is known about the 

interactions between these two closely linked ribotypes in areas where they co-exist. Most 

studies carried out on A. tamarense have typically been in isolation. Few studies have focuses 

on mixed culture assemblages and where these studies have occurred, they have only focused 

on the effects of toxins (both saxitoxins and allelochemicals) on other plankton species 

(Anderson et al. 1990; Ma et al. 2009). No studies to date have focused on the relationships 

between two different (co-occurring) ribotypes of the same species. The relationships and 

interactions between Group I and Group III ribotypes of A. tamarense are therefore the focus 

of this thesis. It has only been since the development of fluorescence in situ hybridisation 

(FISH) probes that it has been possible to study these relationships.  

1.6 Study Objectives 

This study used a number of saxitoxin and non-saxitoxin producing A. tamarense strains that 

were isolated from waters around Scotland to test the hypothesis that non-toxic Group III A. 

tamarense strains are capable of out-competing toxic Group I A. tamarense strains in 

conditions representative of the present (or future) Scottish coastal waters.  

 

The objectives of this study were: 

• To identify if different strains have different growth characteristics when P limited 

in batch cultures. 

• To establish the response of Group I and Group III strains to changes in temperature 

(and light). 

• To study the competitive interaction between Group I and Group III strains, and 

how environmental conditions influence these. 
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• To determine the ability of Group I and Group III strains to cross breed in the 

laboratory and to look for evidence of crossbreeding in the environment. 

1.7 Work undertaken  

To examine Group I and Group III A. tamarense species from Scottish waters and to study 

their growth and competition dynamics, PSP production and behaviour, the following work 

was undertaken:  

• Mono- and mixed-culture experiments in batch culture were carried out across a 

range of temperatures under P limitation to assess growth, competition dynamics, 

and PSP toxin production.  

• A method was developed combining flow cytometry with Fluorescent in situ 

hybridisation (FISH) probes. This method was used to allow the identification of 

different strains in mixed culture.  

• Observations from field monitoring have indicated that in Scotland there are late 

spring/early summer and late summer/autumn blooms of A. tamarense. Therefore A. 

tamarense strains were also grown in laboratory batch cultures under spring and 

summer conditions to compare their growth rate and PSP toxin production.  

• A mathematical model was developed to investigate competition dynamics between 

Group I and Group III strains in mixed culture to assess whether the outcome of 

competitive growth dynamics were directly related to nutrient concentrations and 

nutrient uptake by the strain.   

• A. tamarense has been shown to produce additional phytochemicals that are not 

related to PSP toxicity. Group I cells were therefore grown in laboratory batch 
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culture experiments with a cell free supernatant from Group III cells to assess the 

impact of suspected allelochemicals on the growth of the toxic strain.   

• Individual cysts were isolated from sediment samples from around Scotland to look 

for evidence of hybrid cysts from different locations. Cross breeding experiments 

were also carried out in the laboratory to try to investigate whether viable hybrid 

cysts could be produced.  
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Chapter 2: Method Development: FISH-FC  
2.1 Abstract 

The co-occurrence of morphologically identical Group I and Group III ribotypes of the 

biotoxin producing marine dinoflagellate Alexandrium tamarense presents a significant 

problem for the prediction of bloom toxicity. To address this, a fluorescence in situ 

hybridization-flow cytometry (FISH-FC) based method of cell identification and enumeration 

was developed. This employed the taxa specific oligonucleotide probes TamToxC and TamA 

to fluorescently label (with the fluorochromes CY.3 and FITC) Group I (toxic) and Group III 

(non-toxic) A. tamarense ribotypes respectively. Detection was by fluorescence activated flow 

cytometric analysis. The FISH-FC method allowed effective discrimination between Group I 

and Group  III ribotypes, with Group I and Group III cells creating distinct, easily identifiable, 

clusters in a flow cytometer bi-plot of side scatter (SSC) versus the green (FL1) fluorescence 

detection channel. Comparison of estimates of cell abundance obtained by the FISH-FC 

technique with those obtained by microscopy (Sedgwick rafter technique) showed no 

statistically significant difference across a range of concentrations. The methodology was 

successfully applied on natural seawater samples spiked with known concentrations of Group 

I and Group III A. tamarense cells at environmentally relevant concentrations. 
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2.2 Introduction 

Molecular analysis has distinguished five different strains of A. tamarense (Groups I – V) 

with varying potential for toxin production (Lilly et al. 2007).  Limited investigations into the 

diversity of Scottish Alexandrium identified the highly toxic Group I A. tamarense ribotype as 

the main PSP producer in Scottish waters (Medlin et al. 1998; John et al. 2003: Bresnan et al. 

2008: Toebe et al. 2013). More recently, it has been shown that the morphologically identical 

non toxin producing Group III ribotype, that had previously only been identified in more 

southerly waters, can now co-occur with the Group I strain in Scottish waters (Collins et al. 

2009, Brown et al. 2010, Touzet et al. 2010: Toebe et al. 2013). This makes it impossible to 

use genus level identification of Alexandrium abundance as a robust early warning of 

subsequent shellfish toxicity. Moreover, the inability to discriminate between the different 

strains previously made co-culture experiments impossible. 

Identification of Alexandrium cells to species level is difficult and time consuming and 

requires the use of fluorescence microscopy (Collins et al. 2009). Distinction between 

different strains of A. tamarense is not possible using routine light microscopy as they are 

morphologically identical. Identification relies on the observations of a number of 

morphological features such as cell size, thecal plate, the size and shape of the apical pore 

plates, sulcal list, posterior sulcal plate and the presence or absence and position of the 

posterior attachment pores (Hosoi-Tanabe & Sako 2006). In many routine monitoring 

programmes the standard method for identification uses the Utermöhl technique (Utermӧhl 

1958) with light microscopy. However, key identification features are obscured by Lugol’s 

iodine solution which is the most common fixative used in routine monitoring (Collins et al. 

2009), making it difficult to rapidly discriminate between Alexandrium and other benign 

organisms, particularly given that the regulatory threshold of Alexandrium spp is 1 cell in a 50 

ml counting chamber. Staining with fluorescence microscopy can make the morphological 
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criteria required for identification easier to observe but this is a highly time consuming and 

skilled technique. Electron microscopy (EM) can resolve such morphological features but 

there is often insufficient time in a regulatory programme to study samples using this method 

and EM allow easy quantification of cell abundance. 

 
The key issues surrounding the identification and enumeration of A. tamarense ribotypes are: 

 
• A. tamarense is a low biomass species and is rarely observed at cell densities 

above 2000 cells L-1. 

• Morphological similarities make identification using routine microscopy 

difficult.  

• It is not possible to distinguish between Group I and Group III strains using 

morphological criteria.  

 
Detection methods for A. tamarense with a high sample throughput and a low detection limit 

are therefore desirable to improve our understanding of the dynamics of this organism in both 

the laboratory and the field. 

Fortunately, developments in molecular biology are increasingly allowing the genetic 

characterisation of HAB populations. Nucleic acids on ribosomal genes are commonly used 

genetic markers that have allowed for taxa specific identification from a number of molecular 

assays. rRNA sequences are often used for molecular classification of Alexandrium as they 

represent clade-specific genetic markers (Scholin et al. 1994). This has led to the widespread 

use of rRNA markers in molecular detection methods (Anderson et al. 2005; John et al. 2005). 

This includes techniques such as fluorescent in situ hybridisation (FISH) which involves 

intracellular hybridisation of fluorochrome-conjugated oligonucleotide probes which are 

specific to RNA or DNA regions (Hosoi-Tanabe & Sako, 2005; Kim et al. 2005; Tang et al. 
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2012). Application of FISH probes to field material followed by fluorescence microscopy 

based enumeration has been successfully used by Touzet et al. (2010) to identify and 

enumerate Group I and Group III A. tamarense ribotypes in Scottish waters. However, the use 

of epifluorecence microscopy to characterise individual species or strains despite its accuracy 

is time consuming, with each individual sample taking in the region of 20 minutes or more to 

count. Such methods are therefore often impractical for large numbers of samples and/or the 

analysis of laboratory experiments. While other methods have also been developed that use 

FISH probe technology, including the ChemscanRDI system (Cheminex, France) (Tobe & 

Medlin 2006) and microarray techniques (Metfies & Medlin 2008) these are also not yet 

operational in a monitoring context. 

A potentially much more rapid alternative to microscope detection/enumeration of 

fluorescently labelled cells is flow cytometry (FC). FC is a popular tool for the rapid 

identification and enumeration of different populations in mixed microbial communities 

(Sekar et al. 2004). FC can be used to assess cell abundances, taxonomic diversity and 

fluorescent signatures in real time (Veldhuis et al. 2006). Modern commercially available 

flow cytometers can cover a range of particle size distributions, dealing with particles varying 

in size between 0.5 and 30 µm and cell abundances between 102 and 106 ml-1 (Veldhuis et al. 

2006).   

FC uses the principals of light scattering, and light excitation/emission of a 

fluorochrome molecule to generate multi-parameter data (Veldhuis et al. 2006).  It involves 

the direction a beam of laser light onto a hydro-dynamically focused stream of liquid 

containing the cells of interests. The instrument is fitted with a set of scatter and fluorescent 

detectors allowing multi parameter discrimination of the cells of interest. As the cells 

intercept the light source they scatter the light and the fluorochromes are excited, this excited 

energy is released as a photon of light which is specific to the properties that are unique to the 
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particular fluorochrome. The scattered and emitted light is converted into electrical pulses by 

optical detectors. The electrical pulses are then detected by a photomultiplier tube (PMT) and 

processed by a series of linear and logarithmic amplifiers. Logarithmic amplifiers (such as 

those used in this study) can expand the scale of weak signals and compress the scale of the 

strong fluorescence signals. After signal amplification they are processed by an analogue to 

digital converter, which allows the data to be plotted on a graphical scale (Marti et al. 2001) 

(Figure 2.1).   

Multi parameter discrimination and enumeration of cells is then based on the forward 

angle scatter (FSC) (0.5-5°), side angle light scatter (SSC) (15-150°), and fluorescence at a 

range of wavelengths. Detection and discrimination is typically based on bi-plots of the two 

quantities (Sekar et al. 2004; Kalyuzhnaya et al. 2006).  

 

 

Figure 2.1: Schematic diagram of a flow cytometer, showing focusing of the fluid 
sheath, laser, optics (in simplified form, omitting focusing), photomultiplier tubes 
(PMTs), Fluorescent detectors FL1 (for green fluorescence), FL2 (for yellow 
fluorescence), FL3 (for red fluorescence), SSC (for side scatter), analogue-to-digital 
converter (A to D), and computer (Brown & Wittwer 2000).  
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This chapter describes the development of a method that uses a combination of flow 

cytometry and FISH (FC-FISH), which allows the rapid discrimination and enumeration of 

Group I and Group III A. tamarense. Without this technique, enumerating mixed cultures of 

Group I and Group III A. tamarense would have been lengthy and laborious. The main 

purpose of developing this method was to use it in a laboratory setting, however preliminary 

investigations of its potential application in field studies have also been performed. 

2.3 Materials and methods 

2.3.1 Cultures 

Group I (CCAP 1119/28) (Toxic) and Group III (CCAP 1119/31) (non-toxic) strains of A. 

tamarense that had been isolated by Marine Scotland Science from Scottish waters (Scapa, 

Orkney), and subsequently deposited in the Culture Collection of Algae and Protozoa (CCAP) 

at SAMS, were used in this study. The cultures were grown separately in 1 litre Erlenmeyer 

flasks in L1 medium at 15 °C under a light intensity of 100 µmol m-2 s-1 (12h:12h light:dark 

cycle). There can be significant variability in the labelling intensity of molecular probes due 

to the algal growth stage (Godhe et al. 2007); therefore the cultures were maintained in 

exponential growth by sub-culturing every 10 days. 

2.3.2 FC on A. tamarense cultures 

A 50 ml aliquot of each culture was removed aseptically from exponentially growing A. 

tamarense Group I and III cultures. A 15 ml aliquot of this culture was kept as the 100% 

reference with the remaining culture being serially diluted (to give a final volume of 15 ml) 

with cell free culture medium to achieve concentrations of 80, 50, 20, 10 and 5% of the initial 

concentration. The 100% reference sample was counted using light microscopy. This value 

was used to estimate the number of A. tamarense cells within the serial dilutions.  
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2.3.3 Light microscope based enumeration 

Firstly a 1.5 ml aliquot from each dilution was removed aseptically and preserved with 

Lugol’s iodine solution (1% final concentration) and counted using a 1 ml Sedgwick-Rafter 

counting chamber (LeGresley & McDermott 2010) at 100 x magnification by microscope 

(Leitz Wetzlar Orthoulux). For optimum accuracy the number of cells per microscopic 

counting field should be considered. If there are too many cells it may result in a non-random 

distribution, but if numbers are low, then there will be large random errors and insufficient 

counting. Ghode et al. (2007) reported that the Sedgwick Rafter has a low precision and a 

high variance at cell densities below 10,000 L-1 (10 ml-1) for A. fundyense. 

2.3.4 FISH sample processing 

Triplicate subsamples (10 ml) were removed from each culture dilution and made up to 40 ml 

using cell free medium. These were then fixed with formalin (1% final concentration) for one 

hour before being centrifuged (4000 rpm for 10 mins). The supernatant was then discarded. 

Ice-cold methanol (10 ml) was then added to the cell pellet to extract the pigments, as 

photosynthetic pigments are known to auto-fluoresce, and can disrupt subsequent FISH 

analysis. (Anderson et al. 1999; Touzet et al. 2010) The samples were then stored at -20 °C 

overnight prior to analysis using flow cytometry.  

The taxa specific oligonucleotide probes TamA and TamToxC (Touzet et al. 2010) were 

used to label the Group III and Group I A. tamarense ribotypes respectively. The probes were 

synthesised and labelled with either CY.3 (TamToxC) or fluorescein isothiocyanate (FITC) 

(TamA) (Table 2.1). The probes were diluted to a final concentration of 80 ng µl−1 and stored 

at -20 °C. Other probes are available such as those based on the NA1 sequence (NA1S being 

the specific probe for the Group I ribotype) (Anderson et al. 2005), but as the TamA and 
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TamToxC probes had previously been used successfully at SAMS they were chosen for this 

study.   

Table 2.1: Taxa-specific oligonucleotide probes TamA (Group III) and TamToxC (Group I) 
targeting sites in the D1-D2 domain of LSU rDNA (Touzet et al. 2010). 

 

Unlike the method described by Touzet et al. (2010), who collected their samples onto GF/F 

filters and analysed the filters via fluorescence microscopy, the samples here were kept in 

solution, to allow the cells to be analysed by flow cytometry.	  The	  cell	  samples were removed 

from the -20 °C freezer and centrifuged (4000g for 5 min) and the methanol supernatant 

aspirated off. Hybridisation buffer (5X SET and 0.1% IGEPAL) was added (500 µl) to the 

pellet and the cells resuspended to rinse off the methanol. The samples were then centrifuged 

(4000g for 5 min) and the supernatant removed. The process was then repeated to ensure that 

all of the methanol had been removed from the sample. A 500 µl aliquot of 0% hybridisation 

buffer containing 1 µl of either TamToxC or TamA was added to each sample. After this time 

the samples were kept in the dark by wrapping the tubes in aluminium foil. The cells were 

then re-suspended and incubated in a dark incubator (55 °C for 60 min).  

After hybridisation the cells were pelleted by centrifugation (4000g for 5 min) and the 

supernatant discarded by aspiration. The samples were then washed with 500 µl of preheated 

(55 °C) 0.2X SET buffer to remove the excess unbound probes. The 0.2X SET buffer was 

heated along with the samples in an incubator. The samples were then centrifuged (4000g for 

5 min) for a final time and the supernatant removed.  The cells were then re-suspended in 2.5 

ml of autoclaved filtered seawater for subsequent enumeration.  

Target taxon Probe sequence [5′-3′] Melting temp. 
(°C) 

Fluorochrome 

A. tamarense (Group  
III) 

TamA 
TCACCCACAGCCAAAACCTA 

63.3 FITC (5’+3’) 

A. tamarense (Group  
I) 

TamToxC 
GCAAGTGCAACACTCCCACCA 

67.7 CY.3 (5′) 
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Initially a blank was run to check for cleanliness of the flow cytometer, as it was prone 

to blockages and could therefore retain large quantities of material. In the event of a blockage 

the flow cytometer was cleaned, drained and refilled. Blanks were also used to check for 

sample carry over between samples.  

2.3.5 Enumeration of Ribotypes 

Flow cytometry was conducted using a FACSort (Beckton Dickinson) instrument fitted with a 

blue argon laser (488 nm) to identify and enumerate the labelled Alexandrium cells. The 

sheath fluid used was FACSFlow (BD Biosciences). Detection and discrimination of Group I 

and Group III A. tamarense was achieved based on side scatter (SSC) and fluorescence 

detection of the TamToxC and TamA probes within the FL1 channel.  The wavelengths of the 

four fluorescent detectors are described in Table 2.2. Individually labelled Group I and Group 

III controls were run to create the baseline settings and to optimised the PMT gains. The 

setting was then saved for all subsequent analyses. The spectral overlap was compensated for 

by subtracting the percentage of the fluorescence by running control samples stained with 

each separate probe containing each fluorochrome in parallel.  

Table 2.2: Wavelength of the four fluorescent 
detectors (nm).The four detectors include: 
Side Scatter (SSC) and Fluorescent detectors 
(FL1, FL2 and FL3), to detect green, yellow 
and red fluorescence respectively.  

Detector nm 
SSC 190 
FL1 360 
FL2 600 
FL3 700 
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A 1 ml aliquot was removed and analysed. In all cases, samples were analysed in triplicate 

with analysis being conducted rapidly (within two minutes) as the probes are quickly 

degraded by light.  

 

 
A. tamarense concentrations X (cells mL-1) were calculated from:  

 
𝑋 = (1 𝑉)  ×𝐶     (1) 

 
Where C is the cell incidences count within the gated regions (R2 and R3) of Figure 2.2, and 

V is the volume (ml) of the sample analysed and calculated by: 

 
𝑉 = (1 !

!
)  ×𝐵     (2) 

Where F is the flow rate of the flow cytometer, D is the dilution factor of calibration beads to 

sample and B is the bead incidences within the gated region R1 (Figure 2.2).  

The flow rate was calculated by using a 1 µm Fluoresbrite latex bead solution 

(Polysciences, UK). The bead solution was made up by adding 4 µl of 1 µm diameter beads to 

20 ml of FacsFlow solution and filtering it through a 2 µm pore size, 25mm membrane filter 

(Poretics, USA) into a further 380 ml of FacsFlow solution then mixing by careful inversion. 

A 3 ml aliquot of this solution was then removed via a 5 ml syringe and the syringe placed in 

a syringe pump (WPI, USA) connected to the flow cytometer. The flow rate of the syringe 

pump was increased from 0.54 ml h-1 to 3.28 ml h-1 and the number of bead incidences 

counted for 30 s-1, 60 s-1 and 90 s-1 at each flow rate, the bead incidences were then used to 

calculate the flow rate daily.  

The efficiency of data aquisision depends on the coincidence rate. At high event rates 

>1500 events can be lost if the processor cannot keep up with the number of events, or if 
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more than one cell enters the detector at one time (Cambell 2001). To obtain the greatest 

accuracy the samples were run so that the event rate was <1000 event s-1
. 

2.3.6 Probe efficiency as a function of culture age 

The labelling efficiency was tested at different stages of the culture growth. Cell 

concentrations in batch cultures were monitored by light microscopy (Sedgwick Rafter) and 

by FISH-FC with the respective ribotype specific probes. The labelling efficiency was 

measured during the exponential, stationary and death phases.  

2.3.7 Spiked Field Samples 

To test the effectiveness of the method on natural samples, seawater samples (2 L) were 

collected by ship-deployed Niskin bottles from Scottish coastal waters in late summer. In the 

laboratory, the water samples were screened through a 100 µm filter to remove larger 

zooplankton. Aliquots (200 ml) were removed and spiked with known concentrations of both 

Group I and Group III A. tamarense cells. Spiked concentrations were as follows: 6000 cell L-

1, 4000 cell L-1, 2000 cell L-1, 1000 cell L-1, 500 cell L-1 and 100 cell L-1
 Samples were fixed 

with formalin (1% final concentration) and left for one hour before being centrifuged and 

prepared as described in section 2.3.4 and enumerated as described in section 2.3.3 with the 

exception that both probes were added to each sample.  

Statistical procedures were carried out in Minitab statistical software. A Mann-Whitney 

test was used to examine the differences between the mean cell densities estimated by the 

different counting methods. A general linear model (GLM) was used to compare the linear 

trends of FISH-FC and microscope enumerations over the full range of dilutions. P < 0.05 

was considered significant and variability was measured with standard error of the mean 

(S.E.M.).  
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2.4 Results 

2.4.1 Count comparison: Culture 

Group I and Group  III Alexandrium cells labelled with FISH probes created distinct clusters 

on the flow cytometer bi-plot of SSC versus FL1 (Figure 2.2 a,b) in the CellQuest software 

(Becton Dickinson). The distinct clusters formed by the Group I and Group III strains allowed 

their enclosure in gated regions that exhibited no overlap (R2 and R3 enclosed by the white 

lines in Figure 2.2), and hence enumeration of the number of cells in each region.  This 

demonstrates that the different fluorescence response of two probes in the FL1 channel of the 

flow cytometer allows discrimination between Group I and Group III strains.  

For both Group I and Group III cells the mean cell density estimated by FC-FISH 

exhibited no significant difference to the microscope based method at the 5% level (p > 0.05) 

(Figure 2.3). Similarly if the linear trends in FISH-FC and microscope enumerations were 

compared over the full range of dilutions, no significant difference was found (GLM P >0.05)  

for either Group I (Figure 2.3, a) or Group III (Figure 2.3, b) cells. 
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Figure 2.2: Flow cytometry dot-plot from cultured cells demonstrating 
the enumeration within gated regions of Group I and Group III A. 
tamarense (a) Group I strain with CY.3 labelled TamToxC probe, and (b) 
Group III strain with FITC labelled TamA probe R2 and R3 respectively.  
R1 is a gated region for the fluorescent latex beads of known 
concentration that are used to calibrate the instrument. 

(a) 

(b) 
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2.4.2 Probe efficiency as a function of culture age 

The labelling efficiency was tested at different stages of the culture growth. A decline in the 

labelling efficiency was evident between the exponential and the stationary and death phases. 

The efficiency declined from 87% during the exponential phase to 80% during the stationary 

and death phases.  

 

 

 

 

 

 

 

	  

 

 

 

 

 

Figure 2.3: The relationship between FISH/FC (■FC) 
derived A. tamarense abundance for (a) Group I (Toxic) 
and (b) Group III (Non-toxic) cells and those obtained 
using a Sedgwick Rafter (●SR) counting chamber. All 
results are means of triplicate samples. Error bars 
represent SE, but error is often too small to be observed. 
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2.4.3 Field Samples  

At the time of collection Alexandrium was absent in the water column at the sample site, 

but was being frequently detected at other coastal sites from around Scotland. The seawater 

samples were collected at a time when there were large numbers of non-target cells in the 

water column including large numbers of Pseudo-nitzschia (~1500 cell L-1). Figure 2.4 is a 

dot plot that demonstrates the separation and discrimination of mixed Group I (R2) and 

Group III (R3) cells in a natural water samples. The Group I and Group III cells again 

formed distinct clusters that were easily identifiable and showed little to no influence from 

other phytoplankton cells that were in the sample.   

Figure 2.5 compares A. tamarense cell concentrations calculated by microscopy and 

FISH-FC numbers calculated by the flow cytometer. Over the full range used cell 

concentrations closely matched the known spiked cell concentrations for both the Group I 

or Group  III cells, indicating that few cells had been lost during sample processing. There 

was also no difference between Group I (Group I) and Group III (Group III) cell 

concentrations in comparison to the expected microscope counts (GLM >0.05 in both 

cases).  
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Figure 2.4: Flow cytometry dot-plot with natural 
seawater samples spiked with cultured A. tamarense 
cells, labelled with the FISH probes TamA (Group III) 
TamToxC (Group I) indicating the discrimination that 
could be achieved with Group  I (R2) and Group III (R3) 
cells within the gated regions. R1 is a gated region for 
the fluorescent latex beads of known concentration that 
are used to calibrate the instrument. 

 

 

Figure 2.5: Natural seawater samples spiked with known 
concentrations of A. tamarense Group I (toxic, ◊) and 
Group III (non-toxic ■) cells, counted by Sedgwick Rafter 
(SR) and flow cytometer (FC). All results are means of 
triplicate samples. Error bars represent SE. 
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2.5 Discussion  

2.5.1 Laboratory samples 

The aim of this study was to assess whether the use of fluorescent in situ hybridisation with 

flow cytometry (FC-FISH) has the capacity to provide regulators and researchers with an 

accurate and rapid method of enumerating Group I and Group III strains of A. tamarense in 

the laboratory, with potential use in the field.   

As it is often difficult to distinguish between phytoplankton species or strains of interest 

and other morphologically similar organisms by light microscopy alone, identification using 

molecular markers is increasingly common (Touzet et al. 2010). Species or strain specific 

FISH probes used in combination with methods that characterise cells such as microscopy or 

flow cytometry can therefore be useful tools for evaluating individual phytoplankton species 

or strains.  

The FISH-FC method developed here requires a similar amount of preparation as would 

be the case if FISH prepared cells were analysed by fluorescent microscopy. However, it 

allows for a much higher sample throughput, as FISH-FC can quantify cells quickly (~ 60s). 

This suggests that the FISH-FC method is more suitable for routine use in the laboratory. 

Moreover, when analysing field samples, the time for analysis also compares favourably to 

light microscopy where a 20 hour settling period is required using the Utermӧhl method, prior 

to analysis by a skilled taxonomist. 

The fluorochromes used in the previous microscopy based application of these probes 

(Touzet et al. 2010) proved to be suitable for this FC based application. With 488 nm 

excitation, FITC emits at ~ 519 nm within the green FL1 channel of the FC. While the 

optimal excitation and emission wavelengths of CY.3 are 550 and 570 nm respectively its 

excitation and emission spectra are very broad thus allowing the simultaneous detection of 
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both fluorochromes in the FL1 channel in the current set up. Hence, while it would be 

possible to substitute an alternative fluorochrome for CY.3, given the good detection achieved 

(Figure 2.3 and Figure 2.5), CY.3 was retained as this also allows easy examination of the 

samples by florescence microscopy (using mercury lamp excitation) should further direct 

investigation of the sample be desirable.  

Unlike the method described by Touzet et al. (2010), where samples were collected on 

GF/F filters and subsequently analysed by fluorescence microscopy, here the samples were 

kept in solution, to allow the sample to be analysed by flow cytometry. This allowed more 

samples to be analysed at one time as the method does not rely on a filter rig.  

There are two main problems when labelling cells for enumeration by FC. Firstly 

fixation; fixation of cells has traditionally been used to avoid changes in cells numbers and 

cell characteristics over time. Some fixatives permeate the cells allowing molecules such as 

nucleic acid fluorochromes to penetrate the cells easily (Troussellier et al. 1995). The most 

widely used fixative, particularly within phytoplankton monitoring programmes, is Lugol’s 

solution, an acid iodine solution (Modigh & Castaldo 2005). Lugol’s solution is a fixative-

preservative stain; however, it causes shrinkage and cell distortion as well as masking 

fluorescence even after washing with sodium thiosulphate. On this basis Lugol’s solutions 

was not used for cell fixation in our study. Glutaraldehyde is another common fixative in 

microscopy; it is highly toxic and thus may only be used for H&S reasons under controlled 

sampling conditions, it would therefore not be suitable for field use in a monitoring 

programme. Cells fixed with glutaraldehyde have a lower permeability causing incomplete 

staining (Troussellier et al. 1995) and its high auto-fluorescence makes it unsuitable for FISH 

detection. Hence, the fixative used for this method was formaldehyde. Formaldehyde was the 
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most appropriate fixative for our method (Anderson et al. 1999: Troussellier et al. 1995) as it 

increases cell permeability and can give recoveries of 70-99% (Peperzak et al. 2000).  

The second potential problem is cell loss in the number of washing and centrifugation 

steps involved in the labelling process. It was found that cell loss was low in this 

methodology with no statistically significant loss of cells following the preparation steps 

within the method. However, a small (non-significant) percentage cell loss (typically ~3%), 

was observed when compared to light microscopy, through repeated centrifugations and re-

suspensions. Similar cell loss is also evident if the FISH samples are analysed by fluorescent 

microscopy (Touzet et al. 2010). Cell losses can be reduced with practice and certainly for 

regulatory monitoring, given the vagaries related to collection of phytoplankton samples 

(Davidson et al. 2011), are unlikely to be of significance. 

2.5.1.1 Probe efficiency as a function of culture age 

A change in labelling efficiency was observed over the cell cycle. A small (7%) decline was 

observed between the exponential and stationary phases, whilst no difference was observed 

between the stationary and death phases. A decline in labelling efficiency would only become 

problematic if a large decline was observed and cells were no longer being detected. The 

decline observed in this study was smaller than those observed in other studies using FISH 

probes and fluorescence microscopy. Anderson et al. (1999) and Touzet and Raine (2007) 

also demonstrated variations in labelling efficiency with culture age. Anderson et al. (1999) 

saw a 33% reduction in labelling intensity between the exponential and stationary phases, 

whilst Touzet and Raine (2007) saw a species-specific response in labelling intensity with A. 

minutum (~5%) and A. andersoni (~15%) between the exponential and stationary phases of 

growth. Anderson et al. (1999) attributed the decline in labelling efficiency to a decline in the 

target nucleic acid.  
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2.5.2 Field samples 

A concern in FC analysis is the ability to readily distinguish between target populations and 

non-target populations of cells. (Anderson et al. 1999)  Flow cytometry only permits 

measurements above a defined threshold of signal intensity and therefore may not actually be 

able to measure cells that are truly ‘negative’ for a particular signal. It is important when 

using flow cytometry that control samples are used to confirm the test sample was prepared 

correctly and to calculate the level of background noise (Hulspas et al. 2009). In natural 

samples background noise can be associated with auto-fluorescence and undesired probe 

binding (Anderson et al. 1999). The level of background noise can be minimised by the type 

of fluorochrome, cell labelling protocol and configuration of the flow cytometer (Hulspas et 

al. 2009). In this study the results were not influenced by the natural fluorescence of other co-

occurring organisms in the seawater samples despite there being a high Pseudo-nitzschia cell 

abundance in the water column at the time of sampling. The post fixation step using methanol 

would have minimised the autofluorescence by up to 90% (Gard et al. 1993). Other chemicals 

can also be used to reduce autofluorescence, these chemicals include; dithiothreitol (DTT), 

crystal violet and trypan blue (Hulspas et al. 2009). Most of these chemicals quench 

autofluorescence but still allow for the detection of labelled probes (Mosiman et al. 1997). 

Several other tools have also been developed to correct for autofluorescence, the cell-by-cell 

autofluorescence correction as described by Roederer and Murphy (1986) appears to be the 

most common method used, in this method unlabelled cells are compared to microspheres 

(beads), this information is then used to calculate the degree of autofluorescence. Despite the 

use of methanol a negative control containing no probe should be used. The negative control 

acts to check for auto-fluorescence in the phytoplankton assemblage.  

Although the specificity of each probe has been verified using a range culture 

conditions (K. Davidson pers com), future studies into the development of this method for 
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field application should also use an internal negative control. An internal negative control 

uses a population of cells such as another Alexandrium species that undergo the same 

conditions that should remain unlabelled due to the specificity of the probe (Hulspas et al. 

2009). With this control the level of unspecific binding can be established.  

For the analysis of field samples, a positive control containing a known concentration of 

A. tamarense plus the probe should also be used to evaluate the effectiveness of the probe, as 

it was found that when the probe ages and undergoes a number of freeze-thaws its 

effectiveness declines and probe failures occur.  

For field samples, in addition to the difficulty in discriminating between Group I and 

Group III cells, a further hurdle in the enumeration of Alexandrium tamarense cells (Group I 

or Group III) is that this species rarely “blooms” to high density, and hence rarely numerically 

dominates the phytoplankton assemblage. Cell densities ranging between 20 – 500 cells L-1 

with blooms reaching an approximate maximum of 6000 cell L-1 are typical in Scottish waters 

(Swan & Davidson 2010; Swan & Davidson 2011). The difficulties encountered by the 

microscopist are clear given these low densities and the morphological similarity of these 

cells (particularly when fixed in Lugol’s solution fixed) to other benign organisms. While 

microscopy based enumeration can exhibit a low limit of detection, for example the Utermöhl 

method allows densities as low as 20 cells L-1 to be enumerated, such methods exhibit 

reduced precision and reducibility at low target cell concentrations.  In contrast, molecular 

methods can have a standard deviation that is not affected by target cell concentration (Godhe 

et al. 2007). 

Molecular methods are also the obvious choice when co-occurring morphologically 

similar non target species are present (Godhe et al. 2007), particularly as microscopic 

examination of field samples requires a high degree of taxonomic experience. While an 
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individual conducting identification by molecular methods also requires experience, it is 

faster and easier to become competent in the use of such techniques (Godhe et al. 2007).  

Fortunately, while the UK regulatory threshold for Alexandrium is “presence”, shellfish 

toxicity is rarely observed at A. tamarense cell densities below ~ 500 cells L-1 in Scottish 

waters (K. Davidson personal observation) and hence the data of Figure 2.5 demonstrates the 

potential of FISH-FC to both enumerate and categorise as Group I (toxic) and Group III (non-

toxic), “blooms” of typical natural concentrations. In particular, no significant cell loss was 

observed in comparison to light microscopy through sample screening.  

2.6 Conclusions 

Fluorescence in situ hybridisation (FISH) is one of the most powerful tools developed in 

microbiology to detect specific microorganisms (Sekar et al. 2004). FISH used in conjunction 

with an automated method increases sample throughput allowing large numbers of samples to 

be analysed daily.  

The method proved to be suitable for enumerating cells in laboratory culture, hence 

allowing the study of competition between different ribotypes of the same species, an 

important topic in the study of the biogeography of this important species. This method has 

the potential to facilitate a number of studies that have previously not been possible.   

The FISH-FC enumeration method of A. tamarense was comparable with light 

microscopy in terms of cell abundance estimation. It was shown to be accurate enough for 

laboratory studies and so it was the technique used for all further mixed culture experiments 

in chapter 3. Without this method all further studies would have been impossible.  

In addition to its application in laboratory experiments, this method has a potential 

application to field populations. Critically for regulators and the shellfish industry, the method 

allows the discrimination and enumeration of Group I and Group III strains of this important 
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organism, allowing its potential application within multi-species studies, regulatory or 

environmental monitoring programmes where several species and strains co-exist. 
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Chapter 3: Laboratory experiments: Mono-, Mixed-

Culture and Spring/Summer. 

3.1 Abstract 

The effects of temperature and phosphate (P) limitation on growth, toxicity and competitive 

dynamics of toxic Group I and non-toxic Group III strains of Alexandrium tamarense isolated 

from Scottish waters were examined in a set of batch culture time course growth experiments. 

Strains were grown in both mono- and mixed culture. Cultures were acclimatised to four 

different temperatures 12, 15, 18 and 21°C in a low P medium (3 µM) so cells experienced 

the P limitation that is thought to promote toxicity. A Fluorescence In Situ Hybridization-

Flow Cytometry (FISH-FC) cell sorting-based method was used for the separation and 

enumeration of these morphologically indistinguishable ribotypes. Both strains had a 

preference for the intermediate temperatures as observed from the obvious bell shaped curve. 

Despite each strain having a preference for the intermediate temperatures, strain differences 

did occur. The results clearly demonstrated a competitive interaction between the Group I and 

Group III ribotypes with growth rates, maximum cell densities, and total toxicity and toxin 

profiles all different from those evident in monoculture. The spring and summer regimes had 

a strain specific effect on growth, biomass and PSP toxin production. Decreased light and 

temperature in simulated spring conditions supressed the growth rate and biomass production, 

whilst the summer regime had a higher growth rate and biomass (in terms of C). P-limitation, 

light and temperature had an effect on toxin profiles and total toxin concentrations. Toxin 

profiles did not remain constant with the number and proportions of toxin analogues changing 

with time. GTX-3, STX and NEO were the dominant analogues and were found in all of the 

samples. Decreased light and temperature greatly enhanced toxin production, and toxin 
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concentration were approximately double after P-limitation. Toxin concentrations were 

supressed in the mixed culture treatments. Results suggest that photoperiod is one of may 

potentially important factors influencing community composition and changing water 

temperatures will change competition dynamics between Group I and Group III ribotypes in 

Scottish waters.  

3.2 Introduction 

3.2.1 Experiments 2 and 3 Mono and Mixed-Culture Experiments 

Dinoflagellate blooms have increased both geographically and in intensity in recent years (Hu 

et al. 2011). Unusual blooms, geographical range expansion, newly achieved competitive 

dominance and the sudden appearance of a new species or genera all characterise HAB 

expansion (Smayda 2002). 

 Just a few species (including Alexandrium) have been responsible for this global 

increase. With the apparent shift in A. tamarense community structure and toxicity events in 

Scottish waters a better understanding of species convergence is required. To gain a greater 

understanding of species assemblages the ecological aspects of species coexistence, 

community ecology, habitat area and resources should be assessed. When a species enters and 

colonised a new area it must be questioned whether there was a vacant niche or was the niche 

already being utilised by an existing species (Smayda 2002). 

 
To understand the dominance (or shift in dominance) of species with respect to others is 

a common challenge in HAB growth dynamics studies. When assessing competition between 

phytoplankton species in the field, different factors and inherent properties can interplay 

(Labry et al. 2008). Species composition of natural assemblages is determined by a balance 

between a number of environmental variables and control mechanisms such as nutrient 

acquisition (see chapter 4), allelopathic interactions (see chapter 5), selective grazing, 
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parasitism, and selection of life cycle characteristics of individual species (Riegman et al. 

1996; Hu et al. 2011). For one species to proliferate over others a number of factors must 

become favourable at one time (Labry et al. 2008) 

 
The intrinsic properties of HAB species, especially those leading to their proliferation 

have been extensively studied (Labry et al. 2008).  Although blooms are controlled by 

biological, physical and chemical processes; a strong relationship exists between algal blooms 

and nutrient levels. N and P concentrations are of great importance for growth of bloom 

forming species. Changing N:P ratios will change the composition of the phytoplankton 

community with phytoplankton exhibiting different competitive abilities under nutrient 

limiting conditions.  The perceived increase in HAB frequency in recent years has been 

attributed (in part) to changing nutrient regimes. The removal of P from human nutrient inputs 

to coastal waters will potentially increase the N:P ratio and therefore will increase the 

likelihood of P limitation. Diatoms have a high intrinsic growth rate and so are more likely to 

dominate in non-limiting conditions, but are poor competitors in low P conditions, which 

allows dinoflagellates to dominate over diatoms in these conditions (Hu et al. 2011). 

 
As the Group I and Group III A. tamarense communities have been observed to overlap 

in some locations, then the ‘invading’ non-toxic Group III strains will act as a potential 

competitors to the toxic Group I strains (Collins et al. 2009; Touzet et al. 2010; Toebe et al. 

2013). Scottish waters therefore provide a unique testing ground within which to study the 

competitive interaction of different ribotypes of A. tamarense, the results of such studies 

having relevance for our understanding of the biogeogeography of other phytoplankton and 

HAB species as well as A. tamarense itself, as well as potentially providing a better 

understanding of how shellfish toxicity will change in the region.  
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Investigations of the competition between strains in both mono-specific and mixed 

cultures are important for our understanding of their specific ecological niches and their 

probable growth. Such experiments also provide important information on a number of 

physiological parameters such as growth rate, nutrient uptake and cell quota which are useful 

for the calibration of ecophysiological (cell quota) based models (Labry et al. 2008). 

3.2.2 Experiment 4: Spring/Summer 
There is considerable seasonal to inter-annual variability in the timing and magnitude of 

Alexandrium blooms (McGuillicuddy et al. 2005). The severity of associated PSP events 

makes it important to understand the environmental variables controlling these events 

(Hamasaki et al. 2001). 

Blooms are initiated by the germination of resting cysts; vegetative cells grow and 

divide at rates that depend on environmental conditions such as temperature, light and nutrient 

availability (McGuillicuddy 2011). Bloom initiation in Alexandrium tends to be delayed until 

after the spring bloom, which is often dominated by diatoms (Parkhill & Cembella 1999).  

3.2.2.1 Photoperiod 

Light plays an important role in phytoplankton production. The influence of photoperiod is 

well known with daily light and dark cycles having a strong environmental influence on 

phytoplankton (Fehling et al. 2005). Photoperiod affects algal pigment concentrations, growth 

rate, respiration rate and reproduction. The growth response to changing photoperiod is 

species dependent and related to the environmental conditions (Brand & Guillard 1981; 

Fehling et al. 2005) with phytoplankton potentially adapting to different irradiance levels  

(Brand & Guillard 1981; Etheridge & Roesler 2004). Specific adaptation are found in a 

number of marine phytoplankton some of which require light for germination (Genovesi et al. 

2009), reproduction and cell division (Brand & Guillard 1981).  
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The daily light:dark cycle is one of the strongest and most predictable environmental variables 

in high latitudes (Brand & Guillard 1981). As photoperiod has been shown to have a varied 

influence on growth rate yield and toxin production, suggesting that it could be an important 

factor determining shellfish toxicity events in high latitudes (Fehling et al. 2005).  

Studies of the influence of light on Alexandrium have focused on growth and/or PSP 

production and have mostly been conducted at fixed light cycle duration with changing light 

intensities (Parkhill & Cembella 1999; Hamasaki et al. 2001; Etheridge & Roesler 2004).  

Low light levels depress the growth rate in Alexandrium with the maximum growth rates 

increasing until a saturation level is reached (Ogata et al. 1987; Parkhill & Cembella 1999). 

However, continuous light can cause growth inhibition in some species, with some species 

needing a period of darkness to carry out a number of biochemical and physiological 

processes. For many species the dark/light cycle may be more important than the actual light 

intensity (Brand & Guillard 1981).   

3.2.2.2 Temperature 

Temperature is also an environmental variable that is key to understanding a number of 

physiological processes including photosynthesis, enzymatic activity and respiration; in turn 

these processes influence the maximum growth rate. Phytoplankton have been shown to be 

able to acclimatise and thrive under a wide range of temperatures, however acclimation to 

non-optimal temperatures has a metabolic cost and growth rates are reduced. Photosynthesis 

provides the chemical energy to facilitate acclimation and to drive growth, so decoupling the 

relationship between light and temperature is crucial (Schofield et al. 1998). It is not usual for 

A. tamarense in the natural environment to be found at temperatures below those found to be 

optimum in culture. For example Prakash (1967) found that A. tamarense (as Gonyaulax 

tamarensis) from the Bay of Fundy, Canada grew between 5-25 °C but the optimum 
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temperature was between 15-19 °C. This temperature response curve is typical of 

phytoplankton (Jensen & Moestrup 2010).  

The effects of varying a single environmental parameter such as light intensity or 

temperature on growth and toxin production in batch cultures has been established for a 

number of Alexandrium species (Ogata et al. 1987; Parkhill & Cembella 1999; Etheridge & 

Roesler 2004) but the effects of light period and temperature combined has not been discussed 

in the literature for Alexandrium.  

3.2.3 Aims 

This chapter is split into four subsections; experiments 1, 2, 3 and 4. Experiment 1 consists of 

a preliminary experiment on growth. Experiments 2 and 3 aimed to investigate in controlled 

laboratory conditions the growth and toxin production of individual (experiment 2) and 

competing strains (experiment 3) of toxin producing (Group I) and non-toxin producing 

(Group III) Alexandrium tamarense from Scottish waters in a range of temperature conditions. 

This work therefore sought to test the hypothesis that Group I strain is negatively impacted by 

the Group III strain in mixed culture and this impact is temperature dependent.  

Experiment 4 aimed to test the hypothesis that the combined effect of light and 

temperature will affect the growth rate, biomass and toxicity of a Group I and Group III strain 

of A. tamarense and in turn to decouple the effects of light on growth, biomass and toxicity 

comparing the two data sets from experiment 2 with experiment 4.  
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3.3 Materials and Methods 

3.3.1 Culturing and culture acclimation for all experiments 

For experiments 1, 2 and 3 two Group I (CCAP 1119/24 and 1119/28) and two Group  III 

(CCAP 1119/31 and 1119/33) A. tamarense strains that had been isolated by Marine Scotland 

Science from Scottish waters (Scapa, Orkney) and subsequently deposited in the Culture 

Collection of Algae and Protozoa (CCAP) at SAMS were chosen for this study. The cultures 

were grown in 1 litre Erlenmeyer flasks and acclimatised to a modified low P (3 µM), N (880 

µM) L1 medium at four different temperatures 12 ºC, 15 ºC, 18 ºC and 21 ºC under a light 

intensity of 100 µmol m-2 s-1 (12h:12h light:dark cycle). The modified medium was chosen so 

that cultures would be P limited. Acclimation can be observed in section 3.3.1.1.  

For experiment 4 one Group I (toxic) (CCAP 1119/28) and one Group III (non-toxic) 

(CCAP 1119/31) A. tamarense strains were acclimatised to spring and summer photoperiods 

and temperatures following the methodology of Fehling et al. (2005) in a modified low P (3 

µM), N (880 µM) L1 medium. A short photoperiod (9-h L:15-h D, SP) at 11 ºC and a long 

photoperiod (18h L:6h D, LP) at 15 ºC to simulate spring and summer temperatures and light 

cycles was used. 

All cultures were maintained in exponential growth by regular sub-culturing every 10 

days. During acclimatisation the growth of the cultures was monitored using In vivo 

fluorescence (RFU) as a proxy for cell numbers with a Turner TD-700 fluorometer (Turner 

Design, Sunnyvale, CA, USA). In vivo fluorescence is the measurement of chlorophyll 

fluorescence within a living cell. The advantage is it its simple and does not require sample 

preparation or extraction. Experiments were only conducted when cultures exhibited a 

consistent and reproducible exponential growth rate (GLM P>0.05).  
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3.3.2 Experiment 1: Preliminary experiment 

As dinoflagellates are susceptible to damage from turbulence (Hu et al. 2006; Bolli et al. 

2007) and in the experiments flasks were subjected to gentle swirling to homogenise the 

culture prior to sample collection, it was necessary to ensure that even this gentle 

manipulation did not adversely impact growth rates. Preliminary experiments were conducted 

in batch culture. Batch culture is a closed system, in which cells are grown in a fixed volume 

of medium under specific environmental conditions, typically with a single limiting nutrient 

and all other nutreints added in excess. Four strains, two Group I (CCAP 1119/24 and 

1119/28) and two Group III (CCAP 1119/31 and 1119/33) were grown in 100 ml Erlenmeyer 

flasks at irradiance 100 µmol m-2 s-1 (12h:12h light:dark cycle) in a modified low P (3 µM), N 

(880 µM) L1 medium in triplicate. The cultures were treated in one of two ways; 1. The 

cultures were either swirled daily before sampling throughout the duration of the experiment 

(Agitated) or 2. The cultures were only sampled during the lag and stationary phases of 

growth (Static). During the lag phase all flasks were sampled identically. Daily, the cultures 

were gently homogenised by gentle swirling prior to subsampling. Subsamples (1.5 ml) were 

removed aseptically from each flask for cell enumeration. Cells were preserved with Lugol’s 

iodine solution (1% final concentration) and counted using a 1 ml Sedgwick-Rafter counting 

chamber at 100x magnification under a Microscope (Leitz Wetzlar Orthoulux).  

To assess whether this mild agitation had an affect on the growth of the cells sampling 

was ceased for the ‘static’ flasks when the cultures reached early exponential growth. The 

‘agitated’ flasks continued to be swirled daily before cell enumeration. When the agitated 

cultures reached the late exponential growth phase the sampling was then re-established for 

the static cultures. Sampling then continued daily for all flasks until cell numbers began to 

decline.  
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The culture flasks were maintained in an incubator (Vindon Scientific). Temperature 

probes monitored the temperature within the incubator; the probes indicated that the 

temperature was most stable at the top, so flasks were positioned only on the top shelf. The 

flasks were small enough to all be positioned facing the light so variations in light should not 

have occurred.  

3.3.3 Experiments 2 and 3: Mono culture and mixed culture experiments 

Experiments were conducted in batch culture both in mono-culture, with individual Group I 

and Group III strains in isolation, and in mixed culture when the growth of one Group  I and 

one Group III strain was studied in competition with a 50:50 mix of Group I and Group III 

cells at inoculation. 

All experiments were carried out in triplicate in 5L Erlenmeyer flasks at irradiance 100 

µmol m-2 s-1 (12h:12h light:dark cycle) in a modified low phosphate (3 µM), nitrate (880 µM) 

medium L1 medium, at four different temperate 12 ºC, 15 ºC, 18 ºC and 21 ºC. Temperatures 

were chosen to represent the range of temperatures that an Alexandrium cell might experience 

in Scottish coastal waters or similar temperature environments, with 12 ºC reflecting the sea 

surface temperatures of a typical Scottish spring while 15 ºC reflects the sea surface 

temperatures of a typical Scottish summer.  

Inoculums for all experiments were taken from acclimated exponential phase stock 

cultures. An inoculum cell density for both Groups I and Group III mono cultures of ≈400 

cells ml-1, was chosen as being sufficient to produce precise and reproducible abundance 

estimates using a Sedgwick Rafter chamber (Lemieux et al. 2008). In the mixed-culture 

treatment each strain had an initial concentration of ≈200 cell ml-1. Experiments continued 

until the post stationary death phase of the culture had become established. The culture flasks 

were maintained in two incubators (Vindon Scientific); the flasks were positioned only on the 
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top shelf of each incubator. Daily after sampling the flasks were rotated and moved between 

the incubators to take into account minor differences between the two incubators.  

3.3.3.1 Cell counts 

At the same time daily, sub-samples of culture were removed aseptically from each flask for 

total cell enumeration. Cells were preserved with Lugol’s iodine solution (1% final 

concentration) and counted using a 1 ml Sedgwick-Rafter counting chamber at 100x 

magnification under a Microscope (Leitz Wetzlar Orthoulux). The duration of the exponential 

growth phase was determined by calculating the maximum achievable r2 when fitting straight 

lines to logged plots of cell density. Growth rate was calculated using the following formula 

(Levasseur et al. 1993).  

µμmax = 𝑒! − 1          (1) 

Where k is the empirical growth rate and calculated by:  

𝑘 =
!" !"!

!"!
!!  !  !!  

       (2) 

Where mt1 and mt2 are the abundances at time1 (t1) and time2 (t2) respectively. A general 

linear model (GLM) in the Minitab software package was used for statistical comparison of 

growth rates.  

3.3.3.2. Mean cell volume 

Mean cell volume was calculated after lugols fixation with the assumption of the spherical 

shape of A. tamarense as described by Hillbrand et al. (1999) using the following equation:  

𝑉 =    !
!
𝑑!     (3) 
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Where d is the diameter of the cell. Cell volume (V) was calculated from a total of 30-50 cells 

(Lim et al. 2010). Cell shrinkage after fixation was corrected for using the equation described 

by Montagnes et al. (1994):  

𝑉𝑜𝑙𝑢𝑚𝑒  𝑜𝑓  𝑙𝑖𝑣𝑒  𝑐𝑒𝑙𝑙𝑠 = 1.33  𝑥  𝐹𝑖𝑥𝑒𝑑  𝑣𝑜𝑙𝑢𝑚𝑒   (4) 

3.3.3.3 FISH-FC  

Daily sub-samples were removed for fluorescent in situ hybridisation-flow cytometry (FISH-

FC) enumeration of different Alexandrium ribotypes in mixed culture. 10 ml of culture was 

removed and made up to 40 ml using autoclaved filtered seawater. This sample was then fixed 

with formalin (1% final concentration) and incubated for one hour before being centrifuged 

(4000 rpm for 10 mins) (Chapter 2). The supernatant was then discarded. Ice cold methanol 

(10 ml) was then added to the cell pellet to extract the pigments and nucleic acids. (Touzet et 

al. 2010) The sample was then stored at -20 °C until it could be analysed by flow cytometry. 

The samples were then analysed as described in chapter 2.  

3.3.3.4 Inorganic nutrients 

Every second day samples were removed aseptically for intracellular nutrient analysis: 

particulate organic phosphorus (POP), carbon (POC) and nitrogen (PON) and extracellular 

nutrient concentration. For POP, POC and PON measurements 60-100 ml of culture 

(depending on the cell density) were filtered through a 25 mm diameter pre-combusted (450 

ºC for 4h) GF/F filter (Fehling et al. 2005). The filter was frozen at -20 °C, and 50 ml of the 

filtrate was frozen for extracellular nutrient analysis (total dissolved phosphorus (TP) and 

total dissolved nitrogen (TN)).  
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3.3.3.4.1 Intracellular Carbon and Nitrogen 

Intracellular carbon (POC) and nitrogen (PON) measurements were carried out as described 

in Flynn & Davidson (1993). The samples were analysed using a 20-20 stable isotope mass 

spectrometer (PDZ Europa) with an ANCA-NT prep system. The frozen filters were defrosted 

and dried in a drying oven at 60 °C overnight. The filters were quartered and each quarter 

enclosed in a tin capsule, which was inserted into the auto-sampler for combustion/reduction 

before mass spectrometry. Detection limits were 5 µg N and 33 µg C. The instrument was 

calibrated for elemental analysis using Sigma isoleucine (composition determined by Europa 

Scientific). 

3.3.3.4.2 Extracellular Nutrients  

Extracellular nutrient concentrations TP and TN, were analysed after defrosting the frozen 

filtrate and diluting by four to bring the concentrations within detection limits. A Lachat 

QuickChem auto-analyser was used to analyse the nutrient concentration in the medium. The 

auto-analyser consists of four components: an auto-sampler, a reagent pump, an analyser and 

a computer controlled by Omnion 2.0 software (Meehan 2005). A standard curve was 

prepared for each nutrient before the samples were analysed using serial dilutions of a stock 

standard. An acceptable calibration curve had r2 values of 0.998 or more, the method had a 

detection limit of ~0.1 µM (T. Brand personal communication).  

3.3.3.4.3 POP Analysis 

POP was measured in triplicate by the ammonium molybdate method after wet oxidising in 

acid persulphate (Hansen & Koroleff 1999). Prior to analysis the oxidation efficiency of this 

method was first tested with adenosine 5’- triphosphate (ATP) (Lonborg et al. 2009).  

Every second day a sample (80 ml) was extracted and filtered through a 25mm diameter 

pre-combusted (450 ºC for 4 h) GF/F filter (Hansen & Koroleff 1999). The filters were frozen 
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for future analysis. (POP) was determined by suspending the filters in 20 ml of Milli-Q water 

in 50 ml teflon schott bottles and wet-oxidising using 1.5ml acid potassium peroxdisulphate 

for 90 minutes at 121 ºC in an autoclave. Pre-combusted filters were oxidised along with the 

samples so that the P values could be subtracted from the samples. The samples were then 

cooled to room temperature. Particulate P was measured as liberated orthophosphate with the 

standard molybdenum blue technique (Flynn & Davidson 1993; Lonborg et al. 2009). 

Ascorbic acid (0.4 ml) and Mixed reagent (ammonium heptamolybdate tetrahydrate, sulphuric 

acid and potassium animony) (0.4 ml) were added to 20 ml of the sample and mixed. After 

10-30 minutes the sample absorbance was read at 880 nm on a spectrophotometer (Thermo, 

Nicolet evolution BB). The detection limit is 0.1 µmol L-1 (Hansen & Koroleff 1999).  

3.3.3.5 Chlorophyll 

Chlorophyll samples were collected by filtering 80 mls of A. tamarense culture onto a 25 mm 

GF/F filter using 50 ml syringes every second day.  The filters prior to analysis were kept in 

15 ml centrifuge tubes wrapped in tin foil at -20 ºC.  

When ready for analysis, acetone (8 ml, 90 %) was added to each centrifuge tube. The 

samples were then kept overnight in a fridge in the dark to extract the pigment. The samples 

were then sonicated (1 min) and centrifuged (3000 rpm at 6 °C for 5 min) in order to get a 

debris free extract. Chl a was measured with a Turner TD-700 fluorometer (Turner Design, 

Sunnyvale, CA, USA). The fluorometer was calibrated using a Chl a extract from spinach and 

serial dilutions of a 4 mg L-1 stock standard    

To determine chlorophyll concentrations non-acidified and acidified measurements 

were made. Acidified measurements were made by adding HCl (50 µl) to the sample. Acetone 

(90 %) was used as a blank. A series of nine samples were run at one time. Standards were 

measured before and after the nine samples to account for analysis drift and to check the 
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stability of the fluorometer. The samples were analysed in triplicate and an average 

chlorophyll value was calculated. The detection limit was 1 µg L-1.  

3.3.3.6 Toxin analysis 

The method used in this work was the PCOX method as described in Van De Riet et al. 

(2009). The method used reversed phase LC with post-column oxidation and fluorescent 

detection. The PSP toxins of A. tamarense are divided into three major groups of toxins: 

Gonyautoxins (GTX), C toxins and saxitoxins (STX). Two analyses were performed per 

sample first to analyse GTX and STX toxins together and second to analyse the C-toxins. The 

samples were tested for GTX-1, GTX-2, GTX-3, GTX-4, de-GTX-3, dc-GTX-2, dc-STX, 

STX, C-1 and C-2.  

During exponential and stationary phases samples were collected for toxin analysis. 

Aliquots containing 250,000 cells were removed and centrifuged (3000 g for 20 minutes) to 

create a cell pellet which was frozen (-20 °C) in a 1.5 ml centrifuge tube.  

The pellet was thawed and autoclaved filtered seawater (1 ml) was added to the sample 

and spun on a vortex mixer. The solution was then transferred to an Ependorf micro 

centrifuge tube; this process was then repeated using an additional 200 µl of autoclaved 

filtered seawater to transfer all the cells. The cell solution was then centrifuged (3000 g, 20 

min) and the supernatant discarded. Acetic acid (500 µl of 0.5 M) was added to the cell pellet. 

Toxin extraction was carried out by freezing at -80 °C (30 ± 3 min) and thawing at room 

temperature (30 ± 3 min) three times. The samples were then mixed on a vortex mixer and 

centrifuged (8000 g, 20 min). 200 µl of the toxin extracts were then transferred to a Millipore 

Ultrafree 0.2 µm filter unit and centrifuged (6000 g, 3 min) (Van De Riet et al. 2009). The 

contents were then transferred to glass reaction vials. 

The working solutions were prepared from individual PSP standards purchased from 

NRC (Canada). The stock standard mixture and serial dilutions for the instruments linear 
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calibration were prepared as described in Van De Riet et al. (2009). All calibration curves 

demonstrated good linearity with the r2 value being greater than 0.99. To ensure instrument 

reliability a previously quantified sample was analysed before the culture samples were 

analysed.  

The analysis system consisted of: the LC system, post column reaction system, reaction 

coil, fluorescent detector and LC columns. The mixed working solution and serial dilutions 

(10 µL for GTX and STX toxins and 5 µL for C-toxins) were injected into the system and 

separated chromographically. Part of the extract was chromatographed with a step gradient 

using a heptane sulfonic acid/phosphoric acid buffer system for the analysis of GTX and STX 

analogues. The extract was also chromatographed for the C-toxins using an isocratic 

tetrabutylammonium phosphate buffer for the C-toxin analogues. The toxins were detected by 

PCOX (Post-column oxidation) of the analytes at 85 °C with a phosphoric acid periodic acid 

buffer solution followed by fluorescence detection (excitation: 330 nm, emission: 390 nm) 

(Van De Riet et al. 2009).  Integration and data analysis was conducted using the ChromQuest 

2.6.1 software. To calculate the concentration of the toxins as STX equivalents, the 

concentrations of toxins (in nM) were converted to µM and multiplied by the relative 

toxicities of each individual toxin (Van De Riet et al. 2009). 

3.3.4 Experiment 4: Spring/Summer 

Cells were either acclimatised to spring (9-h L: 15-h D, spring) at 11 ºC or summer (18-h L:6-

h D, summer) at 15 ºC to conditions. Experiments were conducted with individual Group I 

and Group III strains in isolation. All experiments were carried out in duplicate in 1L 

Erlenmeyer flasks at irradiance 100 µmol m-2 s-1 in a modified low P (3 µM), N (880 µM) 

medium L1 medium in either short photoperiod (spring) or long photoperiod conditions 

(summer).  
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 Inoculums for all experiments were taken from acclimated exponential phase stock 

cultures. The inoculum cell density for both Group I and Group III mono cultures was ≈800 

cells ml-1. Experiments continued until the post stationary cell death phase of the culture had 

become established. Cell counts were carried out as described in 3.3.3.1. The culture flasks 

were maintained in two incubators (Vindon Scientific), the flasks were positioned only on the 

top shelf of each incubator. Daily after sampling the flasks were rotated and moved between 

the incubators to take into account minor differences between the two incubators. 

3.3.4.1 Additional parameters 

Every five days samples were removed aseptically for intracellular and extracellular nutrient 

analysis: POP, POC, PON, TP and TN (section 3.3.3.4) concentrations were measured and 

analysed as described above. During exponential and stationary phases samples were also 

collected for toxin analysis and analysed as described in Section 3.3.3.6. 

3.3.5 Statistics 

Statistical procedures were carried out in Minitab statistical software. A Mann-Whitney test 

was used to test the differences between the mean cell densities. A Spearman Rank correlation 

analysis was used to test the statistical dependence between 2 viariables. A general linear 

model (GLM) was used to compare the linear trends between growth rates. P < 0.05 was 

considered significant and variability was measured with standard error of the mean 

(S.E.M.).  
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3.4 Results  

3.4.1 Experiment 1: Preliminary experiments 

3.3.1.1 Acclimation  

 The cultures were maintained in exponential growth by regular sub-culturing every 10 days. 

During acclimatisation the growth of the cultures was monitored using In vivo fluorescence 

(RFU) as a proxy for cell numbers (Figure 3.1). Experiments were only conducted when 

cultures exhibited a consistent and reproducible exponential growth rate (GLM P>0.05). 

 

3.4.1.2 The influence of agitation  

The results of the preliminary experiment to determine if agitation associated with sample 

collection had a negative influence on the growth rate of the Alexandrium cultures indicated 

that this was not the case, with no significant difference in growth rates between cultures that 

were strongly agitated before sampling and those that were not (GLM P>0.05) (Table 3.1, 

Figure 3.2, a & b). A Mann-Whitney test was used to test the differences between the mean 

cell densities obtained from the two different treatments. For both strains of Group I and 

Group III cells (for both treatments) no significant difference was found (p > 0.05). 

 

Figure 3.1 Monitoring the growth of a Group I (toxic) (a) and Group III (non-toxic) strain (b) 
in culture. Cultures were measured by In vivo fluorescence as a proxy for cell numbers. The 
squares indicate the point that sub-culturing occurred. 



Chapter 3 
______________________________________________________________________ 

98 
 

0	  

2000	  

4000	  

6000	  

8000	  

10000	  

0	   2	   4	   6	   8	   10	   12	   14	   16	   18	   20	   22	   24	  

Ce
ll	  
m
l-‐1
	  	  

Day	  

(a)	  CCAP	  11119/28	  
Toxic	  	  
CCAP	  1119/31	  
Non	  Toxic	  
CCAP1119/24	  
Toxic	  
CCAP	  1119/33	  
Non	  Toxic	  

0	  

2000	  

4000	  

6000	  

8000	  

10000	  

0	   2	   4	   6	   8	   10	   12	   14	   16	   18	   20	   22	   24	  

Ce
ll	  
m
l-‐1
	  

Day	  

(b)	  CCCAP	  
1119/28	  Toxic	  
CCAP	  1119/31	  
Non	  toxic	  
CCAP	  1119/24	  
Toxic	  
CCAP	  1119/33	  
Non	  toxic	  

 

Figure 3.2: Comparison of growth between strains (■) CCAP 1119/28 Group I (Toxic) (▫) 
CCAP 1119/24 Group I (toxic) (▲) CCAP 1119/31 Group III (non-toxic) (Δ) CCAP 1119/33 
Group III (non-toxic) for agitated (a) and static (b) cultures. All results are means of 
triplicate samples. Error bars represent the Standard Error.  
 

3.4.1.3 Between strain comparison of growth 

The initial monoculture experiments allowed comparison of the growth rate of the two Group 

I and Group III strains (Figure 3.2,a). Growth rates of both Group I and both Group III strains 

were found to not be statistically significantly different (GLM P>0.05) (Table 3.1). Hence, 

given the space limitations on the number of flasks that could be placed in our incubators, 

only one Group I strain (CCAP 1119/28) and one Group III strain (CCAP 1119/31) were used 

for all further experiments. 

 

Table 3.1: Maximum growth rate (SGR) day-1 comparison between 
strains. Strains were either sampled continuously (agitated) and or 
strains were sampled only during the lag and stationary phases 
(static). All results are means of triplicate samples.   

Strain (CCAP 1119/) Agitated 
(SGR) day-1 

Static  
(SGR) day-1 

28 (Group  I) 0.22 0.22 
24 (Group  I) 0.22 0.22 

31 (Group  III) 0.22 0.21 
33 (Group  III) 0.21 0.21 
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3.4.2 Experiment 2: Mono-Culture Experiment 

Figure 3.3 depicts the changes in cell abundance in the triplicated mono-culture experiments 

with both Group I and Group III strains (as well as the total cell abundance in the mixed 

culture experiments). All cultures exhibited growth similar to the classical ‘logistic’ growth 

curve. The cessation of exponential cell division occurred a few days after P concentrations in 

the medium reached their minimum values. The duration of the exponential phase was 

estimated by determining the maximum coefficient determination (r2) achievable when fitting 

a straight line through the exponential phase of logged plots of cell numbers (Appendix A). 

 

 

 

 

 

Figure 3.3: Cell densities per ml at 12 °C (a), 15 °C (b), 18 °C (c) and (d) 21 °C for the 
Group I (toxic) strain (▄), the Group III (non-toxic) strain (▲) and the co-culture (♦) 
treatment. All results are means of triplicate samples.  Error bars represent the Standard 
Error.  
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3.4.2.1 Growth of individual strains in mono-culture 

3.4.2.1.1: 12 °C 

The length of exponential growth was variable and lasted until day 24 in the Group I strain, 

and day 28 in the Group III strain. Post exponential phase cells entered the stationary phase 

before declining in the death phase. 

3.4.2.1.2: 15 °C 

Exponential growth lasted until day 16-17 after which the cells entered stationary phase. Cell 

numbers began to decline in the death phase at day 20.  

3.4.2.1.3: 18 °C 

Exponential growth first ceased for the Group I strain on day 13 followed by the Group III 

strain on day 18. This was followed by an extended period of stationary growth lasting until 

day 22 for the Group I strain and day 24 for the Group III strain. Cell decline was very 

gradual in the death phase.   

3.4.2.1.4: 21 °C 

Exponential growth ceased first in the Group I strain at day 20, followed by the Group III 

strain at day 22. Cells numbers began to decline at days 22/23.  

3.4.2.2 Maximum specific growth rates  

Maximum specific growth rate (SGR) as a function of temperature is plotted in Figure 3.4 and 

tabulated in Table 3.2. Growth rate exhibited a generally “humped” response with highest 

rates at the intermediate temperatures of 15 and 18 oC.  As a function of temperature growth 

rate was lowest at 12 oC. The Group III strain had a maximum SGR that was statistically 

significantly higher (GLM P > 0.05) than that of the Group I strain at 12, 15 and 21 °C. At 18 

°C the reverse was true; the Group I strain had a significantly higher maximum SGR.  
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Figure 3.4: Maximum specific growth rate (day-1) at 12 °C, 15 °C, 18 °C and 
21 °C for the Group I (toxic) (red), Group III (non-toxic) (purple) treatments. All 
results are means of triplicate samples. Error bars represent the Standard 
Error.  

 

3.4.2.2 Biomass 

3.4.2.2.1 Cell Yield 

Although all cultures received the same amount of liming nutrient, peak cell yield varied 

between strains and with temperature (Figure 3.5). With the exception of 15 oC where the cell 

yield was similar (5909 cells ml-1 for the Group  I strain versus 5997 cells ml-1 for the Group  

III strain), mean cell yield was higher for the Group  III strain.   
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Table 3.2: Maximum Specific growth rates (SGR) day-1 at 12 °C, 15 °C, 18 °C 
and 21 °C for the Group I and Group  III strains in mono-culture. 
Strain  12 °C 15 °C 18 °C 21 °C 
Group  I 0.09 0.21 0.22 0.15 
Group  III 0.13 0.22 0.21 0.16 
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Figure 3.5: Maximum cell yields cell ml-1 at 12 °C, 15 °C, 18 °C and 21 °C for 
the Group I (toxic) (red), Group III (non-toxic) (purple) treatments. All results are 
means of triplicate samples. Error bars represent the Standard Error.   

 

3.4.2.2.2 Carbon 

POC data was only available at 12 °C, 15 °C and 18 °C. Concentrations varied between 

strains and temperatures. C per cell decreased during periods of rapid exponential growth 

(Figure 3.6). This decline continued until the limiting nutrient P reached its minimum value. 

During exponential growth POC concentrations per ml showed growth dynamics similar to 

that of cell numbers and were higher in the Group III strain than the Group I strain (Figure 

3.7). A Spearman rank correlation analysis confirmed that there was generally a good 

correspondence between the dynamics of POC and cell ml-1 for Group  I and Group  III strains 

at 12 °C (r = 0.954 & r =0.939, p =0), 15 °C (r=0.939 & r= 0.973, p = 0) and 18 °C (r= 0.918 

& r= 0.923, p= 0).  
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Figure 3.6: µgC cell-1 for Group I (toxic) (a) and Group III (non-toxic) (b) strains at 12 °C 
(♦), 15 °C (■), and 18 °C. (▲). All results are means of triplicate samples. Error bars 
represent the Standard Error. 

 
 

Figure 3.7: µgC ml-1 for Group I (toxic) (a) and Group III (non-toxic) (b) strains at 12 °C (♦), 
15 °C (■), and 18 °C (▲). All results are means of triplicate samples. Error bars represent 
the Standard Error. 

 
 

 

Figure 3.8: Maximum biomass µMC per µMP for the Group I (toxic) (red), Group III (non-
toxic) (purple) strains in monoculture) (a). Maximum cell yields per ml per µMP for the toxic 
and Group III strains in mono-culture (b).  Error bars represent the Standard Error. 
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Figure 3.8,a, displays maximum yields (µMC) normalised per µM of P taken up from the 

medium. Maximum C biomass did not correspond with the maximum cell yield. Maximum C 

concentrations were higher for the Group III strain. The amount of C produced was not 

constant with temperature 

Figure 3.8,b, displays maximum yields (cell ml-1) normalised per µM of P removed 

from the medium and confirms this greater cell yield for the Group III strain on a unit of 

resource basis. The figure also demonstrates that an apparent increase in cell yield as a 

function of temperature for both strains. However, linear regression demonstrates that this 

relationship was not statistically significant for either strain (r2 = 28.3, p = 0.468 Group I 

strain and r2 = 28.5, p = 0.466 Group III strain). A similar pattern was seen when total 

biovolume was normalised per µM of P removed from the medium (not shown).  

3.4.2.4 Nutrients 

3.4.2.4.1 Nutrients: Nitrogen  

Nitrogen (N) is required for toxin production. Dissolved inorganic nitrogen (DIN) was added 

in excess to all cultures to prevent N limitation of growth rate or biomass yield. DIN remained 

above 270 µM in all experiments (data not shown). Given that other nutrients were also added 

in excess, this would result in P-yield limitation conditions 

3.4.2.4.2 Nutrients: Phosphorus 

Extracellular P began to decline rapidly at all temperatures from its inoculum concentration of 

3 µM (Figure 3.9). The Group III strain tended to utilised the P in the medium more rapidly at 

all temperatures except 18 °C where concentrations reached their minimum values 

simultaneously. P concentrations were never entirely depleted but reached low minimum 

values between 0.06 and 0.32 µMP.  The decline in extracellular P was gradual at 12 °C, but 

this coincided with lower growth rates and biomass production. Where growth rates were 
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higher at 15 °C and 18 °C, P was removed from the medium at a higher rate. At 15 °C, 18 °C 

and 21 °C, after P levels reached their minimum values, there was a slight increase in 

concentrations before they dipped again. 

 

3.4.2.4.3 Intracellular P 

Intracellular P concentrations (µg P) varied between strains and temperatures (Figure 3.10). 

Concentrations declined over the duration of the experiment. At 12 °C and 18 °C the initial 

starting concentrations were higher in the Group I strain, with the reverse true at 15 °C. At 12 

°C and 15 °C intracellular P concentrations declined to their minimum values at around day 

16. At 15°C concentrations had declined to their minimum by day 12. Initial concentrations 

 

 

 

 

 

 

 

 

 

 

Figure 3.9: Extracellular P concentrations (µMP) at 12 °C (a), 15 °C (b), 18 °C (c) and (d) 
21 °C for the Group I (toxic) strain (▄) , the Group  III (non-toxic) strain (▲) and the co-
culture (♦) treatments. All results are means of triplicate samples.  Error bars represent the 
Standard Error. 
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for the Group  I strain were 35% lower at 18 °C (0.49 µg P) compared to 12 °C (0.76 µg P), 

and the concentration for the Group  III strain was half the value at 18 °C (0.35 µg P) 

compared to 12 °C (0.69 µg P). Intracellular P concentration did not fall to zero but very low 

values were obtained.  

 

Figure 3.10 Intracellular P concentrations (µMP) at 12 °C (a), 15 °C (b) and 18 °C with 
the Group I (toxic) strain (■), the Group  III (non-toxic) strain (▲) and the co-culture (♦) 
treatments. All results are means of triplicate samples. Error bars denote standard error. 

 

3.4.2.5 Chlorophyll a 

Chlorophyll concentrations were only determined at 12 °C, 15 °C and 18 °C (Figure 3.11). A 

Spearman Rank correlation analysis demonstrated that chlorophyll concentrations per ml-1 

correlated well with cell numbers for both Group I and Group III strains at 12 °C (r2 = 0.950, 

0.975, p = 0.000), 15 °C (r2 = 0.964, 0.936, p = 0) and 18 °C (r2 = 0.907, 0.890, p = 0). The 
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Group III strain had higher maximum chlorophyll concentrations compared to the Group  I 

strain across all temperatures with this difference being most noticeable at 12 °C where the 

chlorophyll concentration per ml for the Group  III strain (0.15 µg Chl ml-1) was double that 

of the Group  I strain (0.06 µg Chl ml-1). Chlorophyll concentrations for the Group I strain at 

15 °C (0.22 µg Chl ml-1) and 18 °C (0.22 µg Chl ml-1) were similar. The same was true of the 

Group III strain at 15 °C (0.34 µg Chl ml-1) and 18 °C (0.35 µg Chl ml-1). 

 

 
 

 
 

 
 

 
 

 
 
 
 
 
 

 
 

 
 
 
 

 
 
 
 

 
Figure 3.11: Chlorophyll a concentrations (µg Chl ml-1) at 12 °C (a), 15 °C (b) and 18 °C 
(c) for the Group I (toxic) strain  (▄), the Group  III (non-toxic) strain (▲) and the co-
culture (♦) treatments. All results are means of triplicate samples. Error bars represent the 
Standard Error. 
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3.4.2.6 PSP Toxins 

Toxin concentrations were not constant and changed with temperature and growth phase. 

Figure 12 describes the PSP toxin concentrations in saxitoxin equivalents per cell at 12 °C, 15 

°C and 18 °C. Toxin samples were not taken at 21 °C.  

   

Figure 3.12: PSP Toxin concentrations in saxitoxin equivalents per cell at 12 °C (a), 15 
°C (b) and 18 °C (c) in Exponential (Exp) and Stationary (Sta) phases of growth for the 
Toxic strain in Mono-culture. Total toxicity (pg STX diHCL eq ml-1) for the Mono- 
culture exponential phase data (d). All results are means of triplicate samples. Error bars 
represent the Standard Error. 

 

Of all temperatures studied, cellular PSP toxin concentrations per cell were highest at 12 °C 

(Figure 3.12, a), the total toxin concentrations (pg STX eq cell-1) in the exponential phase 

were approximately one to two thirds higher compared to 15 °C (Figure 3.12 b) and 18 °C 

Figure 3.12 c). At all temperatures, the cellular toxin concentrations per cell increased 

considerably during P-limited stationary phase, at least doubling in comparison to the 
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exponential phase. This increase was due to the increase in each individual analogue, and at 

12 °C and 18 °C, an increase in the number of analogues.  

STX was the main toxin analogue found in all samples across all cultures and 

temperatures (Figure 3.12 a-c); however, a range of other analogues were present. In 

exponential growth the analogues present at 12 oC were GTX-1, GTX-3, GTX-2, dc-GTX-3, 

NEO, STX and C2. C1 and GTX-5 were present but in low concentrations. GTX-1, GTX-2, 

dc-GTX-3, GTX-3, NEO, STX and C-1, C-2 were present at 15 °C with dc-GTX-3 and C-1 

being present but in low concentrations. At 18 oC fewer analogues were present: dc-GTX-3 

GTX-3, NEO, STX and C-1, C-2 with C-1 and dc-GTX-3 being at low concentrations. Total 

concentrations per cell then more than doubled on entering phosphate limited stationary 

growth at all temperatures. The number of analogues remained unchanged at 15 oC but 

increased at both 12 oC (to include GTX-2) and 18 oC with the number of analogues now 

including: GTX-1, GTX-3, dc-GTX-3, NEO, STX, C-1 and C2 (Figure 3.12), with dc-GTX-3 

and C-1 being found at low concentrations. GTX-2 and GTX-5 were not found at this 

temperature and the analogues GTX-4, dc-GTX-2 and dc-STX were not found at any of the 

studied temperatures. 

Despite the toxicity per cell being higher at 12 °C, this did not translate through into the 

total toxicity per ml (Figure 3.12, d). The total toxicity per ml was lowest at 12 °C (2845 pg 

STX diHCl eq ml-1) and highest at 15 °C (5583 pg STX diHCl eq ml-1), this can mostly be 

attributed to the cell numbers being lower at 12 °C and higher at 15 °C. The total toxicity did 

not have a clear relationship with temperature (r2 = 36.9, p = 0.584). 
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3.4.3 Experiment 3: Mixed Culture experiment  

3.4.3.1 Growth of individual strains in mixed culture 

The discrimination between Group I and Group III strains was achieved in mixed-culture by a 

combination of Fluorescent in situ hybridisation and Flow Cytometry (FISH-FC) (see chapter 

2). 

Figure 3.13, shows the cell densities per ml at 12 °C (a), 15 °C (b), 18 °C (c) and 21 °C 

(d) of the different ribotypes in the mixed culture experiment. Logged plots can be observed in 

appendix A.  In all cases active competition for the available limiting nutrient occurred, with 

most of the competing Group I and Group III strains exhibited growth similar to the classical 

‘logistic’ growth curve, with lag, exponential stationary and death phases evident. However, 

an exception to this pattern was the 12 oC experiment in which the Group III strain dominated 

to the near exclusion of the Group I strain.  

3.4.3.1.1 12 °C 

For the Group III strain exponential growth lasted until day 21, followed by the death phase at 

day 30 (Figure 3.13 a). The stationary and death phases were not clear in the Group I culture. 

3.4.3.1.2 15 °C 

For both strains exponential growth lasted until day 17, after a period of stationary growth the 

death phase occurred at day 21. 

3.4.3.1.3 18 °C 

The Group I strain had a shorter exponential growth phase lasting until day 13, the Group III 

strain entered stationary growth at day 18. Cells began to decline on day 21/22.  
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3.4.1.1.4 21 °C 

For the Group III strain exponential growth lasted until day 21, stationary growth was short 

with the death phase being reached on day 23. For the Group III strain exponential growth 

lasted until day 21, after which cell numbers began to decline immediately. 

 

Figure 3.13: Cell densities per ml at (a) 12°C, (b) 15°C, (c) 18°C and (d) 21°C for the mixed 
co-culture treatment using a Sedgwick Rafter (SR) (●) and flow cytometer (FC) (▲), and the 
individual Group III (non-toxic) counts (▄) and individual Group  I (toxic) counts (♦). All 
results are means of triplicate samples. Error bars represent the Standard Error. 

 

3.4.3.2 Maximum specific growth rate  

Maximum specific growth rates as plotted in Figure 3.14 exhibited a ‘humped response’ for 

the Group I strain. The growth rates from experiment 2: the mono-culture experiment has also 

been included for comparison. For the Group III strain the curve had shifted to the left with 

the greatest maximum rates being at 12 oC and 15 oC and then declining thereafter. At all 
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temperatures, except 21 °C, the growth rates were statistically different between strains (GLM 

p>0.05).  

At 15 °C the growth rates were significantly higher for the Group I strain cultured in 

isolation compared to when they were grown in mixed-culture (GLM p > 0.05) (Table 3.3). 

There was no statistically significant difference in growth rates for the Group I strain at 12 °C. 

This was in contrast to the Group III strain where, at 12 °C and 15 °C, maximum growth rates 

were significantly higher in the mixed culture compared to when the strain was grown in 

isolation (GLM p > 0.05). Growth rates for the Group III strain grown at 18 °C and 21 °C 

were similar between treatments (GLM p < 0.05). 

 

 

Table 3.3: Maximum Specific growth rates (SGR) day-1 at 12 °C, 15 °C, 18 °C and 21 
°C for the Group I (toxic), Group III (non-toxic) strains in mono- and mixed-culture. 

Strain  12 °C 15 °C 18 °C 21 °C 
Mono-Culture:  
Group I 

0.09 0.21 0.22 0.15 

Mono-Culture:  
Group III 

0.13 0.22 0.21 0.16 

Mixed-Culture: 
 Group I 

0.09 0.20 0.26 0.16 

Mix- Culture:   
Group III 

0.23 0.24 0.21 0.16 
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Figure 3.14: Maximum specific growth rate (day-1) at 12 °C, 15 °C, 18 °C and 
21 °C for the Group I (toxic, mono-culture) (red), Group III (non-toxic, mono-
culture) (purple) and mixed-culture Group I (toxic) (brown) and Group III (non-toxic) 
(lilac) treatments. All results are means of triplicate samples. Error bars 
represent the Standard Error.  

 

3.4.3.3 Biomass 

3.4.3.3.1 Cell yields in mixed culture 

Maximum cell yield varied between strains and with temperature (Figure 3.13 and Figure 

3.15). The maximum cell yields from experiment 2: the mono-culture experiment has been 

included for comparison. At all temperatures except 18 °C the yields were similar; the Group 

III strain achieved a higher maximum cell density (Figure 3.14). At 18 oC a more equal 

competition was observed with the Group I strain achieving the highest density (4156 cell ml-

1), 51% of the total. A Mann-Whitney test was used to test the differences between the mean 

maximum cell densities obtained the Group I and Group III strain at each temperature. Mean 

maximum cell densities were significantly different at all temperatures except 18 °C where 

yields were similar (p > 0.05). 
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 The lowest maximum cell density for the Group I strain was at 12 °C (680 cell ml-1) 

and this was the lowest maximum cell density across all temperatures, strains and treatments. 

In the 12 oC experiment the Group III strain dominated to the near exclusion of the Group I 

strain. In this case the peak yield of the Group III strain was 87 % of the total cell yield in the 

experiment. While active growth of the Group I strain did occur, it increased from 200 cell ml 

-1 to only 599 cell ml-1. A competitive dominance of the Group III strain, although not to such 

a great extent, was also evident in the 15 oC and 21 oC experiments. In these cases, the peak 

yield of the Group III strain was 68 % and 67 % of the total respectively. 

 

 

Figure 3.15: Maximum cell yields cell ml-1 at 12 °C, 15 °C, 18 °C and 21 °C  for 
the Group  I (toxic, mono-culture) (red), Group  III (non-toxic, mono-culture) 
(purple) and mixed-culture Group I (toxic) (brown) and Group III (non-toxic) (lilac) 
treatments. All results are means of triplicate samples. Error bars represent the 
Standard Error. 
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3.4.3.4 Toxins produced in mixed culture 

In mixed culture the pattern of increased toxicity from exponential to stationary phase was 

conserved (Figure 3.16,a-c), toxin data from experiment 2 has been plotted for comparison. 

The toxin per Group I cell was markedly lower per toxin analogue than in monoculture at 

each of the temperatures studied.  The analogues present at 15 °C were the same as in 

monoculture; however, at 12 oC only GTX-3, NEO, STX, C-1 and C-2 were present during 

exponential growth with GTX-1, GTX-3, GTX-5, dc-GTX-3, STX and C-2 present in 

stationary phase. At 18 °C GTX-1 was absent from the mixed samples with GTX-3, NEO, 

STX, C-1 and C-2 were present during exponential growth and these plus, dc-GTX-3 present 

in stationary phase.  

The total toxicity (Figure 3.16, d) was lowest at 12 °C (305 pg STX diHCl eq ml-1) and 

highest at 18 °C (2517 pg STX diHCl eq ml-1), again this can mostly be attributed to the cell 

numbers being lower at 12 °C and higher at 15 °C. However, the total toxicity did however 

have a clear relationship with temperature (r2 = 99.8, p = 0.025). The total toxicity per ml and 

per cell was lower in the cultures grown in mixed culture. 
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Figure 3.16: PSP Toxin concentrations in saxitoxin equivalents per cell at 12 °C (a), 15 
°C (b) and 18 °C (c) in Exponential (Ex) and Stationary (Sta) phases of growth for the 
Toxic strain in Mono-culture (Mono) and in Mixed culture (Mix). Total toxicity (pg STX 
diHCL eq ml-1) for the Mono- (red)	  and	  mixed-culture (brown) (d). All results are means 
of triplicate samples. Error bars represent the Standard Error. 

 

3.4.4 Experiment 4: Spring/Summer 

3.4.4.1 Growth  

The changes in cell abundance in the duplicate culture experiments for the Group I and Group  

III strain under spring (short light and low temperature, SP) and summer (long light and high 

temperature, LP) conditions are depicted in Figure 3.17. All cultures exhibited growth similar 

to the classical ‘logistic’ growth curve. The cessation of exponential cell division occurred 

alongside minimum P concentrations in the medium (Figure 3.21). The exponential phase was 

temperature and light phase dependent with the short photoperiod treatments exhibiting a 

longer exponential growth phase. Cells grew exponentially until day 11 (Group III, summer), 
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day 13, (Group I, summer), day 15 (Group I, spring) and day 16 (Group III, spring), after 

which cultures entered stationary growth before eventually declining. The duration of the 

exponential phase was estimated by determining the maximum coefficient determination (r2) 

achievable when fitting a straight line through logged plots of cell numbers (Appendix A).  

 

 

 

 

 

 

 

 

 

3.4.4.2 Maximum specific growth rates 

Maximum specific growth rates are tabulated in Table 3.4, and plotted in Figure 3.18. During 

exponential growth both strains had significantly higher specific division rates when they 

were cultured under summer conditions (GLM P<0.05), with the Group III strain having a 43 

% higher growth rate and the Group I strain having a 31 % higher growth rate under these 

conditions.  When grown under the same light conditions the maximum division rates for the 

Group III strain exceeded those of the Group  I (GLM P<0.05 in both cases). 

 

 

 

 

Figure 3.17: Cell densities per ml for the Summer (LP) and Spring (SP) 
for a Group I (toxic) w and Group III (non-toxic) ■ strain.  All results 
are means of triplicate samples. Error bars represent the Standard 
Error. 
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For the Group I strain the differing light regimes in the summer and spring treatments at 11 °C 

and 15 °C had no effect on the growth rate, with the growth rates for the spring and summer 

treatments being similar to those in the 12 °C and 15 °C monoculture experiments in  

experiment 2, respectively. 

However, light was more of a controlling factor for growth of the Group III strain. It 

exhibited a higher maximum specific growth rate under summer conditions compared to the 

Group III mono-culture treatment at 15 °C. 

Table 3.4: Specific growth rates (SGR) day-1for the spring and summer 
treatments for the Group I and Group III strain. All results are means of 
triplicate samples.  
Strain  Spring Summer 
Group I 0.12 0.22 
Group III 0.13 0.25 

 

 

 

 

 

 

 

 

 

Figure 3.18: Maximum specific growth rate day-1 for the Summer (LP) and spring 
(SP) treatments for a Group I (toxic) (T) and Group III (non-toxic) (NT) strain. 
All results are means of triplicate samples. Error bars represent the Standard 
Error. 
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3.4.4.3 Biomass 

3.4.4.3.1 Cell Yields 

Maximum cell yields varied between treatments and to some extent strain with the highest 

cell yields being greater for the summer treatment for both strains (Figure 3.17). With the 

maximum cell densities for the Group I strain being: 6108 cell ml-1 (summer) and 3842 cell 

ml-1 (spring) and the Group III strain 6456 cell ml-1 (summer) and 4808 cell ml-1 (spring). 

 
When decoupling the effect of light and temperature on maximum cell yields the 

extended exposure to light at 15 °C gave no effect on the maximum cell densities for either 

strain compared to the 15 °C mono-culture data (Figure 3.17). However, the decreased 

exposure to light under the spring treatment did suppress the maximum cell density for the 

Group III strain. 

3.4.4.3 Carbon  

Carbon per cell did not remain constant over the duration of the experiment (Figure 3.19). For 

the long light treatments C per cell increased over the duration of the experiment, whilst the 

low light treatment saw an initial increase before C concentrations declined to levels similar 

to those at the start.  Maximum C concentrations varied between strains and temperatures. 

Maximum C concentrations (µgC ml-1) were higher for the summer treatments for both 

strains. The patterns observed in experiment 2 were conserved with C concentrations being 

higher for the Group III strain compared to the Group I at both treatments (Figure 3.19).  

 
Total C concentrations (ml-1) showed growth dynamics similar to that of cell numbers 

(data not shown); however, despite there appearing to be a good correspondence between the 

dynamics of C concentrations and cell numbers, a Spearman rank correlation analysis 
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demonstrated that the trends were not significant for any of the strains or treatments (r2= 0.8, 

p= 0.104). 

 
 

Figure 3.19: µgC cell-1 for the Summer (LP) 
and Spring (SP) treatments for the Group I 
(toxic) w and Group III (non-toxic) ■ strains 
All results are means of triplicate samples. 

 

             

 
Figure 3.20: Maximum biomass µMC per µMP for the Group I (toxic) (T), Group III (non-
toxic) strains (NT) under summer (LP) and spring (SP) conditions (a). Maximum cell yields 
per ml-1 per µgP for the Group I (toxic) and Group III (non-toxic) strains (b). All results are 
means of triplicate samples. Error bars represent the Standard Error. 
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Figure 3.20 displays maximum yields (cell ml-1 and µMC) normalised per µM of P removed 

from the medium. Maximum cell yield and C biomass showed a similar pattern. The amount 

of C and the number of cells produced per µM P was higher for both strains grown under the 

summer conditions compared to the spring treatment for both the Group I and Group III 

strains. In addition to this C concentrations and cell numbers produced per unit of P was 

higher in the Group III strain compared to the Group I strain with the difference being most 

noticeable in the spring treatment. 

 
When decoupling the effect of light and temperature on biomass production, the 

extended exposure to light under the summer treatment had no effect on the maximum cell 

numbers per µM of P despite there being 6 hours of extra light daily. However, there was an 

increase in the total C concentrations with the increased exposure to light under the summer 

treatment (compared to the 15 °C monoculture treatment), with C concentrations increasing 

by fivefold.  

3.4.4.5 Nutrients 

3.4.4.5.1 Nutrients: Nitrogen  

Dissolved inorganic nitrogen (DIN) was added in excess to all cultures to prevent nitrogen 

limitation of growth rate or biomass yield. DIN remained above 270 µM in all experiments 

(data not shown). Other nutrients were also added in excess.  

3.4.4.5.2 Nutrients: Phosphorus 

Extracellular P began to decline rapidly for all treatments (Figure 3.21). P concentrations were 

never entirely depleted but reached low minimum values between 0.15 µMP (Group I, 

summer) and 0.24 µMP (Group III, spring). The decline in the extracellular P was more 

gradual for the Group I spring treatment but this also coincided with a lower growth rate and 
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biomass yield. The higher growth rates of the summer treatment coincided with higher 

removal of P from the media.   

 

 

 

 

 

Figure 3.21: Extracellular P concentrations (µMP) for the summer (LP) 
and spring (SP) treatments for a Group I (toxic) (w) and Group III (non-
toxic) (■) strain. All results are means of triplicate samples. Error bars 
represent the Standard Error. 

3.4.4.5.3 Intracellular P 

Intracellular P concentrations (µgP) varied between strain and temperature (Figure 3.22). 

Concentrations declined over the duration of the experiment. Initial intracellular P 

concentrations were similar and between 0.03 µgP (Group III, summer) and 0.03 µgP (Group 

III, spring). Concentrations declined at a higher rate for both strains grown under the summer 

treatment. Intracellular P concentrations did not fall to zero but very low values were 

obtained. Minimum P concentrations were similar between the Group I and Group III summer 

treatments and the Group III spring treatment (~0.012 µgP) with minimum concentrations 

being ~30 % of their initial concentrations. The minimum P concentration for the Group I 

spring treatment was higher at 0.016 µgP, 45 % of its initial starting value.   
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Figure 3.22: Intracellular P concentrations per cell (µgP-1) for the summer 
(LP) and spring (SP) treatments for a Group I (toxic) (w) and Group III 
(non-toxic) (■) strain. All results are means of triplicate samples. Error 
bars represent the Standard Error. 

 

3.4.4.6 PSP Toxins 

Toxin concentrations were not constant and changed with light and temperature conditions 

and growth phase. Figure 3.23 depicts the PSP toxin concentrations in saxitoxin equivalents 

per cell for the spring and summer treatments.  

In keeping with the results in experiment 2, the toxin concentrations per cell increased 

considerably during P-limited stationary phase, at least quadrupling in comparison to the 

exponential phase of growth. This increase was due to the increase in the number of 

analogues and a concentration increase of each individual analogue. PSP toxin concentrations 

were highest under spring conditions (Figure 3.23 a) and approximately double those of cells 

grown under summer conditions (Figure 3.23 b). 
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densities were lower compared to the summer (2.15 ng STX diHCl eq ml-1) treatment (Figure 

3.23 c). 

The numbers of toxin analogues changed between the exponential (5) and stationary 

phases (7) under both growth conditions. STX was the main toxin analogue found in all 

samples across all cultures and treatments; however a range of other analogues were present. 

In exponential growth the analogues present were GTX-3, NEO, STX, C1 and C2. In 

stationary growth the analogues present were GTX-1, GTX-3, dc-GTX-3, NEO, STX, C1 and 

C2. Similar to the results in experiment 2, GTX-4, dc-GTX-2 and dc-STX were not found in 

any of the treatments. 

 

 

 

 

 

 

 

 

 

 

 

Figure 3.23: PSP Toxin concentrations in saxitoxin equivalents per cell for the spring 
(SP) (a) and summer treatments (LP) (b) treatments during the Exponential and 
stationary phases of growth for the Group I strain. Total toxicity (pg STX diHCL eq ml-1) 
(c). All results are means of triplicate samples.  
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3.5 Disussion  

3.5.1 Experiment 1: Preliminary experiments 

3.5.1.1. Acclimation  

Each experiment required the cultures to be grown under a new set of conditions. Before 

experimentation the cultures were acclimatised; firstly to the low P medium and secondly to 

each respective temperature. Acclimation ensured that when comparing the different strains, 

any differences observed could be attributed to the inherent responses of the treatment 

conditions, instead of to the plastic physiological responses to the immediate history of the 

cultures (Lakeman et al. 2009). During acclimatisation the growth of the cultures was 

monitored using In vivo fluorescence (RFU) as a proxy for cell numbers. Experiments were 

only conducted when cultures exhibited a consistent and reproducible exponential growth 

rate. Acclimation is essential as the chemical composition of a cell changes in response to 

environmental cues. It is this adjustment of cellular physiology that is termed acclimation. 

Acclimation serves to increase the growth rate under non-optimal conditions, so until cells are 

fully acclimatised growth rates would have been variable (Geiger et al. 1998).  

3.5.1.2 Turbulence 

A number of studies have investigated the effects of small scale turbulence on phytoplankton 

species with a wide range of different responses being observed (Sullivan & Swift 2003; Hu 

et al. 2006; Bolli et al. 2007). The diversity of results appears to indicate that the effect of 

turbulence is species specific and most likely dependent on environmental conditions. Some 

studies have reported positive, or even indifferent environmental responses, while others have 

reported negative responses (Bolli et al. 2007). It was therefore important to determine if the 

necessary swirling of the flasks to evenly distribute the cells before sampling influenced the 

measured growth rate. Pertinent to this study we found that the small-scale agitation imposed 
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on the cultures through the action of swirling to homogenise the cultures before sampling had 

no effect on the growth of the cultures. 

Dinoflagellates are more fragile and sensitive to shear stresses compared to other 

microalgae.  However for some species, modest turbulence has been shown to increase 

growth rates and final cell yield, with some authors suggesting that mild turbulence can aid 

gas exchange and prevents large increases in pH (Bolli et al. 2007). Hu et al. (2006) observed 

that mild agitation in early growth phases, when there is a lower cell density, could be 

beneficial to growth in A. tamarense. The form of the turbulence is however important as A. 

tamarense is more sensitive to turbulence caused by bubbling through continuous aeration 

than by shear stress caused by agitation and the more gentle turbulence caused by swirling 

(Hu et al. 2006).  This has led some authors to harvest individual tubes to determine growth 

rate (Lewis et al. 2006). However, this technique can be very labour intensive as tubes have to 

be removed and rotated regularly to account for the differences in flux density at each position 

in the rack. It also makes the characterisation of other parameters difficult due to the lack of 

volume; each flask used in this study equates to approximately 70, 50 ml test tubes.  

3.5.1.3 Between strain comparison of growth 

No differences in growth were observed between the two Group I and the two Group III 

strains. This is in contrast to much of the literature where growth differences can exist even 

between two closely related isolates. For example Flynn et al. (1994) observed distinct growth 

differences between two toxin producing strains of A.minutum, both the maximum specific 

growth rate and maximum cell densities significantly differed between the two strains. 

However given the similarity of growth rates, subsequent equivalent experiments were 

conducted on one Group I and one Group III strain alone.   
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3.5.2 Experiment 2: Mono-culture experiments 

3.5.2.1 Growth rates 

The growth rate values observed in this study were consistent with those found in the 

literature for A. tamarense (0-0.55 day-1) (Etheridge & Roesler 2004; Fauchot et al. 2005). 

In these mono-culture experiments temperature appears to be one of the main factors 

influencing the increase in phytoplankton growth (and biomass). Phytoplankton species are 

able to carry out photosynthesis, respiration and cellular division over a wide range of 

temperatures. However during their evolutionary development they have developed 

preferences for certain temperatures.  

 It is well known that individual phytoplankton species have an optimal temperature for 

growth, below and above that temperature the optimal growth rates decline (Montagnes & 

Franklin 2001). Most organisms show a critical temperature range; above and below which no 

growth occurs (Eppley 1972). Shifting environmental conditions can alter optimum 

temperatures and upper critical temperatures, as cell alter their cellular physiology. In the 

conditions used in this study both strains in monoculture had a preference for the intermediate 

temperatures as can be seen from the obvious bell shaped curve in (Figure 3.4). Despite each 

strain having a preference for the intermediate temperatures, strain differences did occur; the 

Group III strain had a maximum specific growth rate that was statistically significantly higher 

than that of the Group I strain at three out of the four temperatures, with exception being at 18 

°C. 

This bell shaped curve was also described by Staehr & Birkeland (2006), and is 

governed by the net effect of all cellular processes that are linked to enzymatic activities. 

Declining temperatures reduce factors linked to respiration, nutrient uptake and growth by 

reducing enzyme activity, membrane fluidity and electron chain transfer. Low temperatures 

reduce the rate of photosynthesis by a reduction in cellular chlorophyll, and other 
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photosynthetic pigments, in addition to this the flux of photons captured by the photosynthetic 

pigments is also reduced. Temperature dependent enzymes will reduce the rate of nutrient 

uptake and subsequent growth (Staehr & Birkeland 2006).  

As temperature increases, the constraints on photosynthesis (uptake of light, and uptake 

of nutrients and transport) decline resulting in an increase in carbon fixation, biosynthesis, 

chlorophyll content, photosynthesis and cellular growth. Subsequent increases in temperature 

further increase the metabolic processes. Carbon fixation and biosynthesis eventually peak at 

an optimum temperature. Above this, the rates of photosynthesis, respiration and growth 

decline as rates of demand for ATP and carbohydrates outweigh their production. The decline 

in performance at higher temperatures may also be heightened by inactivation of proteins 

(Staehr & Birkeland 2006).  

3.5.2.2 Biomass 

3.5.2.2.1 Maximum Yields 

Maximum cell yields can be influenced by a number of causes, nutrient limitation, 

temperature, self-shading, pH and auto-inhibitory substances. Cell shading, pH and auto-

inhibitory substances are unlikely. From visual observations cell densities were not high 

enough to discolour the medium, and A. tamarense strains grown under full L1 medium had 

been previously observed to reach much greater cell densities (13,000 ml-1) in culture 

(personal observation). pH would also not have been a critical factor as daily swirling acts to 

prevent large increases in pH and further experiments (chapter 5) demonstrated that pH did 

not reach inhibitory levels. The most likely limiting factor was therefore nutrient limitation, 

consistent with cell densities reaching their peak shortly after P reaching its minimum 

concentration.  
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Maximum yields in terms of biomass and cell numbers appear to be in part modulated 

by temperature for both strains. There was a difference in maximum yields in terms of cell 

yield and biomass between the strains at each temperature with the Group III strain 

consistently having a higher yield. Ecological and physiological parameters may vary 

between the strains. The Group III strain appears to be able to take up and utilise nutrients 

such as P more efficiently to create biomass compared to the Group I strain.  

3.5.2.2.2 Carbon 

The maximum C concentration did not directly correspond with the maximum cell yield, this 

was most likely due to differences in cell size, and cultures consisting of large volumes of 

small cells. Larger numbers of small cells can have the same total biomass as a culture 

containing a lower numbers of larger cells.  

The effect of temperature on intracellular C concentrations has been shown to be 

species specific. Goldman & Mann (1980) observed that P. tricorutum has a ‘U’ shaped 

variation of cellular C with temperature, with maximum cellular concentrations being 

observed at low and higher temperatures and minimum values being observed at interte 

temperatures (15-20 °C). Yet, there were no differences in cellular C concentrations with 

temperature for Skeletonema costatum (Goldman & Mann 1980). However, this ‘U’ shaped 

curve effect appears to be more apparent in the literature. There could be a number of reasons 

why temperature affects biomass production; one of these is that growth at different 

temperatures results in a shift in the chemical composition of phytoplankton (Eppley 1972; 

Goldman & Mann 1980). 

3.5.2.3 Nutrients 

The cells were able to continue exponential growth even after P concentrations reached their 

minimum values in the medium. In many locations phytoplankton growth may be limited by 
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nutrient availability (Glibert et al. 2006). N has traditionally been the limiting nutrient for 

phytoplankton growth but P limitation does occur in a number of regions (Huang et al. 2005). 

P limitation can cause decelerated growth along with decreased rates of protein synthesis, 

respiration and other metabolic activities (Huang et al. 2005). If P levels fall too low then the 

uptake system might not have sufficient energy to drive transport against the trans-membrane 

electrochemical gradient.  

 
When P levels fall too low phytoplankton may draw on internal stores so that their 

activity might not be so quickly supressed by low external concentrations. Even when 

external concentration reach values of less than 0.1 µM some species are still able to maintain 

activity as it is not the external concentration of P that is important, but the intracellular 

storage capacity and the ability to take up the small amounts of bioavailable P being over 

turned in the system (Reynolds 2006).  

 
When external concentrations exceed the ‘threshold level’ P is quickly accumulated by 

an active uptake system and stored as polyphosphate granules, the granules are segregated 

into the cytoplasm as osmotically inert structures (Aubriot et al. 2011). The intracellular 

storage capacity enables cells to sustain 3-4 doublings without taking up any more P. Acid-

insoluble polyphosphate is used as a store for when the extracellular phosphate concentrations 

become limiting (Powell et al. 2008). When P uptake becomes restricted then the growth rate 

is related to the size of the internal polyphosphate store. Concentrations of polyphosphate 

have been shown to increase after stress situations such as phosphorus starvation in Chlorella 

vulgaris, with the degree of accumulation being dependent on the duration of starvation. After 

P starvation cells may over compensate and increase P uptake (luxury uptake) (Eixler et al. 

2006).  
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Nutrient conditions for this study were chosen to enhance A. tamarense toxicity. DIP 

concentrations in Scottish coastal waters can range between 0.1-1 µM (Slesser & Turrel 2005: 

Fehling et al. 2012), much lower than those used in this study. N concentrations in Scottish 

coastal waters can range between 0-12 µM depending on location and season (Slesser & 

Turrel 2005). Due to this some areas are likely to experience P limitation to some degree, thus 

causing enhanced A. tamarense toxicity in Scottish coastal waters.  

 
There are two main mechanisms available for phytoplankton in P limited conditions; 

one is the production of extracellular phosphatases, which release phosphate from organic 

solutes which then can be absorbed. These enzymes such as alkaline phosphatase (AP) are 

produced in response to phosphate limitation (Meseck et al. 2009). Measuring AP 

concentrations could be a good way of monitoring P limitation (Dyhrman & Palenik 1999) 

and would perhaps be a suitable variable to measure if this work was carried out again. The 

second mechanism involves the phagotrophic ingestion of organic particles such as bacteria. 

Mixotrophic organisms are able to supplement or even fulfil their requirements for nutrients 

and carbon by ingesting organic particles. A number of marine dinoflagellates are mixotrophs 

(Reynolds 2006) and it could be possible that A. tamarense is also a mixotroph (Blossom et 

al. 2012). The uptake of food prey can substantially contribute to the total carbon uptake and 

many mixotrophic species are able to grow faster than organisms that are solely autotrophic. 

Mixotrophy in dinoflagellates has been suggested to be an important strategy to offset their 

somewhat slower growth rates and lower nutrient affinities compared to other phytoplankton 

species (Blossom et al. 2012).  

3.5.2.4 Chlorophyll a 

Changes in temperature not only affected growth rate, but also chlorophyll production. 

Chlorophyll a is commonly used as a proxy for biomass or primary production as 
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measurements can be made quickly and easily and can even be undertaken  by remote 

sensing. 

 At lower temperatures the production of chlorophyll is inhibited (Shugarman & Traut 

1967) and lower chlorophyll concentrations means that there is less energy for reproduction 

and growth. An example of this is that there was a clear relationship of µgChl ml-1 with 

temperature. At 12 °C where chlorophyll a (µgChl ml-1) concentrations were approximately 

half of those seen at 15 °C or 18 °C, thus causing reduced growth rates. The strains tended to 

prefer the temperature range between 15 °C and 18 °C, which were also the temperatures 

where chlorophyll a concentrations were the highest. Previous studies have shown that an 

increase in temperature by as little as one degree has a marked increase in the rate of 

chlorophyll synthesis and an increase of two degrees can lead to a doubling of the relative rate 

of chlorophyll synthesis (Shugarman & Traut 1967).  

3.5.2.5 PSP Toxins 

It has long been known that toxicity in some microalgae varies in some microalgae under 

different growth conditions (Anderson et al. 1990).  Consistent with this, the toxin content per 

cell and total toxicity was not constant with temperature, growth phase or competition 

conditions in these experiments. Toxin concentrations per cell were higher at 12 °C, 

consistent with a number of other studies that also observed higher toxicities at lower 

temperatures; Proctor et al. (1975) also observed that toxic dinoflagellates have a higher 

cellular toxicity when cultured in low temperature and low P conditions. Hamersaki et al. 

(2001) and Sui et al. (1997) also observed higher toxin concentrations at 12 °C compared to 

higher temperatures in A. tamarense and A. catonella. Anderson et al. (1990) demonstrated 

that in Alexandrium spp toxin and arginine concentrations were higher at 8 °C than compared 

to 15 °C. It was hypothesised that lower temperatures act to reduce protein synthesis, resulting 

in an excess of arginine, which is thought to be a precursor in shellfish toxin biosynthesis 
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(Anderson et al. 1990; Flynn et al. 1994). This would suggest toxin concentrations would be 

higher in the cooler months of the year. This is discussed in more detail in section 3.5.4.4. 

Despite the higher cellular toxin concentrations at 12 °C the total toxin concentration 

was low at 12 °C and increased with temperature, (Figure 3.12 d) this is due to the lower cell 

yields at the lower temperatures. This indicates that it is not only the size of the bloom that is 

important when it comes to overall toxicity and threats to human health, but water 

temperature at the time of the harmful event is also of considerable importance. The higher 

cellular toxin content at 12 °C could also be an adaptation to lower cell numbers.  The role of 

PSP toxins has also been proposed to act as a chemical signal, stimulating mating in 

Alexandrium spp. If this were the case then the higher PSP toxin concentrations in non-

optimum conditions may be a strategy to increase the chances of mating to compensate for 

their lower cell densities (Wyatt & Jenkinson 1997; Lim & Ogata 2005).  

The toxicity of the cultures appears to be affected by P-limitation. P-limitation usually 

results in decreased cell division rates and increased toxin production, leading to very high 

toxin quotas per cell (Lippemeier et al. 2003). The increase in cellular toxin concentrations in 

P limited conditions was approximately a factor of two greater than in P-replete conditions. 

These results are consistent with those from (Anderson et al. 1990; Lippemeier et al. 2003; 

Frangopulos et al. 2004; Lim & Ogata 2005) for Alexandrium. As P-deficiency negatively 

affects nucleotide synthesis, it has been suggested that cells subjected to P stress could be kept 

in the G1 phase of the cell cycle, allowing toxins to accumulate (John & Flynn 2000).  

Toxin producing Alexandrium species commonly synthesise more than one STX 

analogue, yet no strain has been found to produce them all (Cembella et al 1998). The 

variability in toxin concentration is thought to be due to the differences in the rate of toxin 

production, or accumulation under different growth conditions, and not due to changes in 
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toxin composition (Anderson et al. 1990). A number of studies have observed a relatively 

stable toxin compositions or ‘toxin profile’ (Boyer et al. 1987; Cembella et al. 1987; Ogata et 

al. 1987). This profile is thought to be a characteristic of each individual isolate or strain and 

could act as a phenotypic marker (Cembella & Taylor 1985; Anderson et al. 1994; Flynn et al. 

1994).  

If each A. tamarense isolate has a stable toxin profile then characterising individual A. 

tamarense strains would be relatively simple. However, this study demonstrated that the toxin 

composition does not remain constant, and varies with changing temperature and nutritional 

status. STX, NEO and GTX-3 were the dominant analogues, but other analogues were found 

in differing combinations and concentrations. A number of other studies have also observed 

significant changes to the toxin profile, with profiles varying with life cycle stage, irradiance, 

temperature and nutrient availability (John & Flynn 2000). Large changes in toxin 

composition of individual isolates have been observed in: A. tamarense and A. catenalla 

(Boczar et al. 1988), A. fundyense (Anderson, et al. 1990) and A. minutum (Lippemeier et al. 

2003; Xu et al. 2012).  

The roles of individual toxin analogues are not known so it is hard to hypothesise why 

under different conditions different analogues were synthesised. Xu et al. (2012) 

demonstrated that in Alexandrium spp GTX-5 decreased to very low concentrations (<1 %) 

when P was exhausted suggesting P-limitation might inhibit GTX-5 synthesis. However, 

GTX-5 was only found in very low levels in the exponentially growing cells at 12 °C in this 

experiments, so there are clear strain dependent differences in toxicity with temperature and 

culture conditions.  

There are a number of theories concerning why some harmful algal species produce 

toxins. One of these is that toxin production could be an adaptation, in some dinoflagellates, 
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to overcome the ecological disadvantage of their low nutrient affinity. Frangopulos et al. 

(2004) observed that there was a negative relationship between toxin content per cell and P-

uptake efficiency, indicating that the more Group I strains would be poorer competitors under 

P-limitation. It was suggested that, as toxin production is enhanced under P-limitation, this 

could be a way of redirecting grazing pressure towards the Group III strains (Guisande et al. 

2002). However, this does not appear to be the case in the natural environment in Scottish 

waters as a decline in PSP toxin occurrences is evident (Bresnan et al. 2008). 

3.5.3 Experiment 3: Mixed-Culture Experiment 

3.5.3.1 Growth rates 

Temperature had an effect on the maximum specific growth rate. Similar to mono-culture the 

Group I had a ‘humped’ response with temperature. The Group III strain however had higher 

growth rate at 12 °C (Figure 3.14).  

Differences in temperature preference can be great even between species of the same 

genus and among clones of the same species (Montagnes & Franklin 2001). Competition had 

an effect on the maximum specific growth rate. When competing against each other in mixed 

culture, growth rates were different compared to those in mono-culture, with the Group III 

strain exhibiting a higher maximum SGR compared to the Group I strain at 12 °C and 15 °C. 

In contrast to 18 °C where the Group I strain had the highest maximum SGR, suggesting that 

18 °C is the optimum temperature for the Group I strain, as a high growth rate was also 

observed in mono-culture. Perhaps if/when Scottish waters reach this temperature there could 

be a slight shift back in favour of Group I A. tamarense strains, but any further increases in 

temperature may again upset that balance further.  
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3.5.3.2 Biomass 

Temperature is an important determinant of seasonal and geographical changes in 

phytoplankton abundance and species composition (Staehr & Birkeland 2006). Both Groups I 

and Group III strains were able to grow under the wide range of temperatures used in the 

study. A competition effect was evident to varying degrees at all temperatures. Growth of 

both strains was influenced by their mixed-culture; growth differences were evident for both 

strains compared to the equivalent monoculture treatments.  

 
In keeping with the mono-culture results the maximum yields in terms of C biomass and 

cell numbers appear to be in part modulated by temperature. Temperature played an important 

role in influencing the outcome of competition between the two ribotypes with the 

competitive interactions between the strains changing in terms of maximum cell yield. In 

mixed-culture the competition effect was more pronounced at lower temperatures (12 °C). At 

all temperatures except 18 °C, the Group III strain had a higher yield than the Group I strain 

(Figure 3.15). The negative effects of competition on the Group I strain may be least at 18 °C 

as the monoculture results suggest that this is their optimum temperature, perhaps allowing 

them to compete more effectively against the Group III strain at this temperature. 

Temperature has previously been shown to be an important influence on the outcome of 

competition between phytoplankton species in both the laboratory and outdoor mass cultures 

(Goldman 1977; Goldman & Mann 1980) with a seasonal shift in dominance often being 

observed (Goldman & Mann 1980). Goldman & Ryther (1976) observed that the competitive 

ability of Phaedactylum tricorutum changed with temperature when it was cultured with 

numerous other species. The results of this study indicate that such shifts may occur at the 

strain level.  
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Phytoplankton communities are complex and can interact in diverse ways. One 

important interaction is resource competition; the consumption of a shared resource. If species 

differ in their ability to exploit a shared resource then the most able will dominate, 

competitively excluding other species (Grover 1990). Changing ambient nutrient ratios have 

been used to explain changes in phytoplankton community competition. To understand this 

further a model was used to describe A. tamarense competition in a P limited environment. 

The model was used to investigate nutrient utilisation, subsequent growth and competition of 

the two A. tamarense strains. This model is described in chapter 4.  

3.5.3.3 PSP Toxins 

The total toxicity per ml and per cell was lower in the cultures grown in mixed culture, 

suggesting the Group III cells are in some way inhibiting the toxicity of the Group  I cells. 

This difference in toxicity between Group I mono- and mixed-cultures was most evident at 12 

°C and 15 °C where the total toxicity (per ml) was approximately four times lower in mixed 

culture.  

Some authors suggest that that toxin production acts to inhibit competing co-occurring 

species (Guisande et al. 2002). However, PSP toxins cannot inhibit the growth of potential 

competitors unless they are secreted into the water. The toxin and growth inhibition 

associated with different A. tamarense strains may therefore not be due to ‘normal’ PSP toxin 

synthesis. A number of Group I and Group III Alexandrium species are known to synthesise 

an array of chemicals (allelochemicals), which may have a number of ecological functions. 

These chemicals appear to not be related to PSP toxicity but rather appear to be lytic 

compounds (Tillmann & John 2002; Fistarol et al. 2004; Ma et al. 2009). 

Dominance of the Group III could potentially be due to secretion of a chemical, which 

is causing stress to the Group I cells, and suppressing PSP toxin production or causing 
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leakage of PSP toxins from the cells. Perhaps also explaining why the toxin concentrations in 

the mixed culture were lower. Carrying out an addition test to assess the concentration of the 

PSP toxin in the medium may have revealed if PSP toxins were in fact leaking from the cells.  

 Studies focused on A. tamarense have mostly been focused on PSP toxins due to their 

impact on human health but other compounds released by either Group I or Group III species 

or strains could have a large impact when it comes to competition. This leads on into the 

concept of allelopathy discussed in chapter 5.   

3.5.3.4 Ecological implications 

3.5.3.4.1 Changes in SST 

Analysis of long-term data sets has highlighted the sensitivity of phytoplankton to climatic 

changes (Bresnan et al. 2009). Increases in sea temperature may allow species that are not 

currently detected in Scottish waters to enter and become an established part of the 

phytoplankton community. Increased temperatures may assist natural range expansion with 

the introduction of more southerly species. Increases in SST may favour HAB species by 

direct influences on enzyme rate processes and indirectly through the stability of the water 

column. Stratification may occur earlier in the year, increasing the duration of stratified 

conditions, which may favour dinoflagellate growth increasing the duration of toxicity events. 

Increased SST may impact the environmental variables that affect toxicity including: pH, light 

and nutrient supply, temperature and water turbulence (Bresnan et al. 2009). 

Sea surface temperatures in Scotland are expected to rise between 0.4-2.5 °C over the 

next thirty to forty years depending on location (Harrison et al. 2001; Hughes et al. 2010. 

Frost et al. 2012), with the greatest warming trend being observed in the North Sea (Frost et 

al. 2012). This will cause a potential increase in mean summer temperatures from 12.5-16.5 

°C to 12.9-19 °C, with an absolute summer maximum of 20°C (Harrison et al. 2001). The 



Chapter 3 
______________________________________________________________________ 

139 
 

results described in this study have shown how sensitive A. tamarense is to changing 

temperatures. An increase in temperature by just a few degrees can completely change 

growth, biomass and the outcome of competition. Initially any further increases in Scottish 

SST temperatures (up to 18 °C) may favour the Group I strain. As lower temperatures have 

been observed to increase toxicity any increases in SST may also impact total toxicity. There 

has already been an obvious shift in A. tamarense bloom dynamics; between 2006 and 2011 

the number of bloom events remained the same, but the number of toxic events declined, 

indicating an obvious change in community structure in Scottish waters (S. Swan, conference 

poster). 

3.5.4 Experiment 4: Spring/Summer 

Sea surface temperatures and light regimes in Scotland follow a seasonal cycle. A. tamarense 

often exhibits a biomodal cycle often peaking in late spring/early summer and late 

summer/autumn  (Swan & Davidson 2010; 2011; 2012). The influence of temperature on 

growth has been examined in experiment 2, but photoperiod can also influence phytoplankton 

growth by affecting algal pigments and growth rate (Fehling et al. 2005). Part of this study 

therefore examined the effects of simulated spring and summer conditions on A. tamarense 

growth, biomass and toxicity.  

3.5.4.1 Growth rates 

In keeping with the experiments 2 and 3, the Group III strain had a higher growth rate 

compared to the Group I strain under both spring and summer conditions. The spring and 

summer treatments had an effect on maximum specific growth rates. Growth of both strains 

was supressed under spring conditions, suggesting light and/or temperature is limiting growth 

rate.  
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A strain specific interaction of light period duration on growth rate was observed. When 

comparing the results to those in experiments 2 and 3, it was found that increasing and 

decreasing duration of the light period had no effect on the growth rate of the Group I strain, 

however the Group III strain was more sensitive to the changing light conditions and had an 

increased growth rate when it was cultured under extended light (summer conditions).  

The effects of different environmental conditions have been frequently studied in 

Alexandrium. However the combined effects of photoperiod and temperature have not been 

reported in the literature. Growth rates of A. tamarense have been shown to range from 0-0.5 

d-1 (Etheridge & Roesler 2004; Fauchot et al. 2005) depending on growth conditions, with 

many isolates displaying optimal growth at 15 °C (Etheridge & Roesler 2004). Most studies 

evaluating the effect of light on Alexandrium spp have mostly focused on light intensity. 

Irradiance has been shown to increase growth rates in some of Alexandrium species, this was 

demonstrated by Etheridge & Roesler (2004) who observed an increase in growth rate with 

increasing irradiance from 0-425 µmol photons m-2 s-1 in A. fundyense and one A. tamarense 

isolate. An additional A. tamarense isolate had a lower optimal irradiance of 100 µmol m-2 s-1 

above which the cells became light saturated. 

3.5.4.2 Biomass 

Maximum yields in terms of both biomass and cell numbers were affected by the simulated 

spring/summer conditions. Differences in these quantities were observed between the 

spring/summer treatments and strain differences were also evident. The difference in 

maximum cell yield between strains was most evident with the spring treatment. The 

maximum cell yield was greater under summer conditions.  

When comparing the results to the monoculture data in experiment 2, the Group III 

strain was more sensitive to the changing seasonal regimes, while the maximum cell numbers 

for the Group I strain remained more constant. When comparing the monoculture data of the 
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corresponding temperatures, the Group III strain had a suppressed maximum cell density 

indicating an influence of reduced light availability. A similar pattern was observed by 

Fehling et al. (2005) who described a species-specific influence of light duration on cell and 

biomass yield (as well as cell division rates) on Pseudo-nitzchia spp. 

C fixation is coupled with photosynthesis and so more C will be accumulated when 

daylight hours are increased. The cells divide under the periods of light so any decrease in the 

duration of the light period will restrict the cells ability to divide. This was evident with both 

strains having higher C concentrations and maximum cell yields, when grown under the 

summer conditions compared to the spring conditions. 

Maximum C and cell number per µg P showed a similar pattern to the maximum cell 

yield results. Both strains grown under the summer treatment were able to utilise the 

additional hours of light combined with the increased temperature to create more biomass (in 

terms of cell numbers and C).   

In keeping with the experiments in experiment 2, the Group III strain was able to create 

more C and higher cell numbers per µgP compared to the Group I strain. The Group III strain 

again appears to be able to take up and utilise nutrients such as P more efficiently to create 

biomass compared to the Group I strain.  

3.5.4.3 Nutrients  

Cells ceased growing exponentially when P concentrations reached their minimum values. 

This is in contrast to experiment 2, where cells were able to carry on growing exponentially 

even after P values reached their minimum values, however the frequency of sampling was 

higher in the mixed culture experiments so the timing of the minimum values may have been 

missed. However, as seen in Figure 3.22 intracellular P concentrations at inoculation were 

extremely low (in comparison to those seen in experiment 2, Figure 3.10) suggesting that any 

internal P stores were limited thus not allowing for any growth after P levels reached their 
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minimum external concentrations. After cultures deplete the P from the medium, and with no 

internal stores to rely on, growth presumably declined along with protein synthesis, 

respiration and other metabolic activities as the cells entered the stationary phase. An 

explanation for the low internal P concentrations is that before experimentation the cultures 

were phosphate limited, however they were frequently sub-cultured every ten days to avoid 

them reaching P limited conditions, so this is most likely not the most probably cause. As 

nutrient uptake and internal P stores are somewhat based on the cells nutritional history the 

cultures may have become adapted to being frequently sub-cultured and so nutrient uptake 

and nutrient storage may have been lower; however, this was not seen in any of the 

experiments even after lengthy periods of acclimatisation.   

3.5.4.4 Toxicity 

Toxicity and growth characteristic can provide important information on toxification events in 

the natural environment. The toxin content of Alexandrium species varies with growth stage 

(Proctor et al. 1975; Anderson et al. 1990; Flynn et al. 1994), nutrient limitation (Boyer et al. 

1987; John & Flynn 2000) and light and temperature conditions (Ogata et al. 1987).  

The patterns of increased toxicity in stationary phase follows P limitation as seen in 

experiment 2 were conserved. However, the toxin content per cell and total toxicity varied 

with temperature and light conditions. A major pattern of note is that cellular toxin levels 

were higher in the cultures grown under the spring treatment. 

The effects of light on toxin production are complex with photosynthetic processes 

affecting toxin synthesis at different physiological levels. Ogata et al. (1987) demonstrated 

that reduced light interrupted growth and toxin production. In their study the increase in 

toxicity was proportional to the decrease in growth rate by lowering either the temperature or 

the light intensity. Proctor et al. (1975), Ogata et al. (1987) and Anderson et al. (1990) also 

demonstrated that toxin production is universally proportional to growth rate. Anderson et al. 
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(1990) showed an increase in toxicity in cultures grown at low temperatures, when growth 

rates were half the speed of the control the total toxicity as two or three times greater. Ogata et 

al. (1987) observed the increase in toxicity that occurred along with the decrease in growth 

rate was higher when the growth rate declined due to the declining temperature than by 

lowering the light intensity. Toxin production has been shown to be coupled with cell cycle 

events. As toxin production occurs in the G1 phase of the cell cycle, slower growing cells will 

have a higher toxin content due to the increased duration of the G1 phase (Taroncher-

Oldenburg et al 1997).   

The increased exposure to light under the summer treatment had no effect on toxicity in 

either the exponential or stationary phase, with the exception that GTX-2 was absent from the 

toxin profile, the comparable toxin concentrations between summer and the 15 °C 

monoculture treatment can perhaps be explained by the similar observed growth rates.  

However, the decreased exposure to light in the spring treatment had a large impact on 

toxicity, and this impact changed with growth phase. Similar to the monoculture data toxin 

production was enhanced in the stationary phase, despite there being five fewer analogues 

than observed in monoculture. Carreto et al. (2004) described a spring/summer (autumn) 

effect on toxicity in A. tamarense in Argentina. They observed that PSP values in autumn 

were low compared to spring values, (much like this study), and the composition of each toxin 

analogue was also significantly different between spring and autumn.   

 

3.6 Conclusions 

The magnitude of differences in maximum cell yield, biomass, maximum specific growth rate 

and toxicity between cells grown in mono- and mixed- culture appear to be strongly 

modulated by temperature. However, differences in temperature cannot be used to exclusively 
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explain all the competitive interactions between cells grown in mixed-culture, suggesting 

there if an additional interaction occurring between cells.   

The influence of temperature on of a range of parameters was evident from 

monocultures experiments. Moreover, the results clearly demonstrated a competitive 

interaction between the Group I and Group III ribotypes with growth rates, maximum cell 

densities, and total toxicity and toxin profiles all different from those evident in monoculture. 

In particular, cell yield and toxicity per cell showed marked differences. Temperature plays an 

important role in influencing the outcome of competition. The results therefore suggest that 

changing water temperatures will change the dynamics of co-occurring Group I and Group III 

ribotypes in Scottish waters. However, given the complexity of the interactions, the outcome 

of this competition is as yet difficult to predict. 

 
The initiation of growth in spring and summer occurs under different environmental 

conditions. The spring and summer regimes had an effect on growth, biomass and PSP toxin 

production.  Decreased light and temperature in spring supressed growth rate and biomass 

production but enhanced toxin production. The summer regime exhibited a higher growth rate 

and biomass (in terms of C) but a lower overall toxicity. The study therefore shows strain-

specific influence of light duration on growth and biomass with the Group III strain being 

more affected by the changing light regimes. The results show that photoperiod is potentially 

an important factor influencing community composition.  

The influence of temperature was consistent with the mono- and mixed-culture 

experiments in experiment 2, but the influence light has on growth and toxicity is harder to 

determine. Additional experiments on the effects of light on growth and toxicity would be an 

advantage either on differing day length or light intensity. It is hard to determine whether the 
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patterns observed were caused by the direct environmental factors or by the reduction in 

growth rate caused by the environmental factors.  

The results from the spring/summer experiment are indicating that spring time blooms 

would have a higher toxicity than those formed in the summer. The use of environmental 

monitoring data; both toxicity and Group type (Group I or III) would give a better indication 

wheather toxicity would be higher in the spring time.gfmhhhhhhhhhhhhhhhhhhhhhhmhd
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Chapter 4: Mathematical Modelling  
4.1 Abstract 

A mathematical model was developed to simulate the growth of Group I (toxic) and Group III 

(non-toxic) A. tamarense strains at different temperatures (12, 15, 18 and 21 ºC). This was 

then used to evaluate the role of nutrient uptake in governing the outcome of interspecies 

competition. Phytoplankton growth and nutrient acquisition play an important role in 

affecting the performance of phytoplankton species in a number of mathematical models. The 

Monod Model proved inadequate to create a simulation of the data. The models used in this 

study were therefore based on the Caperon-Droop ‘Quota model’. A modified Quota model 

(with a linear variation of the uptake function) described growth and uptake of Group I and 

Group III ribotypes of A. tamarense in mono-culture. To achieve the best simulations certain 

parameters such as µmax (Maximum growth rate), Q0 (the minimum cell quota required to 

allow cell division) and Q (mean cell content of the limiting nutrient) were optimised by using 

the Powersim Solver software. Each parameter was evaluated separately for each strain at 

each temperature. While good simulations could be achieved at each temperature, as Q0 varied 

unpredictably with temperature, this prevented a global simulation from being achieved. The 

competition model, using the same parameters as derived for the monoculture Quota model, 

failed to simulate cell growth and nutrient uptake, suggesting that competition was not just 

governed by nutrient competition but by an additional factor or factors. Parameters were then 

optimised for the mixed-culture (competition model), taking into account this unknown factor. 

This allowed for some predictions on the likely outcomes of competition when inoculum 

densities differ between strains. The subsequent simulations revealed that the Group III strain 

will most likely dominate at all temperatures except at 18 °C when growth for the Group I 

strain was optimal. fffffffyffffffffbbbbbbvvvvvvvvvvvvvbbbbbbbbbiiffffffffffffffffffffffffff
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4.2 Introduction 

As observed in chapter 3 differences exist between the growth of the Group I and Group III 

strains in both mono- and mixed-culture. Understanding the competitive dynamics of multiple 

organisms is difficult by observation alone (Davidson & Gurney 1999). Hence in this chapter 

mathematical modelling was used as a tool to assess if the observed outcome of the 

competition interactions in chapter 3 could be explained by their competition for the limiting 

nutrient (P), or if other interactions were involved. If successful simulation of mixed cultures 

can be achieved using model parameters obtained from monocultures then the dynamics can 

be explained simply in terms of competition for nutrients.  

Two things are certain during growth of an organism; biomass increase and the 

consumption of resources. Models of phytoplanktonic processes are important tools for 

understanding the interactions between planktonic ecosystems. The two most commonly used 

approaches are the Monod theory (Monod 1942) which used Michaelis-Menten kinetics to 

describe growth rate of microbial cells as a function of their external nutrient concentration, 

and an alternative approach developed simultaneously by Droop (Droop 1968) and Caperon 

(Caperon 1968) where growth of phytoplankton responds to the size of the internal nutrient 

pools (The ‘cell quota’) rather than external nutrient concentrations. The cell quota in turn is 

determined by the nutrient uptake rates (typically given by Michaelis-Menten kinetics) and 

cell division or biomass increase. For all models described in this study it is assumed that the 

increase in biomass is proportional to the increase in cell numbers, so all models results are 

reported as an increase in cell numbers.   

4.2.1 Aims 

The aim of this chapter was to test the hypothesis that the observed competition dynamics of 

the Group I and Group III strains of A. tamarense in batch culture is due to uptake of the 
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limiting nutrient P alone and not due to an additional parameter. To do this the experimental 

data from the P- limited mono- and mixed-culture experiments were simulated using a 

number of models as described below.   

4.3 Methods 

4.3.1 Data 

The models were parameterised using data obtained from monoculture experiments in chapter 

3 and tested on mono- and mixed- culture data.   

4.3.1.1 Smoothing 

As a number of plots from chapter 3 exhibited some degree of scatter, the data was smoothed 

to allow calculations of model parameters such as uptake and growth rate. Smoothing creates 

an approximating function while still maintaining important patterns in the data while leaving 

out the noise of the scatter. The moving average algorithm was used. This method takes the 

average of a number (3) of sequential values in a times series (Hyndman 2009). 

4.3.2 Modelling Software 

The models used in this study comprise of systems of coupled differential equations solved, 

numerically with time. The models were created using the Powersim modelling software. 

Powersim is a graphical simulation program widely used to solve ordinary differential 

equations. Powersim works on the system dynamics approach created by Forrester (1961) and 

is a computer-based simulation modelling methodology developed by MIT in the 1950s as a 

tool to analyse complex systems  (Forrester 1961; Haefner 1996). System dynamics models 

solve problems by simultaneous updating variables in small time increments with positive and 

negative feedbacks structuring interactions. The method uses computer simulation models that 

relate structure of a system to its behaviour over time (Ford 2009). Powersim uses a graphical 
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approach to allow the user to define and solve dynamic equations. The building blocks of the 

model are ‘state variables’ and ‘flows’. The models are made up of an assemblage of first 

order differential equations; these define the rate of change (flow) of each state variable in the 

model.  Powersim uses modified forrester diagrams, which are constructed using drawing 

tools to state variables (boxes), flows between the state variables (arrows), sinks and sources 

(clouds), constants (diamonds) and rates (circles). Once the forrester diagram has been created 

differential equations are inserted, the time duration (start and end time) and time step can 

also be selected, an example of a forrester diagram can be observed in Figure 4.1. The 

variables can be displayed as x-y plots or tables (Haefner 1996).   

 

Figure 4.1: Forester diagram representing state 
variables (boxes) flows between the state variables 
(arrows), sinks and sources (clouds), constants 
(diamonds) and rates (circles). 

 

The models consisting of a set of coupled non-linear ordinary differential equations which can 

be solved in a number of ways. The simplest method is the Euler method which is a numerical 

procedure for solving ordinary differential equations that have a given start value. It is the 

most basic ‘explicit method’ for numerical integration of ordinary differential equations.  

The Euler method is a first-order method where the error per step is proportional to the 

square of the step size, so the error at any given time is also proportional to the size step; due 

to this the size step may have to be impractically small to keep the error low (Kreyszig 1983). 
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To calculate the shape of an unknown curve using a differential equation a small ‘step’ 

is taken from the known starting point to point two; after this first step the slope won’t deviate 

too much and will sit close to the original curve, after a number of these ‘steps’ a secondary 

curve will have been created. However, with the Euler method the error between the two 

curves will be small only if the step size is also small (Figure 4.2) (Press et al. 1990; Haefner 

1996). 

 

Figure 4.2. Euler’s method. The simplest (and least accurate method) for integrating an 
ordinary differential equation. The starting value is used to find the next value. (Press et al. 
1990) 

 

 

Figure 4.3: The Second-order Runge-Kutta method, accuracy is improved by using the 
starting point to find a midway value across the interval/step, and then the midpoint value is 
used to compute the full width of the step with ● representing the full step and ◌ representing 
the midpoint value (Press et al. 1990). 
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Euler’s method is not recommended as it is not accurate when compared to other more 

complex methods with a similar size step, neither is it very stable. Other alternative methods 

include the Runge-Kutta method(s). In the most basic Runge-Kutta method a ‘trial’ step is 

first taken to a midpoint of the interval/step.  From this midpoint the ‘real’ step for the whole 

interval is then calculated, this is termed the Second-order Runge-Kutta or midpoint method, 

this method eliminates some of the error observed in the Euler method (Figure 4.3). Following 

on from this the error term can be reduced order by order. The most commonly used method 

and the method used in this study is the fourth-order Runge-Kutta method, which requires four 

evaluations of the step. This method is superior to the second-order method, allowing the step 

to be twice as large with the same level of accuracy (Press et al. 1990).   

4.3.3 The Monod Model 

The simplest model relating phytoplankton growth to ambient nutrient concentrations is the 

Monod model (Monod 1942; Monod 1949). Jacques Monod in the 1930’s and 1940’s 

performed experiments on bacteria, feeding them a single limiting nutrient (Smith 2005). This 

allowed him to propose his “Monod” model that has been one of the most frequently used 

models in microbiology for more than 60 years. It describes microbial growth by using 3 

parameters: 

1. Maximum specific growth rate. 
2. Half saturation constant. 
3. Yield coefficient. 
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Figure 4.4: Representation of algal nutrient growth rate as described by Monod.  
Where µmax is the maximum specific growth rate (day-1) observed at an infinite 
nutrient concentration S (µMP) and Ks if the half saturation constant (the value of 
S at which µ = µmax/2 (Sigee 2005).  

 
 

The Monod Model makes a number of important assumptions. Firstly, it is assumed in a 

simple homogenous batch culture, within which the growth conditions are similar for all cells. 

Secondly, microbial growth is limited by the concentrations of the yield limiting nutrient and 

the growth rate is proportional to the rate of nutrient uptake (Flynn 2003), and it also assumes 

that a constant portion of the nutrient used is transformed into microbial biomass (Strigul et 

al. 2009). Lastly it makes an approximation of growth; recognising just three phases of 

growth:  exponential phase, decelerating growth and stationary phase. 

The Monod model for microbial growth is described by the rectangular hyperbola (Figure 

4.4), that is identical to that of the Michaelis-Menten enzyme kinetics: 

µμ = µμmax !
(!"!!)

    (1) 

Where µmax is the maximum specific growth rate (day-1) observed at an infinite nutrient 

concentration S (P) and Ks is the half saturation constant (the value of S at which µ = µmax/2.  
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When S>>Ks then nutrient uptake rate approaches its maximum, when S<<Ks the nutrient 

uptake falls to zero (Roelke et al. 1999).  

µmax is calculated by: 

µμmax = 𝑒! − 1     (2) 

k being the empirical growth rate and calculated by:  

𝑘 =
!" !"!

!"!
!!  !  !!  

        (3) 

mt1 and mt2 being the biomass (in terms of cell concentrations) at time t1 and t2 respectively. 

 

A number of subsequent laboratory studies established that Michaelis-Menten kinetics can be 

applied to phytoplankton i.e. uptake of a number of nutrients including nitrate, phosphate, 

silicate and vitamin B12 (Droop 1957; Tett et al. 1985; Smith & Waltman 1994). 

 

The Monod model can be written as a set of two coupled non-linear ordinary differential 

equations for the rate of change of S and X until time t:  

!"
!"
= −𝐴𝑋    (4) 

!"
!"
= 𝑌𝐴𝑋   (5) 

Where X is the biomass or in this case cell number and Y is the yield constant a constant of 

proportionality that converts units of a nutrient into units of the organism (Table 4.1) (Flynn 

2003).   

The model formulated in Powersim modelling software looked like this (Figure 4.5):  
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Figure 4.5: The Monod Model in the Powersim Modelling software. 
 

 
The broken box figure symbolises a copied icon 

 

 

 

 

Despite its simplicity the Monod model is often abandoned in preference of other more 

complicated models as it is often thought that the model is an over simplification of the 

complicated mechanism of growth. The model employs a number of unrealistic assumptions, 

thus making it hard to judge the relevance of its predictions. In many incidences it does not 

adequately describe the relationship between ambient nutrient concentrations and growth rate 

(Smith & Waltman 1994) as it assumes that growth reflects the availability of resources, 

whereas most organisms are able to store resources and are therefore more reliant on their 

individual internal stores than by ambient nutrient concentrations (Revilla 1973). Consistent 

Table 4.1: Variables used in the Monod Model 

Variable Definition  
N Initial P concentration  
X Initial Cell number 
Y Yield Coefficient 
A Uptake rate 
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with this, it was found that the Monod model could not be used to simulate the data in this 

study as it was observed that the P limited growth of A. tamarense did not follow the usual 

rectangular hyperbola as described in Figure 4.4. 

4.3.4 Quota model (Mono-Culture Model) 

The Quota model is often chosen in preference over the Monod model as growth rate has been 

found to better correlate with the nutrient within a cell rather than ambient nutrient 

concentration. This is accounted for in the Quota model through separation of the specific 

growth rate from the external nutrient concentration by introducing an internal nutrient store; 

the ‘cell quota”.  This model is known as the ‘Caperon-Droop’ or ‘cell Quota model’ and the 

‘variable internal stores model’ (Smith & Waltman 1994). This model is considered more 

realistic than the Monod model for phytoplankton, as it is better able to describe continued 

growth after nutrient exhaustion, due to the use of nutrients accumulated in the cell. The 

specific growth rate then depends on the cell ‘quota’ (the average amount of nutrient stored in 

each cell). The cell “quota” increases due to nutrient uptake and then decreases due to cell 

division spreading the distribution of the stored nutrient over more cells. The uptake rate is 

dependent on the external nutrient concentrations, as in the Monod model. 

 

The following equation for growth rate was proposed by Caperon (1968) 

𝜇 = !!"# !!!!
!!  (!!!!)

     (6) 

Where: Q (P cell-1) is the mean cell content of the limiting nutrient, Q0 (P cell-1) is the 

minimum cell quota required to allow cell division (below which cell division cannot occur) 

or the value of Q at which the growth rate µ falls to zero. µmax (day-1) is the value of µ at 

infinite Q. Kq is the half saturation constant.  
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Droop described this equivalent equation:  

𝜇 = 𝜇!"#(1−
!!
!
)    (7) 

In which we assume kq = Q0 due to the difficulty in experimentally determining kq.   

When Q>>Q0 the specific growth rate reaches its maximum; and when Q approaches Q0 the 

specific growth rate approaches zero (Figure 4.6) (Roelke et al. 1999).  

 

Figure 4.6: Quota function relating growth rate to cellular 
quota. Q (µMP cell-1) is the mean cell content of the limiting 
nutrient, Q0 (µMP cell-1) is the minimum cell quota required 
to allow cell division or the value of Q at which the growth 
rate µ falls to zero. µmax (day-1) is the value of µ at infinite Q 
and Kq is the half saturation constant.  

 
  

Changes to the extracellular nutrient concentration (S) (µMP), the intracellular nutrient store 

Q and cell numbers (X) can be formulated as three coupled ordinary differential equations: 

𝑑𝑆
𝑑𝑡 = −𝐴𝑋 

(8) 

𝑑𝑋
𝑑𝑡 = 𝜇𝑋 

(9) 

𝑑𝑄
𝑑𝑡 = 𝐴 − 𝜇𝑄 

(10) 

 

Therefore Q (S X-1) is not static and is dependent on nutrient uptake rate and growth 

rate/division rate. 
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4.3.4.1 Implementing the Quota model  

As it was found that the P limited growth of A. tamarense did not follow the usual rectangular 

hyperbola, as described in 4.4, and the data relating uptake and extracellular nutrient 

concentrations appeared linear, the model was modified so that:  

𝐴 = 𝐴!𝑆    (11) 

A(s) is the slope of the uptake plotted against nutrient concentration. The uptake per cell was 

then calculated by: 

𝐶𝑎𝑙𝑐𝑢𝑙𝑎𝑡𝑒𝑑  𝑈𝑝𝑡𝑎𝑘𝑒 = ∆!
∆!
/∆t    (12) 

The residual nutrient levels such as those observed in the experimental data can only be 

predicted by the model if a threshold level is defined. As S did not fall to zero in the batch 

cultures (chapter 3), a threshold value was also added (S0), to allow simulation of this.  

Growth was simulated using this ‘modified’ P limited mono-culture (Quota model) 

(Figure 4.7). The model was first used to simulate the change in biomass over time at 12, 15, 

18 and 21 °C for Group I and Group III cultures grown separately. The variables used in this 

model are described in table 4.2. 
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Figure 4.7: The modified Quota model depicted in the PowerSim Modelling 
software. 

 

 

Table 4.2: Parameter definitions of variables used in the modified 
Quota model as observed in  
Variable Definition 
S P concentration 
S0 Threshold/minimum P value 
X Cell number 
Slope (As) Slope of uptake vs P concentration. 
µmax Maximum achievable growth rate 
µ Growth rate 
Q0 Minimum cell quota (P) 
Q Cell quota (P) 
Qin Amount of P into the cell (uptake) 
Qout Amount of P removed (growth) 
Uptake  Change in S over time (ds/dt). 
A Uptake rate 
Biomass Production Increase in cell number X 
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4.3.4.2 Model parameterisation 

The parameters for the Quota model were obtained from the mono culture experiments 

(Chapter 3, Table 4.3). Q was calculated from the particulate organic phosphorus (POP) data 

(Chapter 3). Q0 was estimated as the total amount of external nutrient utilised divided by the 

increase in cell numbers:  

𝑄! = ∆𝑆/∆𝑋   (13) 

The output of the model was tuned to optimise the parameter values within biologically 

reasonable limits for experiments at each temperature using “Powersim Solver” which uses 

numerical Monte Carlo methods. Monte Carlo methods solve problems by generating suitable 

random numbers and observing if those numbers are obeying a particular property or a 

number of properties. Enough data must be available to form a distribution of values from 

which to choose the parameters, such as a minimum and a maximum values or an estimation 

of the parameters. A Monte Carlo simulation performs an analysis by building models of 

possible results by substituting a range of values and creating a probability distribution for 

any uncertain variable. The method repeatedly simulates a system of equations using 

randomly selected parameter values. Depending on the number of uncertain values and the 

ranges that are specified, a simulation can have thousands of recalculations before it is 

complete. Monte Carlo methods allow the user to examine more complex systems that they 

would not otherwise have been able to (Haefner 1996).   

The method used by Powersim Solver software is the downhill simplex method, a 

commonly used nonlinear optimisation technique. This method uses the concept of a simplex, 

which is a type of polytope (a geometric object with flat sides, which exists in a number of 

dimensions). The algorithm used consists of a series of steps (reflections and contractions), 
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that moves the point of the simplex. If the new point is perceived as being ‘better’ (i.e. it has a 

smaller error) than the best current point then the simplex is stretched out exponentially along 

this line. If this point is not better than the previous step and reaches a valley floor in the 3D 

space then the simplex is contracted (Press et al. 1993). The algorithm then replaces the 

previous test point with the new test point and the process begins again. The software was 

allowed to calculate the best fit parameter for the available data. 

Table 4.3: Initial conditions and parameter values used for the Quota model at 12, 15, 18 and 
21 °C. Where G.I is Group I and G.III is Group III. Parameters were either from *observed 
figures from the monoculture experiments (chapter 3) or were optimised by the Powersim 
Solver software. 

 

Parameter 12°C 15°C 18°C 21°C 
 G.I G.III G.I G.III G.I G.III G.I G.III 
S  2.29* 2.56* 2.28* 2.55* 2.16* 1.84* 2.95* 2.95* 
X 456* 414* 456* 418* 437* 664* 578* 603* 
µmax 0.22 0.22 0.22 0.22 0.22* 0.22 0.25 0.26 
Q0 5.8x10-4 2.4x10-4* 4.21x10-4 4.65x10-4 5.8x10-4 2.4x10-4 8.0 x10-4 3.5 x10-4 
Q 1.0x10-3 1.1x10-3* 0.9 x10-3 1.0 x10-3 1.0x10-3 1.1x10-3 1.2 x10-3 1.1 x10-3 
S0 0.1* 0.1* 0.35* 0.35* 0.2* 0.2* 0.3* 0.3* 
Slope 9.8x10-5 1.0x10-4 2.0 x10-4 2.0 x10-4 1.7 x10-4 9.8 x10-5 2.9 x10-4 3.0 x10-4 

 

4.3.5 Competition Model (Mixed-Culture Model) 

To grow, organisms must consume resources but other organisms influence the availability of 

those resources by their own consumption of them. Resource competition has become a 

common theme in modelling studies (Grover 1990b). The competition model used in this 

study uses a Quota model structure for each A. tamarense strain but takes into account their 

competition for a single limiting nutrient phosphorus (S). As one strain consumes the nutrient 

it makes it unavailable for its competitor.  

The model can be described as:  

𝑑𝑆
𝑑𝑡 = −𝐴!.!    𝑋!.! −   𝐴!.!!!   𝑋!.!!! 

(14) 

𝑑𝑄!
𝑑𝑡 =   𝐴!.! − 𝜇!.!   𝑄!.! 

(15) 
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𝑑𝑄!.!!!
𝑑𝑡 =   𝐴!.!!! − 𝜇!.!!!   𝑄!.!!! 

(16) 

𝑑𝑋!.!
𝑑𝑡 =   µμ!.! − 𝑋!.! 

(17) 

𝑑𝑋!.!!!
𝑑𝑡 =   µμ!.!!! − 𝑋!.!!! 

(18) 

 

The superscripts G.I and G.III refer to Group I and Group III strains respectively. 

In order to assess whether nutrient uptake is the key controlling factor affecting the 

competition dynamics between the Group I and Group  III strains in the mixed culture 

experiments in chapter 3, the competition model (Figure 4.8) was parameterised in two ways. 

Firstly the model was run at each temperature, using the relevant monoculture Quota model 

parameters (Table 4.3). If the competition model can then accurately simulate the growth of 

both strains with these parameters, then the observed growth dynamics is most likely 

primarily related to nutrient concentrations and competition for the limiting nutrient. In turn, 

if growth cannot be accurately simulated using this model structure and parameterisation an 

additional process (or processes) is probably involved.  

The competition model was then run for a second time using optimised parameters for 

each temperature calculated using the Powersim Solver software. This parameterisation was 

in turn used to make some basic predictions on the overall outcome of a number of different 

competition related scenarios. ‘Optimised’ parameter values for the competition model are 

given in Table 4.4.  
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Figure 4.8: The competition Model in the PowerSim modelling software. 

 

Table 4.4: Initial conditions and parameter values used for the competition model at 12, 15, 
18 and 21 °C. Where G.I is Group III and G.III is Group III. Parameters were optimised by 
the Powersim Solver software. 

 

Parameter 12 °C 15 °C 18 °C 21 °C 
 G.I G.III G.I G.III G.I G.III G.I G.III 

S  2.57 2.54 1.96 2.54 
X 70 70 70 70 122 122 70 70 
µmax 0.36 0.36 0.22 0.22 0.42 0.29 0.26 0.25 
Q0 4.21x10-4 4.21x10-4 4.21x10-4 4.65x10-4 3.1 x10-4 1.9 x10-4 4.1 x10-4 4.65 x10-4 
Q 0.94x10-3 1.1x10-3 0.9 x10-3 1.0 x10-3 1.0x10-3 1.1x10-3 1.2 x10-3 1.1 x10-3 
S0 0.1 0.1 0.35 0.35 0.2 0.2 0.3 0.3 

Slope 9.8x10-5 1.0x10-4 2.0 x10-4 2.0 x10-4 1.7 x10-4 9.8 x10-5 2.9 x10-4 3.0 x10-4 

4.3.5.1 Exploratory simulations  

The competition experiments described in chapter 3 had similar initial cell concentrations, but 

for many systems densities may vary for each competing organism. When evaluating 



Chapter 4 
______________________________________________________________________ 

 
 

173 
 

competition involving one or more harmful species it may be important to make some 

predictions on the potential outcome of competition when the organisms are present in 

unequal cell numbers, so, once the competition model was parameterised for each temperature 

(using the optimised data) a number of different scenarios were tested using different starting 

inoculums. The different starting ratios used were 1:2, 1:3 and 1:4.  

4.3.6 Nutrient Conservation 

Given the complexity of the competition model it was important to verify if the limiting 

nutrient was conserved in the model system (as it should be). To test the conservation of 

nutrient concentrations across the system the following model was used:  

ᶲ = 𝑄𝑋 (19) 
Ø = 𝑆𝐴 (20) 

Where ᶲ is the total intracellular nutrient concentration and Ø is the total nutrient 

concentration in the system.  

This can be coded in Powersim modelling software as shown in Figure 4.9. 

 

Figure 4.9: Model to test total nutrient concentrations in the PowerSim Modelling software.  
 

 



Chapter 4 
______________________________________________________________________ 

 
 

174 
 

0	  

0.5	  

1	  

1.5	  

2	  

2.5	  

3	  

0	   10	   20	   30	   40	   50	   60	  

µM
P	  

Day	  	  

Non-‐
Toxic	  

Toxic	  	  

4.4 Results 

4.4.1 Nutrient conservation 

 

Figure 4.10: Concentration of P (µM) in the system, demonstrates 
that over time nutrient was neither lost nor gained from the system 
for either the Group III (non-toxic) (dashed line) or Group I (toxic) 
(solid line) strain.  
 

Figure 4.10 demonstrates that over time nutrient was neither lost nor gained from the system 

for either the Group I or Group III strain in competition and hence the desired conservation of 

nutrient was achieved by the model.  

4.4.2 Mono-Cultures 

4.4.2.1 Monod model  

Growth was simulated with a P limited Monod model. The model failed to simulate the 

experimental data as the data did not follow the rectangular hyperbola as described by Monod 

(Figure 4.4).    
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4.4.2.2 Quota model (Mono-Culture Model)   

 Growth was simulated with a P limited Quota model. The Quota model used to predict the 

change in biomass over time at 12, 15, 18 and 21 °C for Group I and Group III cultures grown 

separately. This data was compared to the biomass (in terms of cell yield) from the mono 

culture experiments described in chapter 3 (Figure 4.11).  

 

The Quota model achieved a good fit for both the Group I and Group III strain data across all 

temperatures (prior to cell death, which was not included in this model). The model output 

also simulated the observed patterns across the different temperatures. For example, the 

 

Figure 4.11: Comparison of cell numbers from the mono-culture data in chapter 3 and Quota 
model output for the Group I (toxic) (■ and solid line) and Group III (non-toxic) (▲ and 
dashed line) strains grown in mono-culture at (a) 12 °C, (b), 15 °C, (c) 18 °C and (d) 21 °C. 
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Group III strain had a higher cell yield at 12, 18 and 21 °C and yields were similar at 15°C. 

However to achieve this, each strain and temperature had to be parameterised separately as it 

was found that Q0 varied between strain and with temperature.  

4.4.2.2.1 Nutrient uptake 

The Quota model closely simulated the removal of P from the medium for both strains (Figure 

4.12). In some incidences, such as for the Group III strain at 15 °C and 18 °C and the Group I 

strain at 18 °C, the model predicted an initial uptake rate that was marginally higher than the 

experimental data suggesting some form of lag period for P uptake in these incidences. The 

model was considered to be an adequate method for predicting not only cell numbers but also 

P uptake for cells grown in mono-culture.   

 

Figure 4.12: Comparison of experimental nutrient removal and Quota model output values 
for the extracellular limiting nutrient P for Group I (toxic) (■ and solid line) and Group III 
(non-toxic) (▲ and dashed line) strains grown in mono-culture at (a) 12 °C, (b), 15 °C, (c) 18 
°C and (d) 21 °C. 
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4.4.3 Competition model (Mixed-Culture Model) 

4.4.3.1 Un-optimised model 

Growth for both strains in mixed culture was simulated with a P limited (quota based) mixed-

culture competition model. The competition model was used to predict the change in biomass 

over time at 12, 15, 18 and 21 °C for Group I and Group III cultures in mixed culture (Figure 

4.12). The parameters used were those derived for the monoculture Quota models for each 

strain at the appropriate temperature (Table 4.3).  

The mixed culture competition model was not effective at simulating biomass in terms 

of cell yield at all temperatures (Figure 4.13). The model could not predict the total biomass 

for both strains at most temperatures. The yield of Group I strain was over predicted at 12 °C, 

in contrast to 18 and 21 °C where it was under predicted. The Group III strain was under 

predicted at 12, 15 and 21 °C. Only yield for the Group I strain at 15 °C and the Group III 

strain at 18 °C was effectively predicted. 

The model output represented the patterns observed in the experimental data at 21 °C, 

where the Group III strain out competed the Group I strain (Figure 4.13,d). However, in a role 

reversal, the model failed to predict the observed trends at 12 °C with the Group I strain 

appearing to out-compete the Group  III strain. At 15 and 18 °C the model was only able to 

simulate the growth for one strain, the Group I and Group III strain respectively.  
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Figure 4.13: Comparison of cell numbers and Quota model output for Group  I (Toxic) (■ 
and solid line) and Group  III (non-toxic) (▲ and dashed line) grown in mixed-culture at (a) 
12 °C, (b), 15 °C, (c) 18 °C and (d) 21 °C. 

 
 

4.4.3.1.1 Nutrient uptake 

It can be seen from Figure 4.14 (a-d) that the mixed culture competition model also generated 

a somewhat poor simulation of P removal from the medium at two out of the four 

temperatures studied. Reasonable simulations were produced at 21 °C and 15 °C. In all cases, 

except at 12 °C, the model predicted uptake of P that was slower than reality; this was most 

noticeable at 18 °C. At 12 °C it vastly overestimated the uptake rate with minimum P values 

being reached a full 5 days earlier.  
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Figure 4.14: Comparison of Nutrient depletion (µMP) ● and competition model output (Solid 
line) at (a) 12 °C, (b), 15 °C, (c) 18 °C and (d) 21 °C. 

 

4.4.3.2 Optimised Data 

Again growth of both strains was simulated with a P limited competition model. Where 

possible the parameters were obtained from original data, but in this case the competition 

model was tuned to optimise the parameter values to achieve the best fit of model to data at 

each temperature, Powersim Solver was used to calculate the best fit parameters for the 

available data. 

Even with the optimised parameters, due to the greater complexity, the competition 

model was not as effective as the monoculture model at simulating biomass in terms of cell 

yield at all temperatures (Figure 4.15), despite this the fit was thought to be adequate. Growth 

of the different strains predicted effectively at 12 °C and 18 °C, but less so at 15 °C and 21 °C 

for both strains. The competition model, like the monoculture model, was better at predicting 
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the growth of the Group I strain compared to the Group III strain with poorer prediction of the 

Group III strain in terms of growth rate and yield at 15 °C and in terms of yield at 21 °C. 

However, the model output retained the relative patterns observed in the experimental data, 

for example the Group III strain out competed the Group I strain at 12, 15 and 21 °C and 

yields were similar at 18 °C.  

 
 
 
 
 

 
Figure 4.15: Comparison of cell numbers and Quota model output for the Group I 
(toxic) (■ and solid line) and Group  III (non-toxic) (▲ and dashed line) strains grown 
in mixed-culture with optimised parameters at (a) 12 °C, (b), 15 °C, (c) 18 °C and (d) 
21 °C. 
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4.4.3.2.1 Nutrient Uptake: (Optimised) 

Figure 4.16 (a-d) indicates that the competition model adequately simulated the removal of P 

from the medium with the exception of 18 °C, where the model vastly under estimated the 

rate of uptake. However, in all cases it predicted an uptake of P that was slower than reality.  

 

 

Figure 4.16: Comparison of Nutrient depletion ● and competition model output (solid line) at 
(a) 12 °C, (b), 15 °C, (c) 18 °C and (d) 21 °C. 

 
 

4.4.4 Carbon  

The data described above treated growth in terms of cell division but as C cell-1 is not 

necessarily constant (Droop 1973), biomass in terms of carbon was also modelled to verify 

that model results were also representative of C. Similar results to those described above were 

observed (and hence have not been presented). 
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4.4.5 Inoculum ratios 

The competition model above was used to describe data in which the competing organisms 

have similar initial cell concentrations, but what if inoculum densities were not similar? By 

changing the inoculum densities at each temperature we can make a prediction of the 

competitive outcome and hence gain some insight into how these organisms might compete 

for nutrients in the field.  

As Figure 4.13 and Figure 4.15 already show how the cells interact when they have 

similar starting cell densities, a number of alternative scenarios were simulated by changing 

the inoculum cell concentration. The different starting ratios chosen were 1:2, 1:3 and 1:4. 

Results in terms of cell yields are presented in Figure 4.18-21, and the ratios of peak modelled 

yield is summarised in Figure 4.17 and presented in Table 4.5. 

 

Table 4.5: Ratio of peak predicted cell yield at 
inoculum densities of 1:2, 1:3 and 1:4 at 12, 
15, 18 and 21 °C. 
G.III:G.I 12 15 18 21 
2:1 12 5.5 1.6 6.4 
3:1 13 6.3 2.0 9.2 
4:1 14 7.2 2.3 11.9 
1:2 4.6 0.9 0.4 1.6 
1:3 2.9 0.6 0.3 1.1 
1:4 2.1 0.5 0.2 0.8 

 

 

As observed in Table 4.5 and visualised in Figure 4.17, at 18 °C simulated peak cell yields 

were reached regardless of the inoculum density. At low inoculum ratios, (where the Group I 

strain had a higher inoculum density) similar cell densities were also observed across all 

temperatures. However, when the inoculum ratios were high and the Group III strain had a 

numerical advantage from the start, this strain dominated across all temperature (except at 18 

°C).  
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Figure 4.17: Ratio of peak cell yields at inoculum ratios of 
1:2, 1:3 and 1:4 at 12, 15, 18 and 21 °C. 
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Figure 4.18: Modelling different initial Group I: Group III cellular inoculum ratios of 1:2 (a & b), 
1:3 (c & d) and 1:4 (e & f) at 12 °C for the Group I (toxic) (solid line) and Group III (non-toxic) 
strain (dashed line). 
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Figure 4.19: Modelling different initial Group I: Group III cellular inoculum ratios of 1:2 
(a & b), 1:3 (c & d) and 1:4 (e & f) at 15 °C for the Group I (toxic) (solid line) and Group 
III (non-toxic) strain (dashed line). 
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Figure 4.20: Modelling different initial Group I: Group III cellular inoculum ratios of 1:2 (a 
& b), 1:3 (c & d) and 1:4 (e & f) at 18 °C for the Group I (toxic) (solid line) and Group III 
(non-toxic) strain (dashed line). 
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Figure 4.21: Modelling different initial Group I: Group III cellular inoculum ratios of 
1:2 (a & b), 1:3 (c & d) and 1:4 (e & f) at 21 °C for the Group I (toxic) (solid line) and 
Group III (non-toxic) strain (dashed line). 
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4.5 Discussion  

4.5.1 Monoculture-Cultures 

Mathematical models can be used as predictive tools as well as precise conceptual 

frameworks. Well-designed models have good theoretical values that are linked to scientific 

processes. Using controlled experiments the usefulness of models for subsequent prediction 

can be tested. 

Natural systems are often complicated, but most models do not attempt to describe these 

systems fully, but rather aim to represent some aspects of the system accurately enough to 

serve a purpose.  So, a key aspect of a model is that they are a simplified representation of the 

system they are trying to represent. They are designed to describe some features accurately, 

but omit other factors that may be less relevant. The ideal mathematical model finds a balance 

between simplicity and complexity, while still describing the factors of interest in detail 

(Iverson 2003).  

The more simplistic Monod Model was tested, but proved to create an inadequate 

simulation of the data as the data did not follow the rectangular hyperbola relating uptake to 

growth as described by Monod (Figure 4.4).  So models used in this study were based on the 

Caperon-Droop ‘Quota model’. 

The Quota model is based on a number of conceptually supported relationships 

concerning the physiology of algal growth. Caperon and Droop suggested that growth is a 

function of the nutrient content within the cells. Validation of the model was performed from 

mono-culture experiments of toxic and Group III ribotypes of A. tamarense at four different 

temperatures (12, 15, 18 and 21 °C) cultured in a P limited medium with growth being 

calculated as increases in cell density.  
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For nutrients such as P, the Quota model can be used as a useful approximation of 

nutrient limitation of growth rate, as P only makes up a small percentage of the total cellular 

biomass. For other nutrients such as N, which make up a larger proportion of cellular biomass 

the Quota model becomes, less valid (Goldman 1979). 

A range of phytoplankton models have been created that have built on the quota concept 

(e.g. John & Flynn 2000; Flynn 2001; John & Flynn 2002; Flynn 2003). These include more 

complex models with feedback processes and multiple internal pools, but while more 

biochemically realistic, they are difficult to parameterise. For example John & Flynn (2000) 

modelled A. fundyense with a number of internal P pools, but the rate processes that connect 

these could not be determined experimentally on a regular basis. These pools include: 

orthophosphate, DNA and membrane lipid-P (structural-P), acid soluble polyphosphate 

intermediates, nucleotides and acid soluble RNA-P (synthetic-P), as well as storage pools 

made up of acid soluble and acid insoluble phosphates (storage pools). Hence, a model based 

on these internal P pools could be more accurate compared to the traditional quota-type 

models used here but its wider application would be problematic without a means of routine 

parameterisation. As already observed ecosystem modelling often seeks the simplest 

description that captures most of the biological behaviour (as it can often be unrealistic to try 

to attempt to describe every ecological function) and as this study occurred over a longer 

period of time this lower level of complexity can be justified.  

The models were constructed in PowerSim, which is an integrated environment for 

creating and running simulation models. PowerSim is a commonly used tool that follows 

many of the elements and concepts found in the system dynamics method developed by 

Forrester (1961) and Haefner (1996) to create a model and simulate an environment i.e. state 

variables and flows. 
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To achieve the best fit of model to data, certain parameters such as µmax, Q0 and Q were 

optimised separately for each strain by using the Powersim Solver software. Powersim Solver 

was only allowed to vary the parameters over a biologically acceptable range ensuring the 

final model output was representative of the system it was trying to simulate.  

The Quota model described growth and uptake of Group I and Group III ribotypes of A. 

tamarense linked to P quota. Usually nutrient uptake by planktonic algae follows Michaelis-

Menten kinetics, where the plot of uptake rate verses external nutrient concentration, yields a 

rectangular hyperbola (Figure 4.4). However, when mono-culture nutrient uptake data was 

plotted against external nutrient concentrations the relationship did not follow a hyperbolic 

function, but rather was linear over the range of nutrient concentrations in the experiments. 

The model structure was therefore altered to make the relationship between nutrient 

concentrations and uptake rate linear. 

 The form of the curve that describes nutrient uptake has been shown to be dependent on 

the type of nutrient and the species. It is important to model the decreasing part of the ‘curve’ 

and by using a linear function a more accurate measure of the minimum and maximum uptake 

rates can sometimes be achieved (Chapelle et al. 2010). Chapelle et al. (2010) also achieved 

the best fit to their data with a linear function relating uptake to extracellular nutrient 

concentration when modelling A. minutum under a number of different environmental 

conditions.  

Despite the Quota model creating a good fit to the experimental data for both the Group  

I and Group  III strains, each parameter had to be assessed separately at each temperature, as 

temperature can impact a number of parameters (Flynn 2001). 



Chapter 4 
______________________________________________________________________ 

 
 

191 
 

Q0 varied with temperature, but there appeared to be little deterministic relationship with 

temperature preventing a temperature dependent functional relationship (that would have 

made the model more widely applicable) from being derived. Other studies have also shown 

that Q0 can vary with species, temperature, and with the type of limiting nutrient. Cell quotas 

have been shown to increase with a decrease in temperature, as cells cultured at suboptimal 

temperatures require more of the limiting nutrient to grow than they do at an optimal 

temperature. In this study, cell quotas did not increase with a decrease in temperature, but 

were larger when the temperatures were non optimal for growth (shown by the decreased 

growth rates in section 3.4.2.1) (Table 4.3 & Table 4.4). As both Goldman (1979) and Rhee & 

Gotham (1981) demonstrated that the effectiveness of the Quota equation may diminish when 

the temperature reaches the lower end of the temperature limit for each species, each 

temperature was modelled separately so that Q0 could be made temperature dependent (Rhee 

& Gotham 1981).   

After optimisation, the model simulation compared well with the experimental data 

from chapter 3 (Figure 4.11). The Quota model was able to effectively reproduce algal growth 

of both strains (shown as increases in cell numbers and a decrease in the limiting nutrient 

concentration), in monoculture. This process therefore generated models that could be used to 

investigate nutrient competition in the mixed-culture experiments. 

4.5.2 Competition model: Mixed Cultures 

4.5.2.1 Un-optimised models 

To test the hypothesis that the observed competition dynamics of the Group I and Group III 

strains of A. tamarense in batch culture is due to uptake of the limiting nutrient, initially, the 

competition model was run with the same parameters as used in the monoculture Quota model 

for both strains at four different temperatures (12, 15, 18 and 21 °C). 
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Despite using the same parameters that achieved the good fit to the mono-culture data, 

the mixed-culture simulations (Figure 4.13) did not achieve such an accurate fit. The model 

found it difficult to describe the relationship between growth rate and external nutrient 

concentration.  

The mixed culture competition model was based on primary observations and structured 

so that competition was an immediate consequence of physiology and the ambient 

physiochemical environment. The mixed-culture competition model proved to be a useful 

tool, as it allowed us to recognise that competition was not just governed by nutrient 

competition. This discrepancy suggests there is a yet unknown variable (variables) that have 

not been accounted for thus far.  

 There may be a number of interactions involved; 1. There may be some form of 

allelopathic interaction where one of the ribotypes is synthesising a biochemical that is 

influencing the growth, survival and reproduction of the other (this concept is described 

further in chapter 5). 2. If the cells experienced P depletion any time before experimentation 

then this would have affected uptake. Cells would then quickly react to additions of P, as 

uptake is a function of a cells previous nutritional history, uptake would then have been 

elevated (Chapelle et al. 2010). To prevent this from occurring the cultures were frequently 

sub-cultured so that they should never have experienced P depletion. 

4.5.2.2 Optimised models 

Despite there potentially being further undefined interactions acting on the cells, this could be 

taken into account by optimising the model parameters using Powersim Solver using the 

ecologically realistic parameter ranges already defined for A. tamarense. However, even with 

the Powersim Solver software using ecologically realist parameters, some of the parameters 
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such as the high µmax values at 12 °C were at limit of the minimum and maximum values 

entered.  

The optimised results compared well with the experimental data (Figure 4.15) with the 

competition model reproducing algal growth for the Group I and Group III strains in mixed-

culture. This allowed a number of exploratory simulations relating to different inoculum 

densities to be undertaken to investigate how the competitive interaction may respond in 

different conditions. 

4.5.2.2.1 Inoculum Ratios 

The experimental data shows how the cells interact when they have similar starting cell 

densities, but as observed in chapter 3, a number of physiological parameters already differ 

between the strains, this could also mean that other aspects such as those relating to the life 

cycle such as the dormancy period, timing of excystment and cell survival densities may also 

vary. Some physiological parameters such as dormancy period has been shown to differ 

between A. minutum and A. tamutum (Figueroa 2007). If excystment rates, timings or total 

survival rates of A. tamarense cells vary between strains then inoculum densities may differ. 

So, inoculum ratios were varied to assess the likely outcomes of competition.   

From the simulations it appears that temperature has an effect on the competitive ability 

of the strains. The Group III strain grows comparatively better than the Group I strain at all 

temperatures except for 18 °C when growth of the Group I strain was optimal. Results from 

this exploratory modelling study suggest that at current water temperatures, in areas where 

Group III and Group I strains co-occur the Group III strain would out-compete the Group I 

strain and become a dominant component of an A. tamarense bloom at most inoculum ratios. 

When water temperatures are lower such as during spring, the Group I cells would be 
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excluded to a higher degree compared to a bloom that developed in summer. However, if 

current sea surface temperatures in summer were to increase by just 3 °C then the bloom may 

have a much higher Group I component. However, SST’s are unlikely to increase to this 

extent until the 2050’s (Harrison et al. 2001). 

4.6 Conclusions 

The Monod Model was tested but proved to be inadequate to simulate the data, as the data did 

not follow the rectangular hyperbola between external nutrient concentration and growth as 

described by Monod. To achieve the best fit of Quota model to data, certain parameters such 

as µmax, Q0 and Q were optimised by using the Powersim solver software. Q0 had to be 

assessed separately at each temperature, as temperature impacted Q0. Q0 did not vary 

predictably with temperature, preventing a functional relationship from being derived. 

Introducing a linear relationship between growth and uptake of Group I and Group III 

ribotypes of A. tamarense allowed both group I and group III monocultures to be simulated at 

each individual temperature. However, the mixed culture competition model using the 

parameters derived for the monoculture Quota model failed to simulate cell growth and 

nutrient uptake, suggesting that competition was not just governed by nutrient competition but 

by additional factor(s). Optimising the parameters for the competition model took into 

account this unknown factor, and allowed for some predictions on the likely outcomes of 

competition. The subsequent simulations revealed that the Group III strain will most likely 

dominate at all temperatures except at 18 °C.ytreyjjjjjjjjjjjjjjjjjjt ytryeey ytreytr ytreytr.   
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Chapter 5: Allelopathy 
5.1 Abstract 

Allelopathy refers to the effects of one species on another through the release of chemical 

compounds into the environment. The chemicals released (alleochemicals) impose 

allelopathic influences that can be both negative and positive. Allelopathic compounds play 

important roles in determining nutrient dynamics, species diversity, dominance, invasion, 

succession and climax of a natural population. An important caveat is that; a full study of 

allelopathy was not possible with the time and resources available, and therefore this chapter 

sought only to confirm the conclusion from the modelling study that allelopathic interactions 

were occurring.  With the strains used in this study an allelopathic interaction appeared to be 

occurring when Group I cells were grown with a cell free supernatant from an exponentially 

growing Group III culture, at a concentration of 5000 cell ml-1. Both maximum cell yields and 

maximum specific growth rate were inhibited with the interactions not being related to pH. 

The results suggest Group III strains in the natural environment could potentially have a 

competitive advantage over other species and strains through their potential ability to produce 

allelochemicals. The production of allelopathic compounds may be just one of many different 

interactions acting together to allow Group III strains to out compete Group  I strains in areas 

where they co-occur in the field. 
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5.2 Introduction 

As observed from the mixed culture growth experiments in chapter 3 the non-toxin producing 

Group III A. tamarense strain dominates over the toxin producing Group I strain at three out 

of the four temperatures examined. Subsequent modelling experiments in chapter 4 

demonstrated that uptake of the limiting nutrient P was not the sole driver contributing 

towards the observed competitive interactions and therefore an additional factor or factors 

may also be involved. Allelopathy is just one of these factors.  

5.2.1 Introduction to Allelopathy 

It has often been questioned in HAB research whether phytoplankton toxicity plays a role in 

establishing and maintaining blooms, yet some benign species are able to form and maintain 

blooms without producing toxins (Kubanek et al. 2005). This raises the question of whether 

there may be other compounds, not linked to toxicity, being generated and utilised by 

particular phytoplankton species in order to gain a competitive advantage over another 

species.   

One possible means to gain a competitive advantage is through the production of 

allelochemicals. Allelopathic compounds are used to gain a competitive advantage over 

another species by influencing the growth, survival and reproduction of other organisms. This 

is in contrast to other chemical compounds which may be used for other interactions, such as 

grazer deterrents, but the lines between the two can often be blurred. Legrand et al. (2003), 

Granéli & Hansen (2006) and Granéli & Salomon (2010) made the distinction between 

allelopathic compounds and other chemical (toxins) interactions. Allelochemicals are 

secondary metabolites and can be distinguished from phycotoxins as phycotoxins are able to 

be vectored through the food web, but allelochemicals directly target other organism. Most 
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(but not all) phycotoxins are stored inside the cells but the influence of allelochemicals on 

other species is through compounds that are excreted into the medium (Fistarol et al. 2004). 

There have been a number of studies on allelopathy over the last century. Pratt (1940) 

observed a substance produced by Chlorella vulgaris, which inhibited the growth of other 

algal cells. However, algal allelopathy was not defined until Inderjit and Dakshini (1994) who 

noted chemicals secreted by algae can affect its own growth and growth of other organisms.  

Allelopathy has now been demonstrated in a number of phytoplankton groups including 

cyanobacteria, haptophytes and dinoflagellates and may be important in structuring 

phytoplankton communities (Arzul 1999; Cho & Matsuoka 2000; Legrand et al. 2003). A 

number of HAB genera have been reported to produce allelochemicals including: 

Alexandrium (Tillman & John 2002; Arzul et al. 2004; Fistarol et al. 2004), Dinophysis 

(Kubanek et al. 2005). Gymnodinium (Ahmed et al. 1995), Heterocapsa (Uchida 2001), 

Karenia (Yasumoto et al. 1990; Legrande et al. 2003; Fistarol et al. 2004) and Pseudo-

nitzschia (Legrande et al. 2003) to name but a few.  

One of the main reasons for the interest in allelopathy is that it could be a key factor that 

promotes the dominance of one species over another, thus it should be considered an 

important part of competition (Legrand et al. 2003). Production of such chemicals could be a 

successful strategy for fast growing phytoplankton species that occur in dense blooms as well 

as slower growing groups such as dinoflagellates (Kubanek et al. 2005). 

Relatively little is known about microalgal allelochemicals compared to those identified 

in higher plants (Legrand et al. 2003).  Those that have been identified have a large structural 

diversity and includes: cyclic peptides, alkaloids, organic acids and long chain fatty acids. 
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Most of the characterised allelochemicals are not categorized based on their structural 

diversity but by their activity spectra and chemical characteristics  (Legrand et al. 2003).  

The biochemical mechanisms associated with allelochemicals are rarely described in 

detail. Known modes of action include: damaging cell membranes, inhibiting protein activity, 

cell lysis, blistering, cell paralysis, and modifying or activating physiological processes such 

photosynthesis, enzymatic activities, cell division, respiration, signal transduction, gene 

expression and cell growth and development (Legrand et al. 2003). Allelochemicals may 

produce more than one effect on phytoplankton cellular processes, resulting in an overall 

reduction in phytoplankton growth (Addisie & Medellin 2012). 

5.2.2 Allelopathy in Alexandrium  

Alexandrium spp are notorious for their production of toxic secondary metabolites (PSP 

toxins, and in the case of some species such as A. ostenfeldii, spirolides (Tillmann & John 

2002)). The chemical structure and toxicity of these compounds are well known due to their 

detrimental effects on human health. These chemicals can cause a number of negative 

biological impacts on an assortment of marine organisms including ichthyotoxicity, 

neurotoxicity, cytotoxicity, hepatoxicity and haemolytic activity (Arzul 1999; Tillmann & 

John 2002). However, Alexandrium supernatants can also inhibit the biomass of 

phytoplankton and large nanoflagellates with species specific interactions being evident 

Weissbach et al. (2010). Experimental observations by Weissbach et al. (2010) showed cell 

blistering and lysis in target species with compounds acting primarily on the outer membrane. 

A. tamarense has also been shown to completely suppress the growth of the diatom 

Chaetoceros gracilis and dinoflagellate Gymnodinium mikimotoi, as well as having high 

haemolytic activity on horse red blood cells (Arzul 1999).  
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Alleopathic interactions are not always related to PSP toxins (Tillmann & John 2002; 

Fistarol et al. 2004; Ma et al. 2009) with laboratory experiments having shown that both 

Group I and Group III strains of Alexandrium can cause negative responses in other 

organisms as a result of allelochemical(s) production (Tillmann & John 2002). Due to the lack 

of correlation between PSP toxicity and allelopathic effects Fistarol et al. (2004) and Arzul 

(1999) have suggested that allelopathic activity of Alexandrium species is caused by an array 

of other chemicals with a number of ecological functions that affect multiple levels of the 

phytoplankton community.  

Relatively little is known about the chemical composition of these potentially 

allelopathic compounds produced by A. tamarense (Tillmann & John 2002). Analysis of their 

chemical composition has shown that they behave like amphipathic compounds which contain 

polar and non-polar regions (Ma et al. 2009). Similar lytic effects caused by compounds from 

other algal species are mostly generated by glycolipids and polyunsaturated fatty acids 

(Tillmann & John 2002). 

5.2.3 pH 

In many studies the importance of allelopathy and pH are not well decoupled and in many 

cases growth of the test species is potentially controlled by the pH in the culture medium, and 

not by allelopathic substances (Møgelhøj et al. 2006). As different phytoplankton species 

have different tolerances to pH it is important to separate the negative effects of elevated pH 

(that occurs in laboratory batch culture) from any allelopathic effects (Lundholm et al. 2004; 

Granéli & Hansen 2006). pH can affect algal growth in a number of ways; carbon availability, 

the availability of trace metals and essential nutrients, and at particularly high pH levels can 

cause direct physiological damage. pH can also change quite significantly in marine systems 

despite the strong buffering capacity of seawater. In many marine environments pH can have 
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an important influence on regulating algal abundance and distribution. pH levels above pH 9 

have been recorded in some coastal environments with variations in this range affecting 

phytoplankton abundance and species distribution (Chenl & Durbin 1994).  

5.2.4 Studying allelopathy 

Historically investigations into allelopathy originated from field observations (Legrand et al. 

2003), but cross culturing of two phytoplankton species is now more commonly used (Granéli 

& Hansen 2006; Legrand et al. 2003). In this approach, a target species is grown with a cell 

free filtrate from another species so that the chemicals released into the medium can be 

studied (Legrand et al. 2003). However, no matter the experimental design the exact 

mechanisms of allelopathy can often be hard to demonstrate as physical, biotic and chemical 

and cultural artefact interferences may also occur in parallel.  

5.2.5 Factors influencing allelopathy 

The strength of the negative effect on a target species depends on the sensitivity of that 

species (Lelong et al. 2011). For those chemicals already characterised, the concentrations of 

allelopathic substances produced appear to be species and strain dependant but various 

environmental factors are also involved. Different strains vary from producing no 

allelochemicals to producing highly potent chemicals. For certain species allelopathic 

compounds are only synthesised and released when the cells are under stress or non-optimal 

conditions. Some species are able to produce and release compounds without the need for 

stress but the concentrations produced can be greatly increased under stress conditions 

(Granéli & Salomon 2010), such as when abiotic factors such as light, pH, temperature and 

nutrient concentrations are not optimal.  
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Allelochemicals in the aquatic environment are constrained by a number of physical and 

chemical factors. The physical constraints include: viscosity, shear forces and the low 

Reynold’s number. The major chemical constraint is the dilution of the allelochemicals to low 

levels. Due to these controls and the apparent short life span of the chemicals the target cells 

would have to be in close proximity for there to be any effect (Hansen 1989; Lelong et al. 

2011). As Alexandrium species populations have been observed to develop in thin subsurface 

layers (Touzet et al. 2010), there is therefore a higher portential for cell to cell interactions.  

5.2.6 Aims 

The aim of this study was to test the hypothesis that the Group III strain of A. tamarense is 

gaining a competitive advantage over the Group I strain though allelopathy. To do this the 

interactions between Group I cells cultured in a cell free supernatant from an exponentially 

growing Group III culture was evaluated. This allowed evaluation of whether the Group III 

strain was releasing extracellular products, and the potential effects of these extracellular 

compounds. An important caveat is that a full study of allelopathy was not possible with the 

time and resources available, and therefore this chapter sought only to confirm the conclusion 

from the modelling study that allelopathic interactions were potentially occurring.   

5.3 Methods 

A Group I (CCAP 1119/28) and a Group III (CCAP 1119/31) A. tamarense strain were 

chosen for this study. Prior to experimentation the cultures were acclimatised to experimental 

conditions. Experiments were carried out in batch culture in triplicate in 500 ml Erlenmeyer 

flasks in a modified low phosphate (3 µM), with a N concentration of 880 µM, L1 medium at 

15 ºC, under a light intensity of 100 µmol m-2 s-1 (12h:12h light:dark cycle). 
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Three treatments were used in this study. The first treatment assessed the allelopathic 

activity of Group III A. tamarense on Group I cells; this treatment used Group I cells grown 

with the addition of a cell free supernatant from an exponentially growing Group III culture 

(Tox + NT). The second and third treatments were controls; Group I cells were either grown 

with the addition of a cell free supernatant from an exponentially growing Group I culture 

(Tox + Tox), control-1 or in additional L1 medium (as described above) (50 ml) (Tox + 0) 

control-2 (Lelong et al. 2011) (Table 5.1). The cell free supernatants came from cultures that 

had been sub-cultured four days previously, to generate nutrient concentrations of the Tox + 

NT and control-1 treatments similar to that of control-2 (Lelong et al. 2011). A cell free 

‘supernatant’ and not a’ filtrate’ was used as many allelochemicals are readily absorbed onto 

filters and plastic surfaces (Weissbach et al. 2010; Ma et al. 2009).  To obtain the supernatant 

50 ml aliquots (3x 50 ml) of exponentially growing cultures, (both Group I and Group III) of 

A. tamarense were centrifuged (15 min, 12,000 rpm). The supernatant was then removed by 

aspiration and stored in a glass bottle at 4 °C in the dark to prevent loss of allopathic activity 

(Ma et al. 2009). 

Table 5.1: Explanation of treatment abbreviations. 
Abbreviation  Treatment 
Tox + 0 (control-1) Group I cells plus additional low P l L1 

medium 
Tox + Tox (control-2) Group I cells plus a Group I supernatant 
Tox + NT Group I cells plus a Group III 

supernatant 
 

 

As a preliminary study observed a slight (but not conclusive) effect at 1000 cell ml-1 (data not 

shown), the cell concentration was increased to 5000 cell ml-1 to see if a greater effect could 

be produced. A single addition (50 ml) of the cell free A. tamarense supernatant (equivalent to 

5000 cell ml-1) was added to 100 ml of Group I A. tamarense culture with an inoculum 

density of 500 cell ml-1, each treatment had a final volume of 150 ml. The culture densities 
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were well within normal cell densities used in culture (chapter 3) where Group III cellular 

concentrations can exceed 11,000 cell ml-1. To obtain concentrations of 5000 cell ml-1 the 

cultures were maintained at high concentrations and thus to keep them exponentially growing 

they had to be subcultured frequently. Keeping the cultures dense allowed cells to me easily 

manipulated and concentrated up to the required cell densities.  

 A large single addition of supernatant was used as it has also been shown by Ma et al. 

(2009) that a single high addition of an A. tamarense supernatant affects phytoplankton 

populations more than by continuously drip feeding the supernatant over the duration of the 

experiment. A. tamarense allelochemicals have been shown to be stable at room temperature 

and not be degraded by bacteria within the culture (Ma et al. 2009) allowing the experiments 

to be conducted in the laboratory with non-axenic cultures. 

Daily, throughout the duration of the experiment, sub-samples (1.5 ml) of culture were 

removed aseptically from each flask by pipette. The contents of the flasks were homogenised 

by swirling. Swirling the flask daily also prevents allelopathic activity from being lost as 

chemicals can settle out of solution and swirling re-suspends and redistributes the chemicals 

in the medium, without swirling there could be up to a 50 % reduction in activity after 4 days 

(Ma et al. 2009). Cells from this sub-sample were preserved with Lugol’s iodine solution (~1 

% final concentration) and were counted using a 1ml Sedgwick-Rafter counting chamber at 

100x magnification under a Microscope (Leitz Wetzlar Orthoulux). 

Sub-samples (4 ml) were removed aseptically from each flask so the pH of each flask 

could be measured using a SevenEasy pH meter (Switzerland) and calibrated using two 

solutions with known pH values.   
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5.4 Results 

Figure 5.1 depicts the changes in cell abundance in the triplicate flasks for each of the three 

treatments. Most of the cultures exhibited growth similar to the classical ‘logistic growth 

curve. The duration of the exponential phase was estimated by determining the maximum 

coefficient of determination (r2) achievable when fitting a straight line through logged plots 

(Figure 5.2).  

 

Figure 5.1: Cell densities (ml-1) for the Group I (toxic) strain plus additional 
medium (control-1) (▄), the Group I strain plus toxic supernatant (control-2) (♦) 
and the Group I strain plus a Group III supernatant (▲). All results are means of 
triplicate samples. Error bars represent the Standard Error. 
 
 

Figure 5.2: Logged cell densities (ml-1) for the Group I (toxic) strain plus 
additional medium (control-1) (▄), the Group I strain plus Group I supernatant 
(control-2) (♦) and the toxic strain plus a Group III supernatant (▲). All results 
are means of triplicate samples. Error bars represent the Standard Error. 
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5.4.1 Growth 

5.4.1.1 Control-1: Group I cells plus medium (Tox + 0)   

Exponential growth lasted until day 6 after which the cells entered the late exponential phase 

and the stationary phase on day 14, cells then declined on day 20 (Figure 5.2). 

5.4.1.2 Control-2: Group I cells Plus Group I supernatant (Toxic + Toxic) 

Exponential growth lasted until day 6, cells then entered late exponential growth and 

eventually stationary growth on day 13, cells began to decline on day 18 (Figure 5.2). 

5.4.1.3 Group I Cells Plus Group III supernatant (Toxic + Non-toxic) 

Exponential growth lasted until day 10 before entering late exponential growth and stationary 

growth on day 14. The death phase was reached after day 17 (Figure 5.2).   

5.4.2 Maximum cell yield 

The maximum cell densities were dependent on the treatment (Figure 5.1); the Tox + 0 

(control-1) had the highest (mean) density of 6682 cell ml-1 which was similar to that of the 

Tox + Tox (control-1) (6528 cell ml-1) (Mann-Whitney, P > 0.05). The cells grown in the 

Group III cell free supernatant had impaired growth with the Tox + NT treatment having a 

reduced maximum cell density which was significantly different and ~25% lower compared 

to the two controls (4970 cell ml-1) (Mann- Whitney, P < 0.05).  

5.4.3 Maximum specific growth rate 

The maximum SGR is tabulated in Table 5.2. Growth rates between the two controls (control-

1) Tox + 0 and Tox + Tox (control-2) were statistically similar being; 0.22 day-1 and 0.22 day-1 

respectively (GLM P>0.05). Cells grown in the Tox + NT treatment had a statistically lower 

growth rate (0.21 day-1) compared to both of the controls (GLM P<0.05). 
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Table 5.2: Maximum specific growth rates (SGR) (day-1) 
and maximum cell yields (cell ml-1) the Group I (toxic) 
strain plus additional medium; Tox + 0 (control-1), the 
toxic strain plus Group I supernatant; Tox + Tox (control-

2) and the Group I strain plus a Group III (non-toxic) 
supernatant; Tox + NT treatments.  
Treatment Maximum 

specific growth 
Rate (Day-1) 

Maximum 
cell yield 
(cell ml-1) 

Tox + 0 (Control-1) 0.22 6682 
Tox + Tox (Control-2) 0.22 6528 
Tox + NT 0.21 4970 

 

 

5.4.4 pH 

The pH at the start of the study varied between 8.34 (Tox + NT) and 8.42 (Tox + Tox) (Figure 

5.3). pH then declined in all treatments  reaching a minimum value of 7.97 (Tox + NT), 8.05 

(Tox + Tox) (control-2) and 8.06 (Tox + 0) (control-1) on days 5 and 6. pH then slowly but 

steadily increased over the rest of the experiment. Final pH values did not reach initial starting 

values, with values of 8.25 (Tox +NT), 8.29 (Tox + Tox) and 8.36 (Tox + 0) observed.  

 
 

Figure 5.3: pH for the Group I (toxic) strain plus additional 
medium (control-1) (▄), the Group I strain plus Group I supernatant 
(control-2) (♦) and the Group I strain plus a Group III supernatant 
(▲).All results are means of triplicate samples. Error bars 
represent the Standard Error. 
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5.5 Discussion  

A full study of allelopathy was not possible with the time and resources available and 

therefore this chapter sought only to confirm that allelopathic interactions were occurring.  

While a detailed analysis of the effects of allelopathic chemicals for A. tamarense was 

therefore beyond the scope of this study, potential factors that could be involved are discussed 

below. 

This study is the first to demonstrate a potential allelopathic effect of one strain on 

another strain of the same species. However, there have been a number of studies reporting 

the negative effects of Alexandrium spp filtrates on other algae species.   

5.5.1 pH 

The effect of pH on allelopathy is a contentious topic. Some authors believed that as with 

other ‘stress’ factors allelopathic effects increase with increasing pH levels (Granéli & Pavia 

2006), while others (Lundholm et al. 2004; Møgelhøj et al. 2006)  have observed that it is the 

increased pH that is causing the observed effects, once attributed to allelopathy. This 

demonstrates the importance of monitoring pH when testing for allelopathy and the 

difficulties that could be caused trying to distinguish between the effects of allelopathy and 

pH (Granéli & Hansen 2006). In order to separate out the negative effects of high pH from 

allelopathic effects, the cultures should be buffered to avoid an elevated pH in the growth 

medium. Bubbling is thought to be the best way to avoid an elevated pH (Granéli & Hansen 

2006); however, bubbling could introduce other artefacts associated with turbulence (as 

discussed in chapter 3).  

An important component of the experimental design was to therefore verify that any 

observed effects were not simply due to an elevated pH. A high pH potentially interfere with a 
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number of biochemical reactions and affects the availability of essential nutrients causing a 

lower maximum cell yield and growth rate. For most phytoplankton species growth ceases 

above 8.9-9 (Lundholm et al. 2004), pH levels in this range can affect phytoplankton 

abundance and species distribution (Chenl & Durbin 1994). Schmidt & Hansen (2001) 

demonstrated that exponential growth of A. tamarense was not affected until pH 8.66 when A. 

tamarense was exposed to a Chrysochromulina polylepis suspension in mixed batch cultures. 

Given that the pH in this study did not exceed 8.42, pH does not appear to be the limiting 

factor. Moreover the Tox + NT treatment (which had the lowest maximum specific growth 

rate and cell density) had a consistently lower pH for the whole experimental duration 

compared to the two controls.  

5.5.2 Growth rate 

The Group I supernatant (control-2) had no effect on the growth of the Group I cells, as near 

identical growth curves were observed between it and the other control. Although some 

allelochemicals have been shown to have a stimulatory effect on photosynthesis (Addisie & 

Medellin 2012), some have an inhibitory effect resulting in reduced primary production and a 

slower growth rate. As chlorophyll or productivity measurements were not taken in this study, 

it is not possible to be definitive, but given the pH levels observed in this study it is more 

likely that photosynthesis was being inhibited rather than enhanced. Two common causes for 

the reduction in photosynthesis are the inhibition of photosystem II (PSII) and the disruption 

of photosynthetic electron transport (Addisie & Medellin 2012). The rate of decline in 

photosynthesis can often be seen as a reduction in the chlorophyll content. Lelong et al. 

(2011) observed a reduction in the red-, auto-fluorescence and photosynthetic production after 

exposing Chaetoceros neogracile to an A. minutum supernatant. However, the reduction in 

red- and autofluorescence was not related to electron transport, but was instead due to the 
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decline in the RC number1. It is recommended that any future studies should include 

chlorophyll and fast repetition rate (FRRF) fluorescence measurements allowing automated 

rapid measurements of a number of photosynthetic parameters (Gorbunov et al. 1999). 

5.5.3 Cell yield  

Microscopic observations by  Fistarol et al. (2004) demostrated that a A. tamarense filtrate 

induced cell blistering, lysis and loss of pigmentation in other phytoplankton species. 

Although no direct microscopic observations were made in this preliminary study, future 

studies should include detailed microscopic behavioural observations. The presence of lytic 

compounds would be one explanation to explain the reduced cell density in the Tox + NT 

treatment compared to the two controls, yet no lysed cells were observed in the Sedgwick 

Rafter counting chamber.  Fistarol et al. (2004) observed a reduced growth rate and maximum 

cell density when natural phytoplankton populations were cultured with a cell free filtrate of 

Alexandrium species. Cells of the thecate heterotrophic dinoflagellate Obea rotunda 

disappeared from the water column and concentrated at the bottom of the culture either 

completely immobilised or moving slowly when exposed to Alexandrium strains (Tillmann & 

John 2002). The speed and the strength of these effects can vary between species and strains, 

with A. tamarense strains often being the most potent. Alexandrium species also caused the 

heterotrophic dinoflagellate Oxyrrhis marina to quickly lose motility (within 3 minutes) and 

become rounded; 100% immobilisation was observed after just one hour, with complete lysis 

occurring within 2-3 hours (Tillmann & John 2002). 

Limiting nutrient (P) concentrations were not measured in the study. However, as the 

cultures were sub-cultured shortly before experimentation, the nutrient concentrations 

between all of the treatments should have been similar. This was verified indirectly based on a 
                                                

1 An RC is a complex of proteins, pigments and cofactors where the primary energy conversion 
reactions of photosynthesis take place (i.e. photosynthesis II and I). 
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knowledge of the cell yield per unit nutrient. As observed from chapter 3 at 15 ºC the Group I 

strain yields 2200 cells per µM of P (Figure 3.7, b), using this information the P concentration 

can be back calculated for the Tox + 0 (control-1), the control-1 should have concentration of 

3.05 µMP, using the same principal the Tox + Tox treatment (control-2) should have a 

concentration of 2.98 µMP, no significant difference was found between the two controls 

(Mann-Whitney P>0.05), showing there is little difference between these two treatments. It 

was therefore assumed that initial nutrient concentrations across the treatments were similar 

and differences in cell yields were due to an allelopathic effect and not due to differing P 

concentrations. However, further experiments should include nutrient (P and N) 

measurements.  

5.5.4 Ecological consequences of Allelopathy 

Where a species has complete dominance forming a mono-specific bloom, or blooming in 

preference over another species, and the result of competition cannot be explained by their 

relative growth rates in isolation, then this high competitive ability may be linked to 

allelopathy (Granéli & Hansen 2006). The ability to produce allelochemicals in phytoplankton 

is closely coupled with the competition for resources. In the marine environment where 

nutrients are limiting not only may the production of allelochemicals be increased but their 

mode of action may be heightened, much like the increase in PSP toxins under nutrient stress 

(Granéli & Hansen 2006). Allelopathic activity has also been shown to increase with age, 

with older denser cultures releasing more chemicals into the medium, allelopathy may 

therefore function to maintain a bloom as long as possible and modify any subsequent 

succession (Lelong et al. 2011). 

 In the coastal waters where N and P are rarely in high enough concentrations to 

sustain growth of every phytoplankton species that co-occur, the ability to compete for the 
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limiting nutrient is critical. The species which has the ability to successfully compete for the 

limiting nutrient therefore has the potential to dominate and form a bloom. So the ability to 

produce allelopathic compounds gives an algal species a competitive advantage (Granéli & 

Hansen 2006). 

 The production of allelochemicals may be a way of manipulating and reconstructing 

aquatic ecosystems and modifying the availability of other resources such as dissolved 

organic carbon (DOC). The chemicals may help to change microbial dynamics and population 

structure by interfering with trophic interactions. Other organisms less sensitive to 

allelochemicals may benefit by the reduction in grazing pressure (Weissbach et al. 2011). 

Allelopathic activity may reduce the population size and the number of other species by 

reducing their competitive abilities. Allelopathy may also have an important role in the 

invasion and dominance of phytoplankton species if current communities are not used to the 

chemicals synthesises by the newly arrived species (Koocheki et al. 2013).  

Allelopathic activity may also be coupled with mixotrophic nutrition. The mixotrophic 

capabilities of Alexandrium species have been well documented (Jeong et al. 2005; Blossom 

et al. 2012). Mixotrophy is a common strategy to obtain essential nutrients when inorganic 

nutrients are limiting and as allelopathic activity has been coupled with nutrient stress 

(Granéli & Hansen 2006; Granéli & Salomon 2010) then chemically mediated prey 

immobilisation may be enhanced when nutrients are limiting. In addition to this chemically 

induced reduction in competing species may also be beneficial during periods of nutrient 

limitation (Zhu & Tillmann 2012). There was however no evidence either strains consuming 

the other during the mixed-culture experiments in chapter 3. 
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 Due to their impacts on other species allelochemicals can be looked at as a form of 

biological control. In aquatic ecosystems, whilst the effects of parasites, viruses and bacteria 

have already been investigated little progress has been made with other biological control 

agents against HAB species (Legrand et al. 2003). The management with HABs with 

allelochemicals has never been investigated. The use of these short lived degradable and 

natural compounds could possibly prove to be an effective management strategy.  

5.5.5 Future work 

As this was just a preliminary study into allelopathy there a number of avenues that have been 

highlighted that still require further exploration, the key points are discussed below. 

Allelochemicals can act as inhibitory molecules by complexing and inhibiting enzymes. 

Enzyme inhibition can be extremely harmful to the whole organism, for example inhibition of 

dehydrogenase activity will cause an increase in the levels of reactive oxygen species 

(Addisie & Medellin 2012). Lower activities of antioxidant enzymes can lead to an increase in 

oxidative damage, metal ion leakage and changes in plasma integrity. Some allelochemicals 

have been shown to inhibit alkaline phosphatase activity which would be important in this 

study as the cells were cultured in a P limited environment (Addisie & Medellin 2012). 

Alkaline phosphatase activity can be easily measured by spectrofluorometry (Peacock & 

Kudela 2012), and any future experiments would benefit from this being conducted.  

Cell densities of both the allelopathically ‘toxic’ algae and the target species are 

important. The higher the concentration of the allelochemical producing cells the higher the 

concentration of allelochemicals released into the environment and so more cells will be 

targeted. The effects of allelochemicals are dose dependant and for A. minutum appear 

gradually from 200 cell ml-1 (Lelong et al. 2011) and so future studies should assess how 
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different concentrations of Group III A. tamarense cell densities affects the Group I target 

cells. 

As allelochemicals are most likely removed from the system by binding to target cells 

and receptors, a larger impact on target cells may have been experienced if the cell free 

supernatant was added over time and not in one large addition at the start of the experiment. 

Ma et al. (2009) did not consider this to be the case, expecting one large addition of A. 

tamarense filtrate at the start to be more effective. Lelong et al. (2011) observed that 

allelochemicals produced by A. minutum were fast acting (within 15 minutes) and the 

bioavailability declined rapidly (within 9 hours), whilst Hansen (1989) reported similar results 

with A. tamarense losing allelopathic activity within 30 minutes. Even if the effects of 

allelochemicals are short lived, cells would be quickly affected and ultimately the damage 

would have already been done. A future study where the Group III supernatant is drip fed into 

the Group I cultures and comparing it to the experimental data from this chapter would reveal 

how quickly allelopathic activity is lost from the cell free filtrate. Although it cannot be 

excluded that A. tamarense produced different allelochemicals with both short and long term 

effects (Lelong et al. 2011). 

5.5.6 Summary and Conclusions 

Allelopathic interactions appeared to be occurring between the two strains, negatively 

influencing the Group I cells grown in a cell free supernatant from an exponentially growing 

Group III culture. Both maximum cell yields and maximum specific growth rate were 

inhibited. These interactions could not be related to pH or nutrients and hence tentatively 

attributed to allelopathic compound or compounds. From previous studies it is highly likely 

that a lytic compound was involved. Additional compounds are also likely to be involved, 

such as those linked to photosynthesis inhibition.  
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The significance of these results is that they, for the first time to our knowledge, suggest 

allelopathic interaction within a species complex. These results suggest Group III A. 

tamarense strains in the natural environment could have a competitive advantage over other 

species and strains through their ability to produce allelochemicals. A. tamarense may 

therefore use allelopathy as a tool to structure the phytoplankton community by modifying 

growth rates and inhibiting and killing competitors. The production of allelopathic 

compounds may be just one of many different interactions acting together to allow Group  III 

strains to out compete Group  I strains in areas where they co-occur in the field. Selection will 

only favour the populations that produce allelochemicals providing they can find the target 

organisms. However, proximity between the donor and the target cells is important as it 

ensures the transfer of allelochemicals to the target as they compounds are constantly being 

diluted in the aquatic environment.  
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Chapter 6: An assessment of A. tamarense resting cysts 
6.1 Abstract 

Like many dinoflagellates, Alexandrium tamarense produces environmentally resilient resting 

cysts as part of its life cycle. These cysts play an important role in bloom initiation, as well as 

species dispersal and establishment in new areas (Brosnahan et al. 2010). Information on cyst 

numbers and identity is important for understanding and predicting bloom events. Recent 

evidence has shown that Group I and Group III A. tamarense can cross-breed producing a 

“hybrid” cyst that contains genes and rRNA genes from both parents. Finding evidence of 

hybrid cysts is important as the literature indicates that Group I and Group III crosses will 

produce non-viable progeny; and thus the presence of hybrid cysts may indicate a potential 

shift in the A. tamarense population, where the more dominant ribotype may outbreed the 

others over time. To address whether hybrid Group I and III A. tamarense cysts do occur 

around the Scottish coast, a polymerase chain reaction (PCR) method was adapted from 

Erdner et al. (2010) to test for the presence of Group  I, Group  III and hybrid cysts in both 

natural sediment samples and laboratory cross-breeding experiments. Initial use of qPCR with 

‘melt-curve’ analysis could not distinguish between the two A. tamarense genotypes, so 

conventional PCR and agarose gel electrophoresis was used to ribotype individually isolated 

cysts. Group I, Group III, and hybrid cyst PCR products were observed in Scottish sediment 

samples. Hybrid cysts were present at two sites; Walls Voe in Shetland and the Firth of Forth. 

Cross-breeding experiments were undertaken using a low P and N encystment medium to 

generate cysts; however, despite the production of cysts from Group I and Group III parent 

cultures, no hybrid cysts were formed. Overall, the detection of hybrid cysts at several 

Scottish locations indicates that Group I and III A. tamarense can cross-breed, lending support 
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to the hypothesis that this process could be playing a part in the gradual reduction in PSP 

toxicity observed around Scotland. 

6.2 Introduction 

6.2.1 Alexandrium Reproduction 

Evidence of sexuality has long been observed in dinoflagellate cultures (Von Stosch 1973; 

Destombe & Cembella 1990). Sexual reproduction is characterised by two major events 

syngamy (the union for two gametes) and meiosis. Most dinoflagellates are haplontic; where 

they alternate between a haploid vegetative cell and diploid stage, which results in a resting 

thick-walled zygote stage. The details of sexual reproduction differ among dinoflagellate 

species but two modes of sexual reproduction are evident. Firstly, sexual reproduction may 

occur within a clone (homothallic reproduction) or secondly, between two distinct mating 

types (heterothallic reproduction) (Destombe & Cembella 1990). A. tamarense has been 

reported to be heterothallic  (Destombe & Cembella 1990; Brosnahan et al. 2010).  

Heterothallism allows for the continuous rearrangement of genetic material and 

generates diversity by chromosomal recombination. Mating types most likely develop to 

prevent inbreeding (Destombe & Cembella 1990). Despite being heterothallic some species 

can still undergo homotypic encystment with fusion occurring with either similar or dissimilar 

gamete types (Brosnahan et al. 2010), which can lead to the production of sterile cysts. 

However, formation of sterile zygotes is commonly only observed among forced crosses of 

the same mating type, where sterility or non-viability results from incompatibilities expressed 

during cyst formation, with for example the zygote being unable to form the cell wall, or the 

zygote is able to germinate but cannot undergo meiosis (Destombe & Cembella 1990). The 

implications of homotypic and heterotypic encystment between genetically distinct strains is 
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therefore important, especially when studying strains that have been found to co-occur in the 

same area (Brosnahan et al. 2010).  

6.2.2 Life cycles 

Most dinoflagellate life cycles include; sexual and asexual, motile and non-motile stages. 

Vegetative (asexual) reproduction is by binary fission, where the nucleus of the parent cell 

divides a number of times by mitosis, producing several nuclei. The cytoplasm then separates, 

creating daughter cells. While sexual reproduction involves the fusion of two gametes. Sexual 

reproduction is explained in more detail below.  

There are two forms of cyst in the Alexandrium life cycle. Firstly there are the double-

walled hypnozygotes, also known as resting cysts. These types of cyst are formed during 

sexual reproduction, and have a mandatory dormancy period. Secondly there are the 

temporary cysts, which have a single layered cell wall and require no mandatory dormancy 

period (Garcés et al. 2002; Bravo et al. 2010). Production of temporary or ‘pellicle’ cysts are 

induced by adverse conditions such as aging cultures, nutrient limitation, temperature changes 

and bacterial attacks (Garcés et al. 2002). The temporary cysts are an important part of its life 

cycle and is also vital to population dynamics. Large numbers of temporary cysts concentrate 

in the water column whilst others aggregate on the sediment (Garcés et al. 2002). 

Hypnozygotes are easily distinguishable from temporary cysts due to their distinct pill shape 

(Figure 6.1). 

Sexuality begins with the fusion of two gametes, producing a motile quadriflagellate 

diploid planozygote (Destombe & Cembella 1990) fusion occurs at the hypothecal region 

with one cell slightly higher than the other. A narrow cytoplasmic connection is apparent 

between the cells near their basal bodies. At this stage the nuclei remain apart, with the 

chromosomes of the two nuclei remaining at right angles. The cytoplasmic connection then 
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widens and the nuclei migrate towards one another and realign so that their chromosomes are 

parallel. The chromosomes are ‘V’ shaped and are attached in such a way so that the free ends 

the chromosome of one gamete face the other gamete, allowing for the eventual pairing of 

homologous chromosomes (Fritz et al. 1989). The cell contains genetic material from both 

parent cells. This swimming stage remains in the plankton for up to a week before completing 

its development and returning to the hypnozygote phase (Brosnahan et al. 2010) (Figure 6.2). 

 Hypnozygotes usually germinate in early spring; the ‘germling’ or planomeiocyte is a 

diploid, weakly pigmented motile cell (Destombe & Cembella 1990). After germination 

meiosis occurs, which is a two stage process where the planomeiocyte undergoes two cell 

divisions to yield a haploid vegetative cell.  

 

Figure 6.1: Hypnozygotes of A. tamarense. ~ 55 µm 
long and 33 µm wide. D. Anderson.  
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Figure 6.2 The Life cycle of Alexandrium: describing the asexual 
haploid  and diploid sexual lifecycle stages (Brosnahan et al. 2010). 
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6.2.3 Cysts 

Both temporary and resting cysts have a number of important functions. The resting cyst stage 

allows the organism to remain dormant in the sediments when conditions are unfavourable 

(such as in winter), only germinating when temperature and light conditions are suitable for 

growth (Brosnahan et al. 2010). Under unsuitable environmental conditions (low temperature 

and light conditions) resting cysts in the sediment can remain viable for some years 

(Destombe & Cembella 1990). Only when temperature, light and a cysts internal biological 

clock all interact together can germination occur (Matsuoka & Fukuyo 2000). These cysts can 

help to re-establish a motile population quickly after the removal of unfavourable 

environmental conditions (Matsuoka & Fukuyo 2000).  

In monitoring studies it is the vegetative cells that are commonly evaluated. However, 

filter feeding shellfish not only accumulate toxins from vegetative cells, but also from 

temporary and resting cysts, the cysts can act as a source of toxins for benthic organisms 

(Matsuoka & Fukuyo 2000). Persson et al. (2006) observed that during feeding experiments 

the eastern oyster was able to digest large numbers of temporary and resting cysts, suggesting 

that toxicity in molluscs can be in part attributed to the consumption of toxic cysts. 

The geographic range of Alexandrium species appears to be increasing on a regional and 

a global scale (Lilly et al. 2007). Several explanations have been suggested for this apparent 

trend including the increased abundance of previously unnoticed endemic species, natural 

dispersal, human assisted dispersal, or a combination of all of the above (Scholin et al. 1995). 

The different cyst stages have allowed many harmful dinoflagellate species including 

Alexandrium to colonise a number areas where it was not previously present. During 

dormancy, cysts like other sediment particles can be transported to other locations. The 

resting cyst stage acts as a mechanism for dispersal (Anderson & Lindquist 1985) allowing 
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for their geographical expansion (Matsuoka & Fukuyo 2000). Cyst distribution and 

abundance information is therefore important when trying to understand the ecology and 

bloom dynamics of dinoflagellate species (Yamaguchi et al. 1995; Matsuoka & Fukuyo 

2000).   

Cyst beds in the Scottish wasters are potentially of great importance for reseeding the 

water column (Joyce et al. 2005). A compilation of historical data from Scottish waters 

(Brown et al. 2010) reported a regional distribution of Alexandrium cysts (and cells). High 

cyst (400 cysts g-1 sediment) and cell densities (100-300 cell ml-1) have been reported to occur 

along the east coast, Shetland, The Firth of Forth, offshore from Aberdeen, Western Isles 

(Brown et al. 2010) and the Orkney Isles (Joyce et al. 2005). This is in contrast to the low cyst 

(<100 cysts g-1 sediment) and cell abundance in sea lochs along the west coast (Brown et al. 

2010). 

Historically it was understood that Alexandrium in Scottish waters consisted of only 

toxic Group I strains (Medlin et al. 1998; Lilly et al. 2007). However, a study by Collins et al. 

(2009) highlighted the presence of cysts of the Group III non-toxic strains in Northern 

Scottish waters. Until as recently as 2007, Group III strains had not been reported at latitudes 

above 55 °N (approximately level with Newcastle upon Tyne). More recent studies have 

demonstrated that Group III strains are now present in the Orkney and Shetland Isles (Brown 

et al. 2010), on the west coast (Brown et al. 2010), and the East Coast ranging from the Firth 

of Forth to the Pentland Firth (Toebe et al. 2013). Group III ribotypes are now found in the 

same geographical areas that were previously dominated by Group I ribotypes and their 

ranges overlap in locations in the Shetland (Touzet et al. 2010) and Orkney Isles, as well as 

down the East coast of Scotland from the Pentland Firth to the Firth of Forth (Toebe et al. 
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2013). This raises the possibility that toxic Group I and non-toxic Group III A. tamarense 

populations could potentially hybridise by fusion of their gametes. 

6.2.4 Mating 

Brosnahan et al. (2010) showed that clones from widely dispersed populations of A. 

tamarense (such as our Scottish Group I and Group III strains) have the ability to create 

pairwise crosses and encyst, but that the hybrids either fail to germinate or will not survive for 

more than three cellular divisions (Brosnahan et al. 2010). A similar pattern was observed by 

Destombe and Cembella (1990) in A. catenella where most crosses proved to be non-

compatible. The failure to excyst was thought by Brosnahan et al. (2010) to be due to a large 

reduction in rDNA copy number caused by the destruction of loci (and most likely other 

genes) during encystment, whilst Destombe and Cembella (1990) thought that zygotes could 

not go on to complete meiosis, and thus the hypnozygote would not be able to germinate to 

give a planomeiocyte. This evidence suggests that where Group I and Group III strains co-

occur, they could hybridise sexually, but the progeny are likely to be non-viable. This may 

then act as a mechanism for the progressive elimination of the less abundant clade (Brosnahan 

et al. 2010). 

The changing geographic range of harmful dinoflagellates may result in species 

interacting with other species that previously they have had no contact with. Differing 

chemical and genetic interactions (described above) may change the community structure and 

hence the overall toxicity of a population. If A. tamarense populations are creating hybrid 

cysts in UK waters then one population may have the potential to out breed and displace the 

other, either increasing or decreasing the number and frequency of A. tamarense toxicity 

events in UK waters.  
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As Group III strains have been observed to bloom in higher cell numbers it would be 

more likely that the Group I strain would be outbred by the Group III strain. In areas where 

both groups co-occur, the more abundant group will have a higher mating success rate and so 

over time the less abundant group may be ‘bred out’ because the subsequent resting cysts are 

non-viable. With each successive breeding cycle there would be an increased probability that 

the less abundant group  will form a fatal cross with the more abundant group  (Brosnahan et 

al. 2010).  

In the last twenty years there has been an apparent decline in the occurrence of PSP 

shellfish toxicity events in Scotland (caused by the PSP producing (Group I) ribotype) 

(Bresnan et al. 2008). Given that there has been no statistically significant change in the 

number of above regulatory threshold Alexandrium “blooms” assessed microscopically (Swan 

and Davidson unpublished results), this suggests that the composition of the A. tamarense 

population in Scottish waters may be changing, perhaps mediated by a number of interactions 

including competition for nutrients (see chapter 4), chemical (allelopathy, chapter 5) and  

genetic interactions (this chapter).  

6.2.5 Cyst identification 

The monitoring and identification of Alexandrium cysts is impossible as they do not have 

specific morphological characteristics. As already discussed in Chapter 2, molecular methods 

provide us with a tool for routine detection and quantification of toxic microalgae. Molecular 

methods rely on identifying species specific regions of the target organisms and numerous 

primer sets and probes are available for several Alexandrium species/ribotypes (Toebe et al. 

2013). Ribotype specific primers allow one to differentiate between Group I and Group III 

cells and cysts. The primers employed in this study targeted the same sequences as the taxa 

specific oligonucleotide FISH probes in chapter 2. So, when DNA is extracted, selectively 
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amplified by PCR and then separated one can easily identify the cysts as being either a Group 

I or Group III cyst, or has resulted from a Group I and Group III pairwise cross and therefore 

contains rRNA genes from both of its parent cells.  

6.2.6 Aims 

This work sought to test the hypothesis that Group I and Group III strains are able to produce 

hybrid hypnozygotes in both the laboratory and the natural environment, and therefore could 

be one explanation for the gradual decline in PSP toxicity in Scotland due to abortive cross-

breeding. To achieve this, the aims of this study was to test the qPCR method described in 

(Erdner et al. 2010) and use this method to identify hypnozygotes (cysts) as either Group I 

(toxic), Group III (non-toxic) or a Group I/III hybrids. This methodology would then be used 

to assess the presence of hybrid cysts from Scottish sediment samples and laboratory 

encystment studies.  

6.3 Methods 

This work was carried out in collaboration with Woods Hole Oceanographic Institute 

(WHOI), with initial training occurring at WHOI, before the technique was applied back at 

SAMS.  

6.3.1 Methods section layout 

The first section describes the development of a protocol to detect Group I, Group III and 

hybrid cysts from DNA extracted from cysts isolated from Scottish sediment samples using 

PCR. The second section took this working method and tried to transfer it to qPCR. The 

concluding section outlines the final methodology used in the ecological part of this study.  
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6.3.2 Sediment samples 

Sediment samples from a number of locations around Scotland (Table 6.1) were provided by 

Marine Scotland Science. Sediment samples were from grab samples and stored in the dark at 

5 °C at Marine Scotland Science before being transferred to 10 ml plastic tubes and sent to 

SAMS. The sediment samples were then stored in the 10 ml plastic tubes in the dark at 5 °C. 

  Table 6.1: Locations of collected sediment samples around Scotland 

 

Sample No. Location Region  Date collected 
1 Loch Eynort Skye 01/09/07 
2 Vidlin Voe Shetland 29/05/09 
3 Cairinis North Uist 25/10/07 
4  E. Coast Offshore 29/07/06 
5 North Roe Shetland 30/05/07 
6 Scapa E. Coast Offshore 02/08/06 
7 Gourdon E. Coast 06/12/07 
8 Basta Vow Shetland 29/05/07 
9 Walls Voe Shetland 30/05/07 
10 Little Loch 

Broom 
W. Coast 03/09/05 

11 E. Loch Tarbet  W. Coast  03/09/07 
12  E. Coast Offshore 01/08/06 
13 Loch Laxford W. Coast 29/08/07 
14  Firth Of Forth  05/12/07 

 

6.3.3 Protocol development 

6.3.3.1 Cyst Isolation 

6.3.3.1.1 Sediment Processing 

The sediment samples were provided in 10 ml tubes. These were washed out and diluted to 30 

ml using filtered seawater (FSW) in a 50 ml centrifuge tube. An aliquot (10 ml) was decanted 

into another 50 ml centrifuge tube and diluted to 45 ml with FSW. The sediment was 

sonicated for 1 min using a Branson Sonifier 250 at a constant output of 40 W (Erdner et al. 

2010).  The sample was then sequentially sieved through a 90 µm and then a 20 µm mesh. 
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The fraction left on the 20 µm filter was backwashed using FSW into a 50 ml centrifuge tube 

(Rahman 2006). The process was then repeated twice more with the rest of the sample. 

6.2.3.1.2 Density Gradient Centrifugation  

Density gradient centrifugation is commonly used for the collection and separation of cysts 

from sediments (Yamaguchi et al. 1995). It allows cells to be concentrated from a greater 

volume of sediment, than by normal sonication and ‘panning’ methods. A density gradient 

was created in a centrifuge tube by carefully layering solutions of differing densities. 

Sediment/cyst mixtures were then layered on top of the density gradient tube and centrifuged. 

The various constituents moved through the density bands at different rates depending on 

their size, shape and density. The different components create distinctive bands within the 

density gradient (Bolch 1997). 

6.2.3.1.3 Sodium Polytungstate (SPT)  

The colloidal Silica solution Nalco 1060 was used when this work was initially carried out at 

WHOI. However, it is no longer available on the market, so another solution was chosen, 

when the technique was undertaken at SAMS. The solution chosen was the non-toxic 

chemical sodium polytungstate (SPT), because it allows for the selective accumulation of live 

cysts.  SPT forms neutral aqueous solutions that can achieve a high specific gravity (3 g cm-1) 

while still having a low viscosity (Rahman 2006).  

SPT was first tested on cultured cells fixed in formaldehyde (1% final concentration). 

SPT (37.5 g) was added to 12.5 ml of DI water (Bolch 1997). This solution gave a specific 

gravity of approximately 2.4 g cm-3. This stock solution was then used to make up subsequent 

solutions with specific gravities of: 1.2, 1.25, 1.3, 1.35 and 1.4 g cm-3 by diluting the stock 

solution with DI water. A aliquot (1 ml) of culture was placed in the bottom of a 15 ml 
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centrifuge tube. Step gradients were created using the different densities of SPT solution by 

carefully pipetting 2 ml of each solution under the culture so that the densest solution sat at 

the bottom of the centrifuge tube. The gradients were then centrifuged (1600 g for 10 min). A 

distinct interface could be seen containing cellular material in the 1.4 g cm-3 solution.  

To remove the cysts from the rest of sediment, the tubes containing the sonicated 

sediment samples were shaken to evenly distribute the sediment. Then 10 ml of 1.4 g cm-3 

SPT solution was added from the bottom upwards using an auto-pipette so that this denser 

SPT solution sat at the bottom of the tube. For ease, the SPT solution was also stained green 

using food colouring to better observe the collected material. The solution was then 

centrifuged (1000 rpm for 10 min). The top layer and the intermediate layer were then 

removed, as these are the layers that contain the cysts. This material was then thoroughly 

rinsed with FSW on a 20 µm sieve (Bolch 1997) and then backwashed into a 50 ml centrifuge 

tube and made up to 30 ml with FSW. 

6.3.3.2 DNA extraction 

6.3.3.2.1 Freeze thaw 

To release DNA from single cysts, individual cysts underwent three cycles of freeze-thawing 

in a -80 °C. Freezing was for 2 minutes and thawing occurred when tubes were left on ice for 

~ 10 min.  

6.3.3.2.2 DNeasy plant mini kit (Quiagen) 

To extract DNA for the Group I and Group III standards, samples were first broken open by 

repeated freeze-thawing, as described above. DNA was then extracted using the DNeasy plant 

mini kit (Quiagen) performed as recommended by the manufacturer. The DNA extract was 

then frozen until required.  
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6.3.3.3 PCR 

This first section describes how a PCR protocol was developed for normal PCR; the following 

sections describe this process.   

6.3.3.3.1 Primers 

The A. tamarense specific primers AlexLSUf2, AF1 and TamA were used. AlexLSUFZ is the 

universal forward primer compatible with Group I and Group III strains (Erdner et al. 2010). 

The primers were based on the sequences for the FISH probes (chapter 2). AF1 is the reverse 

primer for the Group I strain (expected PCR product size is 180 bp when coupled with 

AlexLSUFZ) and TamA is the reverse primer for the Group III strain (expected product size 

is 230 bp when coupled with AlexLSUFZ). The primers were initially diluted to a 

concentration of 100 µM in TE buffer (10 mM Tris-Hcl, 1 mM EDTA, pH 8.0). Primers were 

then diluted further and aliquoted into 10 µM working solutions using milliQ dH20.  

 

 

6.3.3.3.2 PCR setup 

A 2x master mix (Quiagen) was used; this contained a Tris buffer; 3 mM MgCl2, Tween20, 

Taq polymerase and all four nucleotides (each 400 µM). PCR reactions of 25 µl were used. 

Each reaction contained a final concentration of 1x final concentration, 0.2 µM forward 

primer (AlexLSU) and 0.2 µM of reverse primer (either AF1 and/or TamA) (Table 6.2). All 

reactions, unless otherwise stated, used the same constituents.   

Table 6.2: PCR primers used to amplify Group I and Group III A. tamarense (Erdner at al. 
2010).  

Target taxon Primer Probe sequence [5′-3′] 
A. tamarense (Group III) TamA  

TCACCCACAGCCAAAACCTA 
A. tamarense (Group I) AF1  

GCAAGTGCAACACTCCCACCA 
Alexandrium Universal 
Forward Primer 

AlexLSUf2 GGCATTGGAATGCAAAGTGGGGT
GG 
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6.3.3.3.4 PCR Thermocycling conditions 

For section 6.3.3.3.6 the samples were thermocycled using a PTC-100 programmable Thermal 

controller, (MJ Research Inc). The cycling consisted 94 °C (5 min), 30 s at 55 °C, 1 min at 72 

°C, followed by 29 cycles at 94 °C (10 s) and 57 °C and (5 min) at 72 °C (Erdner et al. 2010).  

For all subsequent sections the following programme was used: 94 °C (5 min), 30 s at 

57 °C, 1 min at 72 °C, followed by 29 cycles at 94 °C (10 s) and 30 s at 57 °C and 5 min at 72 

°C. Note the increase in temperature from 30 s at 55 °C to 30 s at 57 °C. 

6.3.3.3.5 Visualising the DNA: Gel Electrophoresis 

An agarose gel (2 % W/V) was prepared with Tris acetate-EDTA buffer solution (pH 8.7, Tris 

base, acetic acid and EDTA) and used to separate the PCR products. A 2 % gel was used as it 

shows a better resolution for smaller fragments. The 1 kb ladder2 (Invitrogen, UK) was used 

for size comparison. To aid sample loading, each sample (3 µl) was then mixed with loading 

buffer (Bioline, UK) (0.5 µl). 120 volts were applied across the gel (25 min). The gel was 

stained with Ethidium bromide3 (5 µg ml-1) (30 min). After staining with Ethidium bromide 

the gel was illuminated using ultraviolet light (FluoroChem FC2 by Alphatech) and images 

captured using a gel documentation system and software (AlphaEaseFC, FluorCehm HD2).  

 6.3.3.3.6 DNA standards for PCR. 

To create the standards for all further PCR reactions DNA was extracted from cultured 

material using the DNeasy plant minikit. Aliquots (1 ml, ≈ 6000 cell ml-1 and 5 ml, ≈ 30,000 

cell ml-1) of culture were removed aseptically from exponentially growing cultures (Group I 

and Group III) and fixed with formaldehyde (1% Final concentration). The samples were 

                                                
2 The PCR ladder is made up of known fragments and is used to assess the range 
of PCR product sizes. 
3 Ethidium bromide is commonly used as a fluorescent tag to detect nucleic acids 
as it fluoresces under ultraviolet light. 
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centrifuged (4000 g, 5 min) and as much of the supernatant as possible was removed by 

aspiration leaving the cell pellet. The DNA was extracted as described in section 6.3.3.2.2. To 

test the most ideal DNA concentration, eight reactions (25 µl) containing the 2x Master Mix, 

the universal forward primer (Alex LSU) and molecular water, the reverse primers (TamA or 

AF1) and the DNA extracts were added separately. DNA was extracted from Group I and 

Group III cell culture material using the DNeasy plant mini kit at two different 

concentrations; high (using 5 ml of culture) and low (using 1 ml of culture). The two different 

concentrations of Group III and Group I DNA standards were named as follows: high (NT5 & 

T5) and low (NT1 & T1).  

6.3.3.3.7 Primer annealing temperature optimisation 

During the reactions described above the Group I primer cross reacted with the Group III 

product, so annealing optimisation was carried out to assess at what temperature the cross 

reactivity stopped, but still allowed the Group I reverse primer to work. 24 reactions were 

prepared; 8 using the high concentration Group III DNA standard (NT5), 8 using the low 

concentration Group III DNA standard (NT1) and 8 using the low concentration Group I 

DNA standard (T1) across a wide range of temperatures from 53 °C to 63 °C. The PCR was 

set up as described above except the final reaction volume was 10 µl. The samples were 

thermocycled and then analysed on a 2 % agarose gel by electrophoresis 

6.3.3.3.8 Individual cyst test 

A number of individual cysts were isolated from the cyst/sediment material extracted by 

density gradient centrifugation (section 6.2.3.1.3) from a sediment sample. Only Hypnozygote 

resting cysts were isolated, which are easily distinguishable from temporary cysts due to their 

distinct pill shape (Figure 6.1). The cysts were isolated by micro-pipetting using an Olympus 

SZH dissection microscope and then pipetted into micro-reaction tubes and washed in PCR 
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water (10 µl). The cysts underwent three cycles of freeze-thawing in a -80 °C freezer to open 

the cysts. Two positive controls using the DNA standards T1 and NT1 from section 6.3.3.3.6 

(Group I and Group III) and a negative (blank) control were set up in 25 µl reactions as 

described above. As it was not known whether any of the cysts would contain Group I, Group 

III or hybrid DNA both reverse primers (TamA and AF1) were used together. A total of nine 

cysts were analysed. The samples were thermocycled and then analysed on a 2% agarose gel 

by electrophoresis.    

6.3.3.4 qPCR 

6.3.3.4.1 Melt Curve analysis using qPCR 

After successfully testing the methodology by PCR the technique was then transferred to 

qPCR. A melt curve analysis is an evaluation of the dissociation characteristics of any double 

stranded DNA during heating. The main purpose of the melt curve analysis is to verify 

amplification and to check the presence of nonspecific amplified products, such as primer 

dimers. The analysis can distinguish between different PCR products with subtle changes in 

the sequence length by assessing the dissociation characteristics of the double stranded DNA 

during heating. As the temperature is raised the double strands begin to detach which leads to 

a decrease in the fluorescence intensity of SYBR green. The dissociation characteristics can 

reveal information about the DNA such as G-C or A-T content and length. 

The temperature-dependent separation between the two strands can be measured using a 

fluorophore such as SYBR green or other double-stranded specific dyes. The separation of the 

DNA during the heating is measured by the sudden reduction in fluorescence. A graph of the 

melting curve with the fluorescence against temperature can help to determine the 

temperature of dissociation (which is defined as 50% dissociation).   
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Tenfold serial dilutions were made of the standards from section 6.3.3.3.6. Aliquots (10 

µl) were added to 90 µl of PCR water. The copy numbers of the standards were calculated 

(Staroscik 2004) and used to generate the curve. Reactions were set up (20 µl) containing 10 

µl of MESA green master mix4 for SYBR green assay, the three primers (Alex LSU, TamA 

and AF1) and PCR water. Master Mix (19 µl) was pipetted into each well of the qPCR 

analysis plate. The diluted PCR standards (1 µl) and a blank containing PCR water (1 µl) were 

then pipetted into the reaction plate in duplicate. The tray was then covered by a sheet of 

optically clear tape and centrifuged for 30 s. The tray was then thermocycled using a Quantica 

techne PCR instrument which was programmed to include melt-curve analysis.  

The cycling consisted of at initial melt at 95 °C (5 min), followed by 40 cycles at 95 °C 

(10 s) and 57 °C, followed by a melt curve analysis (modified from Erdner et al. 2010).  

6.3.4 Final methodology 

After the method development stage described above, (with the outcomes discussed in 

sections 6.4.1) a final methodology was decided on for the ecological section of this study. 

This methodology is described below and in Figure 6.2.   

6.3.4.1 Individual cysts 

To assess the type of cysts present in the Scottish sediment samples, cysts were isolated from 

the processed (as described in section 6.3.3.1.3) then individually micro-pipetted using a 

Olympus SZH dissection microscope, washed in 10 µl of PCR water and pipetted into micro-

reaction tubes, cysts then underwent three cycles of freeze-thawing in a -80 °C freezer. PCR 

                                                
4 MESA green contains dNTPs, Meteor Taq polymerase and MgCl2.  
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reactions (25 µl) were set up along with two positive controls, Group I and Group III and a 

negative blank control.  

6.3.4.2 PCR Thermocycling conditions 

The samples were cycled in a PTC-100 programmable Thermal controller (MJ Research Inc). 

The cycling consisted of: 94 °C (5 min), then 30 cycles of; 30 s at 57 °C, 1 min at 72 °C, and 

94 °C (10 s) and, finally 5 min at 72 °C. The PCR products were electrophoresed on a 2% 

agarose gel and if the reactions were positive they were run on a second larger 2% agarose. 

6.3.4.3 Encystment of pairwise mixed-cultures 

Four strains, two Group I (A. tamarense CCAP 1119/28 and CCAP 1119/24) and two Group 

III (A. tamarense CCAP 1119/33 and CCAP 1119/31), were grown up in 1 L volumes of 

normal L1 medium until mid/late exponential phase. An inoculum of 100 cell ml-1 of all 

pairwise combinations were added to 10 ml of N-limited (25 µM) (Brosnahan et al. 2010) or 

P-limited (3.6 µM) (Anderson & Lindquist 1985) (encystment) medium in 55 mm Petri-

dishes (15 °C, 12:12H L:D cycle, 100 µmol m-2 s-1) and incubated for 30-40 days. The 

cultures were checked twice-weekly for cysts. Cysts were isolated by micro-pipette and 

placed into individual micro reaction tubes (from step 3. in Figure 6.3). The cysts were 

washed with 10 µl of PCR water before three cycles of freeze-thawing in a -80 °C freezer. 

Two positive controls using the DNA standards T1 and NT1 from section 6.3.3.3.6 (Group I 

and Group III) and a negative (blank) control were set up in 25 µl as described previously. 

Each reaction contained both Group I and Group III reverse primers (TamA and AF1). A total 

of twenty cysts were analysed. The samples were thermocycled and the PCR products 

visualised on a 2% agarose gel. 
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• TamA (Group  III) [5′-3′] 
TCACCCACAGCCAAAACCTA 

• AF1 (Group  I) [5′-3′] 
• GCAAGTGCAACACTCCCACCA 
• AlexLSUf2 [5′-3′] 
GGCATTGGAATGCAAAGTGGGGTGG 

 
1.	  Sediment	   

2.	  Density	  gradient	  
centrifugation	  	  	  

• Dilute the sediment samples to 30 ml using filtered seawater (FSW). 
• Decant 10 ml aliquots into another 50 ml centrifuge tube and diluted 

to 45 ml with FSW.  
• Sonicate the sediment (1 min at 40 W). 
• Sequentially sieve through a 90 µm and then a 20 µm mesh.  
• Backwashed the 20 µm  fraction using FSW into a 50 ml centrifuge 
tube. 

3.	  Cyst	  isolation	  	   

• Isolate individual cysts by 
micro-pipetting using a 
dissection microscope. 

• Pipette individual cysts into 
micro-reaction tubes and 
washed in PCR water (10 
µl). 

• Dilute SPT to 1.4 g cm
-3 

and stain green with food 
colouring.  

• Add 3 ml of sediment material to a 15ml centrifuge tube.  
• Add 10 ml of the SPT solution from the bottom upwards. 
• Centrifuged (1000 rpm for 10 min).   
• Remove and retain the top and the intermediate layers. 
• Rinse on a 20 µm sieve with FSW. 
• Backwashed into a 50 ml centrifuge tube and make up to 

30 ml with FSW.  4.	  Freeze-‐Thaw	  	   

• Freeze in a -80 °C freezer (2 
min).  

• Thaw on ice (~ 10 min).  
• Repeat x3 

5.	  Primers	   

6.	  PCR	  Reactions	  	   

•Use a x2 master mix (Quiagen), 
containing Tris buffer; 3 mM MgCl2 and a 
detergent (Tween), Taq polymerase and all 
four nucleotides (400 µM).  
•Each 25 µl reaction should contain 1 cyst, 

12.5 µl of 2x master mix solution (1x final 
concentration), ~ 0.2 µM forward primer 
(AlexLSU) and ~ 0.2 µM of reverse 
primer (either AF1 or TamA) and then 
topped up with DNA/RNA free water.  

• 94 °C (5 min), 30 s at 57 °C, 1 min at 72 °C, 
followed by 29 cycles at 94 °C (10 s) and 30 s 
at 57 °C and 5 min at 72 °C.	   

7.	  Thermocycling	  
Conditions	   

• Use an agarose gel (2 %).  
• Load a 1 kb ladder (standard) (4 µl) (Quiagen).  
• Load an aliquot of each sample (3 µl) mixed with loading buffer (0.5 µl). 
• Run (120 volts for 25 min) 
• Stain the gel was with Ethidium bromide (5 mg ml

-1
) (30 min).  

• Illuminate the gel using ultraviolet light and capture the image.  

8.	  Visualisation	   

Figure 6.3: Flow diagram depicting the final methodology used in this chapter.  
• Run (120 volts for 25 min) 
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6.4 Results 

6.4.1 Method development 

6.4.1.1 DNA standards for PCR. 

To synthesise Group I and Group III DNA standards for the use with PCR and qPCR, DNA 

was extracted from A. tamarense cultured cells, and analysed on a 2% agarose gel. The 

standards were then used to calculate the PCR product length for the Group I and Group III 

ribotypes. Figure 6.4 illustrates the amplified DNA length differences observed when 

detecting Group I A. tamarense (Lanes 1-3) with a PCR product size of 180 bp, compared to 

Group III A. tamarense (Lanes 5-6), with a PCR product size of 230 bp. The higher 

concentrations (T5 and NT5) in lanes 5 and 7 appeared to be too overloaded with DNA. 

During this analysis, the Group I primer was observed to cross react with the Group III DNA, 

as observed by the presence of a 180 bp band in lane 7, when instead it should have been ca. 

230 bp. Primer dimers were also observed at the bottom of the gel as an additional band seen 

at 30-50 bp. 
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 Figure 6.4: DNA standards observed by agarose gel 
electrophoresis. The DNA standards were amplified from 
Group I (T) and Group III (NT) A. tamarense cultures at 
high (5 ml) (T5 & NT5) and low (1 ml) (T1 & NT5) 
concentrations. Highlighted bands on the 1kb ladder 
represent the approximate sizes in base pairs. The Group I 
and Group III specific reverse primers AF1 and TamA and 
the universal Alexandrium forward primer AlexLSU were 
used. L, 1kb DNA ladder (bp); lanes 1,2,3 Group I A. 
tamarense DNA amended to the PCR reactions at 1, 5 and 
5 µl respectively; lanes 5,6,7, Group  III A. tamarense 
DNA  amended to the PCR reactions at 1, 5 and 5 µl 
respectively; Lane 4, 8, negative control.  
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6.4.1.2 Primer annealing temperature optimisation  

As observed above (Figure 6.4, lane 7) the Group I primer cross-reacted with the Group III 

DNA. To eliminate the possibility of false-positive detection of the Group I ribotype from 

Group III DNA, it was necessary to determine at which temperature this cross reactivity 

ceased. To do this, a temperature optimisation experiment was carried out to assess at what 

temperature the cross reactivity stopped but that still allowed the Group I reverse primer to 

work correctly. Cross-reactivity between the Group III DNA and the Group I primer (AF1) 

ceased at 57.3 °C  (Lane 5) (Figure 6.5), compared with the Group I primer amplifying Group 

I DNA that worked correctly up to ≥60.4 ºC (Lane 23). Due to this, the PCR annealing 

temperature used for Group I and III ribotyping was increased to 57 °C for all subsequent 

reactions.  
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Figure 6.5: Primer annealing temperature optimisation test, observed by agarose gel 
electrophoresis of the PCR products amplified from Group I and Group III A. tamarense 
culture extracts at high (5 ml) (NT5) and low concentrations (1 ml) (T1 & NT5) 
concentrations at annealing temperatures ranging from 53-63 °C.  Highlighted bands on the 
1kb ladder represent the approximate sizes in base pairs.  The Group I specific reverse 
primer AF1 was used in PCR reactions 1-16 and Group III specific reverse primer TamA was 
used in PCR reactions 17-24. L, 1kb DNA ladder (bp); lanes 1-8 Group III A. tamarense 
DNA at a high (5 ml) concentration at 53-63 °C; lanes 9-16, Group  III A. tamarense DNA at 
a low (1 ml) concentration at 53-63 °C; lanes 17-24 Group I A. tamarense DNA at a low (1 
ml) concentration at 60.4-63 °C. 
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6.4.1.3 Individual cysts test  

This individual cyst test was used to firstly test the methodology and secondly to assess the 

type of cysts present in a Scottish sediment sample. A single sediment sample observed to 

contain many putative A. tamarense cysts was chosen at this stage to conserve the other 

sediment samples. Cysts were individually isolated from the processed sample and after 

freeze-thawing, the PCR reactions were run using both Group I and Group III primers in the 

same reaction mix. Group I cysts were present in lanes 5-7. Lanes 3 and 4 contain two 

distinct bands and therefore come from a cyst containing hybrid DNA.  
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Figure 6.6: Ribotype cysts isolated from a Scottish 
sediment sample observed on an agarose gel 
electrophoresis. PCR products were amplified from 
DNA extracted from individually isolated cysts. 
Highlighted bands on the 1kb ladder represent the 
approximate sizes in base pairs. The Group I and 
Group III specific reverse primers AF1 and TamA and 
the universal Alexandrium forward primer AlexLSU 
were used in all PCR reactions. L, 1kb DNA ladder 
(bp); Lane 1 Group I positive control; Lane 2 Group III 
positive control; Lanes 3-9 individually isolated cysts 
from a random sediment sample. Hybrid cysts are 
observed in lanes 3 and 4, depicted by the double band. 
Group I cysts are observed in lanes 5-7.  
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6.4.2 qPCR 

After successful use of the method described above using standard PCR, the method was then 

transferred to qPCR to enable quantitative assessement of A. tamarense ribotype abundance. 

The results of which are discussed below.  

6.4.2.1 Melt curve analysis 

The melt curve analysis revealed that there was only a small difference in the dissociation 

temperatures of the Group I and Group III PCR products (77 °C and 78 °C respectively). 

However, the primer dimer PCR product that was commonly observed on the agarose gel 

unexpectedly had a very similar dissociation temperature to the Group I PCR product, and it 

was not possible to distinguish between primer dimer and Group I PCR product using the 

melt curve analysis. This interfered with distinguishing between the presence of Group I or 

hybrid ribotypes in the samples, requiring gel electrophoresis to visualise the PCR products 

after qPCR. In light of this, it was decided that standard PCR would be used to assess the 

presence of Group I, Group III and hybrid cysts from sites around Scotland.  

6.4.3. Final methodology 

The following section describes the results using the final methodology used in the ecological 

section of this chapter. As the qPCR melt curve analysis failed to distinguish between Group I 

PCR product and the primer dimer PCR product, standard PCR was used to amplify the DNA 

extracted from the individually isolated cysts and results were visualised by gel 

electrophoresis. As the work was carried out on individually isolated cysts, a DNA extraction 

kit was not required, and instead all DNA was released by repeated by the simple process of 

freeze-thawing prior to PCR amplification.    
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6.4.3.1 Field Studies 

To confirm the presence and ribotype of A. tamarense cysts in the environment, sediment 

from 14 sites was obtained and analysed for Group I, Group III and hybrid cysts by PCR. 

Cysts from eight of the sites gave positive PCR results of the correct DNA size (Figure 6.7). 

Reactions contained cysts that had Group I, Group III or hybrid A. tamarense DNA. Positive 

reactions were observed from a variety of locations around Scotland, from the west coast from 

east Loch Tarbet to sites around Shetland and down to the Firth of Forth on the East coast 

(Table 6.3, Figure 6.8). From all of the positive reactions, 68% of the cysts were found to 

have the Group I A. tamarense ribotype. Only 9% of the cysts were shown to have the Group 

III ribotype, with all Group III cysts found in one location, Walls Voe in Shetland. Group I-III 

hybrid cysts were found at two of the fourteen sites; Walls Vow in Shetland and the Firth of 

Forth. Despite hybrid cysts being found in the Firth of Forth only Group I cysts were detected 

in those samples. However, due to the presence of the hybrid cysts, it was expected that both 

Group I and Group III cysts would be present, but no Group III cysts were found at this site. 

Table 6.3:  Ribotyping individual cysts isolated from Scottish 
sediment samples. Sample sites can be observed in Table 6.1. 
Sample Site PCR Resulta Sample Site PCR Resulta 

4 T 9 NT 
4 (-) 7 T 
5 T 7 T 
5 (-) 8 T 
9 Hy 8 T 
9 T 10 T 
9 T 11 T 
9 Hy 14 T 
9 (-) 14 Hy 
9 T 14 Hy 
9 T 14 Hy 
9 T 14 T 
9 NT   

 

a Results were either from: Group I (T), Group III (NT) or hybrid (Hy) 
cysts, or no PCR product detected (-). 
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Figure 6.7: Ribotyping individual cysts isolated from environmental samples. 
Highlighted bands on the 1kb ladder represent the approximate sizes in base 
pairs. The Group I and Group III specific reverse primers AF1 and TamA 
and the universal Alexandrium forward primer AlexLSU were used in all 
reactions. L, 1kb DNA ladder (bp); Lane 1, Group I A. tamarense DNA 
standard (T1); Lane 2, Group III A. tamarense DNA standard (NT1); Lane: 
Blank negative control; Lanes 4-5, cysts isolated from sample site 4, Lanes 6-
7, cysts isolated from sample site 5, Lanes 8-17, cysts isolated from sample 
site 9; Lanes 18-19, cysts isolated from sample site 7; Lanes 20-21, cysts 
isolated from sample site 8; Lane 22 cyst isolated from sample site 10; Lane 
23, cyst isolated from sample site 11; Lanes 23-28, cysts isolated from sample 
site 14. Hybrid cysts are observed in lanes 8, 11, 25, 26 and 27 and depicted 
by the double band.  
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Figure 6.8: Locations of sites and positive cyst results from around Scotland; Group I 
●, Group III ■ and hybrid ★. 
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6.4.3.2 Encystment of pairwise mixed-cultures 

To assess whether clonal cultures of both the toxic and non-toxic A. tamarense ribotypes 

could create hybrid cysts in the laboratory, pairwise breeding experiments were performed 

between Group I and Group III strains grown in different encystment medium. Putative cysts 

were only observed when strains were crossed in P-deficient medium. Cells present in the N-

deficient medium appeared to be devoid of pigmentation. Putative cysts were found in 

varying abundances depending on the strains. Of the 20 cysts isolated, nine gave a PCR 

product (agarose gel not shown; data summarised in Table 6.4). The cysts were found to be 

either Group I or Group III, and no cysts containing hybrid DNA were found (Table 6.4). The 

cross of CCAP 1119/31 x CCAP 1119/28 had the highest density of putative cysts (9), but 

just one Group III cyst was observed (Table 6.4). The CCAP 1119/31 x CCAP 1119/24 and 

the CCAP 1119/33 x CCAP 1119/24 crosses had both Group I and Group III cysts. In the 

CCAP 1119/33 x CCAP 1119/24 cross five cysts were isolated, with 2 positive results one 

Group I and one Group III; in addition to this, large numbers of empty theca were also 

observed. Out of the five cysts isolated from the CCAP 1119/31 x CCAP 1119/24 cross, there 

were six positive results, three Group III and three Group I. The CCAP 1119/33 x CCAP 

1119/28 cross did not give any positive results (Table 6.4).  

Table 6.4: Summary A. tamarense encystment and ribotypicing of resting cysts. 
Crossesa Mediumb Cysts (n)c Group I 

(%)d 
Group III 
(%)d 

Hybrid 
(%)d 

31x28 P 9 0 11 0 
31x24 P 7 43 43 0 
33x24 P 2 50 50 0 
33x28 P 2 0 0 0 

 

a Crosses consist of A. tamarense strains (CCAP 1119/) 31 (Group III) 
and 28 (Group I), 31 and 24 (Group I), 33 (Group III) and 24 and 33 
and 28  
b Medium used; P deficient (P). 
c Total number of cysts isolated and analysed by PCR from respective 
crosses 
d Percentage of cysts that gave a positive result from Group I, Group 
III or hybrid A. tamarense ribotypes.  
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6.5 Discussion  

6.5.1 Method development 

This work sought to test the hypothesis that the gradual decline in PSP toxicity in Scotland 

could be due in part to abortive cross-breeding between Group I and Group III A. tamarense 

strains. To accomplish this it was necessary to adapt and develop methodology to be able to 

ribotype cysts from laboratory and field material. This methodology enabled the identification 

of hypnozygotes (cysts) as either Group I (toxic), Group III (non-toxic) or a Group I/III 

hybrids. Subsequently, these methods were then used to ribotype cysts isolated individually 

from natural sediment samples and from a number of pairwise crosses in laboratory breeding 

experiments.   

6.5.1.1 Density Gradient centrifugation  

Density gradient centrifugation is a technique that allows the separation of cells, organelles or 

macromolecules depending on their size, shape or density. It was used here to concentrate 

Alexandrium cysts from sediment based on the specific gravity of the cyst.  

The ideal solution for density gradient centrifugation of algal cysts is the non-toxic 

chemical Nalco as it can achieve a large range of specific gravities but this chemical is no 

longer commercially available so sodium polytungstate (SPT) was chosen for this study as it 

is non-toxic and can be made up to achieve a high specific gravity (Bolch 1997). The only 

drawback to SPT is that it is clear; making it difficult to observe the SPT seawater barrier and 

therefore the positioning of the retained cysts, but this problem was rectified with the addition 

of a few drops of food dye. SPT required a higher specific gravity (1.4g) than Nalco 

(Brosnahan et al. 2010), but it proved to be an effective alternative allowing a high recovery 

of cysts from the environmental sediment samples.  
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6.5.1.2 DNA extraction  

The success of PCR is dependent on the quality and quantity of the extracted DNA.  In order 

to release the genetic material for analysis, the cells or cysts must first be broken open or 

lysed. There are a number of methods available for cell disruption including physical and 

chemical techniques. In most molecular studies of A. tamarense employing qPCR commercial 

DNA extraction kits have been used (Brosnahan et al. 2010; Erdner et al. 2010), as 

commercial kits are useful when there are large numbers of samples containing low organism 

numbers. To create the Group I and Group III standards for PCR and qPCR the DNeasy plant 

mini kit (Quiagen) was used to extract DNA from cultured material. However, as the qPCR 

method was not used and all further work focused on individual cysts, the extraction kit could 

not be used, as the kit was ineffective at extracting DNA from individual cysts. Due to this, 

freeze-thawing was used to release the DNA from the cysts. Freeze-thawing is a commonly 

used method to assist the lysis of dinoflagellate cells. It involves quick freezing, followed by 

quick thawing, causing the cells to break open as they repeatedly swell and shrink and 

eventually break open due to ice crystals forming during the freezing process. Furthermore, 

freeze thawing has been shown to release quantitatively higher yields of DNA compared to 

other extraction methods (Sharbatkhori et al. 2009).  

6.5.1.3 qPCR methodology 

The qPCR method initially trialled in this study used the non-specific dye (SYBR green) to 

detect PCR product formation. These dyes fluoresce when they are bound to double stranded 

DNA; their disadvantage is that they lack specificity because they report the amplification of 

any DNA and not just the gene of interest, meaning that other artefacts such as primer dimers 

(PD) can also be detected. As the melt curve analysis revealed the primer dimer PCR product 

had a very similar dissociation temperature to the Group I PCR product, it was therefore not 
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possible to distinguish between PD and real product using the melt curve analysis. A primer 

dimer is a by-product of suboptimal PCR where primer molecules hybridise to each other due 

to the complimentary bases within the primers (Brownie et al. 1997). Due to this, the products 

needed to be visualised by gel electrophoresis after PCR amplification. An alternative may 

have been to use probe-based detection. Probe-based quantification uses sequence specific 

DNA-based fluorescent reporter probes (e.g. TaqMan), which result in the quantification of 

the target sequence only. The probes contain a fluorescent reporter and a quencher. Once the 

probe is hybridised to the complimentary target, the reporter and the quencher separate and 

the signal is produced. The advantages of using these probes are their specificity and 

sensitivity, but the major disadvantage is cost, and hence this method was not pursued in this 

study.  

6.5.2 Final methodology 

After the failure of the qPCR method regular PCR was used to identify hypnozygotes (cysts) 

as either Group I (toxic), Group II (non-toxic) or a Group I/III hybrids from the Scottish 

sediment samples and the laboratory encystment studies. 

6.5.2.1 Field Study  

Out of the fourteen sites tested, eight of the sites returned positive PCR results for the 

presence of A. tamarense cysts (Figure 6.8, Table 6.3). Cysts were present at other sites, but 

ellipsoidal, transparent cysts can be produced by a number of Alexandrium species (Shin et al. 

2008) which would not react with the PCR primers used here. The presence of other 

Alexandrium cysts demonstrates that there is the potential for mixed Alexandrium blooms of 

an unknown composition to develop around Scotland (Toebe et al. 2013).  

The majority (68%) of positive results were from Group I cysts (Figure 6.8, Table 6.3). 

On the west coast of Scotland Group I cysts have been observed in sediment from Little Loch 
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Broom in the north (Smayda 2006a) to east Loch Tarbet in the south. An Alexandrium bloom 

was observed in west Loch Tarbet in August 2010, but this was attributed to a non-toxic 

Alexandrium species (Swan & Davidson 2011). As the positive controls indicated that the 

method was working correctly, it is believed that no Group III A. tamarense cysts were 

present in the sediment sample at this site. This could be an example of the patchiness of 

Alexandrium cysts, as observed in other Alexandrium cyst studies (Collins et al. 2009;  Brown 

et al. 2010), or that Group III cyst concentrations were low at this site as sampling of this site 

occurred prior to the 2010 bloom. Other potential explanations could be that cysts were 

biologically compromised and the DNA was not amplifiable, or that sediment material had 

been carried over that caused an inhibition of the PCR. 

Hybrid cysts were found in samples obtained from the Firth of Forth and Walls Voe in 

Shetland (Figure 6.8). Until recently Group III cells had not been reported as far south as the 

Firth of Forth. It was not until the study by Toebe et al. (2013) who reported the co-

occurrence of Group I and Group III in that region did the true distribution of Group III cells 

along the East coast of Scotland became apparent.    

A study by Touzet et al. (2010) observed populations of Group I and Group III A. 

tamarense ribotypes (Group I and Group III, respectively) co-occurring in sites around 

Shetland including Clift Sound to the South East, and Vaila Sound to the south west. 

Therefore, it is perhaps to be expected that there would be a higher probability that hybrid 

cysts could be found in the sediments around Shetland.  

The lack of Group III cysts around Scotland was surprising as Group III cells have been 

isolated from a number of locations around Scotland especially on the west coast including: 

North Uist, Loch Ewe and Loch Nevis and the Orkney and Shetland Isles in the north as well 

as Stonehaven (Collins et al. 2009) and from the Pentland Firth to the Firth of Forth in the 

east (Toebe et al. 2013). There could be a number of reasons why Group III cysts were not 
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observed; firstly the methodology failed, but this is unlikely as the positive controls worked. 

Secondly the DNA copy number was too low that therefore the products could not be 

visualised, but again this is unlikely as some Group III cysts were present in low numbers. 

Thirdly, the Group III cysts could have already germinated and lastly the date of sediment 

sampling (Table 6.1) preceded any Group III blooms in these areas and the Group III cysts 

were simply absent from the sediment samples.  

6.5.2.2 Encystment of pairwise mixed-cultures 

In order to test whether Group I and Group III strains create hybrid cysts in the laboratory, a 

number of cross-breeding experiments were carried out using different encystment medium. 

Cysts were formed for three out of the four pairwise crosses confirming that low phosphate 

medium induces encystment (Anderson & Lindquist 1985). Crucially, none of the cysts that 

were isolated from these crosses were shown to be hybrid cysts when ribotyped using the 

PCR assay (Table 6.4). The absence of hybrid cysts perhaps indicates that the strains were 

incompatible or any hybrid cysts that did form proved to be unstable and aborted early. 

However, as hybrid cysts were present in the environmental samples (Figure 6.7), and hybrid 

cysts have been previously produced in laboratory cross breeding experiments (Brosnahan et 

al. 2010), it was anticipated that some hybrid cysts should have been able to persist under 

laboratory conditions. Due to the lack of hybrid cysts produced in these laboratory cross 

breeding experiments the potential survival rate of any offspring is still unknown, so, 

unfortunately we cannot assess if hybrid cysts produced from Scottish Group I or Group  III 

strains have the potential to produce any viable offspring. The hybrids produced in the cross 

breeding experiments by Brosnahan et al. (2010) failed to produce any viable progeny, as they 

either aborted early, or the offspring did not survive for more than three generations. The 

results from Brosnahan et al. (2010) suggest that in areas where Group I and Group III 
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populations overlap in the environment any hybrid cysts that do form will not go on to 

produce a viable population, and therefore the presence of hybrid cysts provides evidence that 

one population is outbreeding the other. To gain a more thorough understanding from the 

cross breeding studies, additional Scottish strains need to be tested in cross breeding 

experiments alongside germination studies to assess hypnozygote viability. 

6.5.2.3 Ecological implications 

Group I and Group III A. tamarense ribotypes have been shown to co-occur, not only around 

Scotland (Collins et al. 2010; Touzet et al. 2010; Toebe et al. 2013), but on the northern coast 

of Ireland and within the South China sea (Lilly et al. 2007). The discovery of hybrid cysts in 

this study, as well as those previously observed in Belfast Lough, Northern Ireland 

(Brosnahan et al. 2010) demonstrates that mating and chromosomal hybridisation is possible 

between the two different ribotypes. However, the current evidence is that such hybrid cysts 

do not lead to the formation of hybrid A. tamarense haploid (vegetative) cells (Brosnahan et 

al. 2010). More recently, evidence that there is the existence of a reproductive barrier between 

the two groups is supported by Toebe et al. (2013) who failed to find any hybrid ribotypes 

among a large number (n = 88) of isolates of A. tamarense established from vegetative cells 

isolated from the Scottish East coast. The possibility that these hybrid cysts are not able to 

produce viable progeny means that gene migration between the two ribotype populations is 

very unlikely. The most likely cause for this genetic incompatibility is due to some form of 

geographical isolation at an earlier time that has caused the ribotypes to become isolated to 

the extent that it has irreversibly affected genetic interchange (John et al. 2003; Brosnahan et 

al. 2010).  

In the last twenty years there has been an apparent decline in the occurrence of PSP 

shellfish toxicity events in Scotland (caused by the PSP producing (Group I) ribotype) 
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(Bresnan et al. 2008). Given that there has been no statistically significant change in the 

number of above regulatory threshold Alexandrium “blooms” (Swan and Davidson 

unpublished results) this suggests that the composition of the A. tamarense population in 

Scottish waters may be changing, such that there are less PSP-producing A. tamarense, PSP-

bloom events or the A. tamarense are less toxic. The ecological consequences are that if 

offspring are not viable, gradually overtime the cyst beds may become depleted, leading to the 

exclusion of the less abundant ribotype. So, the detection of hybrid cysts in Scottish waters 

may indicate the gradual displacement of one ribotype by another, potentially resulting in a 

gradual decrease in toxicity or toxic bloom events (as observed over the last two decades). To 

understand this phenomenon more fully, a large-scale study should be carried out to 

quantitatively assess the abundance and distribution Group I, Group III and hybrid cysts in 

Scottish sediment samples, and ideally from dated sediments.  

6.6 Conclusions 

The aim of this work was to test the hypothesis that Group I and Group III ribotypes are able 

to produce hybrid hypnozygotes (cysts) in both the laboratory and the natural environment, 

which has the consequence of producing cysts that do not produce viable offspring, and 

therefore this abortive cross-breeding could be one explanation for the gradual decline in PSP 

toxicity in Scotland. To achieve the aims of this study a qPCR method based on that described 

by Erdner et al. (2010) was tested. This methodology would then be used to assess the 

presence of Group I, Group III and hybrid cysts from Scottish sediment samples and 

laboratory encystment studies. However the qPCR method with melt curve analysis revealed 

that the primer dimer PCR product had a very similar dissociation temperature to the Group I 

PCR product, and so it was not possible to distinguish between PD and real product using the 

melt curve analysis. Due to this a normal PCR method was used to test for the presence of 
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Group I, Group III and hybrid cysts in both natural sediment samples and laboratory cross-

breeding experiments. The presence of Group I, Group III, and hybrid cysts was demonstrated 

in Scottish sediment samples. Hybrid cysts were present at two sites Walls Voe in Shetland 

and the Firth of Forth.  

Cross-breeding experiments were undertaken to generate cysts in the laboratory, but the 

cross breeding experiments did not produce any hybrid cysts. Overall, the presence of hybrid 

cysts at several sites around Scotland does indicate that abortive cross-breeding between 

Group I and III A. tamarense does occur in the natural environment, and therefore, this could 

results in a potential shift from a Group I to a Group III population (or the opposite), leading 

to an increase or decrease in toxicity or toxic bloom events. A larger ribotyping study of cysts 

from dated sediments would improve our understanding for the potential of abortive cross-

breeding and the chronology of whether the A. tamarense population structure has changed 

over the last decade or so. 
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Chapter 7: Summary and general conclusions 
This aim of this thesis was to investigate competitive dynamics of saxitoxin (Group I) and non 

saxitoxin (Group  III) producing A. tamarense strains to create a better understanding of the 

factors that may be governing the recent perceived shift in A. tamarense bloom dynamics in 

Scottish waters. For the first time, Group I and Group III A. tamarense strains were co-

cultured. The results of the laboratory experiments and modelling studies gave an insight into 

the likely outcomes of competition in both current and future water temperature conditions. 

The major results are detailed below: 

7.1.1 Methods for strain determination 

• Building on recently developed analytical methods using taxa specific oligonucleotide 

FISH probes; TamA and TamToxC were combined with flow cytometry (FISH-FC) to 

create a novel, accurate and reproducible method for the separation and enumeration of 

morphologically identical Group I and Group III A. tamarense strains.  

• The use of FISH-FC reduced the total analysis time in comparison with fluorescence 

microscopy, and allowed for a greater number of samples to be processed. Development 

of this method was fundamental to all further culture based experimental work in this 

thesis. 

• The FISH-FC method proved to be accurate and reliable over a range of cell 

concentrations (100-6000 cell ml-1) for both laboratory cultures. 

• More development would be required to allow the use of this method in routine 

monitoring programmes, due to the problems associated with Lugol’s Iodine fixed cells. 
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7.1.2 Laboratory studies: Mixed-Culture and Spring/Summer 

• The A. tamarense batch monoculture time course growth experiments provided 

important information on a number of physiological parameters such as growth rate, 

nutrient uptake and cell quota, which were used to parameterise the cell quota based 

model applied in chapter 4.  

• Co-culture of Group I and Group III strains allowed investigation of growth, toxin 

production and competition dynamics under P limitation.  

• Both strains showed a preference for the intermediate temperatures 15 and 18 °C, as 

observed by the obvious bell shaped curve when plotting the maximum specific growth 

rate against temperature. Yet, despite both strains having a preference for the 

intermediate temperature, strain differences did occur.   

• In both mono- and mixed-cultures, cell growth and biomass was strongly modulated by 

temperature. The Group III strain almost exclusively had a higher biomass and 

maximum specific growth rate across the range of temperatures used in this study. 

Temperature therefore played an important role in influencing the outcome of 

competition, suggesting that changing SST will also change the dynamics of co-

occurring Group I and Group  III ribotypes in Scottish waters.  

• The Group III strain appeared to be able to uptake and utilise P more effectively than the 

Group I strain. 

• The mixed-culture results clearly demonstrate a competitive interaction between Group I 

and Group III ribotypes with growth rates, maximum cell densities and total toxicity per 

cell showing marked changes compared to the monoculture experiments.   

• In mixed-culture, the Group I ribotype was almost exclusively out-competed by the 

Group III ribotypes at all temperatures except 18 °C which appeared to be its optimum 
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temperature, suggesting that any further increases in Scottish SST may favour the toxin 

producing Group  I strain. 

• Under Spring/Summer conditions, in terms of growth rate and biomass the Group III 

strain was more affected by the changing light regimes, indicating that photoperiod is 

potentially an important factor influencing community composition.  

• In keeping with results from the literature the toxicity of A. tamarense was enhanced 

under P limitation.  

• Total toxin concentrations were reduced when the Group I cells were grown in mixed 

culture. The Group III cells were potentially causing some form of toxicity inhibition.    

• Toxin production by A. tamarense was elevated under low temperature and short light 

(spring) conditions, which might have been a consequence of a slow growth rate and an 

accumulation of arginine, a precursor of toxin synthesis. This enhanced toxin production 

suggests that toxin concentrations would be greater during the spring Alexandrium 

bloom (April to May) sometimes observed in Scottish waters compared to blooms that 

form in summer/autumn (August to September). 

7.1.3 Modelling 

• A modified Caperon/Droop (cell quota) model of phytoplankton growth was capable of 

describing the P limited mono-culture data for both strains after the input variables at 

each temperature were parameterised separately.  

• When the mono-culture nutrient uptake data was plotted against external nutrient 

concentrations it did not follow the usual hyperbolic function as described by Michaelis-

Menten kinetics, but was instead linear for both strains. The Quota model was therefore 

altered from its original form to represent this observed relationship between nutrient 
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concentrations and nutrient uptake in a similar manner to Chapelle et al. (2010) for A. 

minutum.   

• The quota based competition model parameterised from monocultures failed to 

effectively predict the P-limited growth for the mixed cultures without parameter 

optimisation. Only after parameter optimisation, was the model able to effectively 

simulate the data from the mixed culture experiments.  

• Modelling proved to be an effective tool for highlighting that the observed growth 

patterns (i.e. dominance of the Group III strain) from the mixed culture experiments 

were not just due to more efficient nutrient uptake by the Group III strain but, additional 

interaction(s) were also involved.  

• Using the optimised parameters the quota based competition model was used to make 

predictions of the likely outcomes of competition with different inoculum densities. 

Results from this exploratory modelling study suggest that at current SSTs the Group III 

ribotype will dominate over the Group I ribotype, but if SSTs were to increase by a few 

degrees to 18 °C then the Group I ribotype may dominate.  

7.1.4 Allelopathy 

• The allelopathic effect of one species on another strain of the same species was studied 

for the first time.  

• Both maximum specific growth rates and maximum cell yields were inhibited when the 

Group I cells were cultured in a cell free supernatant from an exponentially growing 

Group III culture. These results were not influenced by pH.  

• The results suggest that the Group III strain in the natural environment, would have a 

competitive advantage over other species (including Group I strains) through their 
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apparent ability to produce allelochemicals. Previous studies suggest that a lytic 

compound is most likely involved.  

7.1.5 Hypnozygotes 

• A PCR method was used to test for the presence of Group I, Group III and hybrid cysts 

(hypnozygotes) from Scottish environmental sediment samples and laboratory cross 

breeding experiments. The qPCR method tested failed to distinguish between A. 

tamarense DNA and other amplified products, so a normal PCR method was used to 

assess manually isolated individual cysts. 

• Group I, Group III and hybrid cysts were present in the Scottish environmental sediment 

samples. Hybrid cysts were notably found at two sites; Walls Voe in Shetland and the 

Firth of Forth, areas known for co-occurring Group I and Group III populations. The 

presence of hybrid cysts highlights the possibility that the more dominant ribotype may 

outbreed the other over time, if as the literature suggests, hybrid crosses fail to produce 

viable progeny.   

• Cross breeding experiments failed to produce hybrid cysts, perhaps highlighting their 

breeding incompatibilities.  

7.1.6 Implications: Global 

• The work undertaken within this thesis provided a new method for fast and effective 

identification and enumeration of A. tamarense ribotypes, a method that has the potential 

to be used in both laboratory and monitoring studies. The ability to distinguish between 

ribotypes would be highly beneficial to monitoring programmes where currently cells 

are only identified to genus level as cells are fixed with Lugol’s iodine, a fixative which 

causes shrinkage and cell distortion and masks key identification features.  
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• For the first time the competitive interactions between the two ribotypes were observed. 

The mixed-culture experiments allowed for a better understanding of the competition 

dynamics between the two ribotypes. There is a great deal of interest in the nutritional 

mode of phytoplankton, and conflicting opinions on the effect anthropogenic nutrients 

have on HABs. However, this thesis has highlighted that nutrient uptake by the 

respective ribotypes was not the only driver affecting competition dynamics, suggesting 

that altered nutrient concentrations may have less of an impact than previously thought. 

7.1.7 Implications: Local 

• In current Scottish waters it would be expected that the A. tamarense blooms that 

develop in spring would most likely be more toxic than those that develop in the 

summer. Sea surface temperatures in Scottish coastal waters are expected to rise 

between 0.4-2.5 °C over the next thirty to forty years depending on location (Harrison et 

al. 2001; Hughes et al. 2006. Frost et al. 2012), with the greatest warming trend being 

observed in the North Sea (Frost et al. 2012). This will cause a potential increase in 

mean summer temperatures from 12.5-16.5 °C to 12.9-19 °C, with an absolute summer 

maximum of 20°C (Harrison et al. 2001). As observed in this thesis, an increase in 

temperature by just a few degrees will completely change growth, biomass and the 

outcome of competition. Harrison et al. (2001) reported that Scottish SST temperatures 

could reach 18 °C by 2050 and thus the Group I ribotypes would be favoured. However, 

as lower temperatures have been observed to increase toxicity any increases in SST may 

in turn lower the total toxicity. 

• Nitrogen has traditionally been regarded as the limiting nutrient for phytoplankton 

growth but phosphorus limitation does occur in a number of regions. DIP concentrations 

in Scottish coastal waters can range between 0.1-1 µM (Slesser & Turrel 2005; Fehling 
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et al. 2012), much lower than those used in this study. N concentrations in Scottish 

coastal waters can range between 0-12 µM depending on location and season (Slesser & 

Turrel 2005). Due to this some areas are likely to experience P limitation to some 

degree, thus causing enhanced A. tamarense toxicity in Scottish coastal waters.  

7.1.8 Recommendations for future work.  

• It would be useful to undertake mixed-culture spring/summer studies to assess how the 

characteristics of different seasons affect competition dynamics. 

• Using available monitoring data sets in conjunction with this experimental data could 

potentially allow for modelling of the A. tamarense community structure and subsequent 

toxification events throughout the year.  

• To more completely investigate allelopathic interaction it would be useful to isolate and 

characterise the compound(s) responsible for the allelopathic interactions observed by 

HPLC-MS and to note their mode of action. Also further experiments to identify how 

the impact of differing Group III cell densities influence Group I cells by using both a 

cell free supernatant and live cells are recommended. Measuring additional parameters 

would also be an advantage and these should include: FRRF (fast repetition rate 

fluorometry) which assess the variable fluorescence, chlorophyll concentrations to 

determine the impacts of allelochemicals on photosynthesis and AP (alkaline 

phosphatase) activity; as the cells were cultured in a P limited environment. It may also 

be beneficial to undertake some ‘drip feeding’ experiments, where the Group  III 

supernatant is slowly added over the duration of the experiment to see if allelopathic 

activity was lost from the beginning to the end of the experiment.  
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• To complete the picture on the cross breeding studies, additional Scottish strains should 

be used in cross breeding experiments alongside germination studies to assess 

hypnozygote viability. 

• A large scale study should be carried out to quantitatively assess the abundance and 

distribution Group I, Group II and hybrid cysts in Scottish sediment samples.  

7.1.9 Summary 

In Scottish waters Alexandrium is one of the most important HAB species in terms of 

severity, diversity, distribution and distruptive impacts. Running in parallel with the recent 

expansion in HABs there has been a push to increase our understanding of A. tamarense 

bloom dynamics and toxin production, including the competitive interactions observed in this 

thesis. The development of new methods for identification, enumeration, toxin detection and 

sampling are helping to bridge the gaps that still exist in our knowledge. This had led to major 

advances in our understanding of their biogeography, physiology, toxicology, genetics, 

ecology and management. Despite these advances there is still much to learn about A. 

tamarense such as; the role of allelochemicals and PSP toxins in controlling phytoplankton 

communities, the impacts of other environmental variables in controlling growth and bloom 

dynamics and the ecological implications of Group I and Group  III ribotypes breeding in the 

environment. In creating a better understanding of A. tamarense dynamics, it allows us to 

better predict A. tamarense blooms and ultimately their associated toxification events, 

minimising the potential threats to human health and ecosystem goods and services.  
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Appendix A: Logged cell counts for experiment 1: Preliminary 
experiment 

 

 
A1: Logged cell counts: comparison of growth between strains (■) CCAP 1119/28 Group I 
(Toxic) (▫) CCAP 1119/24 Group I (toxic) (▲) CCAP 1119/31 Group III (non-toxic) (Δ) 
CCAP 1119/33 Group III (non-toxic) for agitated (a) and static (b) cultures. All results are 
means of triplicate samples. Error bars represent the Standard Error. 
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Logged cell counts for experiment 2: Mono-culture 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A2: Logged cell densities per ml at 12 °C (a), 15 °C (b), 18 °C (c) and (d) 21 °C for the 

Group I (toxic) strain (▄), the Group III (non-toxic) strain (▲) and the co-culture (♦) 

treatment. All results are means of triplicate samples.  Error bars represent the 

Standard Error. 
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Logged cell counts for experiment 3: Mixed-culture 

 

 

 

 

 

 

 

A3: Logged cell densities per ml at (a) 12°C, (b) 15°C, (c) 18°C and (d) 21°C for the 

mixed co-culture treatment using a Sedgwick Rafter (●) and flow cytometer (▲), and the 

individual Group  III (non-toxic) counts (▄) and individual Group  I (toxic) counts (♦). 

All results are means of triplicate samples. Error bars represent the Standard Error 
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Logged cell counts for experiment 4: Spring/Summer 

 
A4: Logged cell densities per ml for the Summer (LP) and Spring (SP) 

for a Group I (toxic) ● and Group III (non-toxic) ■ strain.  All results are 

means of triplicate samples. Error bars represent the Standard Error. 
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