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ABSTRACT  

The understanding of effects of chemical exposure in nature is lagging behind. 

Predictions of harmful effects of chemicals on aquatic organisms rely mainly on 

ecotoxicity tests. To improve the understanding of the biological linkage between 

the cellular and organismal responses to a chemical in an ecotoxicological test, the 

major aim of this doctoral thesis was to investigate the usefulness of two 

biochemical endpoints, contents of RNA and ecdysteroids, by incorporating them 

with life-history traits of copepods (Crustacea). To do so, the two methods needed 

to be established at our laboratory. Both biochemical methods are more commonly 

used in basic biological research, but I here present its usefulness in 

ecotoxicological testing. It was found that individual RNA content as a 

biochemical endpoint was significantly altered in the brackish water harpacticoid 

copepod Nitocra spinipes when exposed to the pesticide Lindane (paper IV) and low 

concentrations (0.16µg . L-1) of the pharmaceutical Simvastatin (paper I) during 

partial life cycle tests. However, the RNA content was insensitive as endpoint in 

the fresh water harpacticoid Attheyella crassa during multigenerational exposure (2 – 

3 generations) to naturally contaminated sediments (paper III). The second 

biochemical endpoint, ecdysteroid content (a crustacean growth-hormone), was 

shown to be a useful tool for ecotoxicological studies using N. spinipes (paper IV), 

as well as for mechanistic understanding of lipid turnover and reproduction of the 

marine calanoid copepod Calanus finmarchicus (paper V). In paper I and IV, I 

present a balanced ecotoxicological test, useful for substances with suspected 

developmental disruptive effects. In this type of test, a balance between test 

adequacy, exposure time, and costs has been proven useful. Further, the reliability 

of tests (paper II) with N. spinipes was increased by optimizing its food regime. In 

paper II, 25 different combinations of micro-algae were tested during short- and 

long time exposure and a suitable food source (Rhodomonas salina) was identified, 

whilst poorer development and reproduction, malformations, and even mortality 

was induced by other algae. In conclusion, my studies provide useful tools for 

ecotoxicological testing, as well as for basic understanding of developmental 

biology of different copepod species. 
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ABBREVIATIONS 
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CHH Crustacean hyperglycaemic hormone

CI Copepodite stage one

CIII Copepodite stage three
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AIM OF THE STUDY 

The major aim of the thesis was to incorporate biochemical responses with 

copepod life history traits to improve our understanding about the biological 

linkage between the cellular and organismal responses to stressors. This was 

performed by laboratory exposure of copepods to single chemicals and natural 

sediments.  

 

A secondary aim was to establish two methods to detect biochemical responses 

in copepods (Crustacea), i.e. fluorescence detection measurements of total 

RNA and ecdysteroid content, in individual copepods with diminutive biomass 

(1 – 2µg dry weight).  

 

The specific objectives of each paper were: 

Paper I: To investigate four growth-related endpoints (development time, 

growth rate, body length, and individual RNA content) for their usefulness in 

ecotoxicological tests using the copepod Nitocra spinipes exposed to low 

concentrations of the pharmaceutical Simvastatin. 

 

Paper II: To increase the reliability of tests with N. spinipes, by finding suitable 

algal food for laboratory testing. This was performed by the use of the growth-

related endpoints investigated in paper I. N. spinipes were exposed to 25 

different combinations of micro-algae during a number of screening tests and 

two full life cycle tests.  

 

Paper III: To increase the ecological realism of the tests by using natural 

sediments collected from polluted and clean sites, and for exposure times 

covering several generations. Cephalothorax length and RNA content of 

individual Attheyella crassa were measured and integrated together with 

population dynamic and genetic endpoints.  

 

Paper IV: To establish a protocol for a enzyme immunoassay (EIA) for 

analysis of ecdysteroid levels in individual N. spinipes. The ecdysteroid content 

was further investigated for its usefulness in relation to the other growth-

related endpoints, presented in previous papers.  
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Paper V: To investigate ecdysteroid involvement together with cytochrome 

P450, in reproduction and lipid storage consumption of Calanus finmarchicus 
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INTRODUCTION  

The number of chemicals is increasing rapidly, as is their use, but the 

understanding of how they affect the nature is lagging behind. In 

ecotoxicology, which is the knowledge about ecology in the presence of 

toxicants (Chapman, 2002), a major aim is to study potential anthropogenic 

impact on the environment. This may e.g. be performed by the use of short-

term acute toxicity tests (described below) on individual organisms (Calow and 

Forbes, 2003), and an estimate of a safety level may be provided by dividing 

the effect concentration by so called safety factors (Calow, 1992; European 

Commission, 2003). Acute toxicity tests, however, do not give information 

about effects on long-term life history traits, such as reproduction (Schindler, 

1987; Bechmann, 1994), and there is consequently a need for test methods that 

include more of ecological realism for ecotoxicological assessment of 

chemicals (Calow et al., 1997). For a thorough understanding of stress 

responses, it is additionally wise to study test organisms on more than one level 

of biological organization (Heckmann et al., 2008), e.g. by adding cellular 

responses to the life history responses (Korsloot et al., 2004), such as growth-

related responses of RNA contents (Dahlhoff, 2004) or hormone levels (Block 

et al., 2003). These measured responses are more commonly used in basic 

biological research of crustaceans, and I here present their usefulness in other 

areas, such as ecotoxicological testing. 

 

 

BACKGROUND 

1. Environmental stress 

Stress is often defined as an environmental change that could lead to 

alterations in community structures and biological functions of an organism 

(e.g. reproduction and growth) (Korsloot et al., 2004). The concept of stress is 

however not absolute, it should be defined with reference to the normal range 

of ecological function of a species (van Straalen, 2003), meaning that what 

could be extremely stressful for one organism may be the normal for another. 

There are two major causes of cellular stress - endogenous factors (e.g. 

pathogens) and environmental factors (e.g. physical, such as heat, cold, osmotic 

conditions, or chemical, such as heavy metals, organic chemicals). Chemical 
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factors may disturb the organism (i.e. cause cellular stress) by transferring 

incorrect signals within the cell, or by penetrating the cell (Korsloot et al., 

2004), leading to responses such as enzyme inhibition, interaction with 

receptors, macromolecules, or organelles (Timbrell, 2001). 

 

2. Fundamentals of ecotoxicological tests 

The foundation of an ecotoxicological test is reliability, repeatability, sensitivity and 

relevance, of which the three former are strongly related to the statistical power of 

the experiment. That is, if the number of replicates is high, it is more likely to be a 

reliable, repeatable, and sensitive test method. For example in life cycle tests, the 

number of individuals will often diminish during its course. This may be a result of 

uneven sex ratios, decreased survival, and unsuccessful fertilization, which in the 

end could lead to a poor statistical power of the experiment if the starting number 

of individuals is not high enough (Breitholtz et al., in press). At the same time, the 

number of replicates may be restricted by too heavy workload among 

experimenters, inadequate equipment and/or lack of time and money. However, if 

the test method is insensitive for the chosen endpoint, there will be no or little 

response no matter how many replicates is used.  

With this in mind, a test system is reliable if the researcher can assure that a e.g. 

chemical-induced response of a test animal is not a false positive (e.g. a 

reflection of additional pressure on the organisms and thus an interactive 

product of wanted and unwanted stressors), or a false negative (often a 

function of too few replicates in the test system). Repeatability means that the 

test should be able to be repeated with an acceptable variation (Environment 

Canada, 1999). In addition to these prerequisites, an ecotoxicological test also 

needs to be sensitive. The meaning of sensitivity is twofold; i) the test should have 

such sufficient statistical power that even a rather small effect is revealed (e.g. 

Forbes et al., 2001; Breitholtz et al., 2006), and ii) the test needs to focus on the 

most fragile life stages, such as juvenile development and/or reproduction of 

the tested organism (e.g. US EPA, 1992; Medina et al., 2002), or else ecologically 

important endpoints may be missed. Finally, a test also needs to be relevant, 

which means that i) the test is appropriate for measuring the area that is in 

need of protection (e.g. an ecosystem, a population, a receptor within a cell), 

and ii) the test is appropriate for the measurement of a potential hazard in the 

environment (e.g. Solomon et al., 1996; Calow, 1998). Hence, researchers that 
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develop new test methods need to consider a range of factors related to the 

quality of the actual testing, and at the same time calculate if the tests are 

performed at a reasonable cost (e.g. Hanson and Rudén, 2006 a; b), something 

which has also been implicated in the present thesis.  

 

 

TEST ORGANISMS  

1. Crustaceans as test animals 

Risk assessment of chemicals has to consider millions of species, with 

extremely diverse morphology, physiology etc. Invertebrates comprise 

approximately 95% of all known animal species in the environment (deFur et 

al., 1999). They have unique physiological characteristics, and are often crucial 

components of aquatic as well as terrestrial ecosystems. Crustaceans are the 

second largest subphylum after the insects, comprising about 42,000 described 

species, and they are common in both fresh and sea waters (Ruppert et al., 

2004). The enormous morphological and ecological heterogeneity includes 

animals less than a millimetre in length (such as copepods), as well as giant 

spider crabs with a leg span of 3m.  

 

1.1. Copepods 

The word copepod originates from the Greek words kope (an oar) and podos (a 

foot), referring to the swimming legs of the animals. They are consumed by a 

vast variety of invertebrates, as well as fish and whale species (Mauchline, 

1998). The copepod body is generally small (0.5 – 2mm), however, in 

occasional deep sea samples copepods have been recognized with a body 

length of 18mm (Owre and Foyo, 1967). Copepod species have paired 

appendages that function for swimming, detection of food, and mating. It is 

possible to distinguish between males and females by sexually dimorphic 

characteristics, usually emerging during the later stages of the development. 

Additionally, the males are usually smaller than the females. With few 

exceptions, the copepods reproduce sexually (Gilbert and Williamson, 1983), 

and the copulation often involves the attachment of a sperm sac 
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(spermatophore) by the male to the copulatory pore of the female (Huys et al., 

1996). The eggs of a copepod may be carried by the female or dispersed into 

the free water column (Mauchline, 1998). The copepod usually develops 

through six naupliar stages (NI to NVI) followed by five copepodite stages (CI 

to CV). As other arthropods, they increase their body size by moulting, which 

consists of post moult, inter-moult and pre-moult stages, the new exoskeleton 

forming under the old one (Mauchline, 1998). Between the last naupliar stage 

and the first copepodite stage, the copepods usually undergo considerable 

metamorphosis (Gilbert and Williamson, 1983).  

 

There is little doubt that copepods, with 12,000 described species (Ruppert et 

al., 2004) are among the most abundant metazoan (i.e. multi cellular animal) 

creatures on our planet (Fryer 1986, reviewed in Hopcroft and Roff, 1998; 

Mauchline, 1998; Miller and Harley,. 1999). Since the copepods are of great 

significance as prey for young and adult stages of ecologically and economically 

important species of fish (e.g. Westin, 1970; Aneer, 1975; Sundby, 2000; 

Skreslet et al., 2005), they are important to protect, in order to maintain stable 

aquatic ecosystems. Copepods are also suitable in the laboratory as model 

invertebrates in ecotoxicological tests, in order to find potential effects of 

chemicals (e.g. Andersen et al., 2001; Breitholtz et al., 2003; Karlsson et al., 

2006), as well as complex matrixes such as oil, effluents or contaminated 

sediments (Green et al., 1996; Bejarano et al., 2006). Due to their relatively short 

generation times, it is feasible to study them for full life cycles, which includes 

sensitive life events such as juvenile development and sexual reproduction.  

 

1.1.1. Harpacticoid copepods  

Harpacticoid copepods are usually benthic organisms (Rupert et al., 2004). Hatched 

from an egg, NI is unsegmented with three pairs of appendages. The appendages 

develop at each moult by the addition of setae (hair-like parts on limbs and mouth 

parts) and/or segments (Huys et al., 1996). Rudimentary forms of other 

appendages and additional body segments (somites) also develop during the 

development of the nauplius stages. An adult bears six pairs of appendages and 

consists of ten somites (Huys et al., 1996). The main food source is organic material 

and presumably also the micro-biofilm associated with it (e.g. Dole-Olivier et al., 

2000).  
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1.1.1.a. Nitocra spinipes  

N. spinipes is commonly found in the benthic meiofauna. It is found in shallow 

waters worldwide, including the Baltic Sea (Lang, 1948; Noodt, 1970; Wulff; 

1972). It reaches sexual maturity within 10 – 12 days, and it has a total 

generation time of 16 – 18 days at 20°C. The adults are less than 1 mm long 

(~0.75mm for the female and ~0.45 – 0.56mm for the male; Abraham and 

Gopalan, 1975). Since it has a good ability to adapt to salinity fluctuations (0 – 

30‰) and temperature (0°C – 26°C) (Noodt, 1970; Wulff, 1972), it is easy to 

keep in the laboratory and is useful in various kinds of experiments. It has 

been used as a test species for 60 years (Barnes and Stanbury, 1948), and it has 

been in use for toxicity testing in our lab since 1975; Bengtsson (1978) 

developed a lethal toxicity test, which has been established as Swedish (SIS, 

1991), Danish and International Standards (ISO, 1997). Further, N. spinipes has 

successfully been used as a test organism in chronic tests (e.g. Breitholtz and 

Bengtsson, 2001; Breitholtz et al., 2003; Ek et al., 2007).   

 

1.1.1.b. Attheyella crassa   

A. crassa is a fresh water species, belonging to Canthocamptidae, the most species-rich 

family of harpacticoid copepods in fresh waters (Dole-Olivier et al., 2000). It is 

found all over Europe, in North Africa, and in Asia in a wide variety of habitats 

and seems to prefer muddy substrates and responds positively to eutrophication 

(Dole-Olivier et al., 2000). It has a generation time of 6 – 8 weeks when cultured in 

the laboratory at 20 – 20.6ºC (Sarvala, 1977). The body length of a newly hatched 

nauplius is 0.076 – 0.079 mm (Sarvala, 1977). The adults are sexually dimorphic 

and their average adult body length 0.65 mm (Enckell, 1980).   

 

1.1.2. Calanoid copepods 

The calanoid copepods can be found in pelagic and benthopelagic regions, as well 

as in coastal, shelf and oceanic waters (Mauchline, 1998). They are omnivores, and 

may feed on particles (e.g. microalgae) of a few microns in size (Poulet, 1983). 

Many calanoids produce diapause eggs, i.e. resting eggs, in which growth and 
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development are suspended and physiological activity is diminished to often non-

detectable levels. Those eggs sink to the seabed (usually occurring at high 

population densities or seasonal variations [Ban and Minonda, 1994]), and may be 

viable for up to 40 years (Marcus et al., 1994). Many calanoids have lipid storage, of 

which shape and position differ between different species (Sargent and Henderson, 

1986).  

 

1.1.2.a. Calanus finmarchicus 

C. finmarchicus has been found in oceanic waters from e.g. Norway, Greenland, and 

the Barents Sea towards Russia (Hirche and Kosobokova, 2007). It may, represent 

up to 90% of the entire zooplankton biomass in the Barents Sea during summer 

(Sakshaug et al., 1994), and they are an  important component of the North 

Atlantic food web (Planque and Batten, 2000). One generation takes 30 – 40 days 

and the adults are 2 – 5 mm long (Ruppert et al., 2004). They are rich in lipids and 

fatty acids and are therefore high quality food for many fish species (Sundby, 2000; 

Skreslet et al., 2005). C. finmarchicus is able to hibernate without feeding for up to six 

month during winter time (Mauchline, 1998).  

 

 

SOME BIOCHEMICAL GROWTH VARIABLES OF CRUSTACEANS 

1. Contents of RNA and protein  

The use of RNA as an indicator of growth in different species has been of 

interest for a long time. Sutcliffe (1965) proposed more than 40 years ago 

that the RNA content could be an estimate of growth in small copepods. 

Identification of biochemical changes, such as RNA content (Dahlhoff, 

2004), can be used to determine if an organism has been exposed to a 

stressor, including environmental pollutants (Feder and Hofmann, 1999; 

Yang et al., 2002). The rationale is based on the fact that the RNA content of 

tissues or whole organisms consists primarily (~80 – 90 %) of ribosomal 

RNA (rRNA) (Alberts et al., 1983), which is the most stable class of RNA, 

whereas tRNA represents about 10 – 20%, and mRNA accounts for less then 

10% (e.g. Becker et al., 2000), together with small RNA´s (e.g. hnRNA, 
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miRNA, siRNA, snRNA, dsRNA and stRNA; Dreyfuss, 1986; Downward, 

2004; Matzke and Birchler, 2005; Grennan, 2005). Taken together, levels of 

rRNA, at any given time, are directly related to the protein synthesis of a cell, 

and thus to the growth of the individual (Elser et al., 2000). For example, in 

small metazoans, which have high metabolic rates of biosynthesis, a high 

portion of rRNA is required (Brown et al., 2004). Indeed, nucleic acid content 

may be an advanced indicator to evaluate the condition and growth rates of 

copepods (e.g. Saiz et al., 1998; Gorokhova, 2003). 

 

Toxic chemicals may bind to molecules, such as nucleic acids, lipid 

membranes, hormones and proteins, and either destroy or change their 

structures, which in turn may lead to physiological dysfunctions. On the other 

hand, this could also result in a protective response of the cell (e.g. stress 

protein induction). Stress proteins differ between phyla, but are highly 

conserved within taxa through evolution (Korsloot et al., 2004). They are a 

ubiquitous family of proteins, present within cells at constitutive levels. During 

unstressed conditions, they are participating in protein folding and assembling, 

metabolic processes, as well as in cell growth and development (Lindquist, 

1986; Ellis and van der Vies, 1991; Elefant and Palter, 1999). Upon exposure 

to stress, the production of stress proteins is induced to perform different 

functions against cellular damage. This may be performed by e.g. assisting in 

reparation of damaged proteins, or degradation of abnormal folded proteins 

(Feder and Hofmann, 1999; Korsloot et al., 2004). By doing so, they are 

minimizing the risk of proteins with impaired functionality to further engage in 

synthetic or regulatory processes (Feder and Hofmann, 1999; Becker et al., 

2000; Tomanek and Somero, 2002) and thus minimizing the cellular damage. 

At the same time, normal functions are halted, and the energy is channelled 

into surviving and homeostasis restoration (Korsloot et al., 2004).  

 

2. Crustacean hormones – an overview 

Hormones regulate physiological processes in invertebrates as well as 

vertebrates. For an outline of the crustacean endocrine system, see Figure 1. 

Even though the crustacean endocrine system regulates many processes also 

seen in vertebrates (i.e. reproduction, growth, development), there are some 

endocrine processes that are unique (i.e. moult, diapause).  
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The reference information for the endocrine system of crustaceans is mostly 

based on the larger crustacean species. In crabs, for instance, the sinus gland (a 

neurohemal organ which contains the nerve endings of the X-organs) acts as 

storage and release site for neuropeptides, which are synthesized in the eyestalk 

(Liu et al., 1997). The X-organ/sinus gland complex is responsible of the 

regulation for important physiological functions, such as reproduction, 

moulting, metamorphosis, pigmentation, and metabolism (Homola and Chang, 

1997). The neuropeptides includes hormones, such as moulting inhibiting 

hormone (MIH), vitellogenesis inhibiting hormone (VIH), crustacean 

hyperglycaemic hormone (CHH), and mandibular organ inhibiting hormone 

(MOIH) (Coast and Webster, 1998). The Y-organs synthesize the ecdysteroids 

(Subramoniam, 2000). Y- and X -organs control ecdysis (moult) as follows: in 

absence of appropriate stimuli, the X-organs produce MIH, which is released 

by the sinus gland. The target of MIH is the Y-organ. At high titers of MIH, 

the Y-organ is inactive. Under internal or external stimuli, MIH release is 

inhibited and the Y-organ releases ecdysone (E) followed by ecdysis (Miller 

and Harley, 1999). It should however be mentioned that even though it is 

generally established that MIH plays a crucial role in Y-organ ecdysteroid 

genesis regulation, the endocrine control of the Y-organs is probably far more 

complex (Lee et al., 2007).   

 

It is well known that insect moult and reproduction are under control of 

juvenile hormones (JHs) (Lomas and Rees, 1998; Lafont, 2000), and JH and its 

analogues have also been observed to have some reproductive effects in 

crustaceans (Homola and Chang, 1997). In crustaceans, it is believed that 

methyl farnesoate (MF) fulfils similar functions as those of JHs in insects, but 

it is also possible that MF has novel functions (Homola and Chang, 1997). MF 

is structurally related to the JHIII of insects (Huberman, 2000), and it has been 

implicated in crustacean reproduction and development (Borst et al., 1987). 

Tamone and Chang (1993) provide direct evidence for a stimulatory effect of 

MF on ecdysteroid secretion from crab Y-organs in vitro (Figure 1). They 

conclude that it is not surprising that growth is not only regulated by inhibitory 

factors such as MIH, but also by stimulatory factors such as MF. However, the 

results are contradictory, since Mu and LeBlanc (2004) report that MF has an 

inhibitory effect on ecdysteroid production. Again, this reflects that the 

crustacean endocrine system is hardly as simple as presented in Figure 1, and 
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that there are still knowledge gaps in the understanding of pathways between 

crustacean hormones. 
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Figure 1. Outline of the crustacean endocrine system. Revised version based on 

deFur et al., 1999. Abbreviations: MIH – moulting inhibiting hormone; MF – 

methyl farnesoate; 20E – 20-hydroxyecdysone; JH – juvenile hormone.  
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2.1. Ecdysteroids 

The ecdysteroids are a group of polyhydroxylated ketosteroids (392 isoforms 

identified so far; Lafont et al., 2008) essential for moulting (Charlisle and 

Dohrn, 1953; reviewed in Fingerman, 1987) and reproduction (Subramoniam, 

2000). Being a precursor of ecdysteroids, cholesterol is the dominant sterol in 

crustaceans (Goad, 1981). Yet, crustaceans are not able to synthesize 

cholesterol de novo (Goad, 1981), which means that the animals are in need of 

dietary intake of cholesterol. 

 

As mentioned above, post-embryonic crustaceans have to moult, i.e. renew their 

exoskeleton, in order to grow. The Y-organs release E into the heamolymph where 

it is converted into the active hormone 20-hydroxyecdysone (20E) by 

hydroxylation (LeBlanc et al., 1999). Additional suggestions for ecdysteroid 

production centers (in arthropods) are the ovary and the epidermis (Delbecque et 

al., 1990; reviewed by Subramoniam, 2000). It seems that the ecdysteroids circulate 

freely and enter cells by diffusion (Huberman, 2000). At least two other 

ecdysteroids are additionally released by the Y-organs: 3-dehydroxyecdysone and 

25-deoxyecdysone, where the latter is a precursor to the active ponasterone A 

(PoA; 25-deoxy-20-hydroxyecdysone) (Lachaise et al., 1989; Spaziani et al., 1989; 

reviewed by Subramoniam, 2000). The circulating titers of ecdysteroids vary along 

the moult cycle in larger crustaceans (reviewed in Chang, 1993). Immediately after 

ecdysis, the titer is low and generally remains so during intermoult. A major 

increase occurs at beginning of premoult, followed by a steep drop just before the 

actual moult. 

 

 

ENDPOINTS AND BIOCHEMICAL METHODS USED IN THE 

EXPERIMENTS  

1. RNA content measurements 

Individuals were randomly selected for analysis and preserved in RNAlater for no 

longer than 3 months. RNAlater is a tissue storage reagent, used to permeate tissue 

for stabilization and protection of RNA from RNAse attacks (RNAse is a nuclease 

that catalyses hydrolysis [i.e. breakdown] of RNA). Extraction with N-
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laurylsarcosine (i.e. a detergent to solubilize membranes) in ice cold (to ensure 

minimal RNA breakdown) ultrasonic bath was followed by loading of plates. 

Fluorescence detection of total contents of RNA and DNA was performed by 

RiboGreen labeling. RiboGreen is a dye used for detection and quantification of 

nucleic acids. In its free form it exhibits a little fluorescence, but at binding to 

nucleic acids its fluorescence is several orders of magnitude greater than that of the 

unbound form. RNAse digestion of RNA ensured only DNA to remain in the 

microplate wells; hence after a second detection, a subtraction between the two 

detections resulted in total RNA content. The endpoint of RNA content, which 

was used in paper I, II, III, and IV, was measured in individual copepods at stage 

CIII. CIII was used since it has been shown to be the copepodite stage with the 

lowest within-stage variability (paper III).  

 

2. Ecdysteroid content measurements 

Individuals were randomly selected for analysis and preserved in ice cold 

methanol. Extractions with pellet pestle tissue grinder and ice cold incubation 

were followed by removal of supernatants and additional extractions with ice 

cold methanol - water suspension. Fc-specific goat anti-rabbit IgG-coated high 

binding plates were loaded with extractions and standards, together with anti-

20E rabbit polyclonal antisera and 20E-horseradish peroxidase conjugate, and 

a competitive reaction equilibrated before QuantaBlu Fluorogenic Peroxidase 

Substrate labeling and fluorescence detection. Individual content of 

ecdysteroids were used in paper IV and V. In paper IV, the copepods were 

measured at stage CIII for comparison with the RNA content of animals 

sampled in the same test. In paper V, copepods at different life stages (i.e. CV, 

females with small developing gonads, females with fully developed gonads, 

post-spawning females with no or few visible eggs, and males) were analysed as 

blind samples.  
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2.1. Enzyme immunoassay of ecdysteroids   

2.1.1. Antigens and antibodies 

In the type of studies presented in the current thesis, an antigen is the molecule 

under investigation, in this case the ecdysteroids. Immunization, i.e. utilizing a host 

animal’s (often a goat, rabbit, or sheep) immune response, is performed by 

injection of an immunogen, followed by bleeding for antibodies from the host. 

An immunogen is a molecule capable of eliciting an immune response when 

injected (i.e. an antigen is capable of binding to an antibody, not necessarily to elicit 

an immune response [Wild, 2001; Eales, 2003]). The host starts to develop 

antibodies against the immunogen (Wilson and Walker, 2000). Antibodies are a 

group of globular proteins known as immunoglobulins, produced by plasma cells, 

circulating throughout the blood and the lymph, where they bind to the antigens 

(Becker et al., 2000).  

 

When raising antibodies, there is a number of things to consider, e.g. the size of the 

immunogen should preferably be larger than 2 kilodaltons (Wild, 2001), and the 

length of exposure needs to be during a certain time length (in order to prolong 

the exposure of the immunogen in vivo, it may be administrated with an adjuvant 

[i.e. a depot of immunogens, which slowly are secreted into the host]) (Wilson and 

Walker, 2000). Further, by nature, immunogens are normally proteins and 

polysaccharides (Coico et al., 2003), but e.g. lipids and nucleic acids can also be 

immunogenic (Wild, 2001). The immunogen also needs to be recognized by the 

host as foreign; generally, the greater the phylogenetic difference, the better 

(Wilson and Walker, 2000).  

 

The part of an antibody that recognizes an antigen is called paratope, and the part 

of the antigen that binds to the paratope is called epitope. An epitope has no 

intrinsic property; it is only defined by its binding to the antibody (Harlow and 

Lane, 1999). An antigen can also have several epitopes. The epitope and paratope 

interactions are non-covalent and reversible; binding involves the establishment of 

multiple hydrogen bonds, ionic bonds and van der Waals attractions (Harlow and 

Lane, 1999). The epitopes on protein molecules may be either contiguous or non-

contiguous amino acid sequences (Wild, 2001). Antibodies recognize relatively 

small regions of an entire antigen, and occasionally they find related structures on 

other molecules, i.e. cross-reactivity (Coico et al., 2003). Cross-reactivity is helpful 
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in finding related protein family members, but also distracting when they recognize 

unrelated proteins with a shared structural feature.  

 

Affinity is a measure of the strength of the binding of one epitope to one 

paratope. The time to reach binding equilibrium depends on diffusion (Wilson and 

Walker, 2000), but the time to reach equilibrium is also affected by temperature, 

pH, ionic strength and solvents used (Harlow and Lane, 1999). Since many 

antibodies usually are di- or multivalent, and antigens usually have more than one 

epitope (Coico et al., 2003), this concept may be quite complex. Avidity is a 

measure of the overall stability of the antibody – antigen complex, governed by e.g. 

intrinsic affinity between paratope and epitope, and the geometric arrangement of 

the interacting components (Wilson and Walker, 2000; Coico et al., 2003). One way 

of increasing the avidity is to use two or several antibodies for the same antigen (i.e. 

polyclonal antibodies). The polyclonal antibodies have generally less affinity, but 

higher avidity. 

  

Polyclonal antibodies are a heterogeneous mixture of antibodies of varying 

binding affinities against the epitopes, and also with different specificities 

recognizing different epitopes (Coico et al., 2003). The antibody profile of each 

bleed of an individual host animal will change, which means that the health 

condition of the host animal also has to be taken into consideration. The timing 

and amount of immunogen injections into the host is important. Monoclonal and 

recombinant antibodies are derived in vitro, and thus show homogenous 

characteristics. There may be an advantage in using these antibodies if they are 

carefully selected and characterized (Wilson and Walker, 2000; Wild, 2001), since 

they have high specificity towards the chosen antigen. There are however 

drawbacks, such as the fact that these antibodies may be specific for a particular 

epitope, not necessarily the whole molecule (Wilde, 2001) and that the costs are 

usually high.  

 

There are at least six different types of antibody fragments used in immunoassays 

(fragment antigen binding [Fab and Fab’], fragment crystallisable [Fc], fragment 

variable [Fv], single chain fragment variable [sFv, sFv-effectors, of which both are 

made in vitro]; Schots et al., 1992; Wilson and Walker, 2000; Eales, 2003), and five 

different classes of antibodies (IgG, IgM, IgA, IgD, and IgE), which differ on the 

basis of size, charge, amino acid composition and carbohydrate content (Coico et 

al., 2003). Additionally, there are different subclasses (e.g. in mice: IgG1, IgG2a, 
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IgG2b, and IgG3), but the number of subclasses vary between species (Wilson and 

Walker, 2000; Wild, 2001). The IgG used in the present thesis consists of a four 

chain structure: two heavy chains and two light chains (Harlow and Lane, 1999). 

The nature of the antibody is important for its sensitivity of the process (i.e. the 

ability to detect low concentrations of the antigen), and for its specificity of the 

methods (i.e. the ability to discriminate between the desired antigen and other 

substances that may be present) (Wilson and Walker, 2000). The avidity of the 

antibody (see above) is important for the former.  

 

2.1.2. Immunoassays 

There are a number of different immunoassays: e.g. label free (agglutination [i.e. 

cells lumped together], precipitation and immunosensors), reagent excess 

(competitive; one or two site), reagent limited (labeled antigen or antibody), 

ambient analyte (microarray), all which include well-known techniques such as 

radioimmunoassay (RIA), SDS-PAGE, rocket immunoelectrophoresis, and 

enzyme linked immunoassays (ELISA). The latter method is frequently confused 

with a number of other enzyme-based immunometric assays, and thereby often 

distinguished by different names such as sandwich ELISA or two-site ELISA. The 

immunometric assay used in the current thesis is an enzyme immunoassay (EIA, 

described below). In many immunoassays, the binding of antibody – antigen 

complexes can only be visualized by labeling the antibody or antigen with a marker 

that can be quantitatively detected (Harlow and Lane, 1999). Antibodies are thus 

labeled with e.g. radioactive isotopes, enzymes for colored products, or 

fluorochromes; the latter two are referred to as conjugates (Wilson and Walker, 

2000).  

 

There are many different methods for the different immunoassays (Wild, 2001), 

and I will not enumerate them all. In the method used in the current thesis (paper 

IV and V), walls of microplates were coated with unlabelled, so called captured 

immobilized primary IgG (goat anti rabbit; Fc-specific to ensure the captured 

antibody to be immobilized in the correct orientation, for the most favourable 

interaction with the antigen). The captured antibody was immobilised by a covalent 

attachment. A secondary antibody, specific for the antigen, was added for 

attachment to the primary IgG. The antigens (i.e. ecdysteroids), and a horseradish-

peroxidase labelled antibody were allowed to compete for attachment on the 
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secondary antibody. Detection for labelled antibodies was performed with 

QuantaBlu Fluorogenic Peroxidase Substrate. The output measurements as 

fluorescence was inversely proportional to the concentration of the antigen present 

in the samples.  

 

3. Mean development time 

For investigation of mean development time, each individual was tracked daily 

during development to a specific life stage. Since there is always natural 

variability in coping with chemical exposure within a population, individuals 

will react differently despite the fact that they are exposed to the same chemical 

concentration. Hence, by following each individual’s development the duration 

of a test may be relatively long, especially if the chemical of concern is affecting 

the developmental rate negatively. On the other hand, the mean development 

time is a way of revealing effects that may be of high concern in real 

ecosystems. In this thesis, the mean development time was used as endpoint in 

paper I, II and IV.  

 

4. Growth rate and somatic measurement 

The growth rates (i.e. the growth of an individual copepod per day until a 

chosen life stage) were calculated according to Winberg (1971). The length 

(µm) of NI, the length of an individual copepod at the chosen life stage, and 

the individual mean time (days) the copepod used for reaching the same 

chosen stage, were used for calculations. Gauss approximation of variance was 

used, and differences between treatments were compared using approximate 

test of significance (z-test). The growth rate was used as endpoint in paper I, 

II, and IV in this thesis.   

 

5. Population abundance  

The long-term changes (over generations) in numbers and age composition of 

individuals in a population were studied. The true total mean abundance was 

counted on an individual basis. In these tests, the direct mortality is not 

studied; it is rather an indirect function of reduced individual numbers in the 



26  

 

mean population abundance calculations, together with reduced fecundity. In 

this thesis, the population abundance was used in paper III. 

 

 

TEST SYSTEMS USED IN THE EXPERIMENTS  

1. Acute toxicity tests 

The acute toxicity test is a common tool within environmental risk assessment 

(e.g. European Commission, 2003). The aim of an acute toxicity test is to 

investigate the condition of a test organism after short-term exposure of a 

toxic agent, usually at high doses or concentrations. The endpoints differ 

between species: e.g. luminescent inhibition in bacteria (Coleman and Qureshi, 

1985), growth inhibition in plants or algae (Blankenship and Larson, 1978; 

Abou-Waly et al., 1991), lethality or immobility in invertebrates (Karlsson et al., 

2006; Penttinen et al., 2008), and lethality in vertebrates (Pielou, 1946; Winkaler 

et al., 2007). Acute toxicity tests may further be carried out on both aquatic and 

terrestrial species, and may be used on a variety of exposures regimes such as 

single chemicals, mixture matrixes (e.g. paint, oil, effluents) or natural 

sediments. In this thesis, acute toxicity tests have been used only for 

concentration determinations of chemicals to be used in partial life cycle tests 

(paper I and IV), described below.   

 

2. Life cycle tests  

2.1. Partial life cycle tests 

In partial life cycle tests, the animals may be exposed to a chemical during at 

least one sensitive life stage (EPA, 1992). The concentrations of the tested 

chemical are usually low (Bechmann, 1994) (if possible down to concentrations 

found in nature). For further details, see Figure 2. In this thesis, partial life 

cycle tests were used in paper I and IV. 
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2.2. Full life cycle tests 

In a full life cycle test, a whole life cycle is closely investigated instead of 

choosing one life stage. This is preferable in ecotoxicology since different life 

stages may respond differently depending on species and the chemical tested 

(Ingersoll et al., 1999). Full life cycle tests were used in paper II. 

 

2.3. Multigenerational tests 

In a multigenerational test, the exposure time covers all life stages, over several 

generations of a population, which means that transgenerational effects, such 

as offspring affected by parental contaminant exposure, may be shown (Vogt 

et al., 2007). In this thesis, a multigenerational test was used in paper III. 
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Figure 2. Overview of time for events in life cycle tests of an unexposed N. spinipes 

(below arrow). Endpoints used are shown above arrow. Broken arrow indicates 

actual time for the life cycle tests in treatments with suboptimal food conditions 

(paper II). 
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RESULTS AND DISCUSSION  

The major aim of this thesis was to integrate responses on the biochemical level 

with copepod life history traits, to improve the understanding of the connection 

between two levels of organisation: the cellular and the individual. Biochemical 

indicators, together with indicators at higher levels of biological organisation, may 

provide a good measurement of an organism’s altered state due to toxicant 

exposure (Gardeström et al., 2006). Papers I-IV show the usefulness of using a 

RNA content assay as a measurement of growth-related variables of individual 

copepods. In papers IV-V, an ecdysteroid content assay improved the 

understanding of the copepod endocrine system. In paper I, II, and IV, contents 

of ecdysteroids and/or RNA on individual N. spinipes were integrated with 

individual development time, body lengths and growth rates. Further, in paper III, 

investigations were performed on a multiple organizational level, were individual 

cephalothorax lengths and RNA contents of A. crassa were integrated with 

population dynamics and genetic variations. In Paper V, ecdysteroid responses 

were linked with other biochemical parameters (i.e. CYP450 enzymes) as well as 

life history traits of C. finmarchicus, which increased the understanding of its 

development and reproduction.  

 

1. RNA content and somatic growth 

In paper I – IV, I have analysed the non-specific biomarker of individual RNA 

content as a measurement of the instantaneous growth (Vrede et al., 2002). How 

then, is it possible to estimate if an amplified RNA content is related to somatic 

growth, or linked to increased e.g. stress related protein synthesis? For an increased 

RNA content, the causality may be well-being of the organism, i.e. a positive effect 

(Dahlhoff, 2004), or a defending system, i.e. a negative effect (Ibiam and Grant, 

2005). 

 

If the test organisms are of the same species, developmental stage, and incubated 

at same conditions (e.g. feeding, temperature), comparing the RNA content with 

the somatic growth of the test organisms may give some enlightening answers 

(Figure 3). An organism that is large and has a high RNA content presumably may 

be of good fitness and growing accordingly. A small-sized organism on the other 

hand, with high RNA content, may be investing its energy in something else than 

maintenance and somatic growth, e.g. stress-related proteins (Korsloot et al., 2004).  
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1.1.  Partial life cycle exposure  

Paper I and IV were based on investigations of the juvenile growth and 

development of N. spinipes exposed to the pharmaceutical Simvastatin (paper 

I) and the insecticide Lindane (paper IV). The results from paper I indicate 

that Simvastatin may have impaired the endocrine system of N. spinipes. This is 

interesting since during the last decade there have been discussions about 

whether or not “classical” endocrine disrupters, such as estrogens, are able to 

interact with the hormonal system of small crustaceans (e.g. Baldwin et al., 1995; 

1997; Zou and Fingerman, 1997; Andersen et al., 2001), but the answers are 

somewhat contradictory (Breitholtz and Bengtsson, 2001; Lafont and Mathieu, 

2007; LeBlanc, 2007). Both Paper I and IV are based on partial life cycle tests 

where N. spinipes were followed individually to stage CIII. The RNA contents 

in the copepods differ however between the two different tests. Since statins 

have been shown to induce growth-related hormones of crustaceans (Li et al., 

2003), the copepods in paper I responded in an expected way when exposed 

to Simvastatin. The high RNA content together with decreased development 

times in the lowest treatments may have reflected positive growth stimulation, 

but a decreasing trend in body length with decreasing concentration of 

Simvastatin indicates that the high RNA content may alternatively be due to 

stress-related protein induction, i.e. a way to cope with toxicant stress 

(Korsloot et al., 2004). The Simvastatin-stimulated developmental growth was 

interrupted at higher concentrations, presumably by an overall toxic stress. 

Hence, the animals invested their energy in developing fast (due to the 

mechanistic effects of Simvastatin), but since there are energetic costs 

involved, to both growth and survival in a toxic environment (confirmed by 

amplified mortality in higher treatments), the animals have less energy left for 

metabolic maintenance (Smit and Van Gestel, 1997). 

 

It is interesting to note that the RNA content as endpoint in paper I was the most 

rapid growth-related response to a possible energy-mediated effect, which indicates 

that if the energy required for survival is high, there is less energy left for 

maintenance and growth. This was seen in a significantly elevated RNA content in 

the lowest concentration due to presumed stress-related protein induction, which 

quickly dropped at the second lowest concentration of Simvastatin. Meanwhile the 

endpoints of body length and development time responded only when the 

copepods actually started to die off, and the growth rate did not show any such 

response except in the highest concentration. 
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On the other hand, the RNA contents in paper IV were not as sensitive as an 

endpoint. The trend of RNA contents followed the same decreasing pattern as 

the growth rates, and there was increased mortality with increasing 

concentrations of Lindane. Since the intentional mode of action of Lindane is 

to interfere with the vital GABAA receptors (Ogata et al., 1988), it may be 

difficult to reveal if the growth-related results are due to the mode of action of 

Lindane, or due to an energy-mediated effect. The indirect mode of action (i.e. 

Lindane being an ecdysteroid antagonist; Sarker et al., 1999; Dinan et al., 2001), 

complicates this issue further.   

 

Figure 3. Schematic figure of coupling between RNA content and copepod somatic size. Black 

bars indicate total RNA content. If the copepod is large with a high RNA content (a), it may 

be presumed that the copepod has a high fitness and is growing accordingly. If the copepod is 

small with a high RNA content (b), it may be presumed that the copepod is using its energy to 

e.g. stress-related protein production, rather than somatic maintenance and growth.  
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1.2.  Full life cycle exposure 

In paper II, the RNA levels were investigated in two generations in a life cycle 

test. Regardless of treatment, the RNA content increased significantly in the 

second generation of copepods as compared to the first generation. Normally, 

I would consider the increased RNA content as a potential stress-related 

protein induction, since the RNA content was significantly higher as compared 

to the first generation, while stage-specific body lengths were relatively 

invariant over the generations. As, however, both the development times and 

juvenile survivals were high, and comparable between the two generations, and 

the length-weight regressions for harpacticoid copepods are rather weak 

(Satapoomin, 1999) (meaning that increased somatic weight does not 

necessarily relate to increased somatic length), I however conclude that the 

results do not indicate stress, even though further studies should be conducted 

in this area. 

 

1.3.  Multigenerational exposure 

In paper III, A. crassa was exposed to natural sediments (i.e. sediments 

contaminated by anthropogenic actions, and clean sediments were used as control), 

for several generations. As positive control we also tested natural control 

sediments spiked with copper at low concentrations. The sediments were sampled 

at two occasions (after 60 and 120 days). In this paper, we studied the usefulness of 

body length and RNA content in multigenerational experiments, and these growth-

related measurements were placed in a larger perspective of population dynamics 

and genetic diversity. RNA contents have been shown useful in long time exposure 

with other harpacticoids earlier (Gardeström et al., 2006), but at exposure times up 

to 5 times shorter than in the experiment in paper III (i.e. 24 days compared to 

120 days). 

 

Besides the rather invariant results of growth-related variables (i.e. RNA contents 

and body lengths) from the naturally contaminated sediments, we found that the 

copper treatment resulted in a significant decrease in genetic diversity after 120 

days. Since the total population abundance remained unchanged, this was 

indicating a selection in favour of copper-adapted copepods in the treatment. 

Unfortunately, these interesting results were not integrated on the individual 

growth-related level, since the copepods in the copper treatment were not analysed 
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for RNA content, due to time constrains. For the naturally contaminated 

sediments, the invariant cephalothorax lengths after 60 and 120 days, and RNA 

contents in sampling after 120 days, I suggest that the long time exposure may 

have made surviving copepods adapt to the environment and that they were no 

longer in need of e.g. synthesising stress-related proteins. The stress protein 

production is a rapid response to a stressor (within minutes; Korsloot et al., 2004) 

and over generations it is possible that the copepods would either die from the 

toxic burden (shown in the mean abundance) or create a tolerance towards it. 

There are two types of tolerance development in organisms exposed to 

environmental stress: i) an inheritable adaptation through natural selection, which 

is genetically based on inter-individual variations in tolerance (Korsloot et al., 2004) 

and ii) an non-inheritable physiological adjustment in response to sublethal 

concentrations of a stressor (Posthuma and van Straalen, 1993). It is, however, 

often not clear which type of tolerance is observed. Although the ecological 

realism may be high when assessing harmful effects of natural sediments 

(Matthiessen et al., 1998), visual examinations of copepod life stages (with body 

lengths ranging from 0.1 mm to 1 mm) in such matrix is both time consuming and 

tricky. 

 

2. Ecdysteroid content 

The ecdysteroid contents in the copepods in paper IV, showed a quite clear 

concentration dependent pattern as a response to the insecticide Lindane, with the 

lowest amount of ecdysteroids in the control, and increasing amount with 

increasing Lindane concentration until the second highest treatment. In the highest 

treatment, the ecdysteroid content dropped. Of the five concentrations of Lindane, 

the middle concentration showed a significantly increased ecdysteroid content, 

compared to the control. In the second highest concentration of Lindane, the 

copepods had the peak of ecdysteroids. The inter-variability of the ecdysteroid 

contents in this treatment was however high and thereby probably masking the 

effect statistically, indicating that the number of replicates used for this method in 

the future perhaps should be higher than was used. 

 

In paper V, the juveniles showed the highest amount of ecdysteroids, but at the 

same time the highest variability between the individuals. The lowest amounts of 

ecdysteroids were found in post-spawning females and in males. The ecdysteroid 
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involvement, together with cytochrome P450, in reproduction and lipid storage 

consumption of C. finmarchicus, were investigated in paper V. This was performed 

due to the importance of lipid storage for the reproductive success of C. 

finmarchicus (almost the entire lipid resources are used for production of eggs and 

spermatophores [Marshall and Orr, 1972; Jonasdottir, 1999]). The lipid storage in 

the copepods dropped between the stage CV and in the youngest females, 

indicating that it was additionally used for the stage development process and 

moulting. Further, the lipid storage was continuously diminished during the egg 

production of the females, as shown earlier (Marshall and Orr, 1972; Hygum et al., 

2000). The high variability of the ecdysteroid content in juvenile stage CV, 

compared to the adult stages, may indicate an increased ecdysteroid production 

closer to adult stage. It could also be assumed that the lipid storage increases while 

the copepodite is maturing to adult stage. This hypothesis was supported by a 

positive correlation between the size of the lipid storage and ecdysteroid levels in 

stage CV. Indeed, it seems like ecdysteroid production is related to lipid levels of 

the copepods. 

 

In paper V, ecdysteroid levels were also linked with expression of three different 

P450 enzymes, since these enzymes have been shown to modify cholesterol for 

ecdysteroid production in insects (Rewitz et al., 2006) by the CYP300 gene family 

(Grieneisen et al., 1993; Sieglaff et al., 2005) in the insect fat body (LeBlanc et al., 

1999). The hypothesis is that even though the insect fat body and the crustacean 

lipid sack probably serve different functions, the gene expression of the P450 

enzymes would be higher in copepods with large lipid storage. This hypothesis was 

also confirmed by a correlation between the CYP330A1 mRNA levels and lipid 

levels in CV and adult females. The highest levels of CYP330A1 mRNA and lipids 

were found in young CV; thereafter - the older the female, the more both the 

CYP330A1 mRNA and the lipids decreased. Further, the results in paper V 

showed that CYP305A1 and CYP330A1 were more expressed during CV than at 

the adult stages, which may indicate an involvement in ecdysteroid regulation, since 

ecdysteroid levels showed the same pattern. The CYP301A1 levels were highest in 

post spawning females and males, where the ecdysteroid levels at the same time 

were lowest. This may indicate an involvement of CYP301A1 in ecdysteroid 

degradation.  

 

As mentioned in the introduction, the crustacean endocrinology is a complex issue, 

with many gaps in our knowledge. On top of this, endocrinology of micro-
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crustaceans, as compared to macro-crustaceans, is much less investigated, due to 

diminutive biomass. For example, dissectional operations that can be made in 

macro-crustaceans (i.e. performed to reveal effects on certain organs/tissues (e.g. 

Wainwright et al., 1996; Barki et al., 2006; Reddy and Pushpalatha, 2007), are yet not 

achievable in such small organisms. Since the micro-crustaceans are one of the 

absolute foundations in the aquatic ecosystems (Fryer 1986, reviewed in Hopcroft 

and Roff, 1998; Miller and Harley, 1999), they are important to protect, and this 

can be done by collecting information about which stressors may influence e.g. 

their physiology or behavioural patterns. But to do this, the basic science of the 

micro-crustaceans needs to be mapped.  

 

There are a number of facts to consider before starting an immunoassay in the 

laboratory and additionally many facts to consider when evaluating the results. 

With the use of the established ecdysteroid content analysis on individual micro-

crustaceans, I have so far both managed to integrate the ecdysteroids as an 

endpoint with other ecotoxicological endpoints for stressor investigations (paper 

IV) and used the endpoint as a tool for increasing the understanding of some of 

the mechanisms behind basic life history traits of copepods (paper V).  

 

3. A balanced ecotoxicological test 

In this thesis, I have tried to find a compromise between reliability, repeatability, 

sensitivity and relevance, features which ecotoxicological tests should be founded on. 

For example, a full life cycle test may be costly, time consuming and difficult to 

repeat. Hence, it is important to find a balance between test adequacy and costs, 

something I believe was achieved by using partial life cycle tests based on the 

juvenile developmental stages of copepods, instead of the much more elaborate 

full life cycle studies and multi-generation tests. However, if the test is to be used 

at high tier assessment or if there are suspicions that a chemical may specifically 

disrupt reproduction, it is recommended that full life cycle tests be used.   

 

4. Mean development time 

In this thesis, the mean individual development time was used in paper I, II, and 

IV, where it has been shown to be a very sensitive tool for investigations of 
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toxicant exposure. In paper I, it was not even possible to find the so called no 

observed effect concentration (NOEC) for this endpoint. This means that the endpoint 

was significantly different from the control even in the lowest treatment of 

Simvastatin. The same sensitivity of the endpoint was seen when copepods were 

exposed to Lindane in paper IV.  

 

In paper IV, I decided to investigate the mean individual development time more 

closely, by calculating the mean number of days, not only from NI - CIII, but also 

to CI and to CII. It is generally stated in ecotoxicology that the juvenile life stages 

are the most sensitive ones (Forget et al., 1998; Barata et al., 2002; Medina et al., 

2002), but I found that it may not be the younger the organism, the more sensitive. 

In paper IV, the mean individual development time between NI to CI stages was 

much less sensitive than the development time for copepods between the CI to 

CIII stages, when exposed to Lindane. Further, the NOEC-value was not found 

for the mean individual development times between CI to CIII, indicating that the 

sensitivity of this endpoint may be even greater. The development time is indeed a 

common and useful tool in ecotoxicological research with copepods. While cohorts 

are commonly used (e.g. Medina and Barata, 2004; Wollenberg et al., 2005; Huang et 

al., 2006), investigations on the mean individual development time has additionally 

been proven useful, as shown in the current thesis.  

 

5. Suboptimal conditions 

In order to assure high reliability of the ecotoxicological tests using N. spinipes 

different food regimes were tested by offering six different micro-algae in 25 

different combinations in two full life cycle tests and in several partial life cycle 

tests. The results in paper II show that N. spinipes indeed is sensitive to the food 

regime, with mortality, malformations, as well as alterations in growth, 

development time, and reproduction as a result of inadequate food. Even though 

the adverse results may be species-specific for N. spinipes, it is most likely that 

similar effects could occur in other copepods used for toxicity testing. Food quality 

is one of the important reliability variables to consider when developing a test, 

since the quality may affect the copepods well-being and thereby alter the results in 

the bioassays (EPA, 1994).  

 

In order to clearly reveal effects of a chemical, toxicity tests are normally used 

in which the organisms are exposed to a chemical under otherwise constant 
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and optimal conditions. If the copepods condition is suboptimal, it means that 

they may invest their energy into combating metabolic stress (such as stress-

related protein synthesis, Korsloot et al., 2004). Many organisms have the 

ability to regulate an internal toxicant concentration by elimination, 

detoxification, and/or storage in the body. These processes cost energy, and 

thus, less energy is available for other crucial physiological processes (Smit and 

Van Gestel, 1997). This means that organisms living under optimal conditions 

may be able to better handle stressors, such as hazardous chemicals, than 

organisms living under suboptimal conditions (van der Geest et al., 2002).  
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CONCLUSIONS 

The present doctoral thesis demonstrates the accuracy and usefulness of two 

established biochemical assays (resulting in endpoints of RNA and ecdysteroid 

contents) for evaluation of toxicity on copepods. Further, both biochemical 

endpoints were shown to integrate well with traditional life history traits in 

partial or full life cycle tests with the copepods, resulting in investigations at 

two levels of biological organisation in those tests. The ecdysteroid assay has 

additionally been proven a useful tool for covering some of the knowledge 

gaps in the physiological understanding of C. finmarchicus development and 

reproduction. In tests with longer exposure time, the RNA content was shown 

to be an insensitive tool for assessment of individual growth, and did not 

reflect the results of differences in mean abundance of A. crassa. 

 

 

FUTURE WORK AND PERSPECTIVES 

An ecotoxicological investigation on two levels of biological organisation, i.e. 

cellular and individual level, most likely increases the understanding and 

relevance of ecotoxicological data (Heckmann et al., 2008). However, studies 

on the population level would increase the relevance even further (Forbes and 

Calow, 1999). To some extent, population level changes were investigated in 

paper III. However, because of the immense work load at start and sampling 

occasions, the use of this method for regulatory purposes is somewhat 

questionable. A promising short cut is therefore to use individual life history 

traits, such as those used in paper I, II and IV, in biologically structured 

models to estimate population dynamic data (Menzie et al., 2008). If possible, it 

would additionally be interesting to incorporate biochemical endpoints, such as 

those used in the current thesis into such models. This work has already been 

started by a new PhD student, to whom I am an assistant supervisor.  

 

It would indeed be interesting and useful to make the biochemical assays used 

in the present thesis even more sensitive. Today, I use the unspecific 

biomarker, individual RNA, content as an indicator of growth or potential 

stress related protein synthesis, compared to life-history traits of the copepods. 

In the future, I would like to be able to perform assays on stress protein 
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contents in individual test specimens. Further, regarding the ecdysteroid assay, 

it would be preferable to analyse not only ecdysteroids as a group, but rather 

the different ecdysteroids individually. In that way it may be possible to link 

specific chemical-induced responses on individual level to responses in specific 

ecdysteroids and thereby amplify the mechanistic understanding of stress-

related responses.  

 

It would additionally be interesting to gain deeper knowledge about what 

exactly happens when the copepods are exposed to a toxic substance. This 

could be made by e.g. 2D-proteomic or micro arrays. In such experiments, 

pollutant induced up/down-regulation of genes/proteins is identified. This 

would be a sensitive and useful tool in the way that hazardous effects may be 

revealed at an early stage of toxicant exposure. This work has already been 

initialized by using a proteomic pilot assay. Copepods were exposed to low 

concentrations of the pharmaceutical Simvastatin. After merely 24 hours of 

exposure, there was a significant difference between the treatment and the 

control.  

 

Finally, the subject of suboptimal conditions was raised when performing the 

food regime experiment in paper II. However, since the environment is a 

fluctuating matrix, and since the fluctuations may increase even more (due to 

e.g. climate changes or release of harmful chemicals), the aspect of suboptimal 

conditions would indeed be interesting to investigate further in combination 

with toxicant exposure. 
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