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i 

Abstract 

The presence of toxic cyanobacteria in blooms across various waterbodies such as 

recreational lakes, wastewater ponds and temporary ponds poses a risk of cyanotoxin 

accumulation in the zooplankton community, which may then be transferred across the 

food web. Daphnia, a key grazer in these habitats, is one of the most widely studied 

ecological indicators to assess the health of ecosystems. Recent studies show tolerance 

development in Daphnia towards toxic cyanobacteria, which has been attributed to 

selective grazing, detoxification mechanisms, genetic variation and phenotypic 

plasticity. However, the connection between cyanotoxin tolerance in Daphnia and its 

implication on current practice in Daphnia toxicity tests and cyanotoxin accumulation 

levels is still not fully studied. This research aims to investigate the influence of prior 

exposure to toxic cyanobacteria on the survivorship and accumulation of microcystin-

LR (MC-LR) in Daphnia carinata, a species widely found in Western Australia. 

 

Experiments were conducted to assess the acute survival and cyanotoxin accumulation 

in D. carinata from two urban lakes with different algal bloom histories under 

laboratory conditions. Three different D. carinata populations that differed in their 

original feeding history were used; namely Lake Yangebup non- and cyanobacteria-

exposed Daphnia, and Little Rush Lake Daphnia. On their arrival in the lab, the Lake 

Yangebup non-exposed and Little Rush Lake Daphnia were fed on the non-toxic 

Desmodesmus sp., while the cyanobacteria-exposed Daphnia, received 20 % toxic 

Microcystis aeruginosa out of its total food diet for a month prior to experiment. Both 

the survival and microcystin-LR accumulation experiments were conducted over 48 h. 

All three Daphnia populations were used in the survival test, whereas the accumulation 

experiment was only conducted with Lake Yangebup Daphnia. 

 

The survival of the Lake Yangebup non-exposed Daphnia decreased with increasing 

percentage of M. aeruginosa. In contrast, the cyanobacteria-exposed Daphnia and Little 

Rush Lake Daphnia showed little to no mortality, demonstrating their ability to tolerate 

cyanobacteria when compared to the survival percentage in starved conditions. This 

indicated the feeding history may have led to the ability to switch on or off the tolerance 

trait in Daphnia. The Lake Yangebup cyanobacteria-exposed Daphnia was exposed to 
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toxic cyanobacteria to acquire the tolerance trait while the Little Rush Lake Daphnia 

was acclimated to lab condition for three generations, hence retaining its original 

tolerance trait. However, there was a decline in the tolerance for Little Rush Lake 

Daphnia as the percentage of M. aeruginosa increased. The reason for this could be due 

to differences in algal composition and lake characteristics between the two lakes. In the 

summer period, Little Rush Lake had lower cyanobacterial biomass compared to Lake 

Yangebup, indicating the background lake history was also important to the 

development of tolerance in Daphnia towards toxic M. aeruginosa. 

 

The toxin accumulation experiment revealed that the Lake Yangebup non- and 

cyanobacteria-exposed Daphnia accumulated cyanotoxin where no mortality was 

observed in both Daphnia populations. It was possible that the level of cyanotoxin 

accumulated in their bodies was not lethal to the Daphnia. While the cyanobacteria-

exposed Daphnia showed preference for Desmodesmus sp. over M. aeruginosa, they 

still grazed the cyanobacteria and ingested microcystin. The Daphnia may have yet to 

activate their detoxification mechanism to cope with the microcystin effects. In the case 

of the non-exposed Daphnia, the Daphnia may have tolerated the effects of cyanotoxin 

by means of detoxification through enzymes (e.g., glutathione S-transferase, antioxidant 

enzymes). 

 

In conclusion, the results show that the phenotypic plasticity contributes towards 

cyanotoxin tolerance in D. carinata, and their feeding history indicates the tolerance 

trait is genetically available in Daphnia in the nature. The cyanotoxin-tolerant Daphnia 

accumulates cyanotoxin in their bodies, but they may be resistant to its acute effects. 

More research is required to clarify the accumulation and detoxification processes in 

cyanotoxin-tolerant Daphnia. This study suggests that it is crucial to integrate 

phenotypic plasticity trait in future studies on the interaction between Daphnia and 

cyanobacteria due to its effects on the two commonly used ecological tests using 

Daphnia. 
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1.1 General introduction 

Cyanobacterial blooms are receiving increasing attention as major occurrences are 

frequently reported on a global scale in lakes (Song et al. 2007; Sinang, Reichwaldt & 

Ghadouani 2013), rivers (Rose, Brown & Robb 2000; Davis & Gobler 2011), reservoirs 

(Ha et al. 2013; Wojtal-Frankiewicz et al. 2013; Lévesque et al. 2014) and wastewater 

ponds (Oudra et al. 2000; Furtado et al. 2009; Barrington, Reichwaldt & Ghadouani 

2013). The effects of these blooms on human health vary depending on the role of the 

affected waterbody. Recreational lakes, rivers and water reservoirs are often the cause 

of concern with respect to the management of cyanobacterial blooms due to their 

accessibility to the public, the decrease in aesthetic and recreational value, as well as 

drinking water quality. The type (ingestion, dermal) and length (acute, chronic) of 

exposure to the cyanobacteria also leads to different consequences. Gastrointestinal 

symptoms were linked to recreational contact with cyanobacteria-contaminated water, 

while additional symptoms (muscle pain, skin and ear symptoms) were seen with 

potable drinking water from a reservoir contaminated with cyanobacteria (Lévesque et 

al. 2014). Fatality records are far fewer, with the most severe case being cyanotoxin-

contaminated water used in haemodialysis machines in Brazil leading to 100 cases of 

acute liver failures with 52 cases attributed to cyanotoxin poisoning (Jochimsen et al. 

1998; Yuan, Carmichael & Hilborn 2006). 

 

In terms of environmental health, there are cases where mussels and fish from affected 

waterbodies are found to contain cyanotoxins (Ibelings & Chorus 2007). A recent study 

indicates the effects of cyanobacterial bloom does not end with zooplankton community 

as cyanobacteria may be a nutritious quality food source to fish (Perga et al. 2013). 

While there may not be a direct major route of exposure to human consumption (Dyble 

et al. 2011), it highlights the risks of exposure through the food web (Figure 1-1). The 

pelagic ecosystem is adversely affected as it is deprived of oxygen, nutrients and light, 

which can lead to shifts in dominant zooplankton communities (Ghadouani, Pinel-

Alloul & Prepas 2003; Hansson et al. 2007; Reichwaldt, Song & Ghadouani 2013) and 

in extreme cases, fish kills (Havens 2008). 
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Figure 1-1 Pelagic food web interaction. Solid lines represent the direct predation effect. 
+/- indicates positive or negative demographic interaction while i refers to intoxication. 
 

 

Climate change is predicted to increase the occurrence and severity of toxic 

cyanobacteria blooms. This is due to projected increases in temperature and changes to 

the hydrological cycle, where the winter-spring rainfall increases and subsequently 

flushes more nutrient loadings into the system (Paerl & Huisman 2008; Reichwaldt & 

Ghadouani 2012). This is followed by prolonged summer periods of drought, leading to 

lengthy water residence time. In addition, excessive anthropogenic nutrient loads (e.g., 

agricultural runoff) are forecasted to exacerbate existing nutrient sinks (e.g., fish 

excretion, dead fish) and sources (e.g., N2-fixing cyanobacteria, surface runoffs) in the 

system. This, in turn, determines which cyanobacterial strain is dominant, which might 

influence the concentration of toxin in the system (Reichwaldt & Ghadouani 2012). A 

change in average temperature and in the hydrological cycle are favourable for mass 

cyanobacteria growth, and should be taken into account in current management practice, 

which includes the removal of anthropogenic nutrient sources through artificial mixing 

or flushing of the system (Paerl & Paul 2012), and biomanipulating the food web by 
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introducing piscivores to reduce pressure by planktivores on the grazer communities 

that are vital for phytoplankton biomass control (Kasprzak et al. 2002). 

 

In freshwater systems, the grazer community is among the first to be affected by 

cyanobacteria as it grazes on the biomass (Figure 1-1). Daphnia is a model organism in 

the grazer community for ecological and evolutionary studies (Lampert 2006; Miner et 

al. 2012); their central position in the food web and their sensitivity to changes make 

them an excellent ecological indicator to detect the effect cyanobacteria has on the 

ecosystem (Davidson et al. 2011; Jeppesen et al. 2011). For example, Daphnia is used 

in toxicity tests (Environment Canada 1990), and this can be applied to indicate toxicity 

of cyanobacterial blooms as recommended in the guidelines provided by the Australian 

and New Zealand Environment and Conservation Council (ANZECC) and Agriculture 

and Resource Management Council of Australia and New Zealand (ARMCANZ) 

(2000d, a). Meanwhile, the generation of a reliable generic bioaccumulation threshold 

chart (Figure 1-2) for organisms that are able to metabolise cyanotoxins to a certain 

threshold (‘regulators’) and those that cannot metabolise them (‘non-regulators’) will 

allow field managers to use these key species (e.g., Daphnia) for relevant tests and 

proceed with the appropriate cyanobacterial bloom management procedure (White, 

Duivenvoorden & Fabbro 2005). 
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Figure 1-2 Generic bioaccumulation threshold chart (adapted from White, Duivenvoorden 
and Fabbro (2005)). The solid circle with solid line represents the ‘non-regulator’ while 
the open circle with dotted line represents the ‘regulator’. The shaded area indicates the 
level above which bioaccumulation occurs. 
 

 

However, the potential development of tolerance towards toxic cyanobacteria in 

Daphnia has been gaining attention in recent years. The cyanotoxin tolerance has been 

attributed to existing prey-predator interaction between Daphnia and cyanobacteria such 

as feeding behaviour (Rohrlack et al. 1999; Ghadouani et al. 2004; Tillmanns, Burton & 

Pick 2011) and detoxifying enzymes (Chen et al. 2005; Campos & Vasconcelos 2010). 

These interactions have transgenerational effects on the life-history parameters 

(Gustafsson, Rengefors & Hansson 2005; Sarnelle, Gustafsson & Hansson 2010) and 

the physiology of Daphnia (Hairston et al. 2001; Bednarska & Dawidowicz 2007; 

Ortiz-Rodriguez, Dao & Wiegand 2012). This leads to differences in gene expressions 

(phenotypic plasticity) in Daphnia (Hairston & De Meester 2008), resulting in genetic 

variation on the population level (Lemaire et al. 2011; Miner et al. 2012). 

 

It would, therefore, be challenging to use Daphnia to assess the health of ecosystem 

affected by cyanobacterial blooms. Numerous research shows conflicting results in 

survival (Gustafsson & Hansson 2004; Liu et al. 2011) and cyanotoxin accumulation 

(Nandini 2000; Wojtal-Frankiewicz et al. 2013) in Daphnia with prior exposure to toxic 
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cyanobacteria compared to Daphnia which has little to no exposure to cyanobacteria. 

These lead to the question of the validity of toxicity and bioaccumulation tests in nature 

which uses Daphnia as an ecological indicator. 

1.2 Thesis outline 

This thesis is presented in the format of a series of papers. Each chapter is set out to 

stand-alone but is linked in terms of flow (Table 1-1). As such, certain topics are 

repeated to allow understanding and continuity of the topic being discussed in the 

chapter. 
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Table 1-1 Thesis outline. 
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2.1 Cyanobacteria and their cyanotoxin 

Cyanobacterial blooms are a nuisance to those who come in contact with or inhabit the 

affected waterbody. Cyanobacteria are able to compete with other phytoplankton for 

light and nutrients by utilising their gas vesicles to provide buoyancy (Klemer et al. 

1996; Chorus & Bartram 1999). More recently, the ability has also been linked to the 

availability of ferrous iron, Fe2+ (Molot et al. 2014). The proliferation of cyanobacteria 

causes physicochemical changes in lakes, making them uninhabitable for many 

organisms, including grazers, fish and other phytoplankton, in the pelagic ecosystem at 

times. These include an increase in pH levels, decreasing dissolved oxygen 

concentrations and water transparency, and light limitation in the epilimnion (Havens 

2008). 

 

While not all cyanobacterial blooms are harmful as it depends on the toxigenicity of the 

present species and strains (Chorus & Bartram 1999), cyanobacteria are deleterious to 

aquatic organisms in general. Naturally occurring in most waterways and waterbodies, 

they are of poor nutritional value as they lack sterols and long-chain polyunsaturated 

fats that are needed for successful energy transfer to grazers (Von Elert, Martin-

Creuzburg & Le Coz 2003). They also contain protease inhibitors which can inhibit 

chymotrypsin and trypsin in the guts of Daphnia, leading to a reduction in Daphnia 

growth rate (Schwarzenberger et al. 2010). Moreover, their cell morphology such as 

colony formation (Yang et al. 2005; Yang et al. 2006) and filaments interfere with 

grazers’ filtering capability (Ghadouani & Pinel-Alloul 2002).  

 

Cyanobacteria also produce secondary metabolites in the form of cyanotoxins as a 

defence mechanism (Van Donk, Ianora & Vos 2011). The species and strains of 

cyanobacteria in the bloom influence the class of toxin and toxin concentration in the 

waterbody (Chorus & Bartram 1999). During the early stages of bloom formation and 

throughout the bloom period, toxins inside cyanobacterial cells (intracellular toxins) are 

of dire consequences to consumers which graze them, while the extracellular cyanotoxin 

fraction (toxin released into the environment by cell lysis) is almost negligible (White, 

Duivenvoorden & Fabbro 2005). The toxin attacks the internal organs in organisms 

after ingestion, which can lead to acute death and chronic injuries (Ferrão-Filho & 

Kozlowsky-Suzuki 2011). Towards the end of the bloom, cell lysis increases, leading to 

high fractions of extracellular cyanotoxin in the environment. 
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There are three main cyanotoxin groups – cyclic peptides, alkaloids and 

lipopolysaccharides – which target different primary organs in mammals (Chorus & 

Bartram 1999). The cyclic peptide microcystins are the most frequently found 

cyanotoxin in cyanobacterial blooms in freshwater environments and primarily target 

the liver in mammals (Chorus & Bartram 1999; Zurawell et al. 2005). Microcystins are 

produced by cyanobacteria of the genera Microcystis, Anabaena, Aphanizomenon, 

Nostoc and Plankthorix (Campos & Vasconcelos 2010). They are classified as 

hepatotoxins, and are comprised of seven amino acids (Figure 2-1). More than 80 

variants have been discovered (Dittmann, Fewer & Neilan 2013) with variations 

occurring mainly at the two L-amino acids along with alterations to side chains 

(Wiegand & Pflugmacher 2005). Microcystins can damage hepatocytes in the liver of 

organisms, and also cause oxidative damage in cells by reducing detoxifying 

capabilities of cells, lipid peroxidation and the formation of reactive oxygen species 

(Amado & Monserrat 2010). 

 

The variant MC-LR (Figure 2-1) is among the first studied and commonly reported, 

making it widely established in literature (Sivonen & Jones 1999; De Figueiredo et al. 

2004; Dittmann, Fewer & Neilan 2013). It is also considered as one of the most toxic 

microcystins with an LC50 of 50 µg microcystin per kg bodyweight (Huisman, Matthijs 

& Visser 2005). In natural environments, MC-LR concentration between 0.04 to 25,000 

µg L-1 have been found (Sivonen & Jones 1999). Most investigations into cyanotoxin 

accumulation in intoxicated organisms’ cells are focussed on the free toxin as it is 

bioavailable for uptake by consumers predating on the intoxicated aquatic organisms. 

However, there are risks of covalently-bonded microcystin forming a MC-peptide 

complex and being released into the digestive system of consumers through the 

digestion of small residual protein phosphatase they are bound to (Smith et al. 2010). 
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Figure 2-1 Structure of the microcystin variant, microcystin-LR (Wiegand & Pflugmacher 
2005). 
 

 

2.2 The zooplankton Daphnia 

The cladoceran Daphnia is a keystone organism in the zooplankton community in 

freshwater systems. Ecologically important, it grazes on the biomass of primary 

producers (e.g., phytoplankton, sessile material) and is preyed upon by consumers such 

as other invertebrates and planktonic fish. Despite being described as an herbivore, its 

diet includes phytoplankton, bacteriophages, protozoans and detritus (Lampert 1987). 

Daphnia utilises a suction-and-pressure pump system using its thoracic limbs and 

carapace to collect food (Figure 2-2). This is then passed to the mandibles and mouth, 

where a filtering mechanism, which involves a screen located in the third and fourth 

thoracic appendages, acts as a sieve for food particles (Peters 1984). The maximum 

food size Daphnia can graze is species-specific, ranging between 0.23 to 1.80 µm 

(Lampert 1987), and the mesh size is adaptable to food availability (Bednarska 2006). 

Daphnia migrate into the lower reaches of the lake during the day to escape predation 

from fish (Gliwicz 1986; Dawidowicz, Prędki & Pietrzak 2013), and migrate to areas 

with lower concentration of cyanobacteria during bloom periods (Berthon & Brousse 

1995). 
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Figure 2-2 Daphnia feeding (adapted from McGill University (2012)). The numbers 
indicate the position of the thoracic limbs. 
 

 

Daphnia are able to reproduce sexually and asexually (Zaffagnini 1987); the latter is 

useful for studies as it produces monoclonal Daphnia populations which can be used for 

local adaptation and microevolutionary studies (Lampert 2006; Miner et al. 2012). The 

parthenogenetic life cycle, where the mother Daphnia reproduces asexually, begins with 

the neonate growing in size and moulting till it reaches the juvenile stage (Figure 2-3). 

Four to six instars are involved before they are capable of producing eggs with the 

appearance of brood chamber (primipare stage). The embryos hatch in about one day 

and further develop in the brood chamber, before they are released. In nature, adult 

Daphnia produce about three clutches before dying, while laboratory cultures are able 

to live for up to two months (Ebert 2005). Under certain environmental conditions (e.g., 

limiting and/or poor nutrition food conditions and crowding effects), male Daphnia are 

produced and the female Daphnia undergo sexual reproduction with the mature male 

Daphnia to produce duration eggs (Dieter 2005). These eggs, also known as ephippia, 

are hatched when conditions improve (Dieter 2005). 
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Figure 2-3 The Daphnia parthenogenetic life cycle. 
 

 

The genera Daphnia contains many species which are distributed geographically 

worldwide (Kotov et al. 2013). Combined with their central position in the pelagic food 

web and the advancement in research, this makes Daphnia a model organism for the 

zooplankton community (Lampert 2006). They are used as toxicity bioassays due to 

their sensitivity towards abiotic and biotic factors, and are considered cost-effective and 

reliable compared to analysis using phytoplankton and fish (Jeppesen et al. 2011). There 

are also a myriad of tools and knowledge available on the zooplankton for further 

development (Jeppesen et al. 2011; Miner et al. 2012; Wojtal-Frankiewicz 2012; 

Srivastava et al. 2013). For example, the availability of established biological early 

warning systems such as the Dynamic Daphnia Test and the Daphnia Toximeter can be 

used to monitor surface water by observation of Daphnia swimming activity to detect 

effects of toxicants (Bae & Park 2014). However, the maintenance of Daphnia culture 

can be labour-intensive and time-consuming. This has led to research into alternatives 

such as the usage of dormant eggs from lakes for acute D. magna toxicity tests 

(Persoone et al. 2009). The study has shown the toxicity test results using Daphnia 
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ephippia is comparable in terms of sensitivity and precision with the D. magna 

laboratory cultures. 

2.3 Daphnia-cyanobacteria interaction 

The widely researched prey-predator interaction between Daphnia and cyanobacteria 

makes Daphnia ideal for understanding the condition of an ecosystem. Daphnia are 

generally considered as a non-selective filter feeder; this is however debatable when it 

comes to the grazing of cyanobacteria. Daphnia pulicaria are able to graze certain 

species of filamentous cyanobacteria (Aphanizomenon flos-aquae, Anabaena flos-

aquae, Anabaena wisconsinense) (Epp 1996). Lampert (1981a) found that as long as the 

proportion of the blue green Synechococus elongatus is lower than 60% of total carbon 

source available in mixtures with good food source, it is considered a good quality food 

and would not lead to growth inhibition in D. pulicaria. Despite Microcystis sp. being a 

unicellular organism that prevents interference with filtering appendage, it is assimilated 

at a very low specific assimilation rate, which increases with Daphnia body size 

(Lampert 1987). Selective grazing through chemosensory skills have been suggested to 

lead to avoidance of ingesting toxic cyanobacteria in Daphnia (Ghadouani et al. 2004). 

The ‘bad taste’ factor could be linked to the mucilage of cyanobacteria which contains a 

polysaccharide matrix (Rohrlack, Henning & Kohl 1999; Trabeau et al. 2004). 

However, Daphnia is less successful with grazing colonies of Microcystis sp. 

(Ghadouani et al. 2004), which is common in situ (Chorus & Bartram 1999), due to its 

morphology. 

 

In addition, the cyanotoxin within the cells of the cyanobacteria can be lethal to 

Daphnia when ingested. The cyanotoxin in Microcystis sp. causes acute mortality at 

high concentrations (Lampert 1981b), and reduces survival rates in Daphnia in chronic 

exposure situation (Chen et al. 2005). Rohrlack et al. (2005) observed intercellular 

spaces in the epithelium of the midgut of D. galeata within 9 h after the ingestion of 

cyanobacteria containing microcystin, which can lead to lethal poisoning as the toxin 

enters the bloodstream. Meanwhile, high concentrations of purified MC-LR is found to 

inhibit the grazing and ingestion rate of D. pulicaria and the effect is non-reversible 

when non-toxic food source is re-introduced (Ghadouani et al. 2004). Microcystin has 

also been linked to smaller adult Daphnia size and shifts in zooplankton community 

(Ghadouani, Pinel-Alloul & Prepas 2003; Hansson et al. 2007). 
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Once ingested, Daphnia is capable of metabolising toxins through detoxification 

enzymes such as glutathione S-transferase (GST) (Chen et al. 2005) which prevents 

oxidative damage due to the toxin through increased catalase activity (Ortiz-Rodriguez 

& Wiegand 2010). These mechanisms only work to a certain threshold, above which 

accumulation of toxin occurs in the animals’ tissue and may lead to mortality and 

contamination in higher trophic level organisms (Sotton et al. 2014). 

2.4 Cyanotoxin tolerance development in Daphnia 

Cyanotoxin tolerance in Daphnia refers to its ability to tolerate the presence of 

cyanotoxin in their diet and environment in the form of increased life-history parameters 

which includes survival, reproductive rate and population fitness. Prior exposure to 

toxic cyanobacteria is proposed to induce cyanobacteria tolerance in Daphnia. Daphnia 

from lakes with different algal bloom history and phytoplankton composition have 

demonstrated difference in sensitivity towards cyanobacteria (Barros, Fidalgo & Soares 

2001; Haney & Lampert 2013), and the level of cyanotoxin accumulation and 

detoxification enzymes (Wojtal-Frankiewicz et al. 2013). 

 

The idea behind toxic cyanobacteria tolerance in Daphnia is derived from existing 

knowledge on the interactions between cyanobacteria and Daphnia, and can vary on a 

phenotypic and genotypic level (Table 2-1). Daphnia ambigua pre-exposed to toxic M. 

aeruginosa are shown to selectively avoid the toxic strain compared to those pre-

exposed to non-toxic M. aeruginosa or Chlorella kessleri (Tillmanns, Burton & Pick 

2011). This is in contrast to the increased constitutively built detoxification mechanism, 

which is said to be maternally transferred to offspring (Ortiz-Rodriguez, Dao & 

Wiegand 2012), thus increasing their tolerance towards toxic cyanobacteria. Maternal 

transfer is defined as the use of the existing resource to better adapt offspring for future 

conditions as evaluated by the mother Daphnia (Boersma 1995). 
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Table 2-1 Types of cyanobacteria tolerance in Daphnia. The citations are separated 
according to Daphnia phenotype (phenotypic) or genotype (genotypic) observation. 
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There are also studies which suggest that other bioactive compounds surrounding 

cyanobacterial cells cause mortality in Daphnia, instead of the commonly studied 

cyanotoxin (Jungmann & Benndorf 1994; Schwarzenberger et al. 2010; Kuster & Von 

Elert 2013; Schwarzenberger et al. 2013). For example, Schwarzenberger et al. (2010) 

detected physiological adaptation of serine proteases to cyanobacterial protease 

inhibitors in D. magna through increased activities of digestive trypsins and 

chymotrypsins, which is independent of cyanotoxin effects. These dietary protease 

inhibitor were found in 60 % of studied blooms and was linked to seasonal shifts in 

Daphnia genotype (Schwarzenberger et al. 2013). 

 

Meanwhile, phenotypic plasticity is defined as measuring the phenotypes that a single 

genotype expresses over a range of different environments (Woltereck, cited in Ebert, 

Yampolsky & Van Noordwijk 1993). A visual example of this plasticity is the 

morphological changes in the Daphnia filtering apparatus (an increase in filter screen 

size and decreased mesh size) to adapt to poor food conditions (Bednarska 2006). 

Phenotypic plasticity is first linked to cyanotoxin tolerance development in Daphnia by 

Hairston et al. (2001). The study uses resurrection ecology to hatch Daphnia from 

ephippia collected from sediments in a lake, and measured specific growth rate from 

neonate to maturity in two distinctly different genotypes of Daphnia galeata. Despite 

the difference in phytoplankton composition in the lake during the period the Daphnia 

was in the lake, the Daphnia growth rate decreased in the presence of cyanobacteria. On 

a community level, genetic variation in Daphnia is said to affect its cyanobacteria 

tolerance level, rather than the variation in cyanobacteria strain (Lemaire et al. 2011). 

This implies that the cyanobacteria tolerance in Daphnia may be site-specific. 

 

However, increased survival occurred at the expense of individual growth (Ortiz-

Rodriguez, Dao & Wiegand 2012), such as reduced offspring biomass and shorter time 

to reproduction (Gustafsson, Rengefors & Hansson 2005), which can lead to shifts in 

zooplankton dominance during cyanobacterial blooms. Cyanotoxin tolerance 

development also varies with the life stages of Daphnia are in. Neonates heavily rely on 

antioxidant enzymes to prevent oxidative damage to their cells, while adult Daphnia 

biotransforms MC-LR into a less toxic conjugate (Ortiz-Rodriguez, Dao & Wiegand 

2012). In addition, cyanotoxin tolerance development in Daphnia is usually dependant 

on the length of exposure and the concentration of toxin. Gustafsson and Hansson 
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(2004) replaced up to 30 % of the diet in D. magna with toxic cyanobacteria and 

exposed them to this condition for a month. When fed a diet containing toxic 

M. aeruginosa, the Daphnia had higher survival rate (Gustafsson & Hansson 2004), and 

showed increased fitness (e.g., number of offspring, age at maturity) which had been 

attributed to induced tolerance traits via maternal effects (Gustafsson, Rengefors & 

Hansson 2005). Similarly, the time taken from sampling till acute toxicity tests in 

laboratory and the feeding with non-toxic food source leads to different survival results 

(Matveev, Matveeva & Jones 1994; Nandini 2000). Haney and Lampert (2013) suggest 

that the behavioural strategies of different Daphnia clones in the presence of toxic 

M. aeruginosa are dependent on their sensitivity to cyanotoxin and environmental 

conditions, and the trade-offs between physiological and behaviour adaptation enable 

the Daphnia to co-exist with toxic cyanobacteria. 

2.5 Cyanobacteria bloom management in Australia 

In Australia, the different environment makes it challenging to apply successful practice 

from the Northern Hemisphere while keeping with the objective to preserve native 

aquatic organisms. The three main guidelines used for managing waterway health are 

the Australian Drinking Water Guidelines by the National Health and Medical Research 

Council (NHMRC) and National Resource Management Ministerial Council (NRMMC) 

(2011), and the Guidelines for Managing Risks in Recreational Water (NHMRC 2008), 

and the Australian and New Zealand Guidelines for Fresh and Marine Water Quality 

(ANZECC & ARMCANZ 2000d, a) 

 

The Australian Drinking Water Guidelines recommend 1.3 µg MC-LR L-1 as the safe 

threshold for drinking water for adults (NHMRC 2008). This is reflected in the 

recreational water guidelines (NHMRC 2008), where bioassessment in recreational 

water is conducted when the cyanobacterial cell count exceeds 5000 cell mL-1, which is 

equivalent to 1 µg MC-LR L-1. The public is only warned of health risks when the total 

microcystins concentration hits greater than 10 µg L-1. The rapid advancement in tools 

to detect toxic cyanobacteria allows for mitigation measures to be taken before 

cyanotoxin concentration reaches potentially damaging levels (e.g., reducing nutrient 

loads and improving water quality). Some of these tools include molecular techniques 

(e.g., polymerase chain reaction-based methods) to quickly identify the toxic or non-

toxic strain (Srivastava et al. 2013), utilising physicochemical characteristics such as 
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nitrogen:phosphorus ratio to predict Microcystis dominance (reviewed in Srivastava et 

al. 2013), and mathematical modelling (Miner et al. 2012). While this is sufficient in 

terms of public health concern, it does not adequately protect and manage the 

environmental health. It additionally does not aid in understanding the effect of 

cyanobacterial blooms on environmental health. For example, the application of 

hydrogen peroxide (H2O2) to a wastewater stabilisation pond to remove cyanobacteria 

blooms  is an easy (due to its ability to degrade into water and oxygen within a few 

days) and economical solution (in comparison to biomanipulation efforts) (Barrington 

& Ghadouani 2008); however, it adversely affects the existing zooplankton community 

(Reichwaldt et al. 2012). While zooplankton are able to migrate vertically lower into the 

water column to avoid hydrogen peroxide which affects the surface water, more studies 

are required to achieve an integrated solution that addresses both human and 

environmental health (Barrington, Reichwaldt & Ghadouani 2013), such as the whole-

lake experiment conducted by Matthijs et al. (2012). 

 

The ANZECC and ARMCANZ (2000d, a) recommend using ecological indicators for 

biological assessment in conjunction with traditional monitoring methods 

(physicochemical parameters assessment) to provide a snapshot of the health of the 

ecosystem. Emphasis is placed on localised issue-based management programs using 

ecological indicators to measure biological parameters in both water and sediment. The 

type of ecological indicator to be used depends on the level of protection assigned for an 

ecosystem and the assessment objective. In the case of cyanobacterial blooms in a 

recreational lake, this falls into the early detection of short- or long-term changes 

category for sites with potential concern: direct toxicity assessments in the laboratory 

and bioaccumulation experiments in the field are recommended. The ecological 

indicator would, therefore, have to 1) be sensitive to the expected cyanotoxin and of 

diagnostic value, 2) respond and measure rapidly, and 3) demonstrate a high degree of 

spatial and temporal constancy in the field. 

2.6 Study approach and research aims 

There is a growing need to incorporate ecosystem-wide health components into current 

cyanobacterial bloom management frameworks (ANZECC & ARMCANZ 2000d; 

Jeppesen et al. 2011). In Australia, Nodularia and Microcystis spp. are the two most 

common cyanobacteria genera found in cyanobacterial blooms (Ibelings & Havens 
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2008), and Microcystis spp. is more common than other strains in Western Australia 

(WA) (Kemp & John 2006). However, the cyanobacteria biomass-cyanotoxin 

correlation are site-specific (Sinang, Reichwaldt & Ghadouani 2013), which can have 

significant influence on the organisms that graze on them. In particular, the Australian 

Daphnia carinata (Figure 2-4) is purported to be able to graze cyanobacteria and has 

high survival rate when fed pure M. aeruginosa (Matveev, Matveeva & Jones 1994), in 

contrast to its neighbouring counterpart in New Zealand (Burns et al., cited in Haney & 

Lampert 2013). Though less common on the European and American continents, 

D. carinata is widespread in the eastern half and the southwest corner of Australia, New 

Zealand, South African, and South East and East Asia (Benzie 1998). This makes it 

useful as an ecological indicator that can be applied nationally and internationally, while 

providing a better insight into cyanotoxin tolerance development in Daphnia in general. 

 

 

 
 

Figure 2-4 Daphnia carinata from Lake Yangebup, Western Australia, Australia (Liau 
2011). 
 

 

The approach taken to address these issues was to investigate the influence of prior 

exposure to toxic cyanobacteria on Daphnia, and how this would affect their usage as 

ecological indicators. This research focussed on two relevant management tools, which 

are commonly used to assess environmental health. These are 1) the acute survival test 

which can be used for early detection of cyanotoxin effects on aquatic organisms, and 

2) bioaccumulation experiments which allows for current assessment of the biological 
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or ecological outcomes on the managed ecosystem (ANZECC & ARMCANZ 2000d). 

The interpretation of these result are useful as they provide a current snapshot of the 

ecosystem processes and biological community composition. 

 

Hence, the aims of this thesis were to: 

1) Investigate cyanotoxin tolerance in D. carinata as a phenotypic plasticity response 

through acute survival tests using toxic M. aeruginosa as toxic food source. 

This was achieved through 

 Quantification of the survival of Daphnia carinata from Lake Yangebup, WA, 

which had been maintained in the laboratory with non-toxic food source; 

 Quantification of the survival of a sub-population of the abovementioned 

Daphnia culture which had been exposed to toxic cyanobacteria over a period of 

one month; and 

 Quantification of the survival of Daphnia hatched from an ephippium collected 

from the neighbouring Little Rush Lake to show the existence of its tolerance 

trait. 

2) Investigate cyanotoxin accumulation in D. carinata as a cyanotoxin tolerance 

indicator through a microcystin accumulation experiment using toxic M. 

aeruginosa as toxic food source and MC-LR as the cyanotoxin. 

This was achieved through 

 Determination of the correlation between cyanotoxin accumulation in Daphnia 

from Lake Yangebup which had been cultured with non-toxic food source as a 

function of toxin concentration in M. aeruginosa provided to them;  

 Evaluation of the level of MC-LR accumulation in a sub-population of the 

abovementioned Daphnia culture which had been exposed to toxic 

cyanobacteria over a period of one month. 
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3.1 Experimental cultures 

The green alga Desmodesmus sp. (CS-399, CSIRO, Tasmania, Australia) was used as 

the non-toxic food source for the Daphnia culture (Figure 3-1). The alga was grown in 

batches in 1 L or 5 L aerated flasks in WC medium (SAG 2009), and refreshed every 

three days, with 40 % of the medium renewed each time. The toxic Microcystis 

aeruginosa (MABW01-A15, CSIRO, Tasmania, Australia) was cultured in batches of 

100 mL, 250 mL or 1 L flasks and shaken daily using WC medium (Figure 3-1). 10 % 

of the M. aeruginosa medium was replaced every three days. Both algae were observed 

to be in single or paired cells. 

 

 

 
 
Figure 3-1 The experimental algae culture, A) Desmodesmus sp. and B) M. aeruginosa. 
 

 

Daphnia used in the experiments originated from two shallow, urban lakes – Yangebup 

and Little Rush (Perth, WA, Australia). The lakes are located 23 km southwest of Perth 

and classified as eutrophic. Cyanobacteria are dominant in Lake Yangebup throughout 

the year while Little Rush Lake has a much lower presence of cyanobacteria (Kemp & 

John 2006; Sinang, Reichwaldt & Ghadouani 2013). The total microcystins levels at 

both lakes were not significantly different during the summer period. A detailed 

description of the lakes’ characteristics, algal biomass and microcystin concentration 

can be found in Chapter 4. 

 

Three Daphnia populations were used throughout the course of this research. The 

monoclonal Daphnia carinata culture, previously collected from Lake Yangebup in 
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November 2010, was maintained in the climate control chamber. The cultures were 

initially maintained in 1.5 L glass jars using bottled spring water (Coles brand; with 

addition of 37.73 mM Na3S2O3.9H2O) at 20 ºC ± 1 ºC with 16:8 h light: dark cycle and 

the medium was changed weekly. Prior to the Daphnia accumulation experiments, they 

were subsequently transferred to a modified version of Aachener Daphnien Medium 

(ADaM) from Klüttgen et al. (1994) for ease of care. A selenium stock solution 

(0.1 µg Se mL-1) was made with selenium tablet (Selemite® B Blackmores) to 

substitute for selenium oxide, as the import of the chemical was not permitted due to 

The University of Western Australia Health and Safety policies. The Daphnia culture 

was fed Desmodesmus sp. ad libitum every three days. This culture was labelled as the 

Lake Yangebup non-exposed Daphnia. 

 

A second Daphnia population, hereafter referred to as the Lake Yangebup 

cyanobacteria-exposed Daphnia (Chapter 4), or pre-exposed Daphnia (Chapter 5), was 

established from the non-exposed Daphnia population. Their food source consisted of 

the toxic M. aeruginosa and non-toxic Desmodesmus sp. at 20 and 80 % respectively 

out of a total food diet of 1 mg C L-1, which was prepared as described in Section 3.2. 

The culture was maintained in the lab for at least three generations prior to 

experimentation, using the modified ADaM medium. 

 

Finally, the third Daphnia population was the Little Rush Lake Daphnia. The Daphnia 

was hatched from an ephippia collected from the surface water in February 2012. The 

population was fed Desmodesmus sp. ad libitum and not exposed to cyanobacteria. The 

culture was maintained for three generations prior to the experimentation using 

modified ADaM medium. All Daphnia clones were identified as D. carinata (Benzie 

1998). The Daphnia culture and care were further elaborated in Chapter 5. 

3.2 Food preparation 

The food used for the experiments for this research was prepared using pre-established 

particular organic carbon calibration curves for Desmodesmus sp. (Figure 3-2) and 

M. aeruginosa (Figure 3-3). The calibration curve allows the user to measure the 

absorbance for the alga culture and correlate it with the volume of the alga required to 

attain 1 mg C L-1 in a 1 L solution. The description of the methods to produce the 

calibration curve for Desmodesmus sp. and M. aeruginosa can be found in Liau (2010). 
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Figure 3-2 Particulate organic carbon calibration curve for Desmodesmus sp. 
 

 

 
Figure 3-3 Particulate organic carbon calibration curve for M. aeruginosa. 
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The absorption for pure algae culture was taken using a Hach DR/3000 

Spectrophotometer: where the absorption value exceeded the range of the calibration 

curves (Desmodesmus sp.: 0.03 – 0.37 AU unit; M. aeruginosa: 0.01 – 0.15 AU unit), 

the culture was diluted with WC medium and the absorption was re-measured. Three 

readings were taken and averaged before the volume of algae required was calculated 

using the equation in the respective calibration curves. Where the culture was diluted for 

the absorption measurement, the actual volume required was back calculated using the 

appropriate dilution factor. 

3.3 Acute Daphnia survival test 

The survival tests were conducted over four days for the Lake Yangebup non- and 

cyanobacteria-exposed Daphnia, and six days for the Little Rush Lake Daphnia (Figure 

3-4). Daphnia aged two to four days were used with one test animal per replicate, and 

mortality was recorded daily. Three hours prior to the experiment, the test animals were 

also transferred into fresh spring water containing no food source for the purpose of gut-

emptying. 

 

 

 
 
Figure 3-4 Experimental setup for the acute Daphnia survival test. 
 

 



 Cyanotoxin-tolerant Daphnia as an ecological indicator 
 

 

27 

The detailed experimental design is described in Chapter 4.3. Briefly, the following 

treatments were used: (1) control, as a positive control where Desmodesmus sp. was the 

sole food source provided to the test animals, (2) starved, as a negative control where no 

source of food was provided, (3) all other treatments (M20%, M40%, M60%, M80% 

and M100%), which had increasing proportions of M. aeruginosa as a toxic food source 

with the remaining proportion being Desmodesmus sp., to show the effects of increasing 

M. aeruginosa toxicity on the survival of Daphnia. In all treatments that contained food, 

the total amount of food was 1 mg C L-1. Chl-a measurement was taken with the bench-

top BBE Moldaenke FluoroProbe ® on a daily basis to quantify food concentration. The 

FluoroProbe provides a proxy measurement of the biomass of algae (chlorophytes, 

cyanobacteria, diatoms, cryptophytes and total algae) using fluorescence (Beutler et al. 

2002; Sinang, Reichwaldt & Ghadouani 2013). 

  

The first and second survival tests used Lake Yangebup non- and cyanobacteria-

exposed Daphnia respectively. Ten replicates were used for every treatment for the 

Lake Yangebup clones and the tests were conducted by the author. Meanwhile, the third 

survival experiment used Daphnia from Little Rush Lake. Due to the limited 

availability of Little Rush Lake Daphnia, each treatment only consisted of seven 

replicates. Due to handling error, the M100% treatment for Little Rush Lake Daphnia 

was reduced to six replicates. 

3.4 Daphnia MC-LR accumulation experiment 

The survival results from the Daphnia survival experiment formed the basis for the MC-

LR accumulation experiment. For the accumulation experiment, similar food 

concentrations were used and only the Lake Yangebup non- and cyanobacteria-exposed 

Daphnia were used. 

 

A trial test was run with 10 juvenile Daphnia from each population (Figure 3-5). The 

Daphnia were exposed to pure M. aeruginosa diet (food concentration: 1 mg C L-1) for 

2 h. The volume of solution provided was 200 mL. Chl-a reading was taken with the 

FluoroProbe hourly to confirm the presence of M. aeruginosa in the water column. The 

presence of green matter in Daphnia upon microscopic gut examination confirmed the 

grazing of M. aeruginosa. 
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Figure 3-5 The experimental setup for the Daphnia trial test. 
 

 

The experimental design for the actual MC-LR accumulation experiment is described in 

Chapter 5.3. Briefly, a 3 x 2 factorial design was used to design the acute 

bioaccumulation experiment, where the between subjects factor is the toxic food 

concentration. The toxic food concentration was defined by the percentage of toxic 

M. aeruginosa out of 1 mg C L-1 of total food source. The proportion of M. aeruginosa 

was 20, 60 and 100 % (labelled as M20%, M60% and M100% treatments respectively), 

with the remaining percentage being the non-toxic Desmodesmus sp. The Daphnia 

population type (non- and cyanobacteria-exposed Daphnia) was the within-subjects 

factor. The experiment was replicated three times over a period of three months (Figure 

3-6). One of each treatment type from both Lake Yangebup Daphnia populations was 

run concurrently. 
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Figure 3-6 The experimental setup for the Daphnia MC-LR accumulation experiment. The 
large jars (2.2 L) were used for the food treatments containing Daphnia and the 
Erlenmeyer flasks (250 mL) were used for control treatments (does not contain Daphnia). 
 

 

Each replicate was allocated 2 L of test solution in a 2.2 L glass jar and 250 juvenile 

Daphnia from the corresponding population. The Daphnia were allowed to empty their 

guts in fresh ADaM medium for 1 hour prior to experiment. The control contained only 

the test solution with no Daphnia for grazing rate calculation. The grazing rate 

calculation equation was taken from Coughlan 1969, cited in Oberhaus (2007). The 

solutions for the experiments were made in volumes of 4.5 L with 2 L allocated for each 

replicate and 200 mL for each control, while the rest was used to quantify the toxin 

available in the solutions at the beginning of the experiment. Although the volume for 

the control was smaller than the volume in the replicates, this was unlikely to have an 

impact on the algal growth rates. Pure M. aeruginosa used to make the solutions for 

each experiment was filtered onto filter papers in aliquots of 10 mL with three replicates 

(Whatman GF/C Ø47mm) and frozen at -20 ºC. 

 

Using the FluoroProbe, chl-a data was taken at time t = 0 and 48 h of the experiment. 

The experiments were conducted in a controlled temperature chamber (20 ºC ± 1 ºC) 

with 16:8 dark: light cycle. At the end of the experiment, Daphnia from each jar were 

filtered through a 25 μm mesh and rinsed with ADaM medium prior to collection into 
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pre-weighed centrifuge tubes. The tubes were weighed for the wet biomass of Daphnia 

and frozen at -20 ºC for 24 h. The solution from the experimental jars were filtered onto 

filter papers (Whatman GF/C Ø47mm) at 500 mL per replicate and frozen at -20 ºC. 

3.5 MC-LR extraction and quantification 

The filter papers from the MC-LR accumulation experiment were frozen and thawed 

three times for 2 h each time prior to cyanobacteria extraction. They were then placed 

into 15 mL centrifuge tubes with 7 mL 75 % methanol (MeOH) (v/v). The tubes were 

then sonicated for 25 min at 20 ºC, shaken horizontally on a Ratek Orbital shaker for 25 

min and centrifuged at 3750 rpm for 10 min at 21 ºC (Beckman Coulter Allegra™ X-12 

Series Benchtop Centrifuge). The supernatant was placed into a glass tube and the 

pellets were further extracted by repeating the above procedure twice. Pure Milli-Q 

water (Millipore Elix Advantage, conductivity: 0.067 µS.cm @ 25 ºC) was added at a 

volumetric ratio of 1:2.75 Milli-Q water to the supernatant, before they were applied to 

solid phase extraction cartridges (Oasis HLB 6 cc / 500 mg, Waters, Australia). The 

cartridges were conditioned with 5 mL 100 % MeOH and 100 % Milli-Q water at a rate 

of < 10 mL min-1 before the samples were passed through using PTFE tubing at a rate of 

< 10 mL min-1. The samples were then cleaned with 5 mL 10 % and 20 % MeOH in 

succession, and air was allowed to flow through for 4 min to minimise elution. The 

samples were then concentrated using 5 mL 100 % MeOH with 0.01 % trifluoroacetic 

(TFA) acid added to it, and collected into scintillation vials. 

 

Prior to extraction, the Daphnia samples were freeze-dried for 24 h (Virtis 

Freezemobile 35EL), immersed in 3 mL 75 % MeOH (v/v) and homogenised with a 

mortar and pestle. Following the transfer of the processed samples into centrifuge tubes, 

extraction was carried out as above; however, the extraction times were 60 min in the 

ultrasonic bath and 45 min on the horizontal shaker. The extracts were then applied to 

solid phase extraction as above. 

 

Subsequently, the extracts from both the cyanobacteria and Daphnia extraction were 

evaporated in constant nitrogen (N2) stream in a water bath (35 – 40 ºC) and 

reconstituted in 1 mL 30 % acetonitrile (ACN) (v/v). The reconstituted extracts were 

then analysed in a High Performance Liquid Chromatography with photo-diode array 

(HPLC-PDA) system (Waters Alliance 2695) using an Atlantis® T3 3 µm separation 
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column (4.6 x 150 mm i.d.). The PDA detection identifies chromatographic peaks as 

microcystins based on their spectra. The equipment has a limit of quantification of 4 ng 

microcystin (Dr. ES Reichwaldt, 2009, pers. comm.). The HPLC gradients used were 30 

% ACN (v/v) and 70 % Milli-Q water (v/v). The pure ACN and Milli-Q water solutions 

had 0.01 % TFA acid added to each of them. 

 

An MC-LR standard solution (Sapphire, Australia) with a concentration of 

10.12 µg MC-LR mL-1 was produced to quantify the toxin from the water and Daphnia 

samples. The standard was injected into the HPLC directly without any prior extraction. 

To evaluate the recovery rate of MC-LR on the filter papers, three filter papers 

(Whatman GF/C Ø47mm) were spiked with this standard and placed into 15 mL 

centrifuge tubes. Extraction was carried out as above, but the freeze-thawing routine 

was omitted. The recovery rate was 93.3 %. 

 

To calculate the amount of MC-LR in the samples, the chromatograms produced by the 

HPLC-PDA were analysed. The area under the peaks with microcystin absorption 

spectrum at 240 ± 0.2 nm was compared to the area of the MC-LR standard prepared 

above. The conversion value from absorption to amount of MC-LR was 2.3 x 10-7 

µg µV-1 s-1 and the recovery rate was applied to the MC-LR results from filter papers. 
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The role of feeding history in the development of 

tolerance to toxic cyanobacteria in Daphnia 
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Liau, SM, Theodore, N, Reichwaldt, ES, Ghadouani, A “The accumulation of 

microcystin-LR in juvenile Daphnia with prior exposure to toxic cyanobacteria.” 
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4.1 Abstract 

Toxic cyanobacterial blooms are a major threat to freshwater ecosystems and can 

negatively affect keystone species such as Daphnia through poor food quality and 

cyanotoxin-related mortality. We compared the ability of Daphnia carinata, taken from 

lakes with different cyanobacterial bloom history, to develop tolerance against a 

cyanotoxin, and investigated the role of feeding history in the tolerance development. In 

a laboratory experiment, juvenile Daphnia carinata, which originated from an urban 

lake that is prone to cyanobacterial blooms, were provided with food that contained 

different mixtures of toxic Microcystis aeruginosa and non-toxic Desmodesmus sp., and 

survival was measured. Although the Daphnia culture was previously tolerant of 

M. aeruginosa as a sole food source, it lost its tolerance after three months in the 

laboratory, indicated by significantly lower survival rates in the presence of toxic 

M. aeruginosa. However, the next generations were able to gain tolerance again after 

their mothers had been pre-exposed to 20 % toxic M. aeruginosa out of its total food 

diet for a month prior to experiment for three generations. This suggests that the 

tolerance trait in Daphnia has been “switched on” after an extended period of exposure 

to M. aeruginosa, indicative of a phenotypic plasticity response. These results were 

further confirmed with Daphnia raised from an ephippia from a neighbouring lake that 

also regularly experienced cyanobacterial blooms, although less frequently. Our results 

clearly highlight the problems connected with transferring laboratory findings to the 

field, because organisms can phenotypically respond to substances in the field. 

Therefore, care is to be used to infer the effect of substances in natural populations from 

the results of ecotoxicological tests performed with Daphnia raised in the laboratory. 

 

Keywords: survival; cyanobacteria; feeding history; Daphnia carinata; bioindicator 

4.2 Introduction 

Daphnia, a key grazer in freshwater systems, form an important link between the 

primary producers and the secondary consumers, as they act as a source of energy for 

higher trophic levels. Hailed as a “model herbivore, prey and predator” in aquatic 

ecology (Lampert 2006, p. 607), they are often used as an ecological bioindicator to 

assess the health of waterbodies, including the presence of cyanobacteria (Baudo 1987). 

During harmful algal bloom occurrences, these grazers can be deleteriously affected by 

the toxins that are produced by some cyanobacterial species, possibly through the 
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inhibition of protein phosphatases (Ferrão-Filho & Kozlowsky-Suzuki 2011). This can 

then lead to intoxication of the Daphnia, which can have negative effects such as 

decreased survival and changes in other life-history parameters, including a reduced 

fecundity, and later maturity through chronic exposure (Dao, Do-Hong & Wiegand 

2010). 

 

There is strong evidence of cyanotoxin tolerance in zooplankton (Gustafsson & 

Hansson 2004; Sarnelle, Gustafsson & Hansson 2010). This tolerance has been linked 

to four distinct factors, which are selective grazing through avoidance of ingesting 

cyanobacteria (Ghadouani et al. 2004; Tillmanns, Burton & Pick 2011), detoxification 

mechanism by means of increased levels of enzymes such as glutathione S-transferase 

(Chen & Xie 2005; Wojtal-Frankiewicz et al. 2013), genotypic variation on the 

community level (Lemaire et al. 2011) and phenotypic plasticity (Ghadouani & Pinel-

Alloul 2002). Phenotypic plasticity has been identified as a response to many 

environmental factors such as thermal tolerance (Baudo 1987), physiological responses 

to kairomones (Von Elert, Zitt & Schwarzenberger 2012), and cyanobacteria tolerance. 

Hairston et al. (2001) had shown physiological responses in Daphnia to cyanobacteria 

in the form of smaller-sized adult Daphnia, while Ghadouani and Pinel-Alloul (2002) 

indicated phenotypic responses that promote reduction of cyanobacteria ingestion 

through adaptation of filtering membranes in Daphnia. Furthermore, Bednarska and 

Dawidowicz (2007) observed that a development of tolerance in Daphnia towards 

filamentous cyanobacteria, suggested through adaptive behavioural and physiological 

responses in successions, can be acquired through phenotypic plasticity within a single 

clonal lineage. Daphnia magna was also found to phenotypically adapt to dietary 

protease inhibitors, a common secondary metabolite of cyanobacteria, by triggering 

protease isoforms and changes in the activity of digestive proteases and protein gene 

expression (Schwarzenberger et al. 2010). Gustafsson and Hansson (2004) raised 

Daphnia collected from different lakes in laboratory conditions in the presence of 

cyanobacteria to imitate lake algal bloom history. Their study demonstrates induced 

cyanobacteria tolerance in the Daphnia through maternal transfer, and this method has 

since been applied in various studies to further understand the interaction between 

cyanobacteria and Daphnia (Gustafsson, Rengefors & Hansson 2005; Guo & Xie 2006; 

Dao, Do-Hong & Wiegand 2010). While most studies are focussed around D. magna, 

there are only few studies with Daphnia carinata, probably due to its geographical 
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distribution, often on the Asian and Australian continents (Benzie 1998). However, 

Australian D. carinata were shown to be not affected by toxic Microcystis aeruginosa 

or microcystin–LR (MC-LR) in an earlier study (Matveev, Matveeva & Jones 1994), 

which emphasizes that tolerance of D. carinata towards toxic cyanobacteria might be 

different to other Daphnia species. 

 

The aim of this study was to investigate the role of feeding history and phenotypic 

plasticity for cyanotoxin tolerance in two D. carinata clones that originated from two 

lakes with different histories of cyanobacterial blooms. With only few investigations 

having studied D. carinata so far, this is critical information to broaden our 

understanding of the role of phenotypic adaptation of Daphnia to cyanobacteria. We 

hypothesise that D. carinata, which have lost their tolerance during a prolonged 

laboratory culturing period, can regain their tolerance by multi-generational exposure to 

cyanobacteria. Furthermore, we hypothesise that offspring of a mother reared from a 

duration egg from a lake that experiences cyanobacterial blooms would still have 

cyanotoxin tolerance, even if their mothers were never exposed to toxins. 

4.3 Materials and methods 

Experimental Cultures 

The green alga Desmodesmus sp. (CS-399, CSIRO, Tasmania, Australia) was used as 

the non-toxic food source for the Daphnia culture. The alga was grown in 5 L aerated 

flasks in WC medium (SAG 2009). The batch cultures were refreshed every three days, 

with 40 % of the medium renewed each time. The toxic cyanobacteria M. aeruginosa 

(MABW01-A15, CSIRO, Tasmania, Australia) was cultured in batches of 1 L flasks 

and slightly shaken daily. 10 % of the M. aeruginosa medium was replaced every three 

days. The mean toxicity of the M. aeruginosa culture was quantified as 0.90 (SE = 0.41, 

N = 3) µg MC-LR per µg chlorophyll-a (chl-a) at the beginning of the first experiment 

using methanol extraction and quantification in an HPLC-PDA, as detailed in Sinang, 

Reichwaldt and Ghadouani (2013). Both algae were observed to be in single or paired 

cells. 

 

Daphnia used in the experiments originated from two shallow, urban lakes: Yangebup 

and Little Rush (Perth, WA, Australia). Both lakes are classified as eutrophic, with total 

phosphorus ranging from 15.3 to 216.2 µg L-1 in Lake Yangebup, and 66.1 to 
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426.6 µg L-1 in Little Rush Lake (Table 4-1). In recent years, Little Rush Lake was 

observed to dry up completely (FotCWEC 2013; Sinang, Reichwaldt & Ghadouani 

2013).These lakes were chosen due to their differences in cyanobacterial bloom history. 

Earlier studies indicated cyanobacterial dominance in Lake Yangebup, throughout most 

of the year (Kemp & John 2006; Sinang, Reichwaldt & Ghadouani 2013), with an 

average cyanobacterial biomass concentration of 20.7 µg chl-a L-1 (SE = 1.5, N = 18) 

during the summer period (Figure 4-1A). In contrast, Little Rush Lake had a much 

lower cyanobacteria biomass (Mean = 6.3 µg chl-a L-1, SE = 1.8, N = 7) than Lake 

Yangebup over the same period (t-test: t = -3.7, df = 3, p < 0.05), and cyanobacteria 

were usually not the dominant group (Figure 4-1A) (Sinang, Reichwaldt & Ghadouani 

2013). Cyanobacterial biomass ranged between 11.5 and 58.1 % out of total algal 

biomass from November 2008 to March 2009 in Little Rush Lake (N = 9), and 33.4 to 

69.7 % from November 2008 to July 2009 at Lake Yangebup (N = 45) (Figure 4-1A) 

(Sinang, Reichwaldt & Ghadouani 2013). The percentage of cyanobacteria biomass was 

also shown to be high (75 – 90 %) in a further study conducted in December 2010 at 

Lake Yangebup (Reichwaldt, Song & Ghadouani 2013). 

 

 

Table 4-1 Lake characteristics (range) for Lake Yangebup and Lake Little Rush. a Arnold 
(1990), b SMC (2010), c Data for pH, temperature, conductivity, salinity and total 
phosphorus of the lakes are calculated from the period of November 2008 to July 2009 for 
Lake Yangebup, and November 2008 to March 2009 for Little Rush Lake; N = 45 ( Lake 
Yangebup), N = 9 (Little Rush Lake). 
 

Lake Yangebup Little Rush 

Area (ha) 68.4a 6.7b 

Depth (m) 3 – 4a 2 – 3a 

pH 7.0 – 9.2c 6.7 – 8.7c 

Temperature (ºC) 12.5 – 28.4c 19.8 – 30.9c 

Conductivity (µS) 1653 – 2438c 657 – 1327c 

Salinity (ppm) 850 – 1397c 338 – 688c 

Total phosphorus (µg L-1) 15.3 – 216.2c 66.1 – 426.7c 
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Figure 4-1 Monthly mean (A) total algal biomass and (B) total microcystin concentration 
at Lake Yangebup and Lake Little Rush Lakes between November 2008 and July 2009. 
For (A), colours within the bars indicate the concentration of cyanobacteria and other 
algae (i.e., chlorophytes, diatoms and cryptophytes). Error bars represent one standard 
error and are calculated for total algae biomass (A) or total microcystins (B). 
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Microcystins (MC) were present in both lakes between November 2008 and July 2009 

(Figure 4-1B). Although total microcystin concentration in summer was higher in Lake 

Yangebup (10.4 µg MC L-1, SE = 2.5, N = 18) than in Little Rush Lake (5.4 µg MC L-1, 

SE = 1.5, N = 7) during the summer period of 2008 – 2009 (Sinang, Reichwaldt & 

Ghadouani 2013), this was statistically not significant (Mann-Whitney U test: U = 51, 

Nsmall = 7, Nbig = 18). A further study in Lake Yangebup indicated the presence of 

microcystins in all samples taken between August and December 2010 (Reichwaldt, 

Song & Ghadouani 2013).  

 

The monoclonal Daphnia carinata culture from Lake Yangebup originated from one 

female that was collected in November 2010. The culture was kept in 1.5 L glass jars 

using bottled spring water (Coles brand; with addition of 37.73 mM Na3S2O3.9H2O) at 

20 ºC ± 1 ºC with 16:8 h light: dark cycle. The medium was changed weekly and the 

Daphnia culture was fed Desmodesmus sp. ad libitum every three days. The D. carinata 

culture from Little Rush Lake stemmed from one ephippium hatched in February 2012. 

Experimental animals were 3 - 5 generation offspring of this animal. Little Rush Lake 

cultures were kept in a modified version of Aachener Daphnien Medium (ADaM) from 

Klüttgen et al. (1994). Both clones were identified as D. carinata according to Benzie 

(1998). 

 

Survival Test Experimental Design 

Acute survival tests were run for all Daphnia populations over 48 h. The test design was 

adapted from Environment Canada (1990), where mortality was recorded daily.  

Daphnia aged two to four days were used with one test animal per replicate and 7 – 10 

replicates per treatment. Bottled spring water was used for the Lake Yangebup Daphnia 

experiments while the Little Rush Lake Daphnia experiment was conducted using 

ADaM medium with 100 mL for each replicate. 

 

We used the following treatments: (1) control, as a positive control where 

Desmodesmus sp. was the sole food source provided to the test animals, (2) starved, as a 

negative control where no source of food was provided, (3) all other treatments (M20%, 

M60% and M100%), which had increasing proportions of M. aeruginosa as a toxic food 

source with the remaining proportion being Desmodesmus sp., both measured in units of 

mg C. This is to show the effects of increasing M. aeruginosa toxicity on the survival of 
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Daphnia. In all treatments that contained food, the total amount of food was 1 mg C L-1. 

Chlorophyll-a measurements for both Desmodesmus sp. and M. aeruginosa were taken 

with a bench-top BBE Moldaenke FluoroProbe (TS 15-08) on a daily basis to quantify 

food concentration with their respective pre-established calibration curves that 

correlated chl-a with carbon (Liau, unpublished data). The test animals were transferred 

into medium containing no food source for three hours prior to the experiment, for gut-

emptying. To avoid disturbing the Daphnia during the experiments, no stirring was 

done throughout the duration of the experiments. 

 

The first survival test was performed with the Lake Yangebup Daphnia culture, which 

has also previously been used in a study by Goh (2011). This culture is subsequently 

referred to as non-exposed Daphnia, as they had been maintained in the laboratory for 

eleven months at the time of the experiment with Desmodesmus sp. as their sole food. 

Ten replicates were used for each treatment for the Lake Yangebup clone. 

 

The second survival test was run using a Lake Yangebup sub-population, hereafter 

referred to as cyanobacteria-exposed Daphnia. Prior to the experiment, the mothers of 

the experimental animals were exposed to a constant presence of M. aeruginosa at 20 % 

out of 1 mg C L-1 total food source with the remaining proportion being Desmodesmus 

sp., similar to the cyanobacteria exposure method in Gustafsson and Hansson (2004), 

for three generations.   

 

Finally, the third survival experiment used Daphnia from Little Rush Lake, which had 

been fed a diet of non-toxic Desmodesmus sp. and had not been exposed to 

cyanobacteria. Each treatment consisted of seven replicates and ADaM was used in 

place of bottled spring water. The tests were run separately over a period of five 

months. 

 

Statistical Analyses 

Kaplan-Meier survival analysis coupled with log-rank test was used to test for 

differences between survival curves (Goel, Pardeep & Kishore 2010). Where 

differences were significant, Holm-Sidak post-hoc tests were run to isolate the survival 

curves that differed. Where the Holm-Sidak test failed to isolate the survival curves that 

differed, Scheffe’s test that controls family-wise error was run instead to single out the 
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statistically significant contrast (Kao & Green 2008). To test the effect of pre-exposure 

to cyanobacteria on the Lake Yangebup Daphnia cultures’ survival, a Cox regression 

stratified model was performed on the Daphnia survival results at 48 h (Goel, Pardeep 

& Kishore 2010) with the type of Lake Yangebup Daphnia population (non-exposed or 

cyanobacteria-exposed) as a covariate. To illustrate the tolerance of Daphnia to toxic 

cyanobacteria, the percentage difference of number of surviving juvenile Daphnia in 

each treatment compared to the starved treatment was calculated. The equation used 

was ((Dtreatment – Dstarved)/Dstarved) x 100, with Dtreatment being the number of Daphnia 

surviving in the treatments (i.e. control, M20%, M60%, and M100%), and Dstarved is the 

number of Daphnia in the starved treatment.  A positive percentage difference means 

Daphnia is tolerant to toxic cyanobacteria while a negative value indicates they are 

intolerant to toxic cyanobacteria. A Kruskal-Wallis one-way ANOVA on ranks was 

performed to calculate differences between the control treatments of Little Rush Lake, 

Lake Yangebup non- exposed, and Lake Yangebup cyanobacteria-exposed Daphnia.  

The data for this test was constructed using dummy variables (1 = alive, 0 = death). 

Where significant difference was detected, Dunn’s method was used to isolate the 

groups that differed. Significance was accepted at p < 0.05 for all tests, unless specified 

otherwise.  All statistical analyses were performed using SigmaPlot 11, except Scheffe’s 

test which was conducted using SPSS 11. 

4.4 Results 

For the Lake Yangebup non-exposed culture, there was no significant difference 

between survival curves of the five treatments (log-rank test: χ2 = 8.2, df = 4). At 24 h, 

the percentage of surviving Daphnia of the Lake Yangebup non-exposed culture 

decreased with increasing percentage of M. aeruginosa in the food source (Figure 

4-2A). Daphnia survival at 24 h was significantly different between treatments (log-

rank test: χ2 = 14.1, df = 4) with the starved treatment being different to the M60% and 

M100% treatment, respectively. At 48 h, the percentage of surviving Daphnia was low 

for all treatments, with the starved treatment having the highest survival of all 

treatments at 30 %. Daphnia in the control treatment at 48 h had only a survival of 

20 %. There was no significant difference between the treatments at 48 h (log-rank test: 

χ2 = 1.9, df = 4). 
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Figure 4-2 Daphnia survival (%) after 24 and 48 h for (A) Lake Yangebup non-exposed 
Daphnia, (B) Lake Yangebup cyanobacteria-exposed Daphnia, and (C) Little Rush Lake 
Daphnia. Error bars are one standard error. M20%, M60%, M100% indicates that 20, 60, 
100 % of the food consisted of Microcystis sp., respectively. 
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There was a significant difference between survival curves of all treatments (log-rank 

test: χ2 = 44.0, df = 4) for the cyanobacteria-exposed Daphnia from Lake Yangebup. A 

post-hoc test showed significant differences between the starved treatment and all other 

treatments (Holm-Sidak: tStarvedvsControl = 14.3, tStarvedvsM20% = 16.4, tStarvedvsM60% = 19.1, 

tStarvedvsM100% = 16.4) (Table 4-2). At 24 h and 48 h, significant differences were detected 

between treatments (both log-rank test: χ2 = 17.4, df = 4), with survival in the starved 

treatment being lower than in the other treatments, respectively (both Scheffe’s test: 

FcStarvedvsControl = FcStarvedvsM20% = FcStarvedvsM100% = -0.4, FcStarvedvsM60% = -0.5). 

 

 
Table 4-2 Pairwise comparison between treatments for Lake Yangebup cyanobacteria-
exposed Daphnia. ns = not significant; N = 20 for all groups. 
 

 Control M20% M60% M100% 

Starved p < 0.001 p < 0.001 p < 0.001 p < 0.001 

Control - ns ns ns 

M20% - - ns ns 

M60% - - - ns 
 

 

Lake Yangebup cyanobacteria-exposed Daphnia had higher survival in all treatments 

that contained Microcystis compared to Daphnia that were non-exposed (Figure 4-2B); 

thus, prior exposure to M. aeruginosa increased the survival of the Daphnia (Cox 

proportion hazard test; χ2 = 17.9). No animal died in the M60% treatment, while the 

M20% and M100% treatments recorded a single death (= 10 %) each by the end of the 

experiment.  

 

There was no statistically significant difference between the survival curves of all 

treatments for the Daphnia from Little Rush Lake (log-rank test: χ2 = 6.7, df = 4). At 

24 h, Daphnia from Little Rush Lake had a 100 % survival in all treatments; therefore 

no statistical analysis was calculated. At 48 h, the control and M20% treatments 

recorded no mortality, while survival was lower in the starved, M60% and M100% 
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treatments (Figure 4-2C);  however there was no significant difference between 

treatments at 48 h (log-rank test: χ2 = 6.7, df = 4). 

 

When survival curves of all three Daphnia populations were compared according to 

treatment, Little Rush Lake Daphnia was significantly different from the non-exposed 

Lake Yangebup Daphnia for the starved treatment (log-rank test: χ2 = 12.8, df = 2; 

Holm-Sidak method: t = 1.2) (Table 4-3). This was in contrast to the rest of the 

treatments, where Little Rush Lake Daphnia showed no significant difference in 

survival compared to the cyanobacteria-exposed Lake Yangebup Daphnia. The non-

exposed and cyanobacteria-exposed Lake Yangebup Daphnia were significantly 

different for all treatment comparisons (Table 4-3). 

 

 

Table 4-3 Pairwise comparison between the three Daphnia survival experiments within 
each treatment. Yan exp = Yangebup exposed with N = 10 for all groups, Yan non-exp = 
Yangebup non-exposed with N = 10 for all groups, Rush = Little Rush with N = 7 for all 
groups; ns = not significant. 
 

Treatment  Yan non-exp Rush 

Starved 
Yan exp p < 0.01 p < 0.01 

Rush ns - 

Control 
Yan exp p < 0.05 ns 

Rush p < 0.01 - 

M20% 
Yan exp p < 0.001 ns 

Rush p < 0.001 - 

M60% 
Yan exp p < 0.001 ns 

Rush p < 0.01 - 

M100% 
Yan exp p < 0.001 ns 

Rush p < 0.05 - 
 

For the Lake Yangebup non-exposed Daphnia, there was a negative percentage 

difference for each treatment when compared to the starved treatment, ranging between 

33.3 and 66.7 % (Figure 4-3). In contrast, the Lake Yangebup cyanobacteria-exposed 

Daphnia population had a positive percentage difference when compared to the starved 

treatment, ranging between 80 and 100 %. The control treatments for all three Daphnia 
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populations were fed the same amount of non-toxic Desmodesmus sp. At 24 h, no 

significant difference was detected between the Daphnia populations. However, there 

was significant difference between the control treatments for all three Daphnia 

populations at 48 h (Kruskal-Wallis one-way ANOVA on ranks: χ2 = 15.2 df = 2). This 

was seen between the Lake Yangebup non- and cyanobacteria-exposed Daphnia 

populations (Dunn’s method: t = 2.7), and between the Lake Yangebup non-exposed 

and Little Rush Lake Daphnia populations (Dunn’s method: t = 2.8).  

 

 

 
Figure 4-3 Difference in Daphnia survival calculated as the percentage difference from the 
starved treatment at 48 h for each treatment. Error bars represent one standard error. 
 

 

The Little Rush Lake Daphnia exhibited a positive tolerance pattern, similar to that of 

the Lake Yangebup cyanobacteria-exposed Daphnia, but the percentage difference 
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appeared to decline with increasing percentage of M. aeruginosa in the diet, from 75 to 

29.2 % (Figure 4-3) (Table 4-3). 

4.5 Discussion 

Daphnia carinata from Lake Yangebup switched off their tolerance trait when 

conditions were favourable for their survival in the absence of cyanotoxin. The 

Daphnia, which previously had demonstrated tolerance to cyanobacteria (Goh 2011), 

had significantly lower survival percentages once they have been in the laboratory 

without the exposure to toxic cyanobacteria for 11 months. However, when 

cyanobacteria appeared in their habitat, the tolerance trait was switched on again and 

transferred to their offspring. This was seen with the Lake Yangebup cyanobacteria-

exposed Daphnia whose mothers had prior exposure up to 20 % of M. aeruginosa in 

their total diet. The cyanobacteria-exposed Daphnia also had better survival compared 

to those in the starved treatment, suggesting that starvation was an unlikely explanation 

for any deaths in the food treatments. Nandini (2000) showed that D. carinata, which 

had been cultured in laboratory conditions on Chlorella vulgaris for at least six months 

prior to life table experiment with 100 % single-celled Microcystis spp., had a survival 

of 70 % in 48 h. In contrast, Matveev, Matveeva and Jones (1994) used D. carinata, 

which had been cultured in the laboratory for a few weeks on Scenedesmus spp. prior to 

experimentation. Their survival experiment showed that the Daphnia fed with pure M. 

aeruginosa had a survival of 100 % at 48 h compared to those in the starved treatment 

(< 30 %) which contained no food. Our results, in combination with the results of these 

earlier studies, suggest that the observed tolerance trait may be adaptive to past and 

current plasticity selection (Ghalambor et al. 2007), and costly energy-wise which leads 

to it being “switched off” when not required. 

 

Daphnia in the Little Rush Lake experiment at 48 h showed tolerance to cyanobacteria 

when comparing all treatments with the starved treatment, almost similar to that of the 

cyanobacteria-exposed Lake Yangebup Daphnia. However, the percentage difference 

for each treatment compared to the starved treatment for Little Rush Lake Daphnia 

declined, while this was not true for Lake Yangebup cyanobacteria-exposed Daphnia. 

There is significant difference in physicochemical characteristics and cyanobacteria 

biomass between Yangebup and Little Rush Lakes (Sinang, Reichwaldt & Ghadouani 

2013), which may have contributed towards the tolerance trait observed in Daphnia. 
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While both Yangebup and Little Rush Lakes have constant presence of cyanobacteria, 

the percentage of cyanobacteria biomass is lower in Little Rush Lake, which may 

explain the decline in survival percentage for Little Rush Lake Daphnia as the 

proportion of toxic M. aeruginosa increased. This indicates that the level of tolerance 

Daphnia exhibits towards toxic M. aeruginosa changes with lake characteristics: 

Daphnia, pre-exposed to higher level of cyanobacterial biomass and cyanobacterial 

dominance, might have better tolerance to toxic food source in their diet. Nandini 

(2000) studied the resistance to cyanotoxin with two Ceriodaphnia cornuta populations. 

The first population, which was a monoclonal culture reared in the laboratory for at 

least six months with a diet of non-toxic C. vulgaris, had a survival of 50 % in 48 h. 

Meanwhile, the second C. cornuta population were collected from a pond dominated by 

Microcystis spp. and cultured in the lab briefly prior to experimentation, recording a 

higher survival at 80 % in 48 h. This further reinforces the role of phenotypic plasticity 

trait in cyanobacteria tolerance in herbivorous zooplankton, and as a general trait that 

can be observed in natural cladoceran populations with algal bloom histories. 

 

In our study, there was a significant difference between the control treatments for the 

two Lake Yangebup Daphnia populations, despite being fed the same amount of non-

toxic Desmodesmus. Desmodesmus concentration for the non-exposed Daphnia was 

below 0.02 mg C L-1 after 48 h, which may indicate starvation had taken place. 

However, the food concentration was much higher for the cyanobacteria-exposed 

Daphnia control treatment at 0.37 mg C L-1. While there is a difference in food 

concentration, the experimental design and handling (no stirring of the medium during 

the experiments) are consistent in both survival tests. Similar food concentrations above 

the incipient limiting level were provided at the beginning of both experiments. 

Therefore, one likely explanation for getting different food concentrations after 48 h 

would be if there were different grazing rates of the Daphnia populations. We anticipate 

the grazing rate to be constant at concentrations above the limiting level; however, as 

the food source depleted over time during experiment, the grazing rate might have 

initially increased rapidly (Peters 1984). Interestingly, Gliwicz and Guisande (1992) 

observed that offspring from mothers grown in a good food source could not survive 

very long under starved conditions. This may explain the high mortality in the (low food 

concentration) control treatment for the non-exposed Daphnia (Figure 4-2A), whose 
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mothers were used to good food conditions, compared to the cyanobacteria-exposed 

ones whose mothers had coped with poor nutrient food in the form of cyanobacteria.  

 

We used Daphnia that were aged 2 – 4 days in our experiments. While Daphnia aged 

≤ 24 h are usually preferred in such tests (Environment Canada 1990), we do not think 

that this affected the validity of our results, as age distribution was similar for all three 

experiments and between treatments. Therefore, any differences in survival which might 

be due to an age effect were levelled out. 

 

The phenotypic plasticity that we have shown in our experiments indicates that the 

results in acute toxicity tests using Daphnia may be biased. The long term Lake 

Yangebup non-exposed Daphnia culture is similar to Daphnia magna laboratory 

cultures normally used in acute toxicity tests. The low survival rates of these Daphnia 

may not be representative of the actual toxicity of cyanobacteria for Daphnia under 

natural conditions, where Daphnia experience often continuous exposure to 

cyanobacteria during blooms. A more natural scenario was imitated in our experiment 

with Lake Yangebup cyanobacteria-exposed Daphnia, and which showed a high 

survival rate in the presence of toxic cyanobacteria. This indicates the acute toxicity 

tests using Daphnia laboratory cultures may not reflect the survival of Daphnia in their 

natural habitat. They are capable of “switching on” their tolerance trait with the 

persistent presence of a high enough toxic cyanobacteria concentration. Persoone et al. 

(2009) supports the usage of dormant eggs from lakes for acute D. magna toxicity tests, 

which have been shown to be comparable in terms of sensitivity and precision with 

toxicity test results from D. magna laboratory cultures. However, our results indicate 

prior exposure to toxic cyanobacteria may give the ephippium-hatched Daphnia 

neonates an advantage in the form of survival, compared to those cultured under 

laboratory conditions. Therefore, it is important to understand the algal bloom history 

from where Daphnia ephippium are taken from, should they be used in acute toxicity 

tests performed for cyanotoxin. 

 

In conclusion, we could show that Daphnia from lakes with a history of cyanobacterial 

blooms adapt to the presence of cyanobacteria in the environment and phenotypic 

plasticity contributes to this adaptation. Hence, the use of Daphnia as a bioindicator 

should be approached with caution. In a time where global climate change can 
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significantly affect local ecosystem and cyanobacterial dynamics through land change 

use, rainfall pattern (Reichwaldt & Ghadouani 2012), and temperature changes (Paerl & 

Huisman 2008), it is imperative to manage and mitigate cyanobacterial bloom 

occurrences by means of prevention (NHMRC & NRMMC 2011). Reichwaldt, Song 

and Ghadouani (2013) speculated zooplankton are able to survive cyanobacterial 

blooms through the existence of “refuge sites”, which may allow the population to 

successfully re-establish after bloom periods. This, in turn, underlines the importance of 

developing and/or optimising reliable ecological bioindicators to provide a clear 

assessment of cyanobacterial blooms and its effect on the ecosystem. Wojtal-

Frankiewicz et al. (2013) suggested that the detoxification mechanism against 

microcystin accumulation in Daphnia exists regardless of the level of prior exposure to 

cyanobacteria and may only be activated above some critical concentration of 

microcystin in the animals’ cells.  It would therefore be interesting to investigate the 

threshold where detoxification mechanism is activated in Daphnia with or without prior 

exposure to cyanobacteria. 
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5.1 Abstract 

The increase in harmful cyanobacterial blooms has a significant effect on the role of the 

grazer Daphnia as an ecological bioindicator. Cyanobacteria are considered as an 

inadequate food source, and produce secondary metabolites such as protease inhibitors 

and cyanotoxins which adversely affect Daphnia. Recent studies show increased 

tolerance in Daphnia towards toxic cyanobacteria through various mechanisms (e.g., 

selective feeding, detoxification mechanism), especially in Daphnia that coexists with 

cyanobacteria. This was shown through the analysis of life history parameters (growth 

rates, fecundity, feeding rates) and enzyme activity analysis, but, few studies were 

conducted on the accumulation of cyanotoxin in Daphnia. We quantified the 

accumulation of microcystin-LR in two juvenile Daphnia carinata laboratory cultures 

with different feeding history: one of them was pre-exposed to toxic Microcystis 

aeruginosa, and the other one was cultured on a green alga. Our results showed that the 

pre-exposed Daphnia accumulated microcystin in relation to the amount of toxin 

available in the medium. In contrast, there was no significant relationship between 

microcystin accumulated in the non-exposed Daphnia and microcystin provided in the 

medium. This was despite a significant linear correlation between microcystin ingestion 

rate and microcystin available for uptake. The Daphnia grazing activity did not appear 

to influence the microcystin accumulation in both Daphnia populations. It is suggested 

that the amount of microcystin provided to the Daphnia may be lower than the critical 

threshold required for detoxifying enzymes to be activated to distinguish accumulation 

rates between the two Daphnia populations. Further research using microcystin 

concentration in cyanobacterial cells deemed lethal to Daphnia is required as well as 

examining detoxifying enzymes. 

5.2 Introduction 

Harmful cyanobacterial blooms remain a major concern due to their effect on both 

human and environmental health, as well as decreasing the recreational and aesthetic 

values of the affected waterbodies such as lakes (Sinang, Reichwaldt & Ghadouani 

2013), rivers (Rose, Brown & Robb 2000), reservoirs (Wojtal-Frankiewicz et al. 2013) 

and wastewater ponds (Oudra et al. 2000; Barrington, Reichwaldt & Ghadouani 2013). 

These blooms have a cascading effect across trophic levels (Ferrão-Filho & Kozlowsky-

Suzuki 2011); among those affected are the zooplankton community which grazes on 

algae biomass (Wojtal-Frankiewicz 2012). Daphnia, a key representative in the 
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zooplankton community, is a useful ecological indicator in freshwater systems (Ferrao-

Filhoa et al. 2009), and has been extensively studied for cyanobacteria-zooplankton 

interaction (Lampert 2006). In harmful algal bloom occurrences, cyanobacteria have 

been found to cause mortality (Semyalo, Rohrlack & Larsson 2009; Liu et al. 2011; Han 

et al. 2012) and intoxication (Mohamed 2001; Ferrão-Filho & Kozlowsky-Suzuki 2011) 

in Daphnia, while chronic effects include changes to the life history, reproduction and 

somatic growth rate of Daphnia (Ghadouani, Pinel-Alloul & Prepas 2003; Jiang et al. 

2013a). 

 

Cyanobacteria, in general, are considered to be of poor nutrition due to the lack of 

essential lipids such as sterols and polyunsaturated fatty acids (Lampert 1987; Von 

Elert, Martin-Creuzburg & Le Coz 2003; Wacker & Martin-Creuzburg 2007). The toxin 

produced by the cyanobacteria, which is the most common secondary metabolite 

(Wiegand & Pflugmacher 2005; Ferrão-Filho & Kozlowsky-Suzuki 2011), causes 

protein phosphatases inhibition in grazers which ingest them. The hepatotoxic 

microcystin is the most commonly studied (Chorus & Bartram 1999; Martins & 

Vasconcelos 2009) and observed in blooms (Sivonen & Jones 1999; Zurawell et al. 

2005; Kemp & John 2006). The toxin also causes oxidative stress in the affected 

animals (Campos & Vasconcelos 2010), and neonates were shown to exhibit increased 

level of anti-oxidation enzyme within 48 h exposure to pure microcystin (Ortiz-

Rodriguez, Dao & Wiegand 2012). 

 

There has been increasing evidence of cyanotoxin tolerance in Daphnia, in particular 

with Daphnia that has prior exposure to cyanobacteria. Examples include higher 

survival (Gustafsson & Hansson 2004; Guo & Xie 2006), and increased levels of 

detoxifying enzymes such as glutathione S- transferase (Chen et al. 2005). This 

tolerance has been attributed to numerous factors, such as selective grazing by utilising 

sensory organs to detect chemical cues (Ghadouani et al. 2004; Tillmanns, Burton & 

Pick 2011), phenotypically adapting filter screens to the presence of filamentous 

cyanobacteria (Ghadouani & Pinel-Alloul 2002; Bednarska & Dawidowicz 2007), 

physiological changes to smaller body sizes in Daphnia (Hairston et al. 2001), induced 

protease isoforms and increased expression of proteases genes in response to dietary 

protease inhibitors (e.g., trypsin and chymotrypsins inhibitors) (Schwarzenberger et al. 

2010), and increased levels of detoxifying enzymes (e.g., glutathione S-transferase) 
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(Chen et al. 2005; Ortiz-Rodriguez & Wiegand 2010; Ortiz-Rodriguez, Dao & Wiegand 

2012). At the same time, genetic variation (Lemaire et al. 2011), clonal differences 

(Jiang et al. 2013b) and interspecific differences (Kuster & Von Elert 2013) also 

influence the variation in level of tolerance Daphnia has towards cyanobacteria.  

 

However, the accumulation of toxin in Daphnia has been investigated less often in the 

emerging field of cyanotoxin tolerance development in Daphnia. There are several 

studies implying the presence of other bioactive compounds of cyanobacteria, rather 

than cyanotoxin, which were causing adverse effects on Daphnia (Wilson, Sarnelle & 

Tillmanns 2006). This includes polyunsaturated fat (Reinikainen et al. 2001) and 

cyanobacterial protease inhibitors (Schwarzenberger et al. 2010). Moreover, Daphnia 

has a low risk of acting as a vector for microcystin transfer across the food web 

(Thostrup & Christoffersen 1999). Yet, this does not lessen the effect cyanotoxin has on 

the grazers. Rohrlack et al. (2005) showed that the ingestion of cyanobacteria containing 

microcystin causes intercellular spaces in the epithelium of the midgut of D. galeata 

within 9 h, leading to lethal poisoning as the toxin enters the bloodstream. Although 

MC-LR is actively degraded during digestion (Xie et al. 2004; Kozlowsky-Suzuki, 

Wilson & Ferrao 2012), persistent chronic exposure to cyanotoxin can lead to 

biomagnification in zooplanktons (Kozlowsky-Suzuki, Wilson & Ferrao 2012). There is 

evidence of a detoxification mechanism playing a role in reducing microcystin-LR 

accumulation in cyanotoxin-tolerant Daphnia (Wojtal-Frankiewicz et al. 2013). But, the 

detoxification mechanism may also be exhausted after reaching a certain microcystin 

concentration threshold, which would lead to the accumulation of toxin in Daphnia 

again (Ortiz-Rodriguez & Wiegand 2010). This would undermine proposals to use 

cyanotoxin-tolerant Daphnia to control harmful algal blooms (Gustafsson & Hansson 

2004; Chislock et al. 2013). 

 

The main aim of this study is to investigate a correlation between toxin provided to and 

accumulated in Daphnia carinata sourced from Lake Yangebup, Western Australia. The 

lake has a history of cyanobacterial bloom occurrences. We proposed that Daphnia 

from Lake Yangebup, which has been fed with non-toxic food source, would have a 

lower level of defence against the toxic cyanobacteria; thus, accumulating more toxins 

in their bodies. In contrast, Daphnia with prior exposure to toxic cyanobacteria would 

be able to utilise the defence mechanisms, which allowed them to tolerate toxic 



 Cyanotoxin-tolerant Daphnia as an ecological indicator 
 

 

53 

cyanobacteria. This, in turn, prevented the accumulation of toxin in their bodies. This 

would provide an insight into how cyanotoxin tolerance in Daphnia influenced their 

survivorship through cyanotoxin accumulation. 

5.3 Materials and methods 

Experimental Cultures 

The green alga, Desmodesmus sp. (CS-399) was procured from CSIRO, Tasmania, 

Australia and used as the non-toxic food source for the Daphnia culture. The alga was 

grown in 5 L aerated flasks and fed WC medium (SAG 2009). The batch cultures were 

refreshed every three days, with 40 % of the medium renewed each time. A toxic 

cyanobacterium Microcystis aeruginosa (MABW01-A15, CSIRO, Tasmania, Australia) 

was cultured in batches of 1 L flasks and shaken daily. 10 % of the M. aeruginosa 

medium was replaced every three days. Both algae were observed to be in single or 

paired cells. 

 

Daphnia used in the experiments originated from a shallow urban lake, Lake Yangebup 

(Perth, Western Australia, Australia). Cyanobacteria are present in the lake throughout 

the year with Microcystis spp. exerting a dominant presence in the cyanobacterial 

fraction detected in the lake (Kemp & John 2006; Sinang, Reichwaldt & Ghadouani 

2013). The cyanobacterial fraction of the total algal biomass was high during the 

summer period, with a range between 33.4 to 67.5 % in 2008 (Sinang, Reichwaldt & 

Ghadouani 2013), and 22 to 90 % in 2010 (Reichwaldt, Song & Ghadouani 2013). 

Microcystins were also detected during the samplings between 1999 to 2010, with a 

minimum concentration less than 0.01 µg MC-LR L-1, and a maximum concentration of 

557.57 µg MC-LR L-1 (Kemp & John 2006; Reichwaldt, Song & Ghadouani 2013; 

Sinang, Reichwaldt & Ghadouani 2013). The monoclonal Daphnia carinata culture, 

previously collected from Lake Yangebup in November 2010, was maintained in a 

climate control chamber. This culture was labelled as the non-exposed Daphnia. A 

second Daphnia population from the same clone, hereafter referred to as the pre-

exposed Daphnia, was established by exchanging 20 % of the green alga amount with 

toxic M. aeruginosa as food source. All the Daphnia cultures were maintained in 1.5 L 

glass jars using ADaM medium (Klüttgen et al. 1994) at 20 ˚C ± 1 ˚C with 16:8 h light: 

dark cycle, and the medium was changed weekly. Both clones were identified as D. 

carinata (Benzie 1998). 
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A trial test to confirm the Daphnia were grazing M. aeruginosa was run with 10 

juvenile Daphnia from each population. The Daphnia were exposed to pure 

M. aeruginosa diet (food concentration: 1 mg C L-1) for 2 h. Gut examination under the 

microscope showed that their guts were green and confirmed their capability to graze 

M. aeruginosa. 

 

Experimental Design 

The 48 h bioaccumulation experiment was designed using two Daphnia cultures and 

three food treatments. The food treatment was defined by the percentage of toxic 

M. aeruginosa out of a total food source of 1 mg C L-1. The proportion of 

M. aeruginosa was 20, 60 and 100 % (hereafter referred to as M20%, M60% and 

M100% treatments respectively), with the remaining percentage being the non-toxic 

Desmodesmus sp. There were three replicates per treatment – one from each Daphnia 

population type (non- and pre-exposed Daphnia), and one as a control (does not contain 

Daphnia). The experiment was repeated three times. 

 

The replicates with Daphnia were allocated 2 L of medium with appropriate food 

concentration in a glass jar and 250 juvenile Daphnia (aged 2 – 4 days) from the 

corresponding population. The Daphnia were allowed to empty their guts in fresh 

ADaM medium for 1 h prior to experiment. Meanwhile, the control treatment contained 

only 200 mL of the test solution, to analyse the growth of the two phytoplankton species 

to calculate the Daphnia grazing rate of the algae (Coughlan, cited in Oberhaus 2007). 

 

The experiment was conducted in a controlled temperature room (20 ºC ± 1 ºC) with 

16:8 h dark: light cycle. Chl-a measurement was taken at the start of the experiment 

with a benchtop spectrophotometer (bbe Moldaenke FluoroProbe®) to confirm the 

concentration of algae provided at the start of the experiment using pre-established 

particulate organic carbon calibration curves for each alga (Liau, unpublished data). The 

FluoroProbe measures the biomass of algae (chlorophytes, cyanobacteria, diatoms, 

cryptophytes and total algae) by characterising the pigment fluorescence according to 

their specific fluorescence emission spectrum to infer their chl-a, expressed in units of 

µg chl-a L-1 (Beutler et al. 2002; Sinang, Reichwaldt & Ghadouani 2013).  
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Triplicates of pure M. aeruginosa culture used to make the experimental mediums for 

each experiment were filtered onto filter papers (Whatman GF/C Ø47mm) in aliquots of 

10 mL and frozen at -20 ºC until analysis. This quantified the microcystin-LR (MC-LR) 

concentration in M. aeruginosa in each experiment run. The concentration of 

M. aeruginosa in our experiments was 0.015 µg MC-LR µg-1 chl-a (SE = 0.008, N = 

16). The medium from each food treatment for the experiments were also filtered onto 

filter papers (Whatman GF/C Ø47mm) in triplicates of 100 mL to quantify the toxin 

available in the medium to the Daphnia. In our experiment, there was a significant 

relationship between the MC-LR concentration provided in the experiment and the 

M. aeruginosa biomass (Pearson correlation: r2 = 0.62, p < 0.05). The microcystin 

ingestion rate was calculated by multiplying the M. aeruginosa grazing rate with the 

MC-LR concentration in the medium and expressed in units of ng MC-LR h-1 ind-1. 

 

At the end of the experiment, the chl-a measurement was taken with the FluoroProbe 

again. Each Daphnia replicate was carefully filtered through a 25 μm mesh and placed 

into fresh ADaM medium for 1 h for gut-emptying. This would ensure that the 

cyanotoxin analysis would only measure the MC-LR which had accumulated in the 

Daphnia, instead of those found in their guts. The replicates were then sieved and rinsed 

with ADaM medium prior to collection into pre-weighed centrifuge tubes. The tubes 

were then weighed for the wet biomass of Daphnia and frozen at -20 ºC for 24 h. 

 

Microcystin-LR extraction and quantification 

The filter papers from the MC-LR accumulation experiment were extracted using the 

method described in Sinang, Reichwaldt and Ghadouani (2013). Briefly, the samples 

were frozen and thawed, and 75 % methanol (MeOH) (v/v) was added. The samples 

were then sonicated, shaken, and centrifuged, before the supernatant was transferred 

into a glass tube. The pellets were extracted two more times as above. The extract was 

then diluted with Milli-Q water (Millipore Elix Advantage, conductivity: 0.067 µS.cm 

@ 25 ºC), before they were applied to solid phase extraction cartridges (Oasis HLB 

6 cc / 500 mg, Waters, Australia) for toxin cleanup and concentration. 

 

Prior to extraction of accumulated MC from Daphnia, the Daphnia samples were 

freeze-dried for 24 h (Virtis Freezemobile 35EL), followed by immersion in 3 mL 75 % 

MeOH (v/v) and homogenisation with mortar and pestle. The processed samples were 
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then transferred into centrifuge tubes and extracted using the cyanotoxin extraction 

method in Sinang, Reichwaldt and Ghadouani (2013), but, the extraction times were 

60 min in the ultrasonic bath and 45 min on the horizontal shaker. The extracts were 

then applied to solid phase extraction. 

 

The extracts from both the cyanobacteria and Daphnia extraction were evaporated in 

constant nitrogen stream in a water bath (35 – 40 ºC) and redissolved in 1 mL 30 % 

acetonitrile (ACN) (v/v) before analysis in a High Performance Liquid Chromatography 

with photo-diode array (HPLC-PDA) system (Waters Alliance 2695) using an Atlantis® 

T3 3 µm separation column (4.6 x 150mm i.d.). The HPLC gradients used were 30 % 

ACN (v/v) and 70 % Milli-Q water (v/v) similar to that from Lawton, Edwards and 

Codd (1994), with 0.01 % TFA acid added to each of them (Lawton, Edwards & Codd 

1994). An MC-LR standard solution (Sapphire, Australia) with a concentration of 

10.12 µg MC-LR mL-1 was produced to quantify the toxin from the water and Daphnia 

samples. The standard was injected into the HPLC directly without any prior extraction. 

To evaluate the recovery rate of MC-LR on the filter papers, three filter papers 

(Whatman GF/C Ø47mm) were spiked with this standard and placed into 15 mL 

centrifuge tubes. They were extracted as above, but did not undergo the freeze-thawing 

routine. The recovery rate was 93.3 % and applied only to the MC-LR results from filter 

papers. 

 

Statistical Analyses 

The Pearson product-moment correlation coefficient was used to analyse linear 

correlation between the groups. To test significant difference between two groups, the 

unpaired t-test was used; where the data was non-normal, the Mann-Whitney rank sum 

test was used instead. The one-way analysis of variance (ANOVA) was used to detect 

significant influence between food treatments; where data was non-normal, the Kruskal-

Wallis ANOVA by ranks was used instead. Where a significant difference was detected 

in multiple pairings, the Tukey’s post-hoc test was used to isolate groups that were 

significantly different. 

 

Due to the small sample size used in the experiment, the level of significance for all 

tests was set at p < 0.1. This is to eliminate the possibility of rejecting effect sizes 

determined by the statistical tests that may be significant in a larger sample (Moore & 
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McCabe 1999; Norusis 2008; Thompson 2008; Hoffman 2010). Ziliak and McCloskey 

(2008) recommended that there has to be a compromise, so as to not neglect the actual 

implication of the effect size (substantive significance) and overemphasising on the 

statistical significance of the effect size. As such, results with 0.05 < p < 0.1 were 

disclosed to accommodate future research. 

 

All statistical analyses were performed using SigmaPlot 11. 

5.4 Results 

The Desmodesmus sp. grazing rate varied between -0.08 and 0.07 mL h-1 ind-1 (Figure 

5-1). The grazing rate was not significantly different between food treatments for the 

non-exposed Daphnia (t-test: tnon-exposed Daphnia = 0.7, df = 4), but was significantly higher 

in the M60% treatment compared to the M20% treatment for the pre-exposed Daphnia 

(t-test: tpre-exposed Daphnia = 2.7, df = 4, p = 0.06). When the two Daphnia populations were 

compared, there were no significant differences in the Desmodesmus sp. grazing rate for 

each food treatments (t-test: tM20% = -1.6, tM60% = 0.7, df = 4). 
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Figure 5-1 Daphnia algal grazing rate for A) M20%, B) M60% and C) M100% 
treatments. Error bars represent one standard error. 
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Meanwhile, the M. aeruginosa grazing rate varied between -0.01 and 0.20 mL h-1 ind-1 

(Figure 5-1). For the non-exposed Daphnia, the M. aeruginosa grazing rate was 

significantly higher in the M100% treatment compared to the M20% treatment (t-test: t 

= -2.5, df = 4, p = 0.07). But, there were no significant differences between the M20% 

and M60% treatments (Mann-Whitney rank sum test: U = 0, nsmall = nbig = 3), or 

between the M60% and M100% treatments (t-test: t = 0.3, df = 4). On the other hand, 

the pre-exposed Daphnia grazed M. aeruginosa at similar rates for all food treatments 

(One-way ANOVA: F2,6 = 0.1). When the two Daphnia populations were compared, 

there were no significant differences in the Desmodesmus sp. grazing rate for each food 

treatments (t-test: tM20% = -1.8, tM60% = -0.5, tM100% = -1.1, df = 4). 

 

When comparing the two algal grazing rates, the non-exposed Daphnia grazed more 

Desmodesmus sp. than M. aeruginosa in the M20% and M60% treatments ( 

Figure 5-1), and the differences were significant (Mann-Whitney rank sum test: UM20% 

= 0, nsmall = nbig = 0, p = 0.1; t-test: tM60% = -3.6, df = 4). For the pre-exposed Daphnia, 

the Daphnia grazed the two algae at similar rates in the M20% treatment (Figure 5-1A) 

(Mann-Whitney rank sum test: U = 2, nsmall = nbig = 3). In the M60% treatment, the 

M. aeruginosa grazing rate for the pre-exposed Daphnia was significantly lower than 

the Desmodesmus sp. grazing rate (t-test: t = -5.7, df = 4). 

 

Both the non- and pre-exposed Daphnia ingested microcystin in all food treatments, and 

the microcystin ingestion rate ranged between -0.0004 and 0.04 ng MC-LR h-1 ind-1 

(Table 5-1). The microcystin ingestion rate was significantly correlated with the amount 

of toxin in the medium for the non-exposed Daphnia (Pearson correlation: r2 = 0.43, p = 

0.08) (Figure 5-2), but not for the pre-exposed Daphnia (Pearson correlation: r2 = 0.12) 

(Figure 5-2). Further pairwise comparisons between the two Daphnia populations 

showed no significant difference for each food treatment (Mann-Whitney rank sum test: 

UM20% = 3, nsmall = nbig = 3; t-test: tM60% = -1.2, tM100% = 0.2, df = 4). When the type of 

Daphnia population was not taken into account, the toxin accumulated in Daphnia and 

toxin provided in the medium were significantly correlated (Figure 5-2) (Pearson 

correlation: r2 = 0.19, p = 0.1). 

 

 

 



Chapter 5 | MC-LR accumulation in Daphnia 
 

 

60 

Table 5-1 Microcystin ingestion rate in Daphnia. NM20% = 2, NM60% = 3 and NM100% = 3. 
 

Treatment 
Toxin in medium 
(µg MC-LR L-1) 

Microcystin ingestion rate (ng MC-LR h-1 ind-1) 
Non-exposed Daphnia Pre-exposed Daphnia 

𝒙 SE 𝒙 SE 𝒙 SE 
M20% 0.09 0.03 0.0001 0.0005 0.0173 0.0050 
M60% 0.23 0.07 0.0122 0.0053 0.0192 0.0117 
M100% 0.28 0.07 0.0167 0.0084 0.0286 0.0109 

 

 

 
 

Figure 5-2 Microcystin ingestion rate in Daphnia. 
 

 

MC-LR was detected in the non- and pre-exposed Daphnia for all food treatments in the 

experiment (Table 5-2), ranging between 1.6 and 8.2 µg g-1 wet biomass (w.b.). No 

Daphnia mortality was observed in any experiments. There was no significant 

correlation between toxin accumulated in Daphnia and toxin provided in the medium 

for the non-exposed Daphnia (Figure 5-3) (Pearson correlation: r2 = 0.12). For the pre-

exposed Daphnia, there was a significant correlation between toxin accumulated in 
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Daphnia and toxin provided in the medium (Figure 5-3) (Pearson correlation: r2 = 0.43, 

p = 0.08). Further pairwise comparison between the two Daphnia population revealed 

no significant difference for each food treatment (Mann-Whitney rank sum test: UM20% 

= 3, nsmall = nbig = 3; t-test: tM60% = -1.2, tM100% = 0.2, df = 4). When the type of Daphnia 

population was not taken into account, the toxin accumulated in Daphnia and toxin 

provided in the medium were significantly correlated (Figure 5-3) (Pearson correlation: 

r2 = 0.23, p = 0.06). 

 

 

Table 5-2 MC-LR detected in Daphnia. w.b. – wet biomass of Daphnia; NM20% = 2, NM60% = 
3 and NM100% = 3. 
 

Treatment 
Microcystin detected in (µg g-1 MC-LR w.b.) 

Non-exposed Daphnia  Pre-exposed Daphnia  
𝒙 SE 𝒙 SE 

M20% 3.19 2.05 3.10 0.07 
M60% 2.74 0.63 4.45 2.33 
M100% 5.32 3.19 5.27 2.33 

 

 

 
 
Figure 5-3 MC-LR concentrations in Daphnia and medium. 
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5.5 Discussion 

Our results show that prior exposure to toxic cyanobacteria did not affect the rate of 

microcystin accumulation in D. carinata. One possible explanation is that the level of 

MC-LR detected in the two Daphnia populations from our experiments may be below 

the threshold value required for us to see a real difference in their accumulation rate. 

The value was hypothesised at above 0.56 µg MC-LR g-1 w.b. (Wojtal-Frankiewicz et 

al. 2013). Wojtal-Frankiewicz et al. (2013) found that Daphnia from Sulejow reservoir, 

Poland, which had co-existed with toxic cyanobacteria over three decades, did not 

accumulate microcystin when microcystins level in the cyanobacterial cells was high 

(< 0.343 µg MC-LR g-1). They hypothesised that the detoxification processes may only 

be activated above certain critical concentration of microcystins in the animals’ cell. 

The microcystin concentration detected in Daphnia for our experiments ranged between 

1.62 to 8.21 µg MC-LR g-1 w.b., which is higher than the suggested critical level. 

Moreover, in our study, at least 23 % of the variation in microcystin accumulation in all 

Daphnia populations can be significantly explained by the variation in toxin 

concentration in the cyanobacterial cells. This indicates that the D. carinata in our 

experiments were able to cope with the level of toxicity of the cyanobacteria provided, 

and it may not be lethal to them. 

 

There was evidence of selective feeding in the Daphnia in our experiments. As the 

proportion of toxic M. aeruginosa increased in the food treatments, the algal grazing 

rate for the non-exposed Daphnia increased correspondingly, but, this remained 

constant for the pre-exposed Daphnia. This is in line with the study by Tillmanns, 

Burton and Pick (2011), which showed that Daphnia ambigua, cultured with non-toxic 

Chlorella kessleri for 5.5 months, did not avoid feeding on toxic M. aeruginosa. 

Meanwhile, D. ambigua, which were pre-exposed to toxic M. aeruginosa for eight 

weeks and consequently acclimatised to its presence (Gustafsson & Hansson 2004; 

Gustafsson, Rengefors & Hansson 2005), exhibited strong preference for C. kessleri 

(Tillmanns, Burton & Pick 2011). 

 

However, selective feeding did not influence the accumulation of microcystin in our 

Daphnia. The pre-exposed Daphnia ingested microcystin at a similar rate as the non-

exposed Daphnia, and both Daphnia populations were able to tolerate the presence of 

cyanotoxin in their diet. Rohrlack et al. (2005) suggested that ingestion between 10.2 to 
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18.3 ng microcystins per mg Daphnia w.b is sufficient to kill Daphnia galeata within 

2 days. The highest microcystin ingestion rate in our experiment was 12.38 ng MC–LR 

mg-1 Daphnia w.b. in two days. While the microcystin ingestion value is in the 

anticipated lethal range, no Daphnia mortality was observed in any of the experiments. 

This tolerance and the accumulation of cyanotoxin in the Daphnia suggest that the 

detoxification mechanism may have not been activated yet in the pre-exposed Daphnia. 

Meanwhile, the unacclimated Daphnia may have utilised their detoxifying capabilities 

to tolerate the effects of cyanotoxin, such as biotransforming MC-LR into less toxic 

conjugates (Wojtal-Frankiewicz et al. 2013). 

 

We also observed negative algal grazing rate in some of our treatments, which can be 

explained by high algal settling rates or growth rates (Coughlan 1969). The negative 

Desmodesmus sp. grazing rate can be significantly explained by the high settling rates 

in all the mixed food treatments for both Daphnia populations (Figure 5-1). The lack of 

stirring during the experiments may explain the high settling rates for Desmodesmus sp. 

 

Meanwhile, an explanation for the negative mean of the M. aeruginosa grazing rate in 

the M20% treatment for the non-exposed Daphnia may be attributed to a replicate with 

negative grazing rate (Figure 5-1A). The negative M. aeruginosa grazing rate for the 

particular replicate was due to a combination of low decrease in food concentration and 

high algal settling rate. The M. aeruginosa grazing rate was also not significantly 

different than the one in the M20% treatment for the pre-exposed Daphnia (Figure 

5-1A). 

 

In conclusion, further research is required to compare the accumulation of cyanotoxin in 

Daphnia with and without prior exposure to toxic cyanobacteria, using a wider range of 

toxin concentrations in cyanobacterial cells that are considered lethal to both Daphnia 

populations. This can be complemented with detoxifying enzymes analysis, which 

would allow a broader picture on the interaction between cyanotoxin accumulation and 

detoxification in these two Daphnia populations. This can include verifying the 

existence of a critical threshold in cyanotoxin accumulation for detoxification to occur 

in Daphnia (Wojtal-Frankiewicz et al. 2013). In addition, the possible implication of 

differing accumulation rates in Daphnia with or without prior exposure to toxic 

cyanobacteria may also have an impact for water managers seeking to develop 
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bioaccumulation plots. These plots generally use toxin in the environment as a predictor 

for cyanotoxin accumulation in Daphnia such as the framework outlined in White, 

Duivenvoorden and Fabbro (2005). Further studies are needed to decide on labelling 

Daphnia as a ‘non-regulator’ (animal with no capability to process toxin) and applying 

a good enough caution factor to account for Daphnia which is capable of tolerating 

toxin, or to define a specific category for Daphnia with prior exposure to cyanotoxin as 

a ‘regulator’(animal with capability to metabolise some of the toxin to an extent before 

bioaccumulation occurs) (White, Duivenvoorden & Fabbro 2005). 
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6.1 General discussion 

Cyanotoxin tolerance as a phenotypic plasticity response 

This study investigated cyanotoxin tolerance in Daphnia as a phenotypic plasticity 

response by assessing their survivorship and the accumulation of cyanotoxin in their 

bodies. The results showed that phenotypic plasticity exists in Daphnia population 

which has co-existed with toxic cyanobacteria, and the plasticity contributes towards 

cyanotoxin tolerance in Daphnia. D. carinata, which had previously demonstrated 

tolerance to cyanotoxin, was able to switch off their tolerance trait when they had a 

continuous non-toxic food source. When the Daphnia detected M. aeruginosa in their 

habitat, they switched on their tolerance trait again. 

 

The trait may be costly energy-wise in D. carinata in the absence of cyanobacteria, such 

as in terms of fitness and reproductive rate (Jiang et al. 2013a), and was turned off when 

not required. This is supported by other earlier life table studies using D. carinata which 

were cultured under lab conditions over different periods of time with a good food 

source. Matveev, Matveeva and Jones (1994) showed that Daphnia fed with non-toxic 

food source over a longer period (> 6 months) exhibited lower survival percentage when 

used for M. aeruginosa toxicity testing, compared to those fed with good food for less 

than a month (Nandini 2000). Moreover, Ortiz-Rodriguez, Dao and Wiegand (2012) 

observed that a 7-day exposure to microcystin in female Daphnia is required for 

maternal effects (activation of antioxidant enzymes) to be transferred to their offspring. 

In our study, starvation is an unlikely explanation for the deaths in the treatments 

containing food, as the cyanobacteria-exposed Daphnia had better survival compared to 

those in the starved treatment. As such, the tolerance trait observed in the two Lake 

Yangebup Daphnia shows that the trait may be adaptive to past and current plasticity 

selection (Ghalambor et al. 2007). 

 

The role of feeding history in cyanotoxin-tolerant Daphnia 

The results of this study indicated that the cyanotoxin tolerance trait in Daphnia is 

generally observed in the natural cladoceran populations, as evidenced in the pre-

exposed Daphnia and Daphnia hatched from duration egg in this study. However, their 

level of tolerance appeared to be shaped by their feeding history, which may be 

determined by the algal composition (e.g., cyanobacterial biomass and cyanotoxin 

concentration), and the characteristics of the lake they inhabited, such as the 



 Cyanotoxin-tolerant Daphnia as an ecological indicator 
 

 

67 

physicochemical characteristics of the lakes (e.g., total phosphorus, salinity, 

temperature). Nandini (2000) reported lower resistance to cyanotoxin in Ceriodaphnia 

cornuta cultured under laboratory conditions with non-toxic Chlorella vulgaris for six 

months, compared to a different C. cornuta population collected from a pond dominated 

by Microcystis spp. Sarnelle and Wilson (2005) analysed the juvenile growth rate of 

Daphnia from six lakes with different ranges of total phosphorus, which were exposed 

to toxic M. aeruginosa. D. pulicaria from lakes with high total phosphorus had higher 

growth rates in the presence of toxic M. aeruginosa than those from lakes with low total 

phosphorus concentration. The percentage of cyanobacterial biomass was linked to total 

phosphorus values through predictive modelling, published phytoplankton data and 

qualitative observations: the higher total phosphorus values, the higher percentage of 

cyanobacterial biomass. Therefore, it is imperative to understand the algal bloom 

history from where Daphnia or their ephippium are collected from before using them 

for research studies or ecotoxicological tests. 

 

Microcystin accumulation as a cyanotoxin tolerance indicator in Daphnia 

Although Daphnia is able to phenotypically adapt their cyanotoxin tolerance trait, their 

ability to tolerate the presence of cyanotoxin does not necessarily translate to the ability 

to prevent cyanotoxin accumulation, as shown in this study. Cyanotoxin accumulation 

occurs in Daphnia, regardless of their experience with toxic cyanobacteria, and the rate 

of accumulation can be significantly linked to the amount of microcystin available for 

uptake to them in the medium. While this study could show that selective feeding was 

exhibited in Daphnia which had prior experience with toxic cyanobacteria, the 

cyanotoxin-tolerant Daphnia ingested and accumulated cyanotoxin at a rate equivalent 

to those without experience. This indicates the range of microcystin concentrations 

provided to the Daphnia in the accumulation experiments was not considered lethal for 

the Daphnia. 

 

Subsequently, it is possible that the mechanisms behind the cyanotoxin tolerance trait in 

Daphnia may have not been switched on. Wojtal-Frankiewicz et al. (2013) suggested 

that the detoxifying mechanism was only activated after a certain threshold in the 

amount of toxin accumulated in Daphnia was surpassed. Their study detected the 

presence of microcystins in Daphnia at the lowest level of microcystins in the 

cyanobacteria cells (0.343 µg MC-LR g-1). The Daphnia were sampled from a reservoir, 
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and had co-existed with toxic cyanobacteria over 30 years. However, there was no 

accumulation of toxin in the Daphnia when microcystin concentrations in 

cyanobacterial cells were higher; but, detoxifying and antioxidant enzymes were 

recorded to be activated. This was not seen in the Daphnia in this microcystin 

accumulation experiment carried out in this thesis. Its microcystin accumulation pattern 

was similar to that of an unacclimated Daphnia. Wojtal-Frankiewicz et al. (2013) found 

Daphnia from a different lake, which experienced toxic cyanobacteria infrequently, 

accumulated microcystins only when the toxin was detected in the water. This implied 

the Daphnia from this lake was more sensitive to microcystins compared to Daphnia 

from the reservoir, but able to tolerate the presence of the cyanotoxin. In the microcystin 

accumulation experiments, neither the unacclimated nor cyanotoxin-tolerant Daphnia 

died during the experiments from ingesting the cyanotoxin. As such, it is likely that the 

detoxification mechanism had not been activated for the cyanotoxin-tolerant Daphnia; 

but, the GST enzyme may have been utilised by the unacclimated Daphnia to tolerate 

the effects of cyanotoxin, such as biotransforming MC-LR into less toxic conjugates 

(Wojtal-Frankiewicz et al. 2013). 

 

Referring to the generic bioaccumulation plot (Figure 1-2) in Chapter 1.1, it would, 

hence, be difficult to assign a singular role to encompass both the inexperienced and 

experienced Daphnia. While the accumulation plots for both Daphnia in this study fits 

that of a ‘non-regulator’, the microcystin concentration did not appear to be lethal to the 

Daphnia. Moreover, the cyanotoxin-tolerant Daphnia may have not activated its 

detoxifying enzymes, which may lead to an overestimation of the cyanotoxin effects in 

the environment. This would lead to unnecessary and costly mitigation procedures. 

Should the Daphnia be defined as ‘regulators’ to include their ability to phenotypically 

adapt to cyanotoxin, the bioaccumulation plot would start off looking like that of the 

‘non-regulator’, and maybe plateaued and/or decreased as their detoxification 

mechanisms kicked in, before dropping off as the Daphnia exhausted detoxifying 

capabilities (Ortiz-Rodriguez & Wiegand 2010). This would be disastrous for the 

inexperienced Daphnia as the cyanotoxin effects may be underestimated in this case, 

and may culminate in major cyanobacterial blooms through cascading effects across the 

ecosystem that both organisms inhabit. 
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6.2 Conclusions and recommendations 

The Daphnia used for toxicity testing in research, including this study, have been 

collected from lakes and cultured in the lab for varying durations prior to 

experimentation. However, Daphnia culture can be challenging to maintain as it is time-

consuming and requires a sizeable space for storage. It can also be labour-intensive and 

costly over the years. However, the implication of cyanotoxin tolerance in Daphnia as a 

phenotypic plasticity response has a significant effect on acute toxicity. The results from 

this study indicated that neonates hatched from ephippium collected from an 

environment with dominant presence of cyanobacteria and cyanotoxin had higher 

survival rates, compared to those cultured under laboratory conditions under non-toxic 

food conditions. It is therefore recommended that the history of algal composition and 

lake characteristics where Daphnia is collected from should be taken into account when 

interpreting survival experiments that are commonly used as a life-history parameter of 

Daphnia in most research. 

 

This study also shows that using Daphnia as an ecological indicator for biological 

assessments without accounting for cyanotoxin tolerance trait may lead to under- or 

overestimate the risks toxic cyanobacteria poses on an environment. The trait is 

genetically coded in D. carinata, and can be phenotypically switched on when required. 

This may not be reflective of the actual effect of the toxicity test on the environment 

where laboratory-cultured Daphnia are used. Moreover, the ability of D. carinata to 

tolerate cyanotoxin does not prevent them from accumulating microcystin, which could 

lead to a potential intoxication of organisms higher up the food web, or to chronic toxic 

effects (e.g., decreased survival, reduced fecundity). The question also remains whether 

to 1) label the grazer as a ‘non-regulator’ and apply a good enough caution factor to 

account for its ability to tolerate cyanotoxin, or 2) allocate Daphnia with prior exposure 

to toxic cyanobacteria as a ‘regulator’, when using bioaccumulation charts. This 

underlines the importance of redefining the role of Daphnia as an ecological indicator 

and optimising/developing its reliability to provide a clear assessment of cyanobacterial 

blooms and its effect on the ecosystem. 

 

In addition, chronic accumulation tests would allow better insight on the long-term 

effects on Daphnia with induced cyanobacteria tolerance. Such experiments could also 

be coupled with a detoxifying enzyme analysis to allow a clearer view on the interaction 
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between cyanotoxin accumulation and detoxification in Daphnia which are capable of 

adapting their cyanotoxin tolerance. This includes verifying the existence of a critical 

threshold to be met for cyanotoxin detoxification to happen in Daphnia. 

 

In conclusion, this research demonstrates that Daphnia can phenotypically adapt to the 

presence of cyanobacteria by turning on and off their cyanotoxin tolerance trait. Their 

tolerance level depends on their prior experience with toxic cyanobacteria in their 

habitat. It is hoped that future research will incorporate this trait to shed more light on 

the interaction between Daphnia and cyanobacteria, and allow better interpretation and 

application of results using cyanotoxin-tolerant Daphnia as an ecological indicator. 
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