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ABSTRACT

Cyanobacteria (blue-green algae) occur commonly in British 

freshwaters sometimes producing extensive growths known as 

water blooms. This study was an investigation of microcystins, 

the cyclic heptapeptide toxins produced by cyanobacteria. The 

method of detection relied on high performance liquid 

chromatography (HPLC) analysis which led to the development of 

large-scale purification processes 

as standards in routine monitoring 

to provide material for use

of natural waters and

laboratory cultures. These methods were also employed to

purify unknown microcystin variants for characterisation. The

purified variants were used to constuct a spectral library,

using a photodiode array detector, against which samples were

screened and any microcystins present identified and

quantified. The above detection method was used to monitor the

occurrence of several microcystins present in loch water

during a single day. This study observed considerable spatial

and temporal variation in the occurrence of these microcystins

but suggests how sampling techniques may help reduce this

variability.

Ecological studies, such as that above, require a large number 

of samples. This led to the development of a simple and rapid 

sampling and extraction method for microcystins. It was 

specifically designed for suspensions of cells in open water 

and enabled rapid sample processing prior to analysis by HPLC.

This method was also used in the development of a 14 day



bioassay to investigate environmental factors influencing the

growth and toxin content of cyanobacteria. Once optimised the

bioassay method was used to try and identify parameters

limiting growth and toxin production in a selected freshwater

loch.
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Cyanobacteria are an ancient group of phototrophic prokaryotes

which can be found in a wide range of habitats. The term

'blue-green algae' is commonly used when referring to these

organisms as they possess an algal-like morphology and are

capable of photosynthesis. A dilemma exists as to whether they

should be classified under the International Code of Botanical

Nomenclature (1972) or the International Code of Nomenclature

of Bacteria (1975) (Skulberg et al.,

have led to the taxonomic treatment of these organisms as a

separate and distinct group-: Class Cyanophyceae.

Fossil record shows that cyanobacteria existed 3.3 to 3.5

billion years ago and were the first organisms capable of

photosynthesis. For this reason it is speculated that they may

have played a role in the oxygenation of the atmosphere. It is

also theorised that cyanobacteria were the origins of

chloroplasts, the structure in plants responsible for

photosynthesis. It is suggested that these early

photosynthesisers may have been taken up by other microbes,

lost their ability to function independently and became

chloroplasts (Carmichael, 1994).

Cyanobacteria are capable of producing potent toxins which can

be divided into three main groups: hepatotoxins, neurotoxins

and lipopolysaccharide endotoxins.
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The largest and most commonly encountered group of toxins in 

freshwater are hepatotoxins known as microcystins (Carmichael, 

molecular weight cyclic heptapeptides with a common structure 

consisting of three D-amino acids: alanine; erythro-p- 

methylaspartic acid and glutamic acid and two unusual amino 

acids namely N-methyldehydroalanine and a 20 carbon chain, 3- 

amino-9-methoxy-2,6,8-trimethyl-10-phenyldeca-4,6-dienoic 

acid, often abbreviated to ADDA. Variations in the two L-amino 

acid, the degree of methylation/demethylation and variations 

in the structure of the ADDA gives rise to at least 50 

microcystin variants characterised to date (Bell and Codd, 

1996). Microcystins (MCYSTS) are named to indicate the two 

variable amino acids, for example, MCYST-LR contains leucine

(Carmichael et al.,

Another hepatotoxin group consists of the nodularins which are

a closely related group of cyclic pentapeptide toxins which 

affects the same target organs and show similar hepatotoxicity 

in animals as microcystins (Carmichael et al., 1988b). These 

are produced by the genus Nodularia and a range of nodularin 

variants have been identified (Namikoshi et al., 1994).

However a hydrophobic analogue of nodularin called motuporin 

has been identified in extracts of the marine sponge Theonella
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methyldehydro-Ala

GluX

methyl-Asp
Adda

leucine [L] 
phenylalanine [F] 
tryptopan [W] 
tyrosine PQ 
methionine sulfoxide

alanine [A] 
arginine [R] 
phenylalanine [F] 
tryptopan [W] 
tyrosine [Y] 
methionine sulfoxide [M]

Fig. 1.1. The general structure of a microcystin (MCYST), the 

two variable amino acid positions labelled X and Y.
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sp. and is the first representative of the microcystin class

of toxins to be found in the marine environment (Andersen et

Another type of hepatotoxin. cylindrospermopsin, has been

isolated from an Australian tropical cyanobacterium

Cyllndrospermopsis raciborskii (Hawkins et al., 1985) and a

Japanese cyanobacterium Umezakia natans (Harada et al., 1994).

It is a tricyclic alkaloid. The survival time of mice injected

with this toxin is longer than those injected with

microcystins or nodularins but in addition to liver damage,

damage to the lungs, kidneys, adrenals and intestine also

occurs (Bell and Codd, 1996)

Structural modifications of the microcystin molecule can

result in reduced toxicity (Table 1.1). Stotts et al. (1993)

demonstrated that the toxicity of MCYST-LR was substantially

reduced by additions to the D-glutamic acid. He reported that

the most toxic variants he investigated during the study all

had conserved the D-glutamic acid. Studies have shown that

removal or saturation of the ADDA structure greatly reduces

the toxicity of MCYST-LR (Dahlem,

isolated a geometrical isomer, 4(E), 6(Z) isomer of the diene

of ADDA portion of MCYST-LR and showed that the molecule did

not retain its hepatotoxicity, demonstrating the importance of
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Table 1.1. The toxicity of a range of microcystin toxins.

TOXIN LDso " REF ”

MCYST-LR 25-150 1; 2; 3

[ DMAdda^ ] MCYST-LR 97 4

[Dha7]MCYST-LR 259 4

MCYST-RR 111-650 1; 3 ; 4

MCYST-YR 68-~171 3;4

MCYST-YM 56 5

MCYST-LY 91 1

MCYST-LA 39 1

MCYST-WR -171 4

MCYST-FR -249 4

MCYST-AR -249 4

MCYST-M(0)R 750 4

a: Intraperitoneal mouse bioassay, pg purified toxin per kg body wt.

b: 1. Stoner et al., 1989; 2. Fawell et al., 1993; 3. Watanabe et

al.,1988; 4. Stotts et al., 1993; 5. Ellemon et al., 1978;

s



steric configuration. Toxicity also appears to require that

It is strongly suspected that microcystin toxicity is a result

of the inhibition of important regulatory enzymes in the

eukaryotic cell. It has been shown that microcystins are

potent and specific inhibitors of protein phosphatases 1 and

2A (MacKintosh et al., 1990). Runnegar et al. (1993) also

demonstrated that inhibition of these enzymes was preceded or

accompanied by clinical changes observed due to microcystin

intoxication. Protein phosphatase enzymes play a very

important role in the regulation of many cellular processes in

eukaryotic cells by catalysing the dephosphorylation of

intracellular phosphoproteins thereby reversing the actions of

protein kinases. Protein kinases are responsible for promoting

cellular division and their action is thereby kept in check by

protein phosphatases.

Microcystins are also suspected to act as tumour promoters as

they inhibit protein phosphatases in a similar manner to

okadaic acid which is a potent tumour promoter (Rudolph-Bbhner

et al., 1994). Intraperitoneal injection of MCYST-LR to rats

caused the promotion of liver tumour cell growth after

chemical initiation of the tumours (Nishiwaki-Matsushima et

al., 1992). Falconer (1991) applied a known carcinogen to the

skin of mice which were then given either water or water with
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Microcystis extract. After 52 days he observed a 7-fold

increase in the weight of skin tumours in mice given the

Microcystis extract compared to the control. Hepatocellular

carcinoma is one of the major cancers in China and Yu (1994)

observed that people who drank pond/ditch water had higher

mortality rates from this type of cancer than people who drank

deep-well water. He remarked that a very high number of all

ponds sampled had high cyanobacterial populations during the

summer and autumn periods.

It is evident that microcystin toxins specifically target the

liver but the reasons for this are not clear although it is

likely that the toxins are carried into hepatocytes by the

bile acid carrier salt transport system, found in the liver

(Runnegar

by damage to the cytoskeleton fibres of the liver and it is

known that phosphorylation/ dephosphorylation reactions can

greatly influence the structure of these fibres (Carmichael,

1994). Symptoms of microcystin and nodularin poisoning include

weakness, cold extremities, diarrhoea and vomiting followed by

death due to liver haemorrhage. These toxins are produced by

members of the genus Microcystis, Anabaena^ Oscillatoria

{Planktothrix} and Nostoc (Bell and Codd, 1996).

The cyanobacterial neurotoxins include anatoxin-a, anatoxin-
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toxin characterised from a freshwater cyanobacterium (Devlin 

azabicyclo[4.2.1]non-2-ene (Fig. 1.2(a).) and is produced by 

members of the genus Anabaena, Aphanizomenon flos-aqua and

Oscillatoria sp. (Bell and Codd, 1996; Carmichael and

Falconer, 1993). It acts as a postsynaptic, cholinergic,

nicotinic agonist resulting in overstimulation of the muscle

cells. Death usually occurs as a result of respiratory arrest.

Anatoxin-a(s) is a N-hydroxyguanidine methyl phosphate ester

produced by Anabaena sp. (Fig. 1.2(b).). It acts by inhibiting

acetylchloinesterase, thus impeding the degradation of

acetylcholine. This also results in overstimulation of the

muscle cells but it is four times more potent than anatoxin-a

(Table 1.2).

Table 1.2. The toxicity of a range of neurotoxins.

TOXIN LDso " REF ”

ANATOXIN-A 200-250 1; 2 ; 3

7\NAT0XIN-A (S) 31-50 1; 2; 3

SAXITOXIN 10 1

NEOSAXITOXIN 10 1

a: Intraperitoneal mouse bioassay, pg purified toxin per kg body wt.

b: 1. Carmichael, 1988; 2. Carmichael, 1992; 3. Devlin et al., 1977.
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ANATOXIN-A

ANATOXIN-A(S)

SAXITOXIN

Fig. 1.2. The chemical structures of (a) anatoxin-a, (b)
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Saxitoxin is a member of a group of closely related 

tetrahydropurine compounds known as the paralytic shellfish 

toxins (PSP) (Fig. 1.2(c).). Derivatisation of saxitoxin 

results in a number of other natural toxins which includes 

neosaxitoxin (N-1 hydroxy (Rl) saxitoxin) (Baden and Trainer,

aqua and Anabaena circinalis but are also found in marine

a wide

range of these PSP toxins in a scum sample of Ana. circinalis.

These compounds act by blocking sodium channels thus impeding

nerve conduction.

Lipopolysaccharide (LPS) endotoxins are commonly produced by

many Gram-negative bacteria although those produced by

cyanobacteria are ten times less potent than those produced by

other pathogens, for example Salmonella (Raziuddin et al.,

1983). Symptoms of cyanobacterial endotoxins include vomiting,

diarrhoea, skin rashes and allergic reactions.

The earliest scientific report implicating cyanobacteria as

the causative agent in animal poisonings was published by

after the ingestion of scum material of the cyanobacterium

Nodularia spumigena, which had accumulated along the edge of

Lake Alexandria in South Australia. Since then many animal

poisonings attributed to cyanobacteria have been reported



world-wide. Codd et al. (1992) reported the deaths of dogs

after ingesting neurotoxic benthic Oscillatoria sp. which had

accumulated along the shoreline of several lochs in Scotland

during 1990 and 1991. In 1989, 20 lambs and 15 dogs died at

Rutland Water, Leicestershire, UK, after consuming shoreline

scums of Microcystis aeruginosa. A range of microcystins were

detected by HPLC in the rumen contents of one of the lambs

that had died {Lawton et al., 1995). A large fish kill in Loch

Leven, Scotland, in 1992 occurred after a bloom of Ana. flos

aguae had begun to senesce. The bloom proved toxic by mouse

bioassay and microcystins were also detected in the loch

water. Examination of the dead fish showed extensive liver

damage consistent with hepatotoxin poisoning (Rodger et al.,

There have been meny reports also implicating cyanobacteria in

human illnesses. The earliest public health report was in 1931

when a population using water from the Ohio river, USA, were

cyanobacterial scum had accumulated in the side branch of the

were hospitalised with atypical pneumonia after canoeing

exercises on Rudyard Lake, Staffordshire, UK, which was

experiencing a large bloom of M. aeruginosa at the time

(Turner et al., 1990). However, no fatal poisonings of humans

had been confirmed until April, 1996, when 38 people died
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after dialysis treatment using water contaminated by MCYST-LR 

(Dunn, 1996) .

Poisoning events such as these have led to a greater awareness

of the potential hazard of cyanobacteria. A large sampling

program was carried out in the UK by the National Rivers

Authority in 1989 in which they found that 68% of the blooms

tested contained toxic cyanobacteria (National Rivers

Authority, 1990). It has been shown that the toxicity of

blooms can be very variable depending on site and time of

collection (Carmichael and Gorham, 1981) and non-toxic blooms

have been shown to become toxic after the first biomass 

increase (Benndorf and Henning, 1989). For these reasons it 

has been recommended that all cyanobacterial blooms are 

treated as toxic.

As microcystins are the most commonly occurring toxins, they

have been the focus of several studies investigating the

stability and fate of these toxins in the environment. It has

been reported that pure microcystin has a high degree of

thermal stability (National Rivers Authority, 1991; Coyle and

Lawton, 1996). Microbial degradation plays an 

in the decomposition of cyanobacterial toxins 

important role

in the natural

environment. Cousin et al. (1996) observed degradation of

MCYST-LR in reservoir water in less than a week. Watanabe et 

al. (1992) observed during induced decomposition experiments



using Microcystis cells that the cell density declined

gradually to the 14th day and then rapidly decreased from the

14th to the 42nd day, accompanied by an increase in

hetertrophic bacteria and release of microcystins into the

filtrate. The equivalent amount of microcystin initially

present in the Microcystis cells was detected in the filtrate

on the 35th day of the experiment but decomposition of the

toxin did not commence until the 42nd day.

Jones (1990) also reported the biodegradation of MCYST-LR in

natural waters but only after an induction period lasting from

3 days to 3 weeks. However, re-addition of MCYST-LR to the

water led to immediate decomposition without a lag phase. He

suggested that microcystins may persist or decompose depending

on the history of the waterbody and whether it has previously

been exposed to cyanobacteria (Jones and Orr, 1994) . Rapala et

al. (1994) also reported that loss of hepatotoxins was fastest

in vials inoculated with water and sediment samples taken from

eutrophic lakes during or after a hepatotoxic bloom, although

the loss of anatoxin-a occurred equally fast in all types of

water and sediment inocula. It has also been reported that

different microcystins decompose at different rates. Rapala et

al. (1994) noted that MCYST-LR decomposed before variants of

MCYST-RR and Watanabe et al. (1992) reported that MCYST-YR

degraded more rapidly than MCYST-LR.
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Conventional water treatment processes normally consist of

coagulation; flocculation; sedimentation and filtration but

many studies have shown that this is not effective in removing

algal toxins (Drikas, 1994; Hoffmann, 1976; Rositano and

Nicholson, 1994). Keijola et al. (1988) investigated the use

of slow sand filtration for the removal of both neurotoxins

and hepatotoxins. They demonstrated that it was possible to

achieve 60-80% removal but cautioned that this may vary in

different filters depending on the biofilm present and also

the age of the filter. Many researchers have found that

activated carbon treatment can be effective in toxin removal

(Keijola et al., 1988; Himberg et al., 1989). Donati et al.

(1994) demonstrated that the efficiency of toxin removal

depended on brand and showed that wood-based carbons were the

best.

Ozonation has been shown to completely and rapidly remove both

1988; Rositano and Nicholson, 1994). Rositano and Nicholson

(1994) also demonstrated that UV irradiation removed 90% of

MCYST-LR after 30 minutes but the radiation needed was high.

They suggested, however. that it may be practical to use this

treatment in combination with an oxidising agent. The use of

ozonation in combination with granular activated

has been proposed. Ozone oxidises organic matter to smaller

more biodegradable compounds which would enable the more rapid
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establishment of biofilms on the filters (Drikas, 1994). The 

main drawback to this method is the cost.

Cyanobacterial toxins are secondary metabolites i.e. compounds 

that are not used by the organisms for its primary metabolism.

It is not clear why cyanobacteria produce these compounds but 

the most prevalent theory in the literature is that they play 

demonstrated in laboratory experiments that Boeckella 

triarticulata fed almost entirely on green algae even when 

presented with toxic cyanobacteria. Lawton et al. (1990) 

reported that exposing Daphnia pulex and Daphnia magna to pure

MCYST-LR resulted in time and concentration dependent 

mortalities. Carmichael (1994) observed that zooplankton 

species generally do not consume toxic cyanobacteria unless 

there is no other available food and then they often modulate 

the amount they eat. Beveridge et al. (1993) demonstrated that 

phytoplanktivorous fish can discriminate between microcystin 

containing and non-microcystin containing cultures of M.

aeruginosa. These fish stopped grazing when presented with 

toxic cyanobacteria but controls presented with non-toxic 

cyanobacteria continued to feed.

Other functions proposed for the production of these toxins 

include 1) antifouling and surfactant agents 2) metal 

acquisition and storage 3) unwanted excretion products (Codd,



1995) or 4) that they may once have had some critical function

that they have since lost (Carmichael, 1994).

The widespread occurrence of toxin-producing cyanobacteria has 

led to the need for control and management strategies to be 

devised. As cyanobacteria thrive in nutrient-rich waters an 

obvious control method involves reducing nutrient input into 

waterbodies. Other more short-term strategies involve killing 

the blooms. The most commonly used algicide is copper sulphate 

but if a bloom is toxic this treatment results in a large 

release of toxin into the water. Australian water authorities 

have generally recommended a 7-10 day period during which 

water is not utilised following algicide treatment, however.

as was discussed previously degradation of microcystins may 

take anything from 3 days to 3 weeks.

Cyanobacterial growth would be completely prevented by 

excluding light but this control strategy is only practical in 

the case of small service reservoirs and holding tanks. An 

alternative approach is artificial aeration which is used to 

mix and destratify waterbodies. This strategy also reduces the 

amount of light received by cyanobacteria and can provide a 

selective advantage for other phytoplankton such as diatoms.

Aeration can also help reduce nutrient recycling that can 

arise when sediments become anoxic (Hrudey and Lambert, 1994).



Barley straw has been used in the UK to control the appearance

of blooms (Newman and Barrett, 1993) . It is thought that the

decomposition of the straw releases compounds with algicidal

properties into the water. However, its success has been

variable. A toxic bloom was observed in Loch Rescobie,

Scotland, during August 1994, even though straw bales were in

place throughout the year (author's observation).

It has also been suggested that cyanobacterial populations

could be controlled biologically by the introduction of

predators although much research into this area is still

required. Matveev and Jones (1994) observed that when Daphnia

carinata King was presented with lake phytoplankton it

consumed everything including colonies of cyanobacteria.

However, as discussed earlier many zooplankton and

planktivorous fish may avoid feeding on toxic cyanobacteria.

The introduction of new species into waterbodies must also be

strictly assessed and controlled.

It has been demonstrated that many environmental factors can

affect the growth and toxicity of cyanobacteria (Sivonen,

1990; Van der Westhuizen and Eloff, 1985; Campbell, 1994;

Utilken and Gjolme, 1995). However, many conflicting results

exist in the literature. It has been observed that, at times.

different strains or species of cyanobacteria are used to

investigate the effects of environmental factors. Ambiguous

results between research groups may be due to different
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responses/adaptations of particular cyanobacteria. It was also

noted that the range/concentrations of parameters such as

temperature, light and nutrients used by researchers can also

be quite variable. The majority of these studies employ a

growth assay which is lengthy and very time consuming, usually

involving weekly sampling over a period of eight to ten weeks.

This study set out to develop a simple and rapid bioassay

approach with a fourteen day endpoint to replace this more

traditional approach. This bioassay was then used to assess

the impact of selected nutrients on toxin production by M.

aeruginosa PCC 7820 cultured in both media and natural loch

water. It was simple and rapid to perform and enabled many

factors that affect cyanobacterial growth and toxin production

to be investigated over a shorter period of time. It will also

be used in future to investigate the affect of these

parameters on a range of cyanobacteria species. This would

provide more insight into the role these environmental

parameters play in the dynamics of cyanobacteria populations.

There was a need also to develop a simple sampling and

extraction procedure for the routine analysis of microcystins

in both the environment and in laboratory cultures. The method

had to be suitable for the collection of open water samples

and the detection of microcystins in lochs not experiencing

bloom conditions at the time. The methodology developed was

simple to use and enabled the rapid collection and analysis of



a large number of samples. This allowed the investigation of

both temporal and spatial variation of microcystin toxins in a

freshwater loch and suggested how sampling strategies can

effect this variablity.

Most purification methods developed to date only result in

microgram to milligram amounts of pure microcystins. This

study aimed to develop a large scale purification method to

purify gram quantities of microcystins. This provided material

for standards in the routine HPLC analysis of loch waters and

also provided material for creating a spectral library of a

range of microcystins. This library was used to identify

microcystins occurring in the environment. This method was

also used to purify and characterise a range of unidentified

microcystins produced by a strain of M. aeruginosa which was

originally purchased from a catalogue supplying schools with 

biological material.
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CHAPTER 2

Development and application of a sampling and extraction 

procedure for the quantitative analysis of microcystins in 

cyanobacterial cells.

23



2.1. INTRODUCTION

There is an increasing requirement for routine methods to

sample and monitor cyanobacterial toxins. Poisoning events

involving animals have been reported since 1878 (Francis,

1878). There have been numerous reports which have implicated

cyanobacterial toxins in human illnesses (Tisdale, 1931;

Turner et al., 1990; Dillenberg and Dehnel, 1960) and animal

deaths (Codd et al., 1992). However, no lethal poisonings of

humans had been confirmed until April, 1996, when 38 people

died after dialysis treatment using water contaminated by

MCYST-LR (Dunn, 1996). Incidents such as these has led to an

increased awareness of the danger these cyanobacterial toxins

present in both recreational and potable water supplies.

There is a need for a simple sampling and extraction regime

for microcystins in cyanobacterial cells which would allow the

routine collection and analysis of large numbers of water

samples. This would provide more meaningful ecological data

about the presence of toxic cyanobacteria in a waterbody.

The majority of extraction methods used to date have been

primarily designed to facilitate the purification of

microcystins to allow characterisation (Sivonen et al., 1992;

With the exception of a few (Gjolme and

Utkilen, 1994; Lawton et al., 1994), extraction methodology

has been designed for large amounts of cell material
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(Namikoshi et al., 1992) which has favoured the collection of 

heavy shoreline scums.

More recently, methods have been proposed which enable the 

analysis of cyanobacterial cells at much lower cell density.

These methods allow the collection of open water samples.

Gjolme and Utkilen (1994) proposed a simple protocol which

involved filtering cells onto a GF/C filter, then a cycle of

freeze/thawing to rupture the cells, followed by aqueous

extraction. Similarly, Lawton et al.

onto GF/C disks but found methanolic extraction was more

efficient at extracting the different microcystin variants

present. However, both these procedures related the amount of

microcystin present to the volume of sample filtered and this

is difficult to compare to the conventional mouse bioassay

which relates to biomass. To appreciate the toxicity of

cyanobacteria it is important to relate the amount of toxin

present to a specified biomass of cells.

This chapter presents a sampling and extraction procedure for

the routine analysis of microcystins in cyanobacterial cells.

It is specifically designed for suspensions of cells in open

water or laboratory cultures and incorporates a drying step to

allow the determination of cyanobacterial biomass. The method

enables rapid sample processing prior to analysis by HPLC.

Once optimised the method was applied to monitoring of

freshwater lochs and routine screening of laboratory cultures.
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The toxicity of certain cyanobacterial species can be quite

variable. Carmichael and Gorham (1981) found that the

toxicity, as well as density and species composition, varied

greatly from site to site on a single day, from day to day.

season to season and even at the same site at different times

during the day. Bowling (1994) also observed considerable 

between-site variability in cyanobacterial numbers during two 

small blooms in Lake Cargelligo, New South Wales, but

suggested that error due to less frequent sampling at the time

and wind moving the bloom may have had significant impact.

The distribution of plankton both horizontally and vertically

has often been reported as patchy (Fogg, 1965). Cyanobacteria 

possess gas vesicles and thus have an advantage over other 

plankton in being able to rapidly adjust their buoyancy so

that they can move into areas of the water column more

suitable for their growth. It has been observed that many

species of cyanobacteria form well-defined populations at

particular depths throughout the water column (Reynolds, 1971;

Walsby and Klemer, 1974). These populations located throughout

a lake may form seed populations of later surface blooms

(Lindholm, This has been demonstrated by Reynolds

showed that surface accumulations of cyanobacteria

in the Shropshire Mere, England, resulted from the

concentration of colonies previously located several meters

deep in the water column. Keller and Paerl (1980) also

observed an Anabaena population migrating between surface and
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sub-surface waters throughout a day. This movement occurred in

an unpredictable manner and often resulted in the formation of

scums.

This presents an obvious problem when sampling, both

quantitatively and qualitatively, the plankton population of a

waterbody. A large number of sites would need to be screened

over a longer period of time to provide more meaningful

ecological data on the distribution and occurrence of

cyanobacteria. Cyanobacteria are also traditionally sampled by

scooping cells from the surface layer of blooms accumulated

near shore. This is particularly the case when obtaining

samples for toxicity testing. Samples obtained in this manner

are unlikely to be representative of the entire waterbody, as

samples obtained from the surface of the water takes no

account of any cyanobacteria populations that may be

distributed within the water column. These surface

accumulations are also subject to wind induced movement.

This chapter describes the variation in biomass and

microcystin content of a freshwater cyanobacterial bloom at

selected sites over the period of a 

obtained, by the traditional method 

day. Samples were

of scooping cells from the

surface layer of the water, at six sites. However, integrated 

samples of the water column between 0-1 m were obtained at a 

single site. It was observed on the day that the bloom moved 

continuously by gentle wind action and it was proposed that
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samples taken from the water column may be more reproducible 

and representative than the surface samples.
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2.2. MATERIALS AND METHODS

2.2.1. Cultivation of cy^riobacteria

Cultures of Microcystis aeruginosa PCC 7820 (Institut Pasteur,

Paris) were grown in BG-11 medium (Stanier et al,, 1971) plus 

nitrate (8.8 mM NaNO3) under continuous illumination of 20 

gmol m"s by cool white fluorescent 

with sterile air throughout. Growth

tubes (36 W) and sparged

temperature ranged between

21 and 29°C. Cultures were grown to exponential phase before

sub-culturing.

BG-11 plus nitrate

NaNOs 0.750 gr'

K2HPO4 0.040 gl-'

MgSO4.7H2O 0.075 gi’'

Na2CO3 0.020 gr'

CaC12.2H2O 0.036 gi’^

EDTA 0.001 gi-'

FeSO4.3H2O 0.006 gv'

Citric acid 0.006 gl"^

Trace element solution 1 mil'■1

Trace element solution

H3BO3 2.680 gl’^

MnC12.H2O
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volumes).

ZnSO4.7H2O 0.222 gi’^

Na2Mo04.2H2O 0.390 gi-'

Cu (NO3) 2.6H2O 0.079 gi'^

Co (NO3) 2.6H2O 0.049 gr'

Autoclaved at 120°C (pressure approx. 15 psi) for a time

dependant on volume (approximately 20 minutes for 1 1

2.2.2. Assessment of drying protocol

(a) Whole cells

7820 were filtered

through pre-weighed (to five decimal places) 7 cm GF/C filter

dislcs. Each filter plus cells was placed in a Petri dish and

dried at 70°C for 3 hours (Hot-dry method). The control

consisted of filters plus cells prepared in an identical

manner as before except frozen (-20°C) then defrosted prior to

extraction without a drying step (Freeze-thaw method)

for each treatment were prepared in triplicate.

Once it had been established that the hot-dry method 

. Filters

caused a

decrease in recovery of microcystins a modified drying process 

was developed. This involved drying the filters at 55°C for 30 

minutes, removing them from oven and allowing them to cool in
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a dessicator, followed by a further 15 minutes at 55°C (Cool-

dry method).

(b) Purified microcystins

The microcystin variants present in M. aeruginosa PCC 7820 are

MCYST-LR; -LY; -LW; -LF (Lawton et al., 1995). A mixture of

these purified microcystins was prepared (see purification

protocol, chapter 4) in a ratio similar to that found in the

laboratory culture. The approximate concentration in the test

solution was as follows: MCYST-LR, 1.5 mgml MCYST-LY, 0.07

mgml MCYST-LW, 0.17 mgml S* MCYST-LF, 0.26 mgml \ An aliquot

(40 pl) of the test mixture was then applied to GF/C filters

which were subsequently wetted with 200 pl distilled water to

mimic conditions and drying time required when cyanobacterial

cells were filtered. Triplicate filters were processed by each

of the previously described protocols, i.e. hot-dry; cool-dry

and freeze-thaw.

2.2.3. Extraction Protocol

All filtered samples used in the assessment of drying were

processed by the following method: Each filter disk was placed

in a glass beaker with 10 ml methanol and allowed to extract

for one hour. The extract was then decanted into a 50 ml pear-

shaped flask and rotary evaporated to dryness. A total of

three consecutive extractions were performed with the liquor

e.



frcm each filter being pooled to give a single sample. The

sanple was re-suspended in 2 x 250 pl methanol and analysed by

HPIC as previously described (Lawton et al., 1994) .

Three filter disks plus cyanobacterial cells were extracted,

without drying, at the outset of this investigation to confirm

thQ suitability of the extraction methodology employed. To

alJow the effectiveness of the repeated extractions to be

examined, the liquor from each was processed separately. All

other aspects of the extraction and analysis were as

described.

Finally, the optimum length of time required to extract the

microcystins from cells was assessed. Filter disks plus M.

aeruginosa PCC 7820 were prepared as before and cool-dried.

Triplicate filters were extracted for 5, 30 and 60 minutes and

extracted using the method described.

2.2.4. Analysis of natural samples

Op(;n water samples were collected from several Scottish lochs

on 23 August 1994 by filling a container from the sub-surface

layer of the water. The samples were filtered through a sieve

to remove large particles such as zooplankton and debris and

examined microscopically to identify which genera of

cyanobacteria were represented. Aliquots of the samples were

then processed and analysed by the developed protocol.
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The variation in toxicity at sites on a freshwater loch over a

single day was also investigated. Sampling was carried out on

the 31 August 1995 at Loch Rescobie, Scotland, which was

experiencing bloom conditions at the time. Six sites were

selected around a pier (Fig. 2.1.) and it was observed that

quite thick surface scums were accumulating near the shore.

Surface samples were collected every hour at these sites over

a period from 11.20 a.m to 3.20 p.m. (Hours 1-5). Aliquots

were filtered through pre-weighed GF/C filters using a hand­

held vacuum pump. These filters were taken back to the

laboratory, dried as described in section 2.2.2 and a dry

weight of cells obtained.

One metre composite samples were also taken from 0-1 m in the

water column every hour at site A (Fig. 2.1.) . These samples

were obtained using alm pipe (3.5 cm diameter) which was

lowered into the water column, the water being retained inside

the pipe by insertion of a rubber bung. An aliquot (200 ml)

was filtered onto pre-weighed GF/C filters and treated as

described above. A sample was taken back to the laboratory for

microscopic examination to identify the species of

cyanobacteria present. It was a warm, cloudy day with a light

wind. It was observed that the surface scum moved continuously

and dispersed the scum that had accumulated around the pier.
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The filters were extracted and analysed for microcystins as

described in section 2.2.3 and expressed as jig microcystin g^

dry weight of cells. Quantification was based on a MCYST-LR

standard.

Microcystins were identified by their characteristic

absorption spectra between 200 and 300 nm ( absorption maximum

at 238 nm or 222 nm for variants containing the amino-acid

tryptophan) using a 996 photodiode array detector (Waters

Corp., Milford, MA). This model of detector has advanced

detect small variations in

spectral shape (1.2 nm resolution). This enhanced resolution

allows small differences in spectrum shape between the

from a

range of microcystin standards were used to create a library

against which the spectra of unknown peaks in a sample could

be compared. There are over 50 microcystin variants

characterised to date and few are available as standards but

unknown microcystins (i.e. when there was no standard) were

identified on the basis of their similarity to spectra in the

library. The software computes match angles and thresholds

which indicate the closeness of the match between the unknown

and the standards (Fallick and Romano, 1994).
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Fig. 2.1. Sites selected for sampling on 31st August 1995

around a pier at Loch Rescobie, Scotland.
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Fig. 2.1.a. Typical spectra (200-300 nm) of MCYST-LR and

MCYST-YR showing small variations in spectral shape detected 

by a 996 photodiode array detector with 1.2 nm resolution
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2.3. RESULTS

Before assessment of the sample processing methodology, the 

use of three sequential one hour extractions in methanol was 

investigated to confirm its suitability in removing all 

microcystin variants from cyanobacterial cells. Table 2.1 

indicates that the first extraction successfully removed 

between 86-91% of the four microcystins known to be present in 

the test culture. The second extraction removed between 9-12% 

of the microcystins but only MCYST-LR (2%) was recovered in 

the final extraction.

The first drying protocol used to determine biomass involved

drying the filter disks plus cells at a relatively high

for a prolonged period of time (3 hours).

Table 2.2 clearly shows that these conditions resulted in

considerable loss of microcystins. The reduction was observed

to be greater than 60% for all variants compared 

controls (Freeze-thaw method). The second drying 

to the

protocol

investigated involved less severe conditions, lower 

temperature and shorter exposure time, which appeared to be 

much more appropriate for processing the filters. Table 2.3 

indicates that there is no loss of microcystins when samples 

were dried at a cooler temperature for a shorter period of 

time. Table 2.4 suggests that purified microcystins were 

stable under the more extreme conditions of the hot-dry

37



method. There was no difference in yields of pure microcytins

between the two drying methods and the control (Freeze-thaw

method). It was noted that slightly less MCYST-LW was

recovered from the freeze-thaw treated samples. There is no

obvious explanation for this although it may be related to the

fact that the water is not removed from these filters (i.e.

they are not dried) and this may have in some way hampered the

recovery of this hydrophobic compound.

Investigation of the extraction time confirmed that 60 minutes

was the most suitable duration for optimum recovery of

microcystins. It was found that in the first extraction 86-92%

of microcystin variants were recovered compared with 77-98% in

the 30 minute extraction and 58-69% in the five minute

recovered for the reduced times in the second extraction step,

22-33% of the microcystins recovered after 5 minutes, 13-18%

recovered after 30 minutes and 8-14% after 60

2.2b.). In the third extraction step only one microcystin

variant (MCYST-LR) was detected in the 60 and 30 minute

extractions while all microcystins were still detectable in

the 5 minute extraction and accounted for 7-10% of the total

The 60 minute extraction gave only slightly better overall

recovery of microcystins than the 30 minute extraction. In the

MCYST-LR, 0.48 ug MCYST-LY, 0.94
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ug MCYST-LW and 0.95 ug MCYST-LF were recovered in total

compared to 4.48 ug MCYST-LR, 0.41 ug MCYST-LY, 0.89 ug MCYST-

LW and 0.92 ug MCYST-LF in the 30 minute extraction (all

values relate to ugmg dry weight of cells).

Application of the sampling and processing methodologies to

natural open water samples was successful in detecting

microcystin in one of four lakes sampled (Table 2.5). The

amount of microcystin present was calculated equivalent to a

MCYST-LR standard and recorded in relation to biomass as

determined from the dry weight.

Considerable variation in toxicity was recorded at selected

sites on Loch Rescobie during a single day (31/8/95).

Microscopic examination of a sample taken from the loch

revealed that approximately 50% of the sample was comprised of

Anabaena spp. A very small

percentage was comprised of Oscillatoria spp.

The biomass of cells at sites 1-6, where samples were obtained

from the surface of the bloom, varied considerably with time

4 and 5 the greatest biomass was

recorded on the first hour of sampling, whereas at sites 2, 3

and 6 the greatest biomass was observed on the second sampling

hour. The greatest overall variation during the five hours was

observed at sites 5 and 6.
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Table 2.1. Recovery of microcystins (MCYST) from 20 ml

filtered onto

methanol with

GF\C filter disks, extracted three times in 

the yield of microcystins at each step

determined by HPLC analysis.

MCYST-LR MCYST-LY MCYST-LW MCYST-LW

LantsQ, 
'0 recovery of microcystin var;

1st Extraction

Mean 86 91 91 90

% Error 1 0.8 0.2 0

2nd Extraction

Mean 12 9 9 10

% Error 8 0.8 2 0

3rd Extraction

Mean 2 0 0 0

% Error 5 0 0 0
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Table 2.2. Comparison of freeze-thaw (A) and hot-dry (B)

methods of processing Microcystis aeruginosa PCC 7820 cells 

filtered onto GF/C filter disks, extracted in methanol with 

the yield of microcystin (MCYST) variants determined by HPLC

analysis.

Treatment MCYST-LR MCYST-LY MCYST-LW MCYST-LF

pg microcystin variants/20 ml culture suspension

Mean (A) 46.41 3.81 3.76 9.52

Cf n-1 3.32 0.36 0.27 0.74

Mean (B) 17.27 1.42 1.38 3.48

n-l 3.12 0.26 0.26 0.63

n=3



Table 2.3. Comparison of freeze-thaw (A) and cool-dry (B)

methods of processing Microcystis aeruginosa PCC 7820 cells 

filtered onto GF/C filter disks, extracted in methanol with 

the yield of microcystin (MCYST) variants determined by HPLC

analysis.

MCYST-LR MCYST-LY MCYST-LW MCYST-LF

pg microcystin variants/20 ml culture suspension

Mean (A)

n-1

Mean (B)

ri-l

41.31 2.79 2.58 6.30

3.49 0.22 0.17 0.35

43.36 3.09 2.52 6.51

3.38 0.41 0.23 0.51

n=3
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Table 2.4. Comparison of freeze-thaw, hot-dry and cool-dry

methods of processing purified Microcystis aeruginosa PCC 

toxins placed on GF/C filter disks, extracted in methanol 

the yield of microcystin (MCYST) variants determined by

7820

and

HPLC

analysis.

MCYST-LR

pg

MCYST-LY

microcystin

MCYST-LW

variants/fil

MCYST-LF

-ter disk

Freeze-Thaw

Mean 66.00 3.07 5.67 10.10

n-1 3.24 0.15 0.42 1.40

Hot-Dry

Mean 63.00 3.16 7.83 10.93

II-1 2.48 0.15 0.31 0.61

Cool-Dry

Mean 58.96 3.06 7.10 10.66

n-l 1.79 0.21 0.36 0.40
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Fig. 2.2. Comparison of the recovery of microcystin (MCYST) 

variants from three consecutive

aeruginosa PCC 7820 cells

filtered onto GF/C filter disks and extracted for 60, 30 and 5

minutes in methanol. Bars represent sample standard deviation
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The biomass of cells at site A, where composite samples of the 

water column between 0-1 m were taken, did not display such 

wide variation over time (Fig. 2.4.). As might be expected the 

biomass was much lower than that of samples collected at the 

surface of the bloom.

Three microcystins were detected at sites 1-6, having 

retention times (Rt) of approximately 8, 18 and 20 minutes.

The microcystins at R, 8 and 18 minutes displayed very similar 

microcystin at Rt 20 minutes, however, did not vary

considerably compared to the other two microcysins detected.

Three microcystins were detected at site A, having retention

times of approximately 8 and 18 minutes, as previously found

at surface water sites, and a previously undetected

microcystin with a retention time of 16 minutes (Fig. 2.6.).

All three of these microcystins displayed similar trends over

the sampling period.

Although the biomass of cyanobacteria detected at site A (Fig.

2.4.) was much lower than that of samples taken at the surface

(Fig. 2.3.), the amount of microcystins detected was generally

1-6 it also was noted

that the amounts of microcystins having 

were highest (Fig. 2.5.) when biomass was lowest (Fig. 2.3.) 

and vice versa. Typical chromarograms of the samples analysed 

by HPLC also shows that the samples from the water column
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(site A) were much cleaner than the samples obtained from the 

surface of the bloom (Fig. 2.7; Fig. 2.8) .

4S



Fig. 2.3. The variation in biomass of a cyanobacterial bloom 

at six sites around a pier on Loch Rescobie over the period of 

five hours.
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Fig. 2.4. The variation in biomass of a cyanobacterial bloom 

at site A on Loch Rescobie over the period of five hours.
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Fig. 2.5. The variation in the amounts of three microcystins 

(Rt 8 mins, ■ ; Rt 18 mins, 0; Rt 20 mins, A ) detected in a 

cyanobacterial bloom at six sites around a pier on Loch

Rescobie over the period of five hours.
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Fig. 2.6. The variation in the amounts of three microcystins 

(Rt 8 mins, ■ ; Rt 16 mins, o; Rt 18 mins, 0 ) detected in a 

cyanobacterial bloom at site A on Loch Rescobie over the 

period of five hours.
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Fig. 2.7. TVnalysis of a methanolic extract of cyanobacteria 

sampled from the water column (site A) of Loch Rescobie

analysed by reversed-phase HPLC with diode-array detection.

Microcystins at Rt 8, 16, and 18 minutes are indicated (+).
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Fig. 2.8. Analysis of a methanolic extract of cyanobacteria

sampled from the surface water (sites 1-6) of Loch Rescobie

analysed by reversed-phase HPLC with diode-array detection.

Microcystins at Rc 8, 18 and 20 minutes are indicated ( + ) .
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2.4.DISCUSSION

The results presented here confirm that the use of methanol 

facilitates the extraction of a group of microcystins of 

differing polarity. Furthermore, it appears that three 

successive extractions is sufficient to exhaustively remove 

these compounds from intact cells.

The development of a drying step to provide biomass data led 

to a greater understanding of the stability of microcystins.

Previous studies have reported a high degree of thermal 

stability (National River Authority, 1991; Weckesser and

Martin, 1990), however these investigations were examining the 

stability of purified microcystins. In contrast, in this study 

a significant loss of microcystins was observed on exposure to 

a high temperature (70°C) for an extended period of time (3 

hours). To help explain these findings the drying process was 

repeated using purified microcystins and no loss of 

microcystins was observed.

It would appear from these findings that thermal decomposition 

of microcystins occurs in the presence of cell components.

There are some similarities with these findings and the 

observations of Tsuji et al. (1994). They found that the 

presence of photosynthetic pigments, a substantial component 

of the cell content, accelerated decomposition of MCYST-LR on
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exposure to sunlight compared to controls containing only

purified MCYST-LR.

Modification of the drying step to reduce the severity of

conditions, lower temperature and shorter exposure to elevated

temperature, was found to dry filter disks without causing

decomposition. Hence it was concluded that this method was

ideal for processing samples where it is desirable to know the

biomass of cells present.

Analysis of the time allowed for extraction confirmed that a

60 minute extraction provided the most efficient recovery of

microcystins. However, extraction for 30 minutes was only

slightly less effective. The use of a 30 minute extraction

period greatly reduces the time required to process samples,

therefore in some instances it may be advantageous to adopt

this, for example. where a large number of samples require

processing or when the results of analysis are rapidly

required.

Once finalised the method proved useful in the analysis of

natural samples and although certain waterbodies sampled did

not contain visible cyanobacterial blooms it was still

possible, by means of collecting and filtering a small volume

of open water, to detect and quantify microcystins present in

the lochs. The methodology developed here is also being

routinely employed in the laboratory in the investigation of
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microcystin production under different environmental

conditions.

To summarise, the method presented here can easily be adopted

in routine monitoring and by incorporating the determination

of biomass can help unify the quantification of microcystin.

Data gathered in this manner could readily be compared from

year to year and over a wide range of sites.

Employing this sampling and processing method a cyanobacterial

bloom was monitored over the period of a day. Considerable

variation in microcystin content when collecting cyanobacteria

material for toxicity testing was observed during this study.

The genus of cyanobacteria identified in the Loch Rescobie

bloom during sampling are known to be capable of producing

microcystins. The biomass and amount of microcystins detected

in the bloom varied considerably between sites 1-6 at each

sampling hour and also at individual sites over the entire

sampling period. This variation may have been caused by wind-

induced movement of the cyanobacterial bloom observed on the

day. Bowling (1994) also concluded that wind moving a bloom he

was studying may have been the cause of considerable between-

site variability.

It was also observed that, in general, at sites 1-6 when

biomass was low, the amounts of two of the microcystins (Rt 8
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also observed that peak abundance of M. aeruginosa occurred in

August and September but the maximum concentration of MCYST-LR

did not occur at these times. Watanabe et al. (1994) reported

a decrease in the concentration of microcystins detected in a

Loch at times when maximum cell numbers of Microcystis were

present. One possible explanation is that different strains of

non-toxic Microcystis spp. are becoming dominant or are being

selectively sampled. It has been shown that some field

isolates of species from toxic bloom produce toxins while

others do not (Watanabe et al., 1991). However, it has also

been demonstrated in laboratory based studies that conditions

for optimal growth may not always be optimal for toxin

production (Van der Westhuizen and Eloff, 1985). It is also a

possibility that different areas of the bloom contain

cyanobacterial cells at different cell cycle phases. Eloff and

Van der Westhuizen (1981) found that toxicity of a Microcystis

spp. increased during the exponential phase and then decreased

at the beginning of the stationary phase. It is not known why

cyanobacteria produce toxins but the prevelant theory in the

that they play a defensive role against

predation. It may be that cyanobacteria produce less toxin

when they occur in greater densities/colonies and are thus

less vulnerable to predation.

In this study it was discovered that although the biomass of

cells collected at site A were considerably lower than at
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sites 1-6 sampled at the surface of the bloom, the total

amount of microcystins detected there over the sampling period

was greater. It may be that the cyanobacterial cells at the

surface have lost their buoyancy control and are beginning to

senesce and lyse, releasing their toxin into the surrounding

water, hence there is less present in the cell biomass.

The detection of a microcystin in the water column samples

which was absent from the surface samples suggests the

presence of a toxin-producing cyanobacterial species

distributed within the water column which was absent from the

surface layer. Site A displayed less variability in biomass

and the amount of microcystins detected during the sampling

period. It is suggested that sampling the water column rather

than the surface of the blooms may provide more meaningful and

consistent data. It would also provide a method for assessing

the toxicity of waterbodies not experiencing bloom conditions

at the time of sampling and aid in the assessment of the

potential hazards to users. Data gathered in this manner could

also be more readily compared from year to year and over a

wide range of sites.
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3.1. INTRODUCTION

It has been demonstrated that various environmental factors 

can greatly influence the toxicity of certain cyanobacteria.

The appearance of cyanobacterial blooms in freshwaters is to a 

certain extent random and

the natural environment a

unpredictable. It is likely that in 

variety of factors are involved in

both the growth and toxin production of cyanobacteria.

Temperature, light, nutrients and pH, among other factors have 

been shown to affect toxin production. Watanabe 

(1985) observed a marked change in the toxicity

and Oishi

of M.

aeruginosa M228 in light intensity experiments. They found

that toxin production was suppressed under low light

conditions but a fourfold increase in toxicity was observed

when the light intensity was increased from 7.53 to 30.1

that toxicity of M. aeruginosa UV-006 tended to be less at

very low and high light intensities. In contrast, Sivonen

(1990) found that at low light intensities toxin production

was greater than at high

Oscillatoria agardhii sp. Codd and

Poon (1988) reported that light intensities of 5-50 ^.Einsteins

m ‘•'s had no effect on toxin production by several strains of

M. aeruginosa.
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Van der Westhuizen and Eloff (1985) reported that optimum 

temperature

temperature

for growth (32°C) differed from the optimum 

for maximum toxin production (20°C). Their

cultures of M. aeruginosa UV-006 were most toxic at 20°C but

toxicity was not significantly reduced until temperature

exceeded 28°C. Gorham (1964) also reported that optimum

temperature for growth (30°C and 35°C) were different from the

optimum temperature for toxicity (25°C) for a strain of M.

aeruginosa. He found that the toxicity of M. aeruginosa to

mice was greater after growth at 25°C than at 2 0°C and

decreased at 30°C to an intermediate value. However, Sivonen

(1990) found that 0. agardhii strain 97 had an optimum

for both growth and toxin production.

Another agardhii CYA 128) produced almost equal

amounts of toxin at 15, 20 and 25°C. Toxin production,

however, in both strains was lowest at 30°C.

Sivonen (1990) found that high nitrogen content in the culture

medium favoured both growth and toxin production by two

strains of Oscillatoria. Phosphorus did not have as great an

effect. Toxin production was reduced at low phosphorus

concentrations when growth was poor. Campbell (1994) also

found that increasing levels of nitrate compared to base
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levels resulted in an increase in toxicity. Codd & Poon (1988)

transferred cultures of M. aeruginosa 7813 from complete

growth medium to medium minus added nutrients. They found that

phosphorus removal did not influence toxicity but nitrogen and

inorganic carbon removal each caused a tenfold decrease in

toxicity. However, it has been reported that M. aeruginosa

7813 in batch culture appeared to grow slightly better at

reduced nitrate levels but no difference in the amount of

MCYST-LR it produced was observed. In contrast. when this

strain was grown in steady-state continuous culture it was

observed that increasing amounts of MCYST-LR were produced

when the nitrate level was reduced (National Rivers Authority,

Utilken and Gjolme (1995) found that nitrate- and phosphate-

limited conditions had no effect on toxin production by M.

aeruginosa but iron-limited conditions resulted in a decrease

in the ratio of toxin content to protein content. In contrast,

Lukac and Aegerter (1993) found that the toxin content

increased as the iron concentration decreased. They concluded

that in the absence or at low levels of iron the cells grew

more slowly and produced 20-40% more toxin. Van der Westhuizen

at higher and lower pH values where the cells also grew more

slowly.
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The contrast and differences in toxin production under

specific conditions may be due to, for example, species or

strain of cyanobacterium used in each experiment; culture

conditions; method of detection; culture media. An obvious

drawback when relating these experiment to the environment is

that these factors are more than likely acting in concert in

nature to control the growth and toxicity of cyanobacteria.

In this chapter the effect of selected environmental factors

was investigated using a developed bioassay. This bioassay

allowed us to rapidly assess the impact of various conditions

on the growth and toxin content of M. aeruginosa PCC 7820.

This bioassay was also employed to assess the potential

factors limiting growth and microcystin production in a

selected freshwater loch. The principle behind this type of

bioassay is that a factor is not limiting if an increase in

that factor produces no significant stimulation in algal

growth (Lund et al., 1971) or microcystin production. The

assay measured the growth and microcystin content of a

cyanobacteria inoculated into media plus and minus selected

nutrients. The above parameters were also assessed in 

filtered, natural water, otherwise unmodified or spiked with 

selected nutrients.
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3.2. MATERIALS AND METHODS

3.2.1. Effect of nitrate on the growth and toxin production of

Microcystis aeruginosa PCC 7820

All culture of M. aeruginosa PCC 7820 was grown under

standard conditions (chapter 2; 2.2.1) for 7 days prior to use

in the bioassay, to ensure that the cells were growing

exponentially. After this time the culture was centrifuged in

a sterile 1 1 centrifuge pot at 1500 x g for 60 minutes. The

supernatant was decanted and the pellet of cells re-suspended

in 400 ml sterile BGll medium (Stanier et al. 1971) minus

nitrate. This mixture was used as stock for inoculating the

test flasks.

Flasks (250 ml Erlenmeyer) were prepared containing 100 ml of

BGll medium plus different concentrations of nitrate. Five

replicates per concentration: 17.6 mM, 8.8 mM, 1.76 mM and 0

mM NaNOa, were prepared. These were autoclaved for 30 minutes

at 120°C. When cool 10 ml of stock M. aeruginosa PCC 7820 was

asceptically inoculated into each flask. The flasks were then

incubated in a waterbath at 25°C under continuous illumination

for 14 days (Fig. 3.1.). The flasks were shaken twice each

day.
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Fig. 3.1. Bioassay flasks incubated in a waterbath at 25°C

under continuous illumination.
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After the incubation period the following parameters were 

measured.

Optical density

O.D. was measured at 720 nm using a 1 cm

cuvette in a spectrophotometer (Novaspec

pathlength plastic

II, Pharmacia

Biotech) with 1 ml of sample. The sample was thoroughly mixed

before the reading was taken. Distilled water was used as a

blank.

Chlorophyll a

A 1 ml sample was microfuged in an microcentrifuge tube

(Eppendorf, UK), supernatant removed and 1 ml methanol added

to the pellet. The sample was mixed and left in the dark for 

one hour. The sample was microfuged again and the supernatant 

read at 663 nm. The absorbance reading was multiplied by 12.63 

to give pgml"^ chlorophyll a (Lobban et al., 1988).

Dry weight

of culture was filtered through dried and

pre-weighed GF/C filters. The filters were dried for 30

minutes at 55°C, removed from the oven and cooled in

dessicator for 15 minutes. The filters were returned to the

oven for a further 15 minutes at 55°C, cooled and re-weighed.

a
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Intracellular microcystin analyses

Filters were extracted in 10 ml methanol for one hour. Three

consecutive extractions were performed and the liquor pooled

to give a single sample. The extract was rotary evaporated to

dryness and re-suspended in 2 x 250 pl methanol and 

transferred to a microcentrifuge tube. The samples were

analysed for microcystin toxins by HPLC as previously

described (Lawton et al., 1994). Quantification of the four

microcystin variants (MCYST-LR, MCYST-LY, MCYST-LW and MCYST-

LF) known to be produced by M. aeruginosa PCC 7820 was based

on a MCYST-LR standard.

3.2.2. Effect of phosphate on the growth and toxin production

of M. aeruginosa PCC 7820.

A bioassay was performed as previously described in section 

3.2.1 with the following changes;

Three replicates per concentration: 0.230 mM, 0.115 mM, 0.023 

mM and 0 mM K.HPO4, were prepared.

It is known that cyanobacteria can have phosphate reserves 

which they utilise at times when phospate is limiting in the 

environment. Therefore M. aeruginosa PCC 7820 was grown as 

described previously for 7 days but in phosphate deficient

BGll medium and the phosphate bioassay repeated using this 
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culture. The pellet of cells was resuspended in 200 ml sterile

BGll medium minus phosphate to provide the stock culture. It 

was presumed that any phosphate reserves would have been 

depleted by the culture after this treatment. Quantification 

of the four characterised microcystin variants present in M.

aeruginosa PCC 7820 was based a MCYST-LR standard.

3.2.3. A bioassay to assess the potential factors limiting 

growth and microcystin content of Microcystis aeruginosa PCC 

7820 in a freshwater loch

Composite water samples were collected seasonally from 0-1 m 

in the water column from Loch Rescobie, Scotland (1st February

1996; 17th April 1996; 3rd July 1996 and 16th November 1996)

as described previously (chapter 2; section 2.2.4.). The

samples were taken back to the laboratory, filtered through

GF/C filters and frozen at -20°C until required.

The loch water was thawed and

0.22 pm) prior to use in this experiment. Aliquots (100 ml) of

sterile loch water were added to sterile 250 ml Erlenmeyer

flasks and four selected autoclaved nutrients added

asceptically in amounts equivalent to that added when

preparing BGll mediium. These nutrients were added together or

in varying combinations resulting in six treatments (Table



Three replicates per treatment were prepared. M. aeruginosa

PCC 7820 which had been growing for 7 days was centrifuged at

1500 X g for 60 minutes. The supernatant was removed and the

pellet of cells re-suspended in 250 ml of filter-sterilised

loch water, to avoid carry-over of BGll nutrients. Each flask

was inoculated with 10 ml of this stock culture and incubated

in a waterbath at 25°C for 14 days. Flasks were analysed for

It was observed in the initial bioassay that the cells were

growing together in clumps/colonies. It was suspected that

there may have been some factor(s) present in the water which

was inducing this clumping effect. Thus the above bioassay was

repeated with the water sample collected on 1st February 1996

but on this occasion the loch water was sterilised by

autoclaving for 30 minutes at 120°C instead of being filter­

sterilised, to determine if the factor (s) was heat labile.

The loch water and nutrient additions were autoclaved

separately.
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3.2.4. Investigation of the role of Daphnia sp. in the 

stimulation of colony formation by Microcystis aeruginosa

An experiment was carried out to investigate if the presence 

of Daphnia sp. in lake water may be responsible for colony 

formation by M. aeruginosa, which was observed during an 

initial bioassay. Daphnia magna was cultured in Daphnia media 

(ASTM, 1980) for 21 days and fed daily with Chlorella 

vulgaris. Media without D. magna was used as a control. After 

this time the Daphnia water was filtered through GF/C filter 

disks. Additions of nutrients as in BGll media were made to 

the Daphnia water and the control. Half the Daphnia water and 

control were pre-treated by sterile-filtration and the other

half by autoclaving as described previously (each treatment

aeruginosa

culture were asceptically inoculated into all the flasks and

incubated at 25°C under continuous illumination for 24 days.

The flasks were observed for any colony formation during this 

incubation period and analysed for parameters as described in 

section 3.2.1.

2.5. Statistical analyses

All data was subjected to a two-way analysis of variance using

Tukey's honestly significant difference test (p=0.05).

However, at times the data was not normally distributed
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(failed Levene's homogeneity of a non-

was used. This is equivalent

of two-way analysis of variance when there are two or more

treatments.
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3.3. RESULTS

3.3.1. Effect of nitrate on the growth and toxin content of

Microcystis aeruginosa PCC 7820

At the end of the 14 day bioassay it was observed that the

cultures of M. aeruginosa grown in media minus nitrate were

unhealthy. These cultures had significantly lower optical

density readings (p<0.05; Anova), chlorophyll a content and

dry weight (p<0.05; Kruskal-Wallis) compared to the other

treatments. They also contained significantly lower amounts of

microcystin variants (MCYST-LR; MCYST-LY; MYCST-LW and MYST-

LF) known to be produced by this cyanobacterium (p<0.05;

Kruskal-Wallis).

There was no significant difference in optical density

readings (p>0.05; 7\rLOva) between cultures grown in media plus

mM nitrate but there was a

significant difference in the chlorophyll a content (p<0.05;

Anova) of these three treatments. Cultures grown in media with

the highest nitrate addition had the greatest level

of chlorophyll a followed by cultures grown in media plus 8.8

mM nitrate and then cultures grown in media plus 1.76 mM

nitrate. It was observed that the latter cultures appeared 

more unhealthy at the end of the bioassay and were beginning 

to senesce.
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Cultures grown in media plus 1.76 mM nitrate had significantly 

higher dry weights (p<0.05; Anova) than cultures grown in 8.8 

mM and 17.6 mM nitrate which were not significantly different 

from each other (p>0.05; Anova).

There was a significant difference in toxin content between 

all treatments (p<0.05; Kruskal-Wallis). Cultures grown in 8.8 

mM nitrate contained significantly more microcystins than 

cultures grown in the highest nitrate concentration (p<0.05;

Anova) (Table 3.2).

3.2. Effect of phosphate on the growth and toxin content of

Microcystis aeruginosa PCC 7820

The initial bioassay used a stock culture of M. aeruginosa 

grown in BGll media plus phosphate (section 3.2.2). At the end 

of the 14 day bioassay it was observed that the cultures grown 

in media minus phosphate were very unhealthy in appearance.

These cultures had significantly lower optical density 

readings, chlorophyll a content and dry weights (p<0.05;

Kruskal-Wallis) compared to the other treatments. These 

cultures also produced significantly lower amounts of

There was no significant difference (p>0.05; Kruskal-Wallis) 

between the cultures grown in 0.023 and 0.115 mM phosphate as 

regards optical density readings, chlorophyll a content, dry
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weights and microcystin content. However, cultures grown in 

0.230 mM phosphate appeared to grow slightly less and contain 

less nicrocystins than cultures in 0.023 and 0.115 mM 

phosphate (Table 3.3).

Cyanobacteria can have phosphate reserves which they utilise

at tines when phosphate is limiting in the environment. The

previous phosphate bioassay was repeated using a stock culture

of M. aeruginosa which had been growing in BGll media minus

phosh^ite for seven days so that any phosphate reserves would

be depleted after this time.

At the end of the 14 day bioassay the cultures grown in media

minus phosphate appeared unhealthy. These cultures had

signi$icantly lower optical density readings (p<0.05; Kruskal-

Wallin), chlorophyll a content and dry weights (p<0.05; Anova)

than i.he other treatments. These cultures also contained

signiIicantly lower amounts of MCYST-LY, MCYST-LW and MCYST-LF

(p<0.05; Kruskal-Wallis). However, the amount of MCYST-LR 

was not significantly different (p>0.05; TYnova) from

cultures grown in 0.115 and 0.230 mM phosphate.

There was no significant difference in optical density

readings (p>0.05; Kruskal-Wallis) or dry weights (p>0.05;

Anova) between cultures grown in 0.023, 0.115 and 0.230 mM

phosphate. The chlorophyll a content of cultures grown in

0.115 and 0.230 mM phosphate were not significantly different
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but cultures grown in 0.023 mM phosphate had significantly

lower chlorophyll a than those grown in 0.230 mM phosphate

(p<0.05; Anova). This indicated that cultures growing in 0.023

mM phosphate were growing slightly less than cultures grown in

the highest concentration.

The amount of MCYST-LR was significantly higher in cultures

grown in 0.023 mM phosphate (p<0.05; Anova) but no significant

difference between the other treatments (p>0.05; Anova) was

observed. The amount of MCYST-LY, MCYST-LW and MCYST-LF was

also greater in cultures grown in 0.023 mM phosphate (p<0.05;

Ttnova) but was significantly lower in those grown in 0 mM

phosphate. There was no significant difference in the amount

of these microcystin variants produced by cultures grown in

0.115 and 0.230 mM phosphate (Table 3.4).

3.3.3. A bioassay to assess the potential factors limiting

growth and microcystin content of Microcystis aeruginosa in a

freshwater loch

The concentrations of nitrite and phosphate in the water

samples collected during the year are summarised in Table 3.5.

February bioassay

It was observed at the end of the bioassay that the cultures

grown in treatments 3 (minus phosphate) and 5 (minus iron) had

deteriorated considerably. Cultures grown in treatments 1





(unenriched) and 4 (minus nitrate) had also begun to appear

unhealthy. In contrast, cultures grown in treatments 6 (minus

were still actively growing.

It was also observed that the M. aeruginosa cells had formed

colonies or clumped together. Microcystis spp. grows in this

manner in nature but this ability is lost/halted when they are

grown as laboratory cultures. The bioassay was repeated but

this time the loch water was sterilised by autoclaving instead

of sterile-filtration. The clumping effect was not observed in

any of the cultures.

Treatments 2 (enriched) and 6 (minus trace

significantly higher optical density, chlorophyll a content

and dry weights (p<0.05; Kruskal-Wallis) compared to the other

treatments but they were not significantly different from each

other (p>0.05; Kruskal-Wallis). Treatment 2 (enriched) had

significantly higher levels of microcystins than the other

treatments while treatment 5 (minus iron) had significantly

less (p<0.05; kruskal-Wallis). There was no significance

difference in toxin content between the remaining treatments

(Table 3.6).

S3



Table 3.5. The concentrations of nitrite and phosphate

in Loch Rescobie water sampled seasonally during 1996.

*Data supplied by SEPA east region

Date Phosphate

(mgl’' PO4-P)

Nitrite

(mgl"^ NO2-

22/2/96 0.02-0.03 0.02

20/3/96 0.01-0.09 -

4/7/96 0.01-0.03 0.02

26/9/96 0.18-0.22 <0.01

N)

April bioassay

At the end of this bioassay, cultures grown in treatments 1

(unenriched), 4 (minus nitrate) and 5 (minus iron) appeared

either dead or very unhealthy. These cultures had

significantly lower optical density readings, chlorophyll a

content and dry weights compared to the other treatments

(p<0.05; Anova). These cultures also contained significantly

lower amounts of microcystins (p<0.05; Anova).

There was no significant difference between treatments 2

(enriched), 3 (minus phosphate) and 6 (minus trace elements)

in optical density readings or dry weights (p<0.05; Anova).

However, it appeared that treatment 2 (enriched) seemed to be

growing less when expressed as chlorophyll a content. These

cultures produced significantly different amounts of MCYST-LR.
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Treatment 3 (minus phosphate) produced the greatest amount,

followed by treatment 6 (minus trace elements) and then

treatment 2 (enriched)(p<0.05; Anova).

Treatment 3 (minus phosphate) produced significantly more

MCYST-LY, MCYST-LW and MCYST-LF, followed by both treatment 2

(enriched) and 6 (minus trace elements) which were not

significantly different from each other (Table 3.7).

July bioassay

It was observed at the end of this bioassay that cultures

grown in treatments 3 (minus phosphate), 4 (minus nitrate) and

5 (minus iron) were all dead. These cultures had significantly

lower optical density readings, chlorophyll a content and dry

weights compared to the other treatments (p<0.05; KruskaL-

detected in these cultures.

Both optical density readings and chlorophyll a measurements

show that treatments 1 (unenriched), 2 (enriched) and 6 (minus

trace elements) are all significantly different from each

other (p<0.05; Anova) with treatment 6 being significantly

higher. Treatment 6 also had a significantly higher dry weight

but the dry weights of treatments 1 and 2 were not

significantly different from each other (p>0.05; Anova).

The microcystin content of treatments 2 (enriched) and 6

(minus trace elements) were not significantly different
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from each other (p>0.05; Anova). However, treatment 1 

(unenriched) contained significantly less microcystins 

(p<0.05; Tinova) (Table 3.8) .

November bioassay

It was observed that only cultures in media minus trace 

elements were healthy at the end of this bioassay and 

contained significantly more microcytins. Cultures growing 

without iron or phosphate additions were dead and no 

microcystin variants were detected. Cultures in unenriched, 

enriched and minus nitrate media also appeared unhealthy and 

variations between replicates was large. Only MCYST-LR was 

detected

all four

in unenriched and minus nitrate treatments whereas 

microcystin variants were detected in enriched

cultures (Table 3.9).

3.3.4. Investigation of the role of Daphnia sp. in the 

stimulation of colony fonmation by M. aeruginosa

No colony formation by M. aeruginosa was observed after being

cultured in Daphnia water for 24 days. There was no

signi fleant difference in chlorophyll a (pgml ^) and

microcystin content between cultures grown in Daphnia water

pre-treated by filter-sterilisation and a control which was

not exposed to Daphnia sp. (p>0.05; Anova). There was also no

signi. f leant
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by autoclaving and its control (p>0.05; Anova). However, it

was observed that cultures in water that had been pre-treated

by autoclaving had grown on average three times better than

those grown in water which had been filter-sterilised (Table

3.10), but no significant difference in MCYST-LR or MCYST-LY

content was observed between the two treatments (p>0.05;

Anova). The autoclaved cultures produced slightly more MCYST-

LW and MCYST-LF than the filter-sterilised cultures.
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3.4. DISCUSSION

Algal bioassays have been used frequently to assess the

potential fertility of waterbodies (Lund et al., 1971, 1975;

Reynolds and Butterwick, 1979; Couture et al., 1985;

Wurtsbaugh et al., 1985; Van der Does and Klapwijk, 1987). The

simplest bioassay design involves the addition of an

alga/cyanobacterium to various water types which are then

grown under constant conditions of light and temperature. The

growth of the alga/cyanobacterium after a specified time gives

an indication of how fertile the different waters are.

However, Lund et al. (1971) suggest that more than one type of

alga/cyanobacterium should be used as some waters may not

support the growth of a particular species. In this study the

cyanobacterium M. aeruginosa PCC 7820 was used as it was

originally isolated from an adjacent loch (Stewart et al,,

1977) and even becomes dominant at times in the waters of Loch

Rescobie. The bioassay can be taken a step further and used to

investigate the potential fertility of waters. Nutrients and

trace elements can be added alone or in combination to water

to observe if a stimulation in the growth of the

alga/cyanobacterium occurs. If addition of a particular

nutrient causes significant growth compared to unenriched

water it can be suspected that this nutrient may be limiting 

growth.
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In this study the above bioassay was adapted to investigate

the effect of nutrients on the growth and toxin content of M.

aeruginosa PCC 7820 inoculated into either BGll media or

filtered natural water from Loch Rescobie, unmodified or

spiked with selected nutrients. It was designed to replace the

lengthy traditional approach used to assess the effect of

environmental factors on growth and toxin production. This

type of experiment is usually run from 8 to 10 weeks with

weekly monitoring of the cultures. Problems experienced with

this approach include the cultures being grown in larger

volumes (1-51) to facilitate weekly sampling. These

cultures must be aerated by sparging with sterile air and this

usually leads to uneven evaporation of culture replicates. In

the present study a bioassay was developed which had a 14 day

endpoint at which time the cultures were assessed for growth

and microcystin content. This endpoint was selected as

cultures would not yet have entered stationary phase. This

meant that the cultures could be grown in smaller volumes

without the need for artificial aeration.

The method of Lund et al. (1971) involved the collection of a

natural water sample which was filtered through a Whatman GF/C

filter disk before addition of the test algae {Asterionella

formosa) . Lund et al. (1971) reported that filtration of the

water through sintered glass, membrane filters (0.45 pm) or

sterilisation under pressure all reduced the growth of A.
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formosa in bioassays compared to filtration through GF/C

filters. In this study, however, a bioassay was set up as

described above using M. aeruginosa but it was soon observed

that the cultures had become heavily contaminated by bacterial

growth. It was decided to pre-treat natural loch water by

Lund et al. (1971) also described considerable reduction in

the growth of the algae in waters which had been autoclaved

compared to waters which had been boiled. He also observed

that boiling filtered lake water could on occasion increase

its fertility. Couture et al. remarks on the

results of bioassays when the water is pre-treated by

autoclaving or filtration.

In this study it was observed that cultures of M. aeruginosa

had grown on average three times better (as expressed in ggml'^

chlorophyll a) in BGll medium which had been pre-treated by

autoclaving in comparison to filter-sterilisation (0.22 gm)

after a 24 day incubation period. It was interesting to note

that although the autoclaved cultures grew much better than

the filter-sterilised ones there was no significant difference

in production of MCYST-LR and -LY.

It was also observed during a bioassay of Loch Rescobie water

collected in February that M. aeruginosa grew in
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clumps/colonies when the water was pre-treated by filtration.

However, when the bioassay was repeated using the same water

pre-treated by autoclaving, this growth pattern was lost

labile. This colony

formation was not observed in any of the bioassays thereafter.

Hessen and Donk (1993) discovered that the green algae

Scenedesmus acutus, which grows in unicellular form in

laboratory cultures, formed colonies when exposed for 48 hours

to a chemical released by Daphnia magna. They suggest that

this colony formation may be protection from grazing. Lampert

et al. (1994) also observed that the addition of filtered

Daphnia water to a culture of Scenedesmus resulted in a

significant increase in colony formation. They also observed

that colony formation depended on the concentration of the

Daphnia factor and actively feeding Daphnia produced more

colony formation than starved ones. They discovered that the

chemical activity was heat stable (60°C) but was destroyed by

incineration. However, in this study no induction of colony

formation was observed when M. aeruginosa was inoculated into

medium prepared from Daphnia water.

Nitrate is the most common form of nitrogen in freshwaters and

is the form most commonly used by phytoplankton (Horne and

Goldman, 1994). This study observed that media deficient or

low (1.76 mM NaNOs; 150 mgl in nitrate significantly reduced

both chlorophyll a and microcystin content of M. aeruginosa
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PCC 7820 compared to cultures grown in higher nitrate (8.8 mM;

750 mgl’^ and 17.6 mM; 1500 mgl ’ NaNOs) concentrations. These

results are in agreement with those of Codd and Poon (1988)

who reported that cultures of M. aeruginosa PCC 7813

transferred from complete growth medium to medium minus

nitrate resulted in a tenfold decrease in toxicity by mouse

bioassay. In this study it was observed that cultures grown in

complete medium (17.6 mM NaNO.?; 1500 mgl"^) produced

approximately four times the amount of MCYST-LR than cultures

grown in medium minus nitrate. Utkilen and Gjolme (1995) also

found that the amount of MCYST-RR (expressed as ng toxin jag"^

dry weight) produced by M. aeruginosa CYA 228/1 decreased in

nitogen-limited (0.6 mM; 51 mgl and 0.35 mM; 30 mgl NaNOa)

medium. However, when they expressed the microcystin content

as ng toxin per ug protein they discovered that nitrate and

phosphate-limitation had no effect on toxin content of

cultures.

It was also observed in this study that cultures grown in the

highest nitrate concentration (17.6 mM; 1500 mgl NaNOs) grew

slightly better than those in 8.8 mM; 750 mgl NaNOj but the

latter produced slightly more microcystins. This is in

contrast to the results of Campbell (1994) who reported that

an increase

increase of

in the level of nitrate in media resulted in an

both growth and MCYST-LR content in cultures of M.

aeruginosa PCC 7813. However, the concentrations compared were
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17.6 mM (1500 mgl ’) and 1.76 mM (150 mgl NaNOa. An increase

in chlorophyll a and microcystin content was also observed in

this study when these two concentrations were compared but

optimum microcystin content was observed

NaNOa. Other researchers (National Rivers Authority, 1991)

observed no difference in microcystin content between cultures

of M. aeruginosa PCC 7813 in media plus 8.8 mM (750 mgl

NaNOa and 17.6 mM (1500 mgl NaNOa. However, in a steady-state

chemostat system they observed that reducing nitrate levels

from 17.6 mM to 1.76 mM NaNOa increased the level of MCYST-LR 

detected and cultures in 8.8 mM NaNOsproduced significantly

more MCYST-LR than those in 17.6 mM NaNOs which is comparable

to the results of this study.

Sivonen (1990) reported that high nitrogen concentrations in

media favoured the growth and toxin production of two strains

of Oscillatoria agardhii, however, the nitrate levels she used

were considerable lower (0.42-84 mgl than in this study (0-

1500 mgl’S- 0-17.6 mM NaNOa) . Increases in growth and

microcystin production were also observed in this study up to 

8.8 mM NaNOa (750 mgl .

Phosphate is often the most common growth-limiting factor for 

phytoplankton in freshwater. Most phosphorus is held in 

biologically unavailable forms by paticulates and 

phytoplankton can only use soluble phosphate for growth.
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Concentrations of phosphate less than 10 pgl’^ will limit

growth (Campbell, 1994). In this study it was observed that

cultures of M. aeruginosa grown in medium minus phosphate grew

less well and produced significantly less microcystins than

cultures with phosphate additions except in the second

phosphate bioassay (cells initially grown in BGll medium minus

phosphate) when phosphate deficient cultures produced similar

amounts of MCYST-LR as cultures in 0.115 mM (20 mgl"^) and 0.23

mM (40 mgl ^) K2PO4 although the other variants were still

lower. This is in contrast to Codd and Poon (1988) who

reported that cultures of M. aeruginosa PCC 7813 transferred

from complete growth medium (0.23 mM; 40 mgl K2PO4) to medium

minus phosphate did not affect toxicity.

Sivonen (1990) observed that growth and toxin production by

two strains of Oscillatoria did not seem to be affected by

phosphate concentrations between 0.4 and 5.5 mgg and Watanabe

small decrease in toxicity of

M. aeruginosa when grown in full strength medium and medium at

1/10 and 1/20 the original concentration. Other researchers 

(National Rivers Authority, 1991) observed that a culture of

Anabaena flos-aqua NRC 525-17 (which was producing 8 

microcystin variants) produced slightly more of one of the 

mM; 4 mgl ’ K?PO4) compared to higher concentrations (0.23 mM;

99



The three normally used criteria for monitoring growth of

phytoplankton are optical density, chlorophyll a content and

dry weight. However, it was observed at times in this study

that these citeria did not correspond. In the nitrate bioassay

the optical density readings of three nitrate concentrations

did not vary significantly but the lowest concentration had

less chlorophyll a and a higher dry weight. This suggest that

adopting a single criterion for growth may be misleading. It

is suggested that cell numbers should also be monitored.

In general nitrate and phosphate levels in freshwater lochs

are normally higher during the winter than in the summer

(Horne and Goldman, 1994). Phosphate levels less than 10 pgl

and nitrate levels less than 100 pigl may limit phytoplankton

growth. Phosphate levels during the sampling period ranged

between 10 and 220 pigl and thus never fell below levels

quoted to be limiting to growth. Rescobie is classified as a

shallow eutrophic lake. Mean phosphate and chlorophyll a

levels recorded during 1991-94 were 137 and 42 pgl

respectively which would indicate that the loch is eutrophic

(Clelland, 1995).

It was observed that both nitrate and iron were- limiting

growth and microcystin content of M. aeruginosa in Loch

Rescobie water collected in February, April, July and

November. Phosphate was also limiting except in the April 
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sample when both growth and microcystin production by M.

aeruginosa were high in waters minus phosphate additions. The

most severe limitation of growth caused by the lack of these

nutrients was observed in the July and November water samples

when cultures were completely dead at the end of the bioassay.

It was suprising to find that phosphate was a limiting factor

as the concentrations recorded in the loch are much greater 

than those required to sustain growth. Unfortunately no data 

on nitrate levels was available.

Reynolds and Butterwick (1979) observed that Asterionella was 

able to sustain growth in an unfertilised enclosure in a loch 

for longer than the filtered water would support growth in a 

bioassay. They suggested that reduction of dissolved nutrient 

concentrations through prior uptake by algae and sequestering 

of ionic species by particulates may lead to the 

underestimation of their immediate availability to natural 

populations. It is also known that algae can produce alkaline

phosphatases that cleave the bond between phosphate and the 

particulate to which it is attached resulting in free

phosphate for growth. This phosphate source would not be

available to algae growing in a bioassay using filtered loch

water. This presents a problem when using short-term bioassays

to assess fertility of waters. It is important to have

chemical analysis data of the loch water when interpreting

bioassay results. Care must be taken when interpreting results



I'rom bioassays used to assess the factors limiting both growth 

and toxin content of cyanobacteria in natural waters.

2t was observed that cultures in natural unenriched loch water

^jften grew slightly better and produced more microcystins than

":ultures in enriched water minus phosphate, nitrate or iron.

2t may be that addition of nutrients to the water causes an

-nitial stimulation in growth which is soon exhausted by lack

tf a specific nutrient. The algae in natural unenriched water 

may grow more slowly also using up their reserves. However, at 

no time did growth or toxin content in unenriched natural 

water exceed that enriched with phosphate, nitrate, iron and 

trace elements. Cultures in enriched waters minus trace 

elements always grew as well if not better than cultures in 

total enriched waters. Rippka (1988) reported that high

concentrations of trace elements in media may be toxic. She

observed that the concentration of copper, for example, even

.n amounts as low as that in BGll medium. can be inhibitory to

the growth of some cyanobacteria.

fn the February bioassay the growth of M. aeruginosa in both

enriched and enriched minus trace elements treatments was not

cignificantly different but the former produced more

microcystins. In the April bioassay there was also no

.'iignifleant difference in the growth of cultures in these two

treatments but the enriched minus trace element cultures

f)roduced more microcystins. In the July bioassay the enriched

minus trace element cultures grew much better than those in
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enriched media but the amounts of microcystins produced were

not significantly different from each other. In November the

cultures minus trace elements were the only healthy cultures

at the end of the bioassay and produced significantly more

microcystins compared to the other treatments. There was no

significant difference in the ratio of the microcystin

variants in any of the bioassays. A change in the ratio of

microcystins is an effect more commonly observed with changes

in temperature (National Rivers Authority, 1992).

Many factors alone and in combination affect the growth and

toxin content of cyanobacteria. Traditional growth assays are

time-consuming and laborious. The bioassay approach developed

in this study provides a rapid and simple means of

investigating a large number of these parameters and also

enables a large range of cyanobacteria species to be

investigated. This will provide more insight into the factors

influencing growth and toxin content.





4.1. INTRODUCTION

To date there has been more than 50 microcystin variants 

identified (Bell and Codd, 1996). As yet these compounds have

not been totally synthesised (Edwards et al., 1996) and are

normally obtained by purification from natural or laboratory

cultures of cyanobacteria.

Most methods developed to purify these compounds (Poon et al.,

1987; Lawton et al.^ 1995) only result in microgram to

milligram amounts of microcystins. There is an increasing

demand for these compounds for use as analytical standards,

biochemical tools and for toxicological studies. Thus there

exists a need to develop simple and rapid procedures for

isolating and purifying these compounds in larger guantities.

Many different procedures have been proposed for the

extraction and purification of microcystins but many involve a

time consuming multi-step methodology (Brooks and Codd, 1986;

Harada et al., 1991; Namikoshi et al., 1992). Lawton et al..

(1995) presented a simple method for the purification of

microcystins from bloom samples. This involved a methanolic

extraction of cells, dilution of the extract with distilled

water and concentration on a 1 g

microcystins were then eluted from the cartridge using a step

gradient from 0% to 100% methanol in 10% increments. Each
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fraction was analysed by HPLC to quantify the microcystins

present. Fractions containing microcystins of similar polarity

were combined resulting in several more simplified fractions.

These fractions were further purified by semi-preparative

HPLC.

This chapter describes how the above method was scaled up

allowing purification of sub-gram quantities of microcystins,

using reverse-phase flash chromatography and labscale

preparative HPLC {Method A) (Edwards et al., cells

were extracted in methanol and the supernatant obtained was

rotary evaporated to remove the methanol before loading onto a

flash chromatography system. This part of the procedure was

the most time consuming and took almost 1 week to complete.

The flash fractions also required analysis by HPLC before

pooling and then the pooled fractions had to be rotary

evaporated to dryness.

However, this chapter also presents an alternative approach to

the above procedure {Method B} which simplified the

extraction/concentration step and reduced the time required to

perform the procedure resulting in a simple and relatively

rapid means of purifying sub-gram quantities of microcystins

from large amounts of cell material (Edwards et



The cyanobacterial material used was collected from Rutland 

Water in Leicestershire, UK, in 1989. This had previously been

shown to contain several microcystins (Lawton et al., 1995).
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4.2. MATERIALS AND METHODS

Method A

4.2.1. Cyanobacterial material

Cyanobacterial material, collected from a bloom of Microcystis

aeruginosa at Rutland Waters (Leicestershire, UK) in September

1989, was supplied by Anglian Water and stored at -20°C until

required.

4.2.2. Extraction of microcystins

Approximately 7 1 of cell material was thawed and extracted in

an equal volume of 100% methanol (Fisons, Loughborough, UK)

plus ammonium acetate (0.5%, w/v) which enhances pellet

formation during centrifugation. Aliquots (1 ml) of the

methanolic extraction were placed in pre-weighed vials and

dried in an oven at 80°C for three hours. The vials were

give the dry weight

of cells per ml of extract. Thus, it was calculated that the 7

1 of cell material was equivalent to 313 g dry weight of

cells. Methanol had previously been shown to be the best

solvent for extracting all microcystin variants from cells

(Lawton

minutes with regular stirring. The extract was then

centrifuged at 1500 x g for 30 minutes, the supernatant
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removed and the pellet of cells re-extracted a further two

times in 400 ml methanol for 30 minutes. The supernatants were

pooled and rotary-evaporated at 4 0°C to remove the methanol.

An oily residue remained which was stored at -20°C until 

further processing.

4.2.3. Concentration and clean-up of microcystins

The extract was diluted at a ratio of 1:1:8 (extract-methanol- 

water) and the aqueous extract (15.2 1) filtered through GF/C 

disks (Whatman, Maidstone, Kent, UK). Microcystins were

Charlottesville, PA, USA) (Fig. 4.1.). This system comprises a 

stainless steel solvent reservoir which under pressure

(approx. 20 psi) drives the solvent/sample through a cartridge 

housed in a radial compression module. Radial compression has 

been shown to improve the flow of the mobile phase through 

cartridges and prevents channeling by highly compacting the 

bed of silica (Fig. 4.2.) (Column Productivity, 1995).

Two stationary phases, spherical Hyperprep Cis (30 pm particle

size, 125

packed in

A; Shandon, Runcorn, UK) and irregular Bondapak Cis 

particle size, 125 A; Waters, Watford, UK) were 

9 X 7.5 cm I.D. cartridges. The performance of both

stationary phases were compared in this application. The

cartridges were preconditioned with 2 1 of methanol and water
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15S system comprised of a stainlessBiotage FlashFig.

steel solvent reservoir

JBIOTAGE

which under pressure (approx. 20 psi)

drives the solvent/sample through a cartridge (packed with

appropriate stationary phase) housed in a radial compression

module.
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Biotage FLASH 75 Compression
Module

External 
Pressure 
Applied

Distribution

304 Stainless Steel Head

10 pm Frit

KP-Sil Adsorbent

-Ring

Radial Compression 
Module

Prepacked, Disposable 
Flash Cartridge

Radial Compression 
Air Supply

Fig. 4.2. A schematic diagram of a Biotage Flash 75 

compression module housing a pre-packed disposable flash 

cartridge. The cartridge is subjected to radial pressure which 

compacts the bed of silica and prevents channeling of the .

sample.
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before application of the aqueous extract.

A volume of 8 1 of the aqueous extract was applied to the

cartridge packed with Shandon Hyperprep Cie at a flow-rate of

100 mlmin \ The microcystins were eluted using a stepwise

gradient from 0 to 100% methanol in 10% increments using 2 1

solvent per step.

Each fraction was

Fractions (200 ml) were collected manually.

initially screened for microcystins using a

spectrophotometer

(absorbance maxima for microcystins). This procedure was

repeated with the remaining 7.2 1 of extract using the

cartridge packed with Bondapak Cis.

4.2.4. Analytical HPLC

Fractions with high absorbance at 238 nm were analysed by

HPLC. Samples were separated on a Symmetry Cis column (15 x

0.46 cm I.D.; 5 pm particle size; Waters, UK) and microcystins

identified using a Waters 996 photodiode array detector.

A mobile phase of (A) Milli-Q water (Millipore, Watford,

and (B) acetonitrile (Rathburns, Walkerburn, UK) both

containing 0.1% trifluoroacetic acid (TFA) was used.

Microcystins were separated using a linear gradient from 30% B

to 35% B over 5 minutes followed by an increase to 60% B over

the next 25 minutes.



4.2.5. Optimisation of separation methods using an analytical 

column

The combination of flash chromatography fractions containing

microcystins of similar polarity resulted in

fractions. Optimum conditions for separation

three major

of the

microcystins to facilitate HPLC purification in each of these

fractions was investigated using an analytical Shandon

Hyperprep Cig column (15 x 0.46 cm I.D.; 12 pm particle size;

100 A pore size) using a mobile phase of (A) ammonium acetate

(0.1%, w/v) and (B) acetonitrile at a flow rate of 1.5 mlmin A

This allowed the development of satisfactory separation

methods without loss of much sample.

Once developed the process was scaled up using a preparative

HPLC column packed with the same material as the analytical

column. The eluent was monitored at 238 (absorption maxima for

214, and 254 nm using a Waters 490 detector.

Absorption at 254 nm aids in the identification of

microcystins. If a compound has greater absorption at 254 nm

than at 238 nm it is likely that it is not a microcystin. Many

compounds absorb at 214 nm and this wavelength is monitored to

observe how pure the sample is.



Three methods were developed on the analytical column which 

provided the best separation of microcystins contained in the 

three combined flash chromatography fractions:

Method 1: Fractions eluted from the flash column which 

contained more polar microcystins were combined to give 

fraction 1. These were separated isocratically using a mobile

Method 2: Fractions containing mainly MCYST-LR and MCYST-LY

were pooled to give fraction 2. These were separated using a

B after

12 minutes to elute MCYST-LY.

Method 3: Fractions containing the more hydrophobic

microcystins were combined to give fraction 3. These were

separated using a mobile phase A:B

increase to 30% B after 8 minutes.

Next, increasing sample loads were injected onto the

analytical column until resolution was lost. The amount of

sample (mg) per gram of packing material which can be loaded

without significant loss of resolution was calculated. This

loading was scaled to a preparative column by keeping the

ratio of mg of sample per gram of packing material constant.



4.2.6. Preparative HPLC

The preparative system used included a Kiloprep 100 laboratory

scale HPLC with a KPCM 100 compression module (Biotage), a UV

(Thermoseparations, Stone, UK). Samples were injected through

a 35 ml loop.

Separation was preformed on a 15 x 7.5 cm l.D. cartridge

packed with Shandon HS BDS Cig (12 pm particle size) and a

mobile phase of (A) ammonium acetate (0.1%, w/v) and (B)

acetonitrile under conditions described in methods 1-3

(Section 4.2.5) at a flow rate of 400 mlmin \ The eluent was

monitored at 214 and 238 nm and fractions were collected

manually. These fractions were analysed by analytical HPLC as

decribed in section 4.2.4 and fractions containing pure

compounds were combined and diluted with an equal volume of

ammonium acetate) and concentrated by pumping onto the

preparative HPLC cartridge at a flow rate of 200 mlmin The

cartridge was washed with 1.5 1 of Milli-Q water and

methanol.

Closed-loop recycling was used for separation of closely

eluting compounds (MCYST-LW and MCYST-LF). This method

involved diverting the column effluent from the detector back



onto the column via the pump. It was repeated several times to 

achieve adequate separation of the compounds. This procedure 

was performed at Biotage, UK, by

Method B

4.2.7. Cyanobacterial material

Cyanobacterial material used was 

Dr. C. Edwards.

similar to that used in the

development of method A (section 

4,2.8. Extraction of microcystins

Cyanobacterial cells were extracted in methanol, centrifuged

and the supernatants retained as described in section 4.2.2.

Previously the supernatant was rotary evaporated to an oily

residue which was diluted with 10% aqueous methanol and

filtered through GF/C filter disks (to remove particulates)

before loading onto a flash chromatography cartridge. Rotary

evaporating the extract was very time consuming and took

almost 1 week to process.

The aim, therefore, was to try and reduce this processing

time. In place of rotary evaporation the concentration of

methanol was reduced by diluting the supernatant to 20% (v/v)



with glass-distilled water and then filtered through GF/C 

filter disks.

4.2.9. Concentration and clean-up of microcystins

was loaded onto a

preconditioned Bondapak Cis cartridge (9x7.5 cm I.D.; 37-55

gm particle size) housed in a radial compression module as

described previously (section 4.2.3.) at a flow rate of 200

mlmin \ The waste eluent was monitored for breakthrough 

analytical HPLC. The cartridge was washed with 

methanol (2 1) and monitored for breakthrough.

microcystins were eluted in 70% methanol (2 1) 

using

10% and 20%

All the

and the eluent

concentrated to 200 ml by rotary evaporation at 40°C. This 

eliminated having a large number of flash fractions which have 

to be analysed by analytical HPLC as in method A.

4.2.10. Analytical HPLC

Microcystins were identified by HPLC as described in section 

4.2.4.



4.2.11. Evaluation of suitable stationarv phases for

preparative HPLC

Four stationary phases commonly used for large-scale peptide

separations were packed into analytical columns and assessed

for use in this application. The aim was to develop a method

to separate all the microcystins in the extract using a single

gradient.

pore

YMC ODS (25 X 0.46 cm I.D.; 15 pm particle size,

size; YMC, Wilmington, DE, USA).

A pore size; Vydac, Hesperia, CA, USA).

(3). Shandon Hyperprep HS

size; Shandon HPLC, Runcorn,

(4). Shandon Hyperprep HS

particle size, 100 A pore

120 A

pm

The extract (0.1 mg) was separated on all four columns using a

mobile phase of (A) ammonium acetate (0.1%, w/v) and (B)

(1) .

(2) .

UK) .

acetonitrile. The gradient was 22% B for the first 4 minutes

followed by an increase to 35% B over the next 46 minutes (76

minutes for the 25 cm columns) at a flow rate of 1.5 mlmin \

The eluate was monitored at 238, 214 and 254 nm using a 490



The maximum loading (mgg ‘ packing material) for the column was

determined. The most appropriate stationary phase was chosen

and increasing loads of sample were injected onto the column

until resolution became unacceptable.

4.2.12. Preparative HPLC

The preparative HPLC system used is described in section

4.2.6. Separation was performed on a 15 X 7.5 cm l.D.

cartridge packed with Hyperprep HS BDS Cig. This was found to

be the best stationary phase after method development on

analytical columns (see section 4.2.11.) . A gradient starting

at 20% acetonitrile and over 4 minutes,

followed by an increase to 32% over the next 36 minutes was

used. The flow rate was 400 mlmin and the eluate was

monitored at 238 and 214 nm. Fractions were collected manually

and analysed by HPLC with diode-array to determine their

purity.

Fractions containing purified microcystins were combined and

desalted using the Biotage flash system. Fractions were

diluted with an equal volume of Milli-Q water and loaded onto

a new preconditioned Cig flash cartridge (9 x 7.5 cm l.D. r

Bondapak Cig , 37-55 pm particle size) at a flow rate of 250 

mlmin‘\ The cartridge was washed with 1.5 1 of Milli-Q water 

and microcystins were eluted in 500 ml of 80% methanol.



4.3. Results

Method A

A total of fifteen microcystins were identified in the aqueous

extract of M. aeruginosa by reversed-phase HPLC with diode

which included previously

characterised MCYST-LR (5), MCYST-LY (8), MCYST-LW (13) and

MCYST-LF (14) and eleven unknown microcystin variants.

4.3.1 Flash chromatography

Flash fractions analysed by spectrophotometer displayed

similar profiles for the two stationary phase cartridges with

75 (Fig. 4.4.). This corresponds to a methanol concentration

between 30 and 70%. Although no replicates were used this

pattern has repeatedly been observed in several other

separations.

It was observed that fractions eluted in 0 and 10% methanol

were yellow/orange in colour whilst fractions eluted in 80, 90

and 100% methanol were dark green (indicating the presence of

chlorophyll a). Fractions eluted with 20-70% methanol were

the microcystins.
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Fig. 4.3. Analysis of the aqueous methanolic extract of

Microcystis aeruginosa by reversed-phase HPLC with diode-array 

detection. Microcystins (MCYST) are numbered 1-15.
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Fig. 4.4. TVbsorbance (238 nm) of fractions eluted from (a)

Hyperprep C18 and (b) Bondapak Cis using a stepwise gradient

from 0 to 100% methanol in 10% increments using 2 1 solvent

per step. Fractions (200 ml) were collected manually.
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Fig. 4.5. Flash fractions eluted between 0 and 100% methanol

in 10% increments (2 1 solvent per step) 

range of the fractions. Fractions eluted 

showing the colour

between 20-70%

methanol were almost colourless and contained the majority of 

the microcystins.



Analysis of flash fractions showed the distribution of

microcystins across the gradient for both cartridges (Table

4.1) . The selectivity of the cartridges was very similar for

most of the microcystins except MCYST (2) which was eluted

from the Shandon cartridge in 30% methanol and from the Waters
Bondapak in 40% methanol. MCYST (1) was eluted from the

Shandon cartridge in 60% methanol compared to the Waters

Bondapak cartridge were it was eluted in approximately equal

quantities in 50% and 60% methanol.

Flash chromatography fractions containing microcystins of

similar polarity resulted in three major fractions. From the

flash run using a Shandon Hyperprep cartridge fractions 21-30

microcystin was MCYST-2. Fractions 51-57 were pooled and

contained mainly MCYST-LR and MCYST-LY (Fig. 4.6b.). Fractions

64-67 were pooled and contained MCYST-LW and MCYST-LF along 

with several unknown microcystins (Fig. 4.6c.). Fractions from

the second flash run using a Waters Bondapak were pooled in a

similar fashion (results not shown).

4.3.2. Optimisation of preparative HPLC loading using an

analytical column

Increasing amounts of fraction 1 (0.05-0.25 mg per gram of 

packing material) were injected onto the analytical column

(Shandon 15 x 0.46 cm I.D.)(Fig. 4.7.). Resolution
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Fig. 4.6. Tinalyses of the three main fractions, by reversed- 

phase HPLC with diode-array detection, resulting from pooled 

flash fractions containing microcystins of similar polarities:

fraction 1 contained one predominant microcystin (MCYST-

(b) fraction 2 contained mainly MCYST-LR (5) and MCYST-LY

and (c) fraction 3 contained MCYST-LW (13) and MCYST-LF

along with other uncharacterised microcystins (MCYST-1;

MCYST-12 and MCYST-15).
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deteriorated at low loading (0.25 mgg ^). This may have been an 

effect of increased methanol reducing retention times of the 

more polar microcystins. Further optimisation would be 

necessary before scaling up the separation of fraction 1.

Increasing loads of fraction 2 from 0.05 to 0.75 mg MCYST-LR

(5) (total load of approximately 0.1 to 1.5 mg per gram of

onto the analytical column to

determine the maximum load that could be applied to the

preparative Shandon 15 x 7.5 cm I.D. column (Fig. 4.8.). At

1.5 mgg ’ the resolution of MCYST-LY (8) deteriorated and a

maximum loading of 1 mgg was used in order to ensure maximum

yields of pure MCYST-LY (8).

The above procedure was repeated with fraction 3 (Fig.

Complete separation of MCYST-LW (13) and MCYST-LF (14) was

never achieved and resolution deteriorated rapidly. It was

necessary to use close-loop recycling when the separation was

scaled up.

4.3.3. Preparative HPLC

A total of five microcystins were successfully purified from

fractions 2 and 3 with purity greater than 90% (Table 4.2).



Fig. 4.7. Separation of fraction 1 and load optimisation on an

analytical Hyperprep HS
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0.5 mg/g

Fig. of fraction 2 and load optimisation on an

analytical Hyperprep HS
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0.25 mg/g

Fig. 4.9. Separation of fraction 3 and load optimisation on an

X 0.46 cm I.D.; 12 pm
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Separation of fraction 2 was scaled up to a preparative column

where 352 mg of MCYST-LR

total load of MCYST-LR was obtained

at a purity greater than 95% where the main contaminant was a

related microcystin (Fig. 4.10.). MCYST-LY (8) was also

purified (> 80%) but was found to contain closely eluting

microcystins.

MCYST-1 from fraction 3 was obtained at purity greater than

95% while MCYST-13 and -14 were collected together and

recycling. The sample was reinjected onto the column with a

the effluent from the

column was diverted back through the column twice (Fig.

The effluent also contained MCYST-12 which initially was

coeluting with MCYST-LW (13). This was sufficiently separated

to enable collection and was obtained at greater than 95%

purity. MCYST-LW (13) was obtained at purity greater than 90%

but was contaminated with an unknown microcystin which

coeluted. MCYST-LF (14) was collected at purity greater than

95%. This separation and purification of MCYST-LW (13) and

MCYST-LF (14) would not be possible without the use of closed-

loop recycling.



Table 4.2. Recovery and purity of microcystins from, pooled

flash fractions using laboratory-scale preparative HPLC.

la 5 8 12 13 14

Fract ion*^ 3 2 2 3 3 3

Total load (g)^ 0.2 0.6 0.6 0.1 0.1 0.1

Recovery (%) 93 76 86 75 70 90

Purity (%)^ >95 >95 >80 >95 >90 >95

a Number refer to peaks in Fig. 4.3
b Fractions from flash run as shown in Fig. 4.6
c Total load is approximate since it was not possible to quantify 

unknown components which were not microcystins.

Purity as assessed by reversed-phase HPLC with diode-array 

detection
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Fig. 4.10. Analysis of purified MCYST-LR (5) (obtained from 

laboratory preparative HPLC) by reversed-phase HPLC with 

diode-array detection having a purity greater than 95%.
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Fig. 4.11. Separation and purification of MCYST-LW (13)

MCYST-LF (14) using closed-loop recycling. An unknown

microcystin (12) which originally coeluted with MCYST-LW (13)

was observed. The dark area represents the effluent that was
recycled.
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Method B 

4.3.4. Flash chromatography

It took 7 hours to load the 80 1 of aqueous extract onto the

flash column. No breakthrough of microcystins was observed in

the waste after loading. A total of seven major microcystins

were identified in the extract of M. aeruginosa by reversed-

phase HPLC with diode-array detection (Fig. 4.12.) which

included previously characterised MCYST-LR (4), MCYST-LY (5),

MCYST-LW (6) and MCYST-LF (7) and three unknown microcystin

variants.

4.3.5. Optimisation of separation methods and loading on

analytical columns

The best resolution was achieved on columns with smaller

particle sized stationary phase i.e. the Hyperprep Cis (8 and

12 pm particle

stationary phase was chosen because MCYST-LR

(4) had a greater retention time and MCYST-LW (6) and MCYST-LF

(7) were slightly more resolved.



Fig.

HPLC

4.12. Tlnalysis of the post-flash extact by reversed-phase 

with diode-array detection. Microcystins are numbered 1-7

and include previously characterised MCYST-LR (4), MCYST-LY

(5), MCYST-LW (6) and MCYST (7).
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Time (minutes)

Fig. 4.13. Separation of microcystin (A)

Vydac C18 (15-20 Ltm, 300 A), (B) YMC ODS (15 }im, 120 A),

(rm, 100 A) .
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Increasing amounts of the extract (0.3, 0.75 and 1.5 mgg

packing material) were injected onto the analytical Hyperprep

Ci8 (8 pm particle size) column (Fig. mg of

extract per gram of packing material the separation of MCYST-

LW (6) and MCYST-LF (7) was unacceptable and a load of 1 mgg

was decided upon for scaling up to the preparative column. A 

load of 0.5 g was loaded onto the 15 x 7.5 cm l.D. column 

which contained 485 g of Hyperprep HS BDS Cig.

4.3.6. Preparative HPLC

The retention for most components on the preparative column 

was similar to those obtained on the analytical column used to 

scale-up the process (Fig. 4.15.), although peak 1 eluted 

after peaks 2 and 3 and the resolution of MCYST-LW and MCYST-

LF had deteriorated. This may have been caused by loading the

sample via

separation

the sample pump in a large volume (100 ml). The 

was highly reproducible from run to run (Table

The pooled fractions containing MCYST-LR (4) were analysed by

HPLC with diode-array detection (see section

Absorbance at 214 nm demonstrated the purity of this fraction

(Fig. 4.16.). Yields of MCYST-LR (4) with purity greater than 

95% were in excess of 80% (Table 4.4). However the purity of 

the other microcystins ranged between 60 and 80% and further 

purification would need to be carried out.



Fig.

cm;

Time (minutes)

of loading on Hyperprep Cie4.14. Optimisation

using total loads of (A) 0.3, (B)

and (C) 1.5 mgg"' packing material.
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Fig. 4.15. Preparative separation of 0.5 g of extract on the

15 X 7.5 cm I.D. column.



Numbers refer to peaks in Fig. 4.12.

Table 4.3. Mean retention in four preparative gradient 

separations.

Peak No.^ Mean retention (secs.) ± S .D

1 752 ± 6.0

2 861 ±7.6

3 924 ± 4.6

4 993 ± 2.5

5 1669 ± 12.12

6 1928 ± 12.10

7 2025 ± 14.20
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Fig. 4.16. Analysis of MCYST-LR (4) fraction collected from a 

preparative HPLC run by analytical HPLC with diode-array 

detection (see section 4.2.4).
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Table 4.4. Recovery of MCYST-LR (4) from HPLC preparative

gradient separations.

As determined by analytical HPLC with diode-array detection

Run No. Total load

(g)

Recovery

(%)

Purity

(%)

1 0.3 84 98

2 0.5 83 98

3 0.5 82 96

4 0.5 85 97
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4.4. DISCUSSION

This chapter presented a method of concentrating and cleaning

up gram quantities of microcystins using reversed-phase flash

chromatography and laboratory-scale preparative HPLC.

The use of a Biotage Flash system which can house 500 g

cartridges allows the processing of large quantities of cell

extract. Most methods used to purify microcystins to date rely

(Brooks and Codd, 1986;

Sivonen et al., 1992; Lawton et al.,

amount of material that can be used in a single purification.

Flash chromatography using prepacked cartridges resulted in

simpified fractions which were more easily separated on

preparative HPLC. No difference was observed between the two

types of prepacked cartridges used in flash chromatography.

Thus, there was no advantage in using a high-performance

Hyperprep stationary phase in this application and Bondapak Cis

cyanobacterial extracts. Optimum conditions for separation of

these simplified fractions was investigated using analytical

columns, the advantage being that only small amounts of the

samples were sacrificed during method development and also

that various stationary phases could be assessed for use in

this application. It also allowed the calculation of the
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maximum loading of sample that could be applied to a 

preparative HPLC column.

In method A the supernatant from the extraction was rotary 

evaporated to an oily residue to remove the methanol and then 

diluted with water and filtered before application onto the 

flash system. The rotary evaporating part of the method was 

very time consuming (1 week) and this was altered in method B 

to reduce the

20% methanol,

processing time. The supernatant was diluted to 

filtered and loaded onto the flash system. This

increased the volume (80 1) of extract that had to be loaded

onto the flash cartridge compared to method A but this took

only seven hours to load and was still much less time

consuming than rotary evaporating the supernatant. Further

more, this reduces sample handling and exposure to toxic

compounds. The Biotage system also has a large solvent/sample

reservoir and the extract was left to load overnight. Another

advantage of these methods is the rapid desalting of the

microcystin-containing fractions by using the same preparative

cartridge used for the separations. This allowed the

microcystins to be eluted in a small volume which was easily

dried down, thus avoiding the compounds being exposed to

solvent and salts for long periods of time.

Method A enabled the purification of four of the microcystins

(MCYST-1; MCYST-LR; MCYST-12 and MCYST-LF) at purity greater
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than 95% with recoveries between 75-93%. It was possible to

obtain 0.26 MCYST-LR purified to 98% purity when a total

load of 0.6 of sample was injected onto the preparative

column. The column was not overloaded at this stage and it

would be possible to increase the total load to 1 g and thus

purify 0.5 g MCYST-LR. The separation and purification of

MCYST-LW and MCYST-LF would not of been possible without the

use of closed-loop recycling but this method worked well and

these microcystins were obtained at purities greater than 90%.

Method B resulted in one fraction containing all the

microcystins, the aim being to purify as many as possible

using a single gradient. This method avoided having many flash

fractions which would have to be analysed by HPLC with diode­

array detection before fractions of similar polarities could

be combined. However the purities obtained were not as good as

in method A. Yields of MCYST-LR with purity greater than 95%

were obtained with recoveries greater than 80%, however, the

purity of other microcystins ranged between 60 and 80% and

further purification is necessary.

Many methods to date involve numerous steps between extraction

g

g

and purification by HPLC. For example, Namikoshi et al. (1992)

described the purification of microcystins from a methanolic

supernatant was passed through a

series of three silica gel columns of varying mesh size before 

three more simplified fractions were obtained. Even at this 
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stage fraction 1 had to be subjected to another two column 

chromatography separations before repeated separation by 

preparative TLC (thin layer chromatography). The remaining two 

fractions also required more complex separations. Sivonen et

al. (1992) described the purification of

of cells by elution from a Cis silica gel

a methanolic extract

column followed by a

series of three further HPLC separations using semi­

preparative Cis silica gel columns before final purification on

an analytical Cis silica gel column.

The method proposed in this chapter simplifies the

purification step considerably and is the first method

described for the purification of large quantities of

microcystins.

14S





5.1. INTRODUCTION

The large-scale purification method developed previously was 

used to purify the microcystin variants known to be produced 

by a different strain of Microcystis aeruginosa. This strain 

was purchased from a school supplies catalogue and was 

discovered to be toxic during routine screening of laboratory 

cultures. This demonstrates the importance of screening all 

cyanobacteria.

The sample in this case proved more complex than the previous 

strain of M. aeruginosa, containing many closely eluting 

microcystin compounds. For this reason it was decided to elute 

the microcystins from the flash chromatography system in a 

stepwise gradient instead of elution in a single fraction.

This resulted in two major fractions, one of which contained a 

single microcystin. The other fraction, however, contained the 

remaining microcystins and further purifications steps were 

required to allow characterisation by mass spectrometry and 

amino-acid analysis.

There are over 50 microcystin variants known to be produced by 

cyanobacteria but the majority of these are not commercially

available as standards.

microcystins present in

It is important to identify the 

natural waters as this may give an 

indication of toxicity, as it is known that microcystin



variants can vary in potency. MCYST-LR is found to occur most 

frequently among the microcystins in samples from many 

different parts of the world. Namikoshi et al. (1992) found 

that MCYST-LR was the principle toxin (ca.

component) isolated from Microcystis cyanobacteria collected 

from a loch in the USA. Vasconcelos et al. (1996) also 

reported that MCYST-LR was the most common microcystin 

isolated in a range of bloom samples in Portuguese

freshwaters. MCYST-LR is also commonly reported in British

freshwaters (Lawton et al., 1995).

Watanabe et al. (1988) reported that several strains of M.

aeruginosa and M. viridis isolated from bloom samples in Japan

contained mixtures of MCYST-LR, MCYST-RR and MCYST-YR.

However, the main component of the toxins of these strains was

MCYST-RR. The toxins produced by the strain of M. aeruginosa 

used in this study is more similar to that reported for

Japanese strains of Microcystis. It is not known where this 

strain was originally isolated from but its microcystin 

profile is more unusual than that normally found in Europe.



5.2. MATERIALS AND METHODS

5.2.1 Cultivation of cyanobacteria

Cultures of M. aeruginosa (Sciento, Manchester) were grown in 

bulk under conditions previously described (chapter 2; section 

2.2.1.). The cultures were harvested by centrifugation at 1500

X g for 60 mins. The supernatant was decanted and the pellets 

of cells transfered to plastic beakers and frozen at -20°C 

until required.

5.2.2 Extraction of microcystins

Approximately 4 1 of cell material were thawed and extracted 

for an hour in an equal volume of 100% methanol (Rathburns,

Walkerburn, UK) plus ammonium acetate (5 gl ^) with regular 

stirring. Aliquots (1 ml) of the methanolic extraction were 

placed in pre-weighed vials and dried to give the dry weight 

of cells per ml of extract. Thus, it was calculated that the 4 

1 of cell material was equivalent to approximately 39 g dry 

weight of cells. The extract was centrifuged at 1500 x g for 

45 minutes and the supernatant retained. The cells were 

extracted a further two times in 400 ml methanol for 30 

minutes and each processed as before. The supernatants were 

pooled and diluted to 20% methanol with distilled water and 

filtered through GF/C filter disks.



5.2.3. Concentration and clean-up of microcystins

onto a Biotage

Flash 40 system (Biotage Inc., Charlottesville, USA)

containing a Hyperprep is similar to

the Biotage Flash 75 S system described previously

that it is smaller and uses smaller

cartridges, thus reducing the cost of packing material.

Microcystins were eluted from the flash column using a step

gradient from 0% to 100% in 10% increments (1 1 solvent per

ml) were collected manually. These

fractions were numbered 1-110. Fractions were monitored using

a spectrophotometer (Novaspec II, Pharmacia Biotech) at 2 38 nm

which is the characteristic absorbance maxima for

microcystins. Fractions having a high absorbance at 238 nm

were analysed by HPLC using a previously described method

(Lawton et al., 1994). Fractions containing significant

guantities of microcystin(s) of similar polaritiy were then

combined and rotary evaporated to dryness.

5.2.4. Optimisation of separation methods using an analytical

column

The combination of similar flash chromatography fractions

resulted in 2 major fractions. The aim was to purify



sufficient quantities of material to allow characterisation of

the unknown microcystins. Optimum conditions for separation of

the microcystin variants was investigated using an analytical

Shandon Hyperprep HS BBS Cis column (15 x 0.46 cm I.D.; 12 gm

particle size) with a flow rate of 1.5 mlmin \ Once developed

the process was scaled up using a preparative HPLC column

packed with the same material as the analytical column.

Method 1: Fractions eluted from the flash column between 56

and 7 4 (Fraction 1) contained 1 microcystin which was

sucessfully separated with a mobile phase of (A) TXmmonium

acetate (0.1% w/v) and (B) acetonitrile using an isocratic

peak and sufficiently pure fractions combined for

characterisation.

Method 2: Fractions eluted from the flash column between 31

separated using a mobile phase of (A) Water

acetonitrile (0.05% T.F.A). Best separation was achieved with

increase after 20



5.2.5. Preparative HPLC

An aliquot of fraction 2 was loaded onto a Kiloprep 100 

labscale HPLC with a KPCM 100 compression module (Biotage,

Charlottesville, U.S.A), a

linear 1201 chart recorder (Thermoseparations). The sample was

separated on a 7.5 x 15 cm I.D. cartridge packed with Shandon

method 2

was monitored at

with a flow rate of 400 mlmin \ The eluent

238 and 214 nm and fractions were collected

over a peak when it became visible on the chart recorder.

Fractions were analysed by reversed-phase HPLC with diode

array detection as described by Lawton et 

pooled according to their purity to give five major fractions.

Each fraction was rotary evaporated to dryness.

5.2.7. Liquid chromatography-mass spectrometry

Each of the five fractions was analysed using liquid 

chromatography-mass spectrometry by Mr. R. Boughtflower at

Glaxowellcome, Stevenage, UK. Separation of fractions was 

performed on a 3.5 x 0.46 cm I.D. ABZ C12 (3 |xm particle size)

column (Supelco, Poole, UK) using a mobile phase of (A) 0.1% 

formic acid (Sigma, UK) and (B) acetonitrile (Rathburns,

Walkerburn, UK). Microcystins were separated using a linear
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gradient from 0% to 95% (B) over 8 minutes and monitored by 

micromass platform using electrospray ionisation.

5.2.8. Amino-acid analysis

Several of the fractions, however, still contained trace 

contaminants of the other closely eluting microcystins and 

required further purification before amino-acid analysis 

be performed. This was achieved by repetitive injections 

could

of

the samples onto an analytical Symmetry Cis column (15 x 0.46

cm.

the peak using a fraction collector (Waters, UK).

I. D. ; 5 Lim

Pure fractions were combined and subjected to amino-acid

analysis using the following method which was adapted from

Waters pico tag method.

Materials

HYDROLYSIS REAGENT

Phenol crystals (1 g) were weighed into a small test tube and

liquified over a waterbath at 50°C. The liquid phenol (1 ml)

was added to 0.1 ml 6M HCL and mixed. Next^ 0.1 ml of this

solution was added to 10 ml 6M HCL.

REDRYING REAGENT

The redrying solution consisted of a 2:2:1 mixture (by volume) 

of methanol: water: triethylamine.
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DERIVATISATION REAGENT

The derivatising solution consisted of a 7:1:1:1 mixture (by 

volume) of methanol: triethylamine: water: PITC 

(phenylispthiocyanate).

TYmino-acid analysis involved three steps namely hydrolysis of 

the peptide sample to free amino-acids followed by pre-column

derivatisation

HPLC. Aliquots

and analysis of the sample by reversed-phased

sample were placed in sample

tubes using an analytical syringe and dried under vacuum.

reagent was dispensed into

the bottom of a reaction vial and the sample tubes placed

inside, covered with a little glass wool and the reaction vial

cap closed.

The reaction vial was then subjected to a total of three

vacuum-nitrogen cycles to ensure that the reaction vial was

free of oxygen. The reaction vial was placed in an oven at

150°C for three hours. The sample tubes were removed after

cooling and dried under vacuum. When dry, 20 pl of redrying

reagent was added to each sample tube and redried under

vacuum. This step is necessary to adjust the pH of the

derivatisation mixture to the required level.



The samples were then derivatised. An aliquot of derivatising

pl) was added to each sample tube, vortex mixed

for 20 minutes. Theand left to stand at room temperature

samples were dried again under vacuum to remove a

PITC.

The derivatised samples were analysed by HPLC on

Nova-Pak C18 (30 X 0.39 cm I. D.) column using the

gradient. The column oven temperature was set at

detector at 254 nm. The samples were resuspended

eluent A for analysis.

Time Flow % B Curve

(mins) (mlmin"^)

0 1 100 0 —

13.5 1 97 3 :11

24 1 94 6 8

30 1 91 9 5

50 1 6 6 34 6

62 1 66 34 6

62.5 1 0 100 6

66.5 1 0 100 6

67 1 100 0 6

87 1 100 0 6

a Waters

following

4 6°C and the

in 200 pl

11 traces of



Eluent A

Sodium acetate trihydrate (9.525 g) was dissolved in 1 1 water

The

solution was then filtered and 975 ml added to 25 ml

acetonitrile.

Eluent B

This consisted of a mixture of 450 ml acetonitrile; 400 ml

water and 150 ml water.

The amino acids present in the samples were identified and

quantified by comparison to a standard solution of a series of

amino-acids (2.5 pmolesml (Sigma, UK). An injection volume

chosen to ensure 2.5 nmoles of each amino acid was

loaded onto the column. The peak area of the amino acid

alanine was used to quantify the amount of alanine present in

the purified microcystin samples. Alanine was present in all 

of the samples analysed. The molecular weights of each sample 

was previously obtained by mass spectrometry and allowed the 

determination of the quantity of microcystin in each sample.
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5.3. Results

Five main microcystins (1-5) and two minor closely eluting 

microcystins (a & b) were identified in the extract of

Microcystis aeruginosa (Sciento) by reversed-phase HPLC with 

diode array detection (Fig. 5.1.).

5.3.1. Flash chromatography

Flash fractions analysed by spectrophotometer displayed two 

regions of high absorbance at 238 nm between fractions 31 and 

54 and fractions 56 ano 74 (Fig. 5.2.). Analysis of fractions 

by analytical HPLC showed that fractions 56 to 74 contained a 

single microcystin (MCYST-1) while fractions 31 to 54 

contained four microcystins (MCYSTS 2-5) (Fig. 5.3.).

5.3.2. Optimisation of separation methods using an analytical

column

Flash fractions 56 to 74 were pooled to give fraction 1 (Fig.

and fractions 31 to 54 were pooled to give fraction 2

5.5.). Fraction 1 was successfully separated on the 

analytical Shandon Hyperprep column as described in method 1 

quantity for characterisation. The best separation of fraction 

2 was achieved under conditions described in method 2 (section



5.2.4.)  (Fig. 5.7.). It was suspected that MCYST-3 and MCYST-4 

were coeluting and the peak before MCYST-5 was the two minor 

coeluting microcystins (MCYSTS a & b). This complex fraction 

required further purification.

5.3.3. Preparative HPLC

An aliquot of fraction 2 was loaded onto the preparative HPLC

system described

the microcystins

previously (chapter 4; section 4.2.6.) and 

eluted under conditions described in method 2

eluent was monitored at 214 and 238 nm and

fractions were collected manually over the eluting peaks.

These fractions were analysed using HPLC with diode array 

detection (Lawton et al., 1994) and fractions of acceptable 

purity were pooled resulting in five main fractions (Table

5.3.5. Characterisation of microcystins

MCYST-2 and -4 were obtained at purities greater than 90% 

using this method. The other microcystin fractions ranged 

between 32-86% purity and further purification was necessary.

The contaminates in these cases were closely related 

microcystins. Further purification of these fractions was 

attempted by separation on an analytical Symmetry Cis column 
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fractions using a waters fraction collector. However, it 

proved impossible to obtain MCYSTS -3 or -5 in sufficiently 

pure quantities for characterisation and it was proposed that 

closed-loop recycling (chapter 4; section 4.3.2) would be 

necessary.

Mass spectrometry tentatively identified MCYST-2 as MCYST-YR 

or -HtyR; MCYST-4 as MCYST-LR; MCYST-a and b as variants of

MCYST-FR and MCYST-5 as MCYST-WR (Table 5.1). This 

identification was confirmed for several of the microcystins 

using amino-acid analysis which identified MCYST-1 as MCYST-RR 

(Fig. 5.9.), MCYST-2 as MCYST-YR (Fig. 5.10.) and MCYST-4 as

MCYST-LR (Fig. 5.11.).
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Fig. 5.1. Analysis of the methanolic extract of Microcystis

aeruginosa (Sciento) by reversed-phase HPLC with diode array

detection. Microcystins are labelled 1-5 and a-b.
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Fig. 5.2. Absorbance (238 nm) of fractions eluted from a

Hyperprep C18 flash cartridge using a stepwise gradient from 0 

to 100% methanol in 10% increments using 1 1 solvent per step.

Fractions (100 ml) were collected manually.
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1
ElMCYST-5■ MCYST-4

Fractions

Fig. 5.3. TVnalysis of flash fractions by analytical HPLC with 

diode array detection showing the distribution of the five 

aeruginosa.
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Fig. 5.4. Analysis of fraction 1 by reversed-phase HPLC with 

doide array detection showing the presence of one predominant 

microcystin (MCYST-1).
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Fig. 5.5. Analysis of fraction 2 by reversed-phase HPLC with

diode array detection showing the presence of four main

microcystins (MCYST-2; 3; 4 and -5) and two coeluting

microcystins (MCYST-a and -b).
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Minutes

Fig. Separation of fraction 1 on analytical Shandonan

HS BDS C19 Column (15 x 0.46 cmHyperprep I.D.; 12 pm) using a

mobile phase of (A) ammonium acetate (0.1%, w/v) and (B)

acetonitrile, A:B (78:22).
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Fig. 5.7. Separation of fraction 2 on an analytical Shandon
Hyperprep HS BDS C18 column (15 x 0.46 cm I • D. ; 12 jum) using a
mobile phase of (A) water (0.05% TFA) and

TFA) . Best separation was achieved with a mobile phase
of A: B 20 minutes to A:B
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Fig. 5.8. Preparative separation of fraction 2 using a 7.5 x

15 cm I.D. cartridge packed with Shandon HS BDS Cig (12 pm) at 

a flow rate of 400 mlmin“\
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Fig. 5.9 . 7\mino-acid analysis of MCYST-1. The identification 

of two arginine amino-acids in the X and Y positions of the 

microcystin molecule identify it as MCYST-RR.
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Fig. 5.10. Amino-acid analysis of MCYST-2. The identification

of an arginine in the X position and a tyrosine in the Y 

positions of the microcystin molecule identify it as MCYST-YR.

172



Fig. 5.11. Amino-acid analysis of MCYST-4. The identification
X position and a leucine in the Y

positions of the micnocystin molecule identify it as MCYST-LR.
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5.4. DISCUSSION

By using the large-scale purification method developed 

previously it was possible to obtain and characterise unknown 

microcystins produced by a species of cyanobacteria. Although 

these microcystins have been previously identified they were

not yet available in the quantities now obtained using

procedure. Several of these microcystins were obtained

this

in

sufficiently pure quantities and are available for use as

standards or for building a spectral library against which

natural samples can be screened. The closely eluting

microcystins which were not successfully purified are

available in sufficient quantities to allow purification by

closed-loop recycling.

Future work

variants to

will involve purifying further microcystin 

add to the spectral library of microcystins. The 

ideal library would have spectra of all known variants and 

would provide a rapid means of obtaining a preliminary 

identification of microcystins in natural samples. If 

sufficient quantities of standards were also available this 

would allow coelution studies to be carried out.

If a microcystin variant(s) of interest is identified during 

screening of natural samples it can be isolated and grown in 

bulk to allow large scale purification. When obtained in 

sufficiently pure quantities the microcystins can be 



tentatively identified and quantified by a combination of 

amino acid analysis and mass spectrometry. This initial 

analysis will identify previously characterised microcystins

but also possible new variants. These new microcystins can

then be further studied and their structure elucidated by more

complex techniques such as nuclear magnetic resonance (NMR) .

During the purification procedure it was observed that pH was

affecting the elution profile of a certain microcystin

identified later as MCYST-RR. Arginine is a polar amino acid

with an extra ionizable N- containing group. It is possible

that this characteristic could be used as a further means of

separating microcystins by altering their charge and therefore

their elution order under certain conditions.

This chapter demonstrates the application of a large scale

purification process and the implications of having sufficient

quantities of a wide range of microcystin variants available.





The occurrence of cyanobacterial blooms is now recognised as a

major world-wide problem in water management. Animal

poisonings and recent human fatalities have highlighted the

need for further research into these organisms and the toxins

they produce. This study concentrated on the hepatotoxins

known as microcystins which occur commonly in British

freshwaters. These compounds have not yet been fully

synthesised and the majority of the variants known to occur in

nature are not commercially available as standards. This

presents a problem when using HPLC as a technique to monitor

the occurrence of these toxins in both the environment and in

laboratory cultures. This study developed a large scale

purification process which provided gram quantities of

microcystins which could be used as standards in routine HPLC

analysis.

The methodology was developed using a strain of M. aeruginosa

were the four microcystins it produces had been previously

characterised. These four variants were obtained at purities

ranging from 80-95%. However, it was discovered that this

species also produced eleven other microcystins although in

much smaller quantities, two of these were obtained at greater

than 95% purity and are available for characterisation. During 

routine screening of another strain of M. aeruginosa purchased 

from a school supplies catalogue it was discovered that this 

strain produced five main microcystin variants. Three of these 

were successfully purified and tentatively characterised by



mass spectrophotometry and amino-acid analysis. The next step

would involve confirmation of the identifications by MS-MS and

NMR spectrophotometry. The remaining variants require further

purification by closed-loop recycling as they are contaminated

by closely eluting microcystins.

The above methodology provided sufficient material to

construct a spectral library, using a photodiode array

detector, of a wide range of microcystin variants against

which natural water samples were screened and any microcystins

present identified. This was employed in routine monitoring of

selected freshwater lochs and was also used to trace the

occurrence of microcystins identified in a loch throughout the

period of a day. This study observed considerable spatial and

temporal variation of several microcystins that were

identified in the loch water. It also provided an insight into

how sampling techniques may affect this variation and how they

may be improved to decrease this observed variability.

It was noted that cyanobacterial samples taken from the water

column of a loch displayed less variation in both biomass and

microcystin content than samples obtained from the surface of

the bloom. It was interesting to note that although the

biomass of cells obtained from water column samples was lower

than samples taken at the surface, the total amount of

microcystins quantified was greater. Samples for toxicity

testing are normally obtained from the surface of



cyanobacterial blooms and it is suggested that samples taken

in this manner may be misleading. Much research is still

required to discover the best techniques for sampling

cyanobacteria and assessing toxicity. From this study it

appeared that sampling the water column was more reproducible

than sampling from the surface. Representative and

reproducible sampling techniques are essential for ecological

studies comparing data from year to year and over a range of

different sites. Future work will involve investigating the

variation between water column samples throughout the loch and

also at different depths.

Investigations of this type require that a large number of

samples can be obtained and analysed. This led to the

development of a simple and rapid sampling and extraction

procedure for microcystins in loch water. This method allowed

the collection of open water samples and was able to detect

and quantify the presence of microcystins in lochs not

experiencing bloom conditions at the time of sampling. The

method related the amount of microcystins present to a

specific biomass of cyanobacteria and could be important in 

monitoring lochs that may in the future develop a 

cyanobacterial bloom problem.

One of the main advantages of this methodology was that the 

loch samples could be processed on site and avoided the need 

to transport quantities of water back to the laboratory. It



also avoided the lengthy process of freeze-drying

cyanobacteria cells before extraction for microcystins. The

cyanobacteria filtered onto filter disks on site can be dried

in one hour to obtain a dry weight and are ready for

extraction. During development of a drying regime for the

cyanobacterial samples it was discovered that the microcystins

were not thermally stable at high temperatures in the presence

of cellular components. This problem was overcome by drying

the samples at a lower temperature for a shorter period of

time. No loss of microcystins was observed when cells were

dried in this manner.

The above methodology was also used in the laboratory to

investigate environmental factors influencing growth and toxin

content of cyanobacteria. A 14 day bioassay was developed at

which time the growth and toxin content of the cells was

assessed. The ability to rapidly process samples meant that a

larger number of replicates could be used for each treatment

investigated. It was observed that high nitrate levels in

growth medium reduced the microcystin content of cultures of

M. aeruginosa PCC 7820. In phosphate bioassays more

microcystins were also detected in cultures grown in medium

with the lowest additions of phosphate. Although it is known

that cyanobacteria thrive in nutrient-rich waters the levels

of nutrients used in growth medium may be too high and become

inhibitory or toxic. This phenomenon as regards to trace

elements has been reported by Rippka (1988). It has also been



reported that the type of growth medium used can have

considerable effect on the growth of algae and cyanobacteria

(Rao et al., 1996). This is an obvious problem when

investigating factors affecting growth and toxin production of

cyanobacteria and trying to relate it to the natural

environment.

To try and overcome this problem a series of bioassays were

carried out using natural sterile loch water. The aim being to

assess the factors limiting growth and toxin production in a

particular waterbody. Again the bioassay involved monitoring

M. aeruginosa PCC 7820 inoculated into loch water either

unmodified or spiked with selected nutrients. It was

discovered that both phosphate and nitrate were limiting

growth and toxin content throughout the year except in April

when both growth and microcystin content was high in flasks

minus any phosphate additions. The water samples were obtained

from Loch Rescobie which is classified as eutrophic (Clelland,

it was suprising to find that phosphate and nitrate

were limiting factors in the bioassays. It is suspected that

processing of the loch water (filtration; sterilisation) may

be interfering with the bioassay and the sample may not be a

true representation of the loch water. The cyanobacteria are

also not subjected to the same light regime or water movement

that play an important role in the dynamics of their

populations in the environment. It is suggested that in situ

experiments in parallel with bioassay studies may be the next



step for investigating the role environmental factors play in 

cyanobacteria development.

In summary, this study has developed methodologies for 

sampling, extraction, purification and detection of 

microcystins in both the environment and in laboratory 

cultures. Future work will concentrate on investigating a 

wider range of environmental parameters and developing field 

studies to further understanding of the occurrence of these 

compounds in nature.
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