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Abstract

Increasing oil activities from the gas and oil industry may constitute a haz-

ard towards the marine environment due to potential risks for accidents,

such as oil spills. This study examine acute e�ects on mortality (LC50) and

stress gene expressions in two closely related copepod species, Calanus �n-

marchicus (temperate-boreal species) and Calanus glacialis (Arctic species),

adapted to di�erent temperatures 10 ◦C and 2 ◦C, respectively. The cope-

pod species were exposed to water soluble hydrocarbon fractions (WSFs)

of fresh crude oil. In addition, an experiment was conducted in order to

investigate if lipid rich specimen survived a longer exposure of WSFs than

lipid poor specimen. The results from the acute toxicity tests indicated

that the Arctic species is more tolerated to WSF exposure than the tem-

perate species. Gene expression analysis revealed that both species induced

glutathione S-transferase (GST) mRNA levels in a concentration- and time

related manner. Calanus glacialis showed a greater and faster induction

of the GST transcription compared to Calanus �nmarchicus. The results

of gene expression analysis of superoxide dismutase (SOD), cytochrome

330A1 (CYP330A1) and γ-glutmylcystein synthase (γGCS) did not show

any concentration- and time related trends following WSF exposure. Bio-

metric measurements of the specimen, and analyzing by a linear multi vari-

able regression model showed that neither of the variables, including the

lipid content, explained the di�erences in surviving a WSFs exposure. The

study support the use of the cultured Calanus species as a model species

when testing for acute e�ects in the marine environment.

3



4



Abbreviations

ATP Adenoine triphosphate
bp Base par
BTEXs Benzene, toulene, ethylbenzene and xylenes
cDNA Complementary deoxyribonucleic acid
C. �nmarchicus Calanus �nmarchicus

C. glacialis Calanus glacialis

C. hyperboreus Calanus hyperboreus

CAT Catalase
CYP 450 Cytochrome P450
DNA Deoxyribonucleic acid
EF1α Elongation factor 1α
γGCS γ-Glutmylcystein synthase
GC-FID Gas chromatograph-�ame ionization detector
GC-MS Gas chromatograph-mass spectrometry
GPX Glutathione peroxidase
GR Glutathione reductase
GSH Glutathione
GSSG Glutathione disulphide
GST Glutathione S-Transferase
Gsynt Glutathione synthase
H2O2 Hydrogen peroxide
LC20 Lethal concentration were 20 % of the organisms are killed
LC50 Lethal concentration were 50% of the organisms are killed
mRNA Messenger ribonucleic acid
MNE Mean normalized expression
MSD Mass selective detector
NADPH Nicotinamide adenine dinucleotide phosphate
O2 Molecular oxygen
O2 ·− Superoxide anion
OH · Hydroxyl radical
PAH Polyaromatic hydrocarbons
P&T GC-MS Purge & Trap GC-MS
RNA Ribonucleic acid
ROS Reactive oxygen species
RT-qPCR Quantitative real time polymerase chain reaction
SE Standard error
SIM Selected ion monitoring
SOD Superoxide dismutase
SVOC Semi-volatile organic compounds
TEOC Total extractable organic compounds
THC Total hydrocarbon concentration
VOC Volatile organic compounds
WSF Water soluble hydrocarbon fraction
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1 Introduction

The gas and oil industry is always searching for new areas for oil production.

With increasing oil activities, there are potential risks for accidents, e.g. oil

spills. Shipwreck incidence such as Exxon Valdez (1989) in Alaska, and the

more recent Deepwater Horizon (2010) accident in the Gulf of Mexico, have

shown that oil production activities may be a serious threat to the marine

environment.

The Calanus species are an important contributor to the great zooplank-

ton biomass of the coastal waters of the Atlantic Ocean, the Paci�c Ocean

and the Arctic Ocean (Marshall and Orr, 1972), and hence, an important

linkage between primary producers and the higher trophic level species that

feed on the Calanus species.

There is little knowledge to what extend an oil spill will e�ect the zoo-

plankton biomass, and the potential e�ects on the marine food web. In-

vestigating these e�ects may answer some of the questions concerning the

environmental impacts of an oil spill.

1.1 Oil production and composition

The worlds energy demand is increasing with increasing global population.

To this date the greatest source of energy is fossils fuels (Demirbas et al.,

2004). To satisfy the increasing oil demand the Norwegian oil production in-

dustry needs to expand the activities along the Norwegian coast and further

up to the Barents Sea (OLF, 2011).

Opening of new areas in the Arctic due to the retreat of the sea ice will

make it possible to enhance the oil and gas exploitation, which in turn may

increase ship tra�c through the Baring Strait, and between the mainland

9



and the oil rigs. The activities may not only increase the oil production,

but also the risk of accidents, as oil spills, and hence threatening the fauna

and �ora that inhabit the area (Miller et al., 2010).

Oil composition, temperature, time of year, clean-up actions and spill

location are important factors in�uencing the extent and consequences of

an oil spill. These factors are especially important in the Arctic, since e.g.

formation of sea ice may cause problems with the oil clean-up methodologies

(DeCola et al., 2006).

Components in crude oil are basically divided into hydrocarbons and

non-hydrocarbons (Figure 1). Crude oil is the basis for a wide range of re-

�ned products including gasoline, diesel oils, waxes and asphalts. In re�ned

products, the major components are alkanes, naphthalenes, aromatics and

alkenes. The hydrocarbons of the greatest environmental concern in crude

oil are the aromatics, and especially the polyaromatic hydrocarbons (PAHs)

(Miller and Connell, 1982).

1.1.1 Oil compounds as potential metabolic disturbers

Once the PAHs are in the water, they can be absorbed to organic matter

in the sediments and made bioavailable for the marine food web by bottom

living organisms (Ne�, 2002). PAHs have received big environmental con-

cerns because of the e�ects they are shown to cause in marine invertebrates;

reduced feeding (Jensen and Carroll, 2010), growth (Foss and Forbes, 2007)

and reproduction (Street et al., 1998), increased respiration (Kim et al.,

2007; Olsen et al., 2007), lipid peroxidation and oxidative stress (Hannam

et al., 2010).

One way to eliminate lipophilic and large compounds that have the
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Figure 1: Chemical structure of some of the more common components in
crude oil (Miller and Connell, 1982).

potential to cause harm is through biotransformation, an enzymatically

converting process. The compounds are transformed to more hydrophilic

species, either by an addition/cleavage of a functional group (e.g. hydrox-

ide ion (OH)), or through a conjugation of an endogenous substrate (e.g.

GST). The biotransformation make the originally lipophilic compound more

hydrophilic, which make excretion through the urine possible (Bolesterli,

2009).

Arctic mammals are known to have good metabolizing systems (Jenssen,

2006). A theoretic disadvantage with a good metabolizing system is the
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possibility to produce toxic intermediate metabolites instead of complete

mineralization of the mother compound (Bolesterli, 2009).

Invertebrates are shown to have low or variable ability to metabolize

PAHs. A consequence of this may be an accumulation of the PAHs in

membranes or fatty tissue. Alternatively the PAHs may pass the species

internal systems without causing any harms (Rust et al., 2004). The toxicity

of PAHs may also have secondary e�ects; lower feeding might contribute to

decreased egg production and hatching (Jensen and Carroll, 2010).

1.2 Arctic organisms

Arctic organisms, as a rule, have a higher lipid content than similar tem-

perated or tropic species, this make them more tolerable to survive long

periods of limiting food resources (Lee, 1974).

Long and simple food webs dominate the Arctic, hence a loss of a single

species may signi�cantly a�ect the other species in the food web due to the

low species diversity (Borgå et al., 2004). Further, the Arctic organisms have

generally a longer life span than their southern siblings and may therefore

have a longer exposure time to contaminants (Review by Chapman and

Riddle, 2005; Koszteyn et al., 1995).

1.3 Calanoid copepods - Calanus.

Herbivorius copepods are the main link of matter and energy between pri-

mary producers (micro algae) and higher trophic level species such as �sh

species (herring and capelin), sea birds and whales (Sastri and Dower, 2009;

Loeng and Drinwater, 2007). Calanoid copepods are the predominant group

of crustacean-plankton worldwide, and include among others the genus

12



Calanus (Tande, 1991).

The predominant species in the North Atlantic and the Arctic are C.

�nmarchicus (Gunnerus, 1765), C. glacialis (Jaschov, 1955) and C. hyper-

boreus (Krøyer, 1838). Each of the three species have their distinct areas

where they dominate. However, the areas overlap so we can �nd all three

species in one area (Mauchline, 1998).

The Calanus species accumulate large amounts of lipid in the form of

wax esters. They transfer the wax esters into a lipid sac which function as

an energy storage. Their huge lipid content combined with their relatively

large size, makes the Calanus species a valuable �sh prey, and hence, an

important linkage in the marine food web (Lee et al., 1971a,b; Navenzel,

1970).

Development of Calanus is divided in two main periods before they reach

the adult stage (CVI), as either female or male; characterized by naupliar

stages (NI-NVI) and copepodite stages (CI-CV) (Speirs et al., 2006). Dur-

ing the CIII, CIV and CV stages Calanus species transfer a large portion of

the accumulated energy into lipids. The lipid store is an important contrib-

utor to the �nal development into sexually maturate adults, and the size of

the lipid sac is largely dependent on the amount of food present. Further,

the energy stored as lipids is used to produce egg, so the lipid sac is the

basis for reproduction (Marshall and Orr, 1972; Lee et al., 1971b).

Calanus species survive the winter as CIV or CV, when the lipid store

is at its largest size. During the overwintering period the Calanus species

descend into deeper water to depths between 200− 4000 m, depending on

the location (Marshall and Orr, 1972). They stay at these depths until

the next spring and phytoplankton bloom, when they enter the surface to
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mature into adults and reproduce (Heath et al., 2004). The over-wintering

period is characterized by arrested development, low metabolism and low

activity (diapause). During the diapause the lipid sac supplies the copepods

with energy (Pepin and Head, 2009; Heath et al., 2004).

Cephalothorax

Figure 2: Calanus glacialis stage CV (Photo by Dag Altin).

1.3.1 Calanus �nmarchicus.

C. �nmarchicus is widely distributed in The Northern Atlantic Ocean,

where it is the major food resource for several �sh species and therefore

represents a key species in the marine food web. The distribution area

identi�es C. �nmarchicus as a temperate species (Sakshaug et al., 1992;

McConnaughay, 1978).

C. �nmarchicus is the smallest copepod compared to C. glacialis and

C. hyperboreus. The CV cephalothoraxes length (Figure 2) is smaller or

equal to 2.8 mm (Marshall and Orr, 1972). The species have at least one

annual generation in the southern part of the distribution area (Pedersen

et al., 2001)
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1.3.2 Calanus glacialis.

C. glacialis is considered an Arctic species because of its distribution in the

Barents Sea, through the Canadian islands and along the North West coast

of North America. C. glacialis is believed to have a two year life cycle and

reproduce during the spring of its third year. The spawning is dependent

on the availability of food , i.e. the spring bloom of phytoplankton (Falk-

Petersen et al., 2009).

C. glacialis was recognized as a distinct species in the middle of the

20th century, before this discovery the species was considered a bigger form

of C. �nmarchicus. This indicates that these two species are di�cult to

separate morphologically. C. glacialis have a larger CV cephalothoraxes

length (Figure 2), compared to C. �nmarchicus, generally between 2.7 and

4.1 mm (Madsen et al., 2001).

1.4 Stress gene transcription

Gene expression is the transcription process of a speci�c gene in producing

a messenger ribonucleic acid (mRNA). The mRNA can further be processed

into a functional protein through mRNA translation and posttranslational

processing (Berg et al., 2006). Exposing a species for a toxic exposure

solution will almost always give a directly or indirectly alteration of gene

expression. The gene expression can therefore be used to evaluate stress

responses induced by toxic components (Nuwaysir et al., 1999). Stress gene

expressions could also be used as biomarkers for endocrine disrupting chem-

icals (Mortensen et al., 2006).
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1.4.1 Glutathione S-transferase

Glutathione S-transferase (GST) belongs to a group of phase II xenobiotic

detoxi�cation enzymes (Blanchette et al., 2007), and play an important role

in oxidative stress regulation (Lee et al., 2008). The crucial role of GST is

to defend chemical induced toxicity through inactivation of the chemical.

The inactivation is committed by catalyzing the conjugation of a reduced

glutathione (GSH) sulfur group to an electrophilic substrate, which may

make the substrate more water-soluble and easier to excrete (Bolesterli,

2009).

Previous studies conducted on C. �nmarchicus have shown that expo-

sure to naphthalene (Hansen et al., 2008b) dispersed oil droplets and water

soluble fractions (WSFs) of weathered crude oil increases the GST gene ex-

pression (Hansen et al., 2009). The elevated level of GST is an indication

of oxidative stress (Hansen et al., 2008b; Lee et al., 2008).

Hansen et al. (2008b) suggest that the increased level of GST mRNA

after exposure to naphthalene indicates a lipid peroxidation in C. �nmarchi-

cus. Since the lipid stores are primarily used for egg and sperm production,

this may have an e�ect on the reproduction. Also, a reduction in choles-

terol, the substrate for steroid production, followed by lipid peroxidation,

could a�ect the steroidogenesis and the reproduction.

1.4.2 Cytochrome P450

CYP 450 super family is considered a phase I reaction enzyme in the bio-

transformation system, also called the functionalization step of the com-

pound. They are important for oxidative, reductive and peroxidative bio-

transformation of both endogenous and exogenous compounds, where the
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overall function is to insert one oxygen into the substrate for making it more

available for elimination (Bolesterli, 2009).

The CYP1 and CYP2 families function as possible biomarkers for envi-

ronmental pollutants, while the CYP4 family is important in metabolizing

fatty acids in vertebrates (Bolesterli, 2009; Casarett and Doull, 2008). In-

vertebrates have been shown to have a lower CYP induction when exposed

to PAHs compared to vertebrates. A lower metabolizing capacity is thought

to be the reasons for the low CYP induction in invertebrates (Hahn, 1998).

However, induction of CYP enzymes after exposure to toxic compounds

have been reported in marine crabs and polychaetes (Lee et al., 1981), a

cray�sh (Pacifastacus leniusculus) (Ashley et al., 1996), a water �ee (Daph-

nia Magna) and spider crabs (Maja crispata) (Snyder, 2000).

There have not been many studies reporting CYP4 enzyme activity in

invertebrates, though Rewitz et al. (2004) found signi�cant up-regulation

of a CYP4 isogene in the marine polychaeta Nereis virens after exposure to

crude oil and PAHs. This study may indicate that CYP4 has a function in

metabolization of PAHs in some crustaceans. Reduction of CYP4 enzyme

activities has been reported in the mollusc Mytilus galloprovincialis after

exposure to β-naphtho�avone (Snyder, 1998).

Hansen et al. (2008a), showed that CV of C. �nmarchicus had a higher

expression of CYP330A1 than females and males. This is consistent with

observation of the production of ecdysteroids, a group of polyhydroxylated

ketosteroids serving the primary function to induce production of molting

and reproduction hormones. The ecdysteroids are believed to be catalyzed

by CYP330A1 (Rewitz et al., 2003; Subramoniam, 2000). The crustacean

CYP 300 family is closely related to the vertebrate CYP 2 family (Hansen
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et al., 2008a; Rewitz et al., 2003). Hansen et al. (2008b), showed that

CYP330A1 was down-regulated after exposure to naphthalene.

There are ongoing studies on the functions of the CYP 450 family system

in crustacean, and there are still many unanswered questions (Rewitz et al.,

2004).

1.4.3 Antioxidant enzymes

Production of partially reduced O2 may cause the formation of potential

toxic reactive oxygen species (ROS), such as superoxid anion (O2 ·−), hy-

droxyl radical (OH · ), and hydrogen peroxide (H2O2). ROS are contin-

ually produced in biological systems as undesirable bi-products of normal

metabolism from various endogenous sources and processes (Livingstone

et al., 2001). Production of oxyradicals may be increased by intake of nat-

ural and anthropogenic xenobiotics and through a change in the oxygen

tension (Gamble et al., 1995).

In order to control the ROS species, organisms produce a variety of an-

tioxidant defenses. Among these are superoxide dismutase (SOD; converts

O2 ·− to H2O2), catalase (CAT; converts H2O2 to water) and glutathione

peroxidase (GPx; detoxi�es H2O2 and organic hydroperoxides produced,

for example, by lipid peroxidase) (Giulio et al., 1995).

Induced production of antioxidant enzymes have been reported after

exposure to pollution, as well as variation in diet (Peters et al., 1994),

age (Arun and Subramaniam, 1998; Hole et al., 1993), hypoxia (Abele-

Oeschger and Oeschger, 1995), temperature (Abele et al., 1998) and sea-

sonality/reproduction cycle (Ringwood and Conners, 2000; Viarengo et al.,

1991).

18



Normally there is a balance between ROS production and antioxidant

defense. However, sometimes the balance is switched towards the ROS

production and the level increases beyond the capacity of the antioxidant

system (Livingstone et al., 2001). This increase the possibility of the ROS

species to cause mutations in the deoxyribonucleic acid (DNA), destruction

of protein function and structure, and peroxidation of lipids (Dixon et al.,

2002).

Increased SOD activity has been reported in fruit �y (Drosophila

melanogaster) exposed to benzene, toulene and xylene (Singh et al., 2009)

and in a fresh water shrimp (Macrobrachium borelli) exposed to WSF of

petroleum (Lavarías et al., 2011). Correia et al. (2003) reported age varia-

tion of SOD mRNA levels in an amphipode (Gammarus locusta).

GSH is an ubiquitous tripeptide consisting of glutamate, cysteine and

glycine and is one of the most important molecules in antioxidant defense.

GSH has multiple functions ranging from antioxidant defense to cell pro-

liferation, and is an important substrate for many enzymatic reactions. It

interacts with hydroxyl radicals, peroxinitrit, hydroperoxides and reactive

electrophiles, and transform them to less toxic and more hydrophilic com-

pounds (Andrews, 2001).

γ-glutmylcystein synthase (γGCS) and glutathione synthase (Gsynt)

catalyzes the adenoine triphosphate (ATP) dependent synthesis of GSH.

The maximum production of GSH is regulated by a negative feedback in-

hibition of γGCS (Soltaninassab et al., 2000; Anderson, 1998). Enzyme

systems like amino acid transporters, GPx and glutathione reductase (GR)

are contributing to control the cellular levels of GSH (Cnubben et al., 2001).

GSH acts either as a chemical antioxidant in reducing ROS or as a
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co-factor in GPx mediated reduction of peroxides. In both cases GSH

is oxidized to glutathione disulphide (GSSG), and then reduced back by

GR under consumption of nikotinamide adenine dinucleotide phosphate

(NADPH). An elevated level of intracellular GSSG indicates oxidative stress,

while the GSSG/GSH ratio re�ex the cellular redox status (Cnubben et al.,

2001; Kearns and Hall, 1998). The activity of γGCS and glutathione syn-

thase may give an indication of the production of GSH (Bolesterli, 2009).

Induction of γGCS is shown in C. �nmarchicus after exposure to di-

ethanolamine (Hansen et al., 2010). GSH induction has been reported in

in clams (Ruditapes philippinarum) (Luca-Abbot et al., 2005) and in green-

lipped mussel (Perna viridis) after exposure to PAHs and organochlorine

pesticides (Richardson et al., 2008; Luca-Abbot et al., 2005), while there

was reported a reduced GSH level in a freshwater bivalves (Unio tumidus

(Cossu et al., 1997). A change in the GSH level may be correlated with a

similar change of γGCS, because GSH production is regulated by negative

feedback of γGCS.

Figure 3 shows how the measured antioxidant systems may function

together when detoxifying ROS species.

O2 O2
-

SOD
H2O2

H2O
GPx

GSH GSSGγGCS

GST

e-

Figure 3: The relationship between the measured enzymes in a detoxi�ca-
tion process.
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1.4.4 Measuring stress gene transcription

Measuring stress gene transcription can be performed by quantitative real

time polymerase chain reaction (RT-qPCR). RT-qPCR allows real time

quanti�cation of transcript levels, including an evaluation of the e�ect a

chemical may cause on speci�c genes. RT-qPCR conducts the ampli�cation

and detection of the transcript level simultaneously, which provide a rapid

and automated detection of the amount of the target gene mRNA (Tang

et al., 2007).

Housekeeping genes are genes that code for products that are required

all along, and are expressed more or less at a constant level. Examples

of such products are enzymes central in metabolic pathways (Berg et al.,

2006). Housekeeping genes are commonly used as reference genes in RT-

qPCR. Normalizing the RT-qPCR product against a housekeeping gene will

indicate potential alterations in the target genes. When choosing a reference

gene, it is important to use one that does not change during developmental

changes or before and after experimental manipulation (Curtis et al., 2010;

Tang et al., 2007).

Elongation factor 1 alpha (EF1α) is one of the most common house-

keeping genes with lowest transcriptional variation (Curtis et al., 2010),

because of its involvement in the synthesis of proteins (Berg et al., 2006).

Earlier studies of gene expression on C. �nmarchicus and C. glacialis have

con�rmed that EF1α is suitable for the use as a reference gene also in these

species (Hansen et al., 2009, 2008a,b).
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1.5 Present study

1.5.1 Background

Numerous studies (Hansen et al., 2011, 2010, 2008b, 2007; Jensen et al.,

2008; Magnusson et al., 2007; Durbin et al., 2002; Fisk et al., 2001) have

used Calanus species when investigating how chemicals may e�ect the ma-

rine environment. The Calanus species may therefore be considered an

important model species for marine environment related experiments.

Reports on LC50 values for marine invertebrates are varying depending

on the exposure media, the species and exposure time. For single oil-related

compounds, Hansen et al. (2008b) reported that C. �nmarchicus had a

96 h-LC50 of 7 mg/L when exposed to naphthalene. Resent experiments

have shown a 96 h-LC50 for C. �nmarchicus and C. glacialis exposed to

weathered crude oil WSF to be 0.817 and 1.037 µgTHC/L, respectively

(Hansen et al., 2011). Similarly, a water �ee (Daphnia magna) exposed

to crude oil WSF had a 48 h-LC50 between 0.25− 0.65 g/L (Martínez-

Jeronimo et al., 2005). Even more sensitive were two subspecies of the

rotifer genus Brachionus Plicatilis Muller exposed to crude oil WSF. That

gave a 24 h-LC50 of 0.13 mg/L and 48 h-LC50 of 0.04 mg/L for B. plicatilis

rotundiformis, and 24 h-LC50 of 0.23 mg/L and 48 h-LC50 of 0.05 mg/L for

B. plicatilis hepatotomus (Alayo and Innacone, 2002).

Fresh crude oil is expected to be even more toxic than weathered crude

oil (Altin, 2007), and experiments using fresh crude oil WSF would be the

next step in looking for oil di�erences in marine invertebrates including the

Calanus species.

GST mRNA has been induced in Calanus species when exposed to naph-
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thalene (Hansen et al., 2008b), WSF of weathered crude oil (Hansen et al.,

2011, 2009) and dispersed oil (Hansen et al., 2009). GST mRNA is therefore

considered as a potential biomarker for oxidative stress and lipid peroxida-

tion in Calanus. An increase of the GST mRNA in Calanus exposed to

fresh crude oil WSF would further legitimate the use of GST mRNA as a

biomarker.

The CYP 450 system is not as well developed in invertebrates as in

vertebrates. It is therefore believed that each family in the CYP 450 sys-

tem in invertebrates has a wider function than in the CYP 450 system

of vertebrates. CYP330A1 has a function both in the detoxifying exoge-

nous compounds and in the fatty acid metabolism (Rewitz et al., 2004).

A reduced expression of CYP330A1 mRNA levels in C. �nmarchicus have

been found when exposed to naphthalene (Hansen et al., 2008b), dispersed

oil (Hansen et al., 2009) and WSF of weathered crude oil (Hansen et al.,

2011).

Experiments on the CYP mRNA responses are important for under-

standing their functions in invertebrates. Exposing Calanus species for a

range of di�erent components may hence contribute to increase the knowl-

edge of the functions of the CYP enzymes, in copepods, and their biological

and ecological signi�cance.

The SOD- and γGCS enzymes are important in the antioxidant defense

system through detoxifying ROS (SOD) and producing GSH (γGCS) that

is further used in the antioxidant defense (Giulio et al., 1995). A clear rela-

tionship between SOD- and γGCS mRNA transcription levels and chemical

pollutant exposure has, to the authors knowledge, not been reported for C.

�nmarchicus. However, Hansen et al. (2010) found an increased production
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of SOD- and γ mRNA in C. �nmarchicus exposed to diethanolamine. The

antioxidant defense system is important for tolerating chemical exposures,

and experiments should be carried out to reveal potential e�ects of the

chemicals on the antioxidant system of the species. Also, since there are

few studies that show a clear relationship between the antioxidant enzymes

and chemical exposure, further investigations are needed to reveal if this is

generally the case.

1.5.2 Aims of the study

The main purpose of this thesis is to do a comparative study of C. �nmarchi-

cus and C. glacialis to investigate potential di�erences in tolerating crude

oil exposure. The sub-aims are as following: First, evaluate how adaption to

di�erent temperatures impact tolerance. Second, use gene expression anal-

ysis to investigate potential di�erences between the two species in time- and

concentration-dependent responses. And �nally, investigate how important

varying lipid content is for tolerating crude oil exposure.

The following hypotheses may be postulated based on the current un-

derstanding that species adapted to di�erent temperatures are di�erent in

terms of metabolism, uptake rates and lipid content:

• C. glacialis is more tolerant (i.e. higher LC50 concentration) towards

oil exposure than C. �nmarchicus.

• The concentration- and time relationships are di�erent between the

two species.

• The acute e�ects of oil exposure is dependent on lipid content of the

copepods (�survival of the fattest�).
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2 Material and Method

2.1 Experimental organisms

C. �nmarchicus was collected from the lab culture at SINTEF/NTNU

Sealab, kept at 10 ◦C. The organisms used in the experiment were starved

for 2-3 days prior to the start of the experiment. C. glacialis was carefully

collected by a plankton net in the Kings Bay of Ny-Ålesund at Svalbard.

They were brought to the Marine laboratory, where the CVs were sorted

out using a stereo microscope, and kept in �ow-through tanks at 2− 3 ◦C

prior to the exposure period.

2.2 Generation of water soluble hydrocarbon fractions (WSFs)

of fresh crude oil

Troll B was chosen as the representative of the North Sea fresh crude oil of

the study. Preparation of WSF was made as recommended by Singer (2001),

with some modi�cations; 10 L baked bottles were �lled with 9.25 L sea water

and 225 g oil to make a 1:40 loading. The oil was carefully poured along a

glass tube to the water surface, in order to prevent formation of oil droplets

in the water column. The water-oil system was stirred with the help of a

stir bar and a stirring plate for 72 hours at 13±2 ◦C, before the water phase

was tapped for chemical analysis and the experiments (Figure 4). Finally,

the WSFs were cooled down to the respective experimental temperatures for

the two copepods; 10±2 ◦C for C. �nmarchicus and 2±1 ◦C for C. glacialis.
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Figure 4: Setup for making WSF from Troll B fresh crude oil. A stirring
magnet at the bottom of the �ask enhance equilibrium between the oil
components dissolved in the water and the crude oil. The glass tube inside
the bottle is used for tapping of the WSF after the stirring is �nished. The
whole system is closed with a Te�on-lined cap.

2.3 Chemical analysis

The WSFs were chemically analyzed at SINTEF Material and Chemistry.

Gas chromatography-mass spectrometry (GC-MS) was used to measure the

amount of semi-volatile organic compounds (SVOCs), the total amount of

volatile organic compounds (VOCs) was determined by Purge and Trap Gas

Chromatography-Mass Spectrometry (P&T GC-MS), while gas chromatograph-

�ame ionization detector (GC-FID) was used to measure the total ex-

tractable organic compounds (TEOC). The analysis show which compounds

that are dominating the WSFs.

Two samples (∼ 1 L each) of the WSFs were sampled prior to the ex-

periments and acidi�ed with diluted hydrochloric acid for chemical analysis

of SVOCs; including phenols, naphthalenes, and three- to �ve- ring PAHs.

The GC-MS was programmed to operate in a single-monitoring (SIM) mode,
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which mean that the GC-MS will only detect speci�c components. The GC-

MS was constituted of an ion source (quadrupole mass spectrometer ion

source temperature was 230 ◦C), an analyzer (a HP6890N gas chromato-

graph �tted with a Hewlett-Packard HP7683B series auto sampler) and a

detector (HP5975B quadrupole mass-selective detector). A phenomenex

ZB-5MS fused silica capillary column (30 m x 0.25 mm id x 0.25 µm �lm

thickness) provided optimal separation of the target compounds. Helium,

the carrier gas, had a constant �ow of 1 mL/min. 1 µL of each WSF samples

were injected into a 310 ◦C splittless injector, with a programmed temper-

ature of 40 ◦C for 1 min, followed by 315 ◦C at 6 min and held for 15 min.

The data and chromatograms were recored and monitored by MSD Chem-

Station software (version D.03.00.611).

The principle of GC-FID is that the electrical conductibility of a gas

is proportional with the concentration of the charged particles in the gas.

The amount of organic compounds are measured by an electrical signal from

the burning of the compounds (Greibrokk et al., 1994). A HP-5 fused silica

capillary column (30 m x 0.32 mm ID x 0.25 µm �lm thickness) was required

for analyses with GC-FID. Gas chromatograph equipment and program

were the same as for the GC-MS.

Three samples of 40 mL each were taken out to be analyzed for VOCs. A

total of 34 target VOCs in the C5 to C10 area were determined by P&T GC-

MS, using a modi�ed EPA-Method 8260, with a 50 m (0, 20 mm id, 0, 50 µm

�lm thickness) Supelco Petrocol capillary column. Target compounds were

detected with a Agilent 5973B mass selective detector (MSD), and the data

was analyzed by Agilent EnviroQuant Chemstation software.
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2.4 Acute toxicity

The acute toxicity test was carried out in accordance with the modi�ed

ISO-guideline (ISO 14669, 1999) for assessing acute toxicity of WSF of oils

in copepods. As the ISO-guideline was described for smaller warm water

copepods (Acartia tonsa, Tisbe battaglia, Nitocra spinipes) there were some

modi�cations, i.e. the exposure time was increased from 46 to 96 hours,

the temperature was decreased from 20 ◦C to 10 ◦C for C. �nnmarchicus

and to 2 ◦C for C. glacialis, and larger bottles had to be used (1 L). Seven

concentrations of WSF were used; 4,1 %, 7,0 %, 12 %, 20,4 %, 34,6 %, 58,8

% and 100 %. For each concentration three parallels were included, with

seven copepods in each bottle. The bottles were checked for dead copepods

every 24 h. These observations made the basis for a non-linear regression

that calculated the lethal concentration (LC) using the software package

GraphPad Prism version 5.00 for Macintosh (GraphPad software, San Diego

California, USA). The 24, 48, 72, 96, 120 and 144 h LC50 concentration,

which is the concentration where 50 % of the organisms are dead after the

given time exposure, were determined from the calculations.

The LC50 concentration was used for deciding the proper exposure for

the gene expression analysis. The LC20 concentration was used for testing

how the varying lipid content a�ected the crude oil exposure tolerance.

2.5 Gene transcription analysis

In order to detect changes in the gene transcriptions of GST, CYP330A1,

γGCS and SOD after exposure to fresh crude oil, the copepods were �rst

exposed to di�erent WSF concentrations as described below. The gene tran-

scription analysis were then performed using RT-qPCR. This method uses
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complementary DNA (cDNA), which is made from the copepods mRNA,

in analyzing up-/down regulations of the gene transcription.

2.5.1 Experimental design

The organisms were exposed to four di�erent WSF concentrations; 0 %

(control), 0.5 % , 5 % and 50 % of the 96 h LC50 concentration. For each

concentration there were three parallels, each consisting of a 2 L bottles

containing ∼ 75 experimental copepods. The sampling of the copepods was

done 12, 24 and 48 h after the start of the experiment, in order to see if there

were any time dependent changes in the gene expression. After sampling,

the ∼ 75 Calanus specimens in each bottle were equally distributed on

three eppendorph tubes (1.5 mL) containing 500 µL RNAlater, in order to

preserver the RNA. The transfer of the copepods from the bottles to the

eppendorph tubes were carefully done with a �lter and a pincette to prevent

any damage on the specimens. All tubes were stored at −80 ◦C.

2.5.2 Ribo Nucleic Acid (RNA) isolation

To isolate total RNA from the copepod samples the TRIZOL R©Reagent

(category number 15596-018) method was used. The TRIZOL R©Reagent

maintains the integrity of the RNA, during the disturbance of the cells and

the dissolving of the cell components in the homogenization of the samples.

Adding chloroform separates the solution into di�erent phases following

centrifugation. The upper aquatic phase contains the RNA, while lower

organic phase contain among others deoxyribonuckleic acids (DNAs) and

proteins. Adding isopropanol and ethanol precipitates and washes the RNA

pellet.
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Empty eppendorph tubes (1.5 mL) were �lled with 500 µL TRIZOL R©

Reagent. The samples stored in RNAlater were transfered to the TRIZOL R©

Reagent �lled tubes, before they were homogenized with a manual pestle

and added additional 500 µL TRIZOL R©Reagent. The samples were then

incubated for 5 min at room temperature, to complete dissociation of the

RNA complexes. Then 200 µL of chloroform was added, and the tubes

were shaked vigorously by hand for 15 s, before they again were incubated

at room temperature for 2 to 3 min. Following centrifugation at 12,000 x G

for 15 min at 4 ◦C the samples separated in three phases; an organic lower

phase, a fatty middle phase and an aqueous upper phase with the RNA.

500 µL of the aqueous phase was then transfered to a new eppendorph

tube and mixed with 500 µL isopropanol. Now the samples were incubated

for 10 min at room temperature before being centrifuged at 12,000 x G

for 10 min at 4 ◦C. The RNA was now precipitated and formed a �gel-

like� pellet on one side in the tube. Then the supernatant was removed

using water suction, and 1 mL 75 % ethanol was added to wash the RNA.

Vortexing loosened the RNA pellet from the wall, and the samples were

�nally centrifuged at 7,500 x G for 5 min at 4 ◦C. As for the isopropanol

step, the ethanol was then removed using water suction. When rest-ethanol

had evaporated from the eppendorph tubes, 50 µL of nucleotide free water

was added and the samples were then stored at −80 ◦C.

The isolated RNA samples were treated with DNase 1 (Ambion, Austin,

Tx, USA) to remove potentially damaging DNases that could a�ect the �nal

product. Further, 5 µL sodium acetate (NaAc) and 150 µL ethanol were

added to the RNA samples and shaken vigorously before stored at −80 ◦C

over night. Next, the samples was centrifuged at 12,000 x G for 25 min at
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4 ◦C, followed by a water suction removal of the supernatant. the samples

were then washed with 1000 µL 75 % ethanol and centrifuged at 7,500 x G

for 5 min at 4 ◦C. Finally, all the ethanol was removed and the RNA pellet

was dissolved in nucleotide free water and stored at −80 ◦C.

2.5.3 Complementary deoxyribonuckleic acid (cDNA)

A NanoDrop R©ND-1000 machine was used to quantify and measure the pu-

rity if the RNA samples. Nucleic acids (RNA and DNA) absorb light at

260 nm. At 280 nm RNA absorbs light with half of the e�ciency as at

260 nm. An A260/280 absorbency ratio of 2.0 indicated pure RNA product

(NanoDrop, 2010).

cDNA synthesis converts the mRNA sequences to a double stranded

cDNA, which is a more stable molecule, and make it possible to perform a

RT-qPCR analysis of the mRNA expression. The synthesis was performed

by using iScript cDNA synthesis kit (BioRad, Hercules, CA, USA). The

cDNA synthesis reaction is carried out by reverse transcriptase, which copies

the mRNA template into single-stranded cDNA. Then a new single-stranded

cDNA is produced from the single-stranded cDNA:mRNA complex by DNA

polymerase I. The two single-stranded cDNAs are making the complete

double-stranded cDNA molecule (Avison, 2007).

One of the puri�ed RNA samples was used to make an appointed series

of diluted cDNA concentrations (15.7, 31.3, 62.5, 125, 250, 500 and 1000

ng RNA). This series was used to make the standard curve for all target

genes that were chosen to analyze. All the cDNA samples were diluted (1:5)

with 5 µL nucleotide free water. The nucleotide free water inactivated po-

tential RNases in the samples, and therefore, decreased potential synthesis

31



inhibitors. 5 µL of the diluted cDNA samples were �nally added to a 96

well plate and stored at −80 ◦C.

2.5.4 Quantitative real time PCR

RT-qPCR was performed on a Stratagene Mx4005P RT-PCR system (La

Jolla, CA, USA) to quantify GST-, CYP330A1-, γGCS- and SOD gene

transcriptions. Each gene was quanti�ed on separate plates, to prevent

plate-to-plate variations. Table 1 shows the di�erent thermal pro�le setup

for the measured genes. The primer sequences are listed in Hansen et al.

(2010, 2008b).

Table 1: RT-qPCR thermal pro�le setup for the measured genes
Temperature Time Cycles

95 ◦C 30 s 1 cycle
95 ◦C 30 s

53 cycles
58 ◦C* 30 s
95 ◦C 1.0 min

1 cycle55 ◦C 30 s
95 ◦C 30 s

* 55 ◦C for SOD.

To each well the in 96 well plates 5 µl cDNA template, 15 µl of master-

mix (containing SYBR Green Supermix with ROX (1060 µl) (BioRad)), for-

ward and reverse primers (53 µL of each primer), and water (424 µL)), were

added to obtain a total volume of 20 µL. During the RT-qPCR analysis the

master mix provided the cDNA template with the necessary components for

potential up regulations of the gene expressions. The concentrations of the

gene expressions were normalized against a reference gene (EF1α) using the

software program Q-Gene (Microsoft R© Excel R©-based software application

coded in Visual Basic for Applications) (Muller et al., 2002; Miller et al.,
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1998).

The mean normalized expression (MNE) levels of each individual target

genes were converted to fold expression levels compared to the correspond-

ing controls. The controls for the time related gene transcriptions were

merged, and increased the n from 3-9 (C. �nmarchicus) and from 2-8 (C.

glacialis). A consequence of the increased n was a change in the standard

error (SE) of the controls. Since the conversion did not a�ect the concen-

tration related gene transcriptions, there were no changes in the n and SE.

The di�erent n in the time and concentration related mRNA transcriptions

contributed to a di�erences in the fold expression and SE of the exposed

groups.

Induction of the gene transcriptions should exceed a two fold induction

compared to the corresponding controls, in order to verify the use of RT-

qPCR as method for describing possible changes in the gene transcription.

The fold expression levels were used to make the graphs showing the

potential concentration/time dependent trends as a function of WSF con-

centration, while the MNE levels were used to make the graph showing the

natural level of each target genes in the two copepod species.

2.6 Qualitative analysis of a RT-qPCR product

Agarose gel was used to validate the quality of the PCR product, and se-

cured that the same target gene had been analyzed for both of the copepod

species. Preparation of the gel was performed according to the Biorad pro-

tocol: 100 mL (10x) TBE-bu�er diluted with distilled water to 2 L. 160 mL

of the diluted solution was added to 2 g agarose and heated in the microwave

oven for 4 min. The solution was heated to the boiling point in order to
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make a complete reaction of the solutions. After the heating, the solution

was cooled down in a water bath to 5 ◦C. When the solution had reached the

desired temperature, 50 µL of Sybr safe (Sybr safe DNA gel stain, 10 000 x

concentration in DMSO, Invitrogen Molecular ProbesTM, Eugene, Oregon,

USA) was added and the mixture was transferred to tray. All air bubbles

were removed and the gel was placed in room temperature for 15 min to

sti�en. When ready, the steeping tank with the gel was transferred to a hor-

izontal electrophoresis basin and the TBE-bu�er solution was added until

it was completely covering the gel.

23 µL of speci�c PCR-products (3 µL gel-loading and 20 µL PCR-product)

was added to separate wells. 6 µL of 50 base pair (bp) DNA ladder ((2 µL

gel-loading and 4 µL standard) (Invitrogen, cat. no. 10416-014 Lot nr.

586280, Calsbad, CA 92008 USA)) was added in the well prior to the prod-

ucts. The PCR-products for C. glacialis were placed on the left side of the

gel, while the products for C. �nmarcicus were placed on the right side. A

lid was put on the electrophoresis basin and a constant voltage of 150 V

was turned on.

After 1.5 h the gel was transferred to a GEL-DOC instrument and vi-

sualized by UV-light. The bonds of interest would lie between 100 and 200

bp.

The agarose gel con�rmed that the correct amplicon sites for individual

target genes were found for C. glacialis (left) and C. �nmarchicus (right)

(Figure 5). All target genes were in the expected area of 100-150 bp. The

target gene parallels were at the same level. This indicated that the same

target gene had been detected in both species and that the gene transcrip-

tion could be compared.
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Figure 5: Agarose gel representation of the genes that have been tested for
C. glacialis (left) and C. �nmarchicus (right). The numbers on the left are
indicating the base par (bp) for the ladder.

2.7 Crude oil tolerance and biometry of copepod lipid con-

tent

To investigate if lipid rich copepods would tolerate a higher and longer ex-

posure than lipid poor copepods, a duplicate of ∼ 75 copepods each were

exposed to a LC20 concentration corresponding to 21.16 % and 57.13 %

WAF for C. �nmarchicus and C. glacialis, respectively. Each bottle were

checked for dead copepods every 24 h throughout the whole experimental

time of 120 h. The dead copepods were picked out and observed in a Leika

MZ125 (C. �nmarchicus) or in a Leika MZ6 microscope (C. glacialis). In

order to investigate how the lipid content a�ected survival, all the cope-

pods were photographed by a digital still-video camera (Sony DFW-SX900,

color digital camera, Japan) operated Fire-i software (Unibrain, Inc., San
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Ramon, CA, USA). The copepods that survived the 120 h exposure were

anesthetized with Tricane Methansulfonate (Finquel, Argent Chemical Lab-

oratories, Redmond, WA, USA, 1.5 g/L stock solution) before being pho-

tographed.

The software program ImageJ (v. 1.4.2q, National Institutes of Health,

Bethesda MD, USA) and a graphical tablet (Wacom Intous3, Wacom Co.,

Ltd., Saitama, Japan) were used to measure the area and length of the

lipid content and the whole animal from the pictures (Figure 6). A method

developed by Miller et al. (1998) was used to calculate the percentage value

of fat in the copepods.

Figure 6: De�ned length (left) and areal (right) of lipid sac and whole body
(blue lines). Measured in ImageJ.

If the lipid sac was split into di�erent parts, each part was measured

and then added together. However, if the lipid sac was divided into several

di�erent parts the lipid sac was considered as �exploded� and no measure-

ments were done. Also, the damaged ones were eliminated from the analysis.

Examples of discharged specimens are shown in the �gure 7.
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Figure 7: Examples of two female copepods that are not included in the
measurements. Left; an exploded lipid sac. Right; a damaged copepod.

2.8 Statistical analysis

For the target gene transcriptions the signi�cant level was set at α = 0.05,

and all statistical analysis were one-tailed. Due to small n, non-parametric

analysis were chosen. Mann-Whitney t-test was used to test for signi�-

cant di�erences between the exposed groups and the controls of the gene

transcriptions. A Kruskal-Wallis test analyzed for di�erences in the gene

expressions in the controls of target genes and between the specimens. Both

tests used GraphPad Prism version 5.00 for Windows (GraphPad software,

San Diego California, USA). Nonlinear-regression test (regression wizard, 2

parameter power test) was performed using SigmaPlot 11.0 (Systat system

Inc. 2009) to test for signi�cant trends in the gene transcriptions.

The LC-graphs were made in GraphPad Prism version 5.00 for Macin-

tosh (GraphPad software, San Diego California, USA), while the gene tran-

scription graphs were made in SigmaPlot 11.0 (Systat system Inc. 2009).

In order to �nd the variable that had the highest signi�cance for sur-

vival, a linear multi variable regression model was adapted. The measured

variables were; body areal, body length, lipid sac areal, lipid sac length
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and percentage lipid fat. The model also considered the e�ects of gonadal

development (egg production) and gender.

The R2 is a measure of the �t of the data (observations) to the regression

model, and has a value between 0.0 and 1.0, and has no units. In a linear

regression model R2 may explain the relationship between the x- and y-

values, and a value of 1.0 is a perfect relationship, also called a perfect �t.

Perfect �t means that all the observations lie on a straight line. TheR2 value

will indicate how close the regression line is a perfect �t (Motulsky, 2007).

Compared to a linear regression model, a multi variable linear regression

model try to �t a plane instead of a line. A plane is an extension of a line

into higher dimensions, and is based on several measured variables. The

principle is the same in both models, the only di�erence is that the multi

variable linear regression model can combine several variables in order to

�nd the best-�t regression plane in the dataset. The analysis were done

using R 2.12.2 (R Development Core Team, 2011). The analysis tries �rst

to �nd the single variable that gives the best �t, then more variables are

included to increase the R2 value. If the model needs to combine all the

variables, and the R2-value is still low, it may be an indication that none of

the variables explain the di�erences that has been observed, e.g. the ability

to survive, and the regression model is considered a poor model.
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3 Results

3.1 Generation of water soluble hydrocarbon fractions (WSFs)

of fresh crude oil

The results from the chemical analysis of the WSFs conducted by SIN-

TEF Materials and Chemistry are summarized in Table 2. The WSFs were

generated at 13 ◦C before they were cooled down to the appropriate expo-

sure temperature. The standardization of the WSF generation procedure

ensured that the total hydrocarbon concentration (THC) and the composi-

tion of the exposure solution would be comparable for both species. Table 2

shows that fresh crude oil from Troll B was rich in BTEXs (benzene, toulene,

ethylbenzene and xylenes) and naphthalenes.

3.2 Acute toxicity

The LC50 and LC20 values at di�erent exposure times are summarized in

Table 3 (C. �nmarchicus) and Table 4 (C. glacialis). The LC-values are

based on Figure 8, which shows the interaction between the di�erent WSF

exposure time series and the percentage survival in the two species. In

addition to the di�erence between the species with regard to the LC-values,

the mortality response curve for C. glacialis appears to be steeper than the

corresponding curve for C. �nmarchicus up to 120 hours. This may indicate

that C. glacialis tolerates the exposure up to a certain level. When crossing

this level, only an insigni�cant further increase in the concentration seems

to be lethal.

The 144 h LC curves of the two species show that with longer time

exposure the response patterns are more similar compared to shorter time
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exposure. Also, for both species the LC50 and LC20 values are clearly both

time- and concentration related.

Table 2: Summary of the chemical composition in the WSFs analyzed with
GS-MS, P&T GC-MS and GC-FID (THC). Concentrations are given as
average (µg/L) and standard deviations of two replicate WSFs generated
for each species in this experiment.

Compound groups C. �nmarchicus (µg/L) C. glacialis (µg/L)
THC (GC-FID) 4514 ± 1295 5494 ± 499∑

VOCs 5080 ± 119 5133 ± 187
Benzene 137 ± 5 139 ± 4
Toulene 134 ± 10 128 ± 1
Ethylbenzene 410 ± 12 432 ± 2
Xylenes 1627 ± 67 1712 ± 48∑

SVOCs
292 ± 43 308 ± 2

(excluded phenols)∑
Naphthalenes 234 ± 46 255 ± 1∑
2-3 ring PAH * 23 ± 4 28 ± 1∑
4-6 ring PAH ** 0.5 ± 0.193 0.8 ± 0.034∑
C0-C5 phenols 28 ± 4.82 21 ± 1.9∑
Decalins 4.9 ± 3.1 2 ± 0.93∑
THC (for LC50) 9594 ± 1415 10627 ± 312

*
∑

2-3 ring PAH include biphenyl, acenaphthylene, acenaphthene,
dibenzofuran, �uorene (C0-C3), phenanthrene, anthracene,

phenanthrenes/anthracenes (C1-C4), dibenzothiophenes (C0-C4). **
∑

4-6 ring PAH include �uoranthene, pyrene, �uoranthene/pyrene (C1-C3),
benz(a)anthracene, chrysene.
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Figure 8: Relationship between percentage survival of C. �nmarchicus (left)
and C. glacialis (right), and Log10 concentration of WSF.

Table 3: LC50 and LC20 values in % WSF and in µgTHC/L for C. �n-
marchicus.

% WSF µgTHC/L
Time (h) LC50 LC20 LC50 LC20

24 59.07 46.31 5076 3979
48 48.12 32.50 4135 2739
72 34.76 27.26 2987 2342
96 29.00 21.16 2492 1818
120 27.32 19.72 2347 1694
144 26.50 19.60 2277 1684

Table 4: LC50 and LC20 values in % WSF and in µgTHC/L for C. glacialis.
% WSF µgTHC/L

Time (h) LC50 LC20 LC50 LC20

24 102.20 98.93 11087 10732
48 79.09 65.97 8580 7156
72 60.11 58.97 6521 6397
96 59.05 57.13 6406 6197
120 58.26 56.37 6320 6115
144 47.85 35.53 5191 3854
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3.3 Gene transcription analysis

3.3.1 Comparing the control groups

The results from the comparison of the control groups (Figure 9) showed

that C. glacialis (white dots) had a higher basal MNE level of GST mRNA

than C. �nmarchicus (black dots). The levels for CYP330A1 are almost

the same for both species, while C. �nmarchicus had a higher basal tran-

scription of γGCS and SOD.

The Kruskal-Wallis test showed that all control groups were signi�cantly

di�erent from each other (p < 0.0001). The test based the analysis on

the variations in between the replicates, and not on the level of the gene

expressions.

Figure 9: Basal gene levels in C. �nmarchicus (black dots, n= 9) and C.
glacialis (white dots, n= 8). The target genes were signi�cant di�erent
from each other with a p < 0.0001.
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3.3.2 GST gene transcription

Concentration- and time related relationships between WSF exposure and

GST mRNA transcription are shown for both species in Figure 10 and Fig-

ure 11. The highest transcriptional response was shown after 48 h exposure

time for both C. �nmarchicus (black dots) and C. glacialis (white dots),

with a 2.5 and 3.5 fold expression of the GST mRNA levels, respectively

(Figure 10(C)). A ∼ 2.5 fold expression response was shown for both species

when exposed to a high WSF concentration (Figure 11(C)).

Only C. glacialis GST mRNA showed a signi�cant correlation with con-

centration when exposed for 48 h, and with time for the highest concen-

tration (Table 5). In general, C. glacialis had a higher gene transcription

towards the WSF concentration compared to C. �nmarchicus.

Table 5: Signi�cant correlation in GST expression inC. glacialis with WSF
concentration (48 h) and time (high exposure concentration).

Exposure species p-value
48 h C. glacialis < 0.0001
High C. glacialis 0.0075
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Figure 10: Concentration related GST mRNA transcription in C. �nmarchi-
cus (black dots) and C. glacialis (white dots) exposed for three time pe-
riods (A-C). GST mRNA levels are given as mean±SE. Signi�cant di�er-
ences between exposed groups and the corresponding controls are marked
*= p < 0.05. n= 3 for all groups except the control group for C. glacialis
in (A) that has a n= 2.
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Figure 11: Time related changes in GST mRNA levels of C. �nmarchicus
(black dots) and C. glacialis (white dots) exposed to three WSF concentra-
tions (A-C). GST mRNA levels are given as mean±SE. Signi�cant di�er-
ences between exposed groups and the corresponding controls are marked
*= p < 0.05 and **= p < 0.001. The control groups have a n of 9 (C.
�nmarchicus) and 8 (C. glacialis), while the exposed groups have a n= 3.
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3.3.3 CYP330A1 gene transcription

Concentration- and time related CYP330A1 mRNA transcription in re-

sponse to fresh crude oil WSF are shown for both species in Figure 12 and

Figure 13. No signi�cant correlation between CYP330A1 mRNA transcrip-

tion and WSF concentration, and between CYP330A1 mRNA transcription

and time was found for any of the species. Nevertheless there are some ex-

posure groups that show signi�cant di�erences compared to the controls.

The CYP330A1 mRNA levels for C. �nmarchicus (black dots) are not

showing a high response towards the WSF exposure (Figure 13), even

though there is almost a 2.0 fold induction when exposed to the medium

concentration for 12 h (Figure 13(B)). However, the response was back to

the basal level after 24 h exposure.

C. glacialis (white dots) did not induced a high CYP330A1 mRNA tran-

scription when exposed to WSF (Figure 12 and Figure 13). However, a

signi�cant response was evident after 48 h exposed to a high WSF concen-

tration (Figure 12(C) and Figure 13(C)).
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Figure 12: Concentration related CYP330A1 mRNA transcriptions in C.
�nmarchicus (black dots) and C. glacialis (white dots) exposed for three
time periods (A-C). The mRNA transcriptions are given as mean±SE. Sig-
ni�cant di�erences between exposed groups and the corresponding controls
are marked * (p<0.05). n= 3 for all groups except for the control group in
A and the low exposure in B, for C. glacialis.
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Figure 13: Time related CYP330A1 mRNA transcriptions in C. �nmarchi-
cus (black dots) and C. glacialis (white dots) exposed to three di�er-
ent WSF concentrations (A-C) are given as mean±SE. Signi�cant di�er-
ences between exposed group and its corresponding control are marked
*= p < 0.05. The controls have a n of 9 (C. �nmarchicus) and 8 (C.
glacialis). The exposed groups have a n of 3, except for the 24 h group of
C. glacialis that has a n= 2.
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3.3.4 γGCS gene transcription

Concentration- and time related transcriptions between γGCS mRNA level

and WSF exposure are shown for both species in Figure 14 and Figure 15.

No signi�cant correlations between γGCS mRNA levels and for exposure

concentration- or time were observed.

A signi�cant reduction compared to the control is shown for both species

when exposed to the high WSF concentration for 24 h (Figure 14(B)). The

same pattern is evident in Figure 15(C), although the reduction is only

signi�cant in the C. �nmarchicus (black dots) γGCS mRNA level. For

both species the transcriptional levels are going back to the control level

with longer exposure time.
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Figure 14: Concentration related γGCS mRNA transcriptions in C. �n-
marchicus (black dots) and C. glacialis(white dots) exposed to three dif-
ferent time periods (A-C). Transcription levels are given as mean±SE. Sig-
ni�cant di�erences between exposed groups and the corresponding controls
are marked *= p < 0.05. All groups have a n= 3, except for the control
group of C. glacialis in A (n= 2).
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Figure 15: Time related γGCS mRNA transcriptions in C. �nmarchicus
(black dots) and C. glacialis (white dots) exposed to three di�erent WSF
concentrations (A-C). Signi�cant di�erences between exposed groups and
the corresponding controls are marked **= p < 0.001. The control groups
have a n of 9 (C. �nmarchicus) and 8 (C. glacialis). The exposed groups
have a n of 3.
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3.3.5 SOD gene transcription

Concentration- and time related transcriptions between fresh crude oil WSF

exposure and SOD mRNA levels are shown in Figure 16 and Figure 17,

respectively. No signi�cant correlation between SOD mRNA levels and

WSF concentration or time were found.

C. glacialis (white dots) shows a mean four fold transcriptional expres-

sion when exposed to a medium WSF concentration for 12 h (Figure 16(A)

and Figure 17(B)), but the increase was not statistically signi�cant.

C. �nmarchicus (black dots) had a two fold induction of SOD mRNA

when exposed to a low concentration for 24 h (Figure 16(B) and Fig-

ure 17(A)). For both species there were some variations in the mRNA levels,

but they were not statistically signi�cant.
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Figure 16: Concentration related SOD mRNA responses in C. �nmarchicus
(black dots) and C. glacialis (white dots) exposed to three di�erent time
periods (A-C). Signi�cant di�erences between exposed groups and the corre-
sponding controls are marked *= p < 0.05. All groups have a n of 3, except
for the control (A), medium- (A) and low concentration (B), belonging to
C. glacialis, that have a n of 2.
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Figure 17: Time related SOD mRNA changes in C. �nmarchicus (black
dots) and C. glacialis (white dots) exposed to three di�erent WSF con-
centrations. Signi�cant di�erences between exposed groups and the corre-
sponding controls are marked *= p < 0.05. The control groups have a n of
9 (C. �nmarchicus) and 8 (C. glacialis). All the exposed groups have a n
of 3, except for the 24 h (A) and 12 h (B) in C. glacialis that have a n= 2.
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3.4 Crude oil tolerance and biometry of the copepod species

Figure 18 shows the results from the twelve C. �nmarchicus who did not

survive the 120 hour exposure. According to the regression analysis, the

body areal was the most important variable. With R2 = 0.17 it was the

variable that gave the best �t when represented alone. In order to achieve

a R2 equal to 0.9, the model needed to consider all variables.

Figure 19 demonstrates that percentage lipid sac was the most signi�-

cant variable (R2 = 0.14) in the model for C. glacialis. When combing all

the variables, there was a value of R2 equal to 0.29.
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Figure 18: The variables with the largest signi�cance on the survival of
C. �nmarchicus (n = 11) after 120 h exposure of WAF. The "X.lipid.sac"
denotes % lipid content.
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Figure 19: The variables with the largest signi�cance on the survival of
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denotes % lipid content.
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4 Discussion

4.1 Acute toxicity

The results in Figure 8 show that C. glacialis has a delayed response to the

WSF exposure compared to C. �nmarchicus. In addition, the 96 h-LC50

curve for C. glacialis is much steeper than the curve for C. �nmarchicus.

This may indicate that C. glacialis was able to compensate for the expo-

sure until a certain limit where they quickly died, and may also explain why

there were no big di�erences in the percentage survival between the di�er-

ent exposure times. Since the curve for C. �nmarchicus has a less steep

slope it may signify that these copepods did not have the same capacity to

compensate the impact of WSF exposure. Instead, the percentage survival

reduced gradually with increasing WSF concentration and exposure time.

Other factors that may explain the di�erences in the acute response of the

two copepod species are exposure temperature and lipid content. Chemi-

cal reactions are known to act slower at lower temperatures (Berg et al.,

2006), and this may also be applied to metabolism of xenobiotics in cold-

adapted species (Landrum, 1988; Jimenez et al., 1987). C. glacialis, which

is an Arctic species, may hence exhibit a slower response compared to the

more southern C. �nmarchicus. Further, a higher lipid content may give

the copepods a short-time protection if the crude oil components are ac-

cumulated directly to-, and immobilized in the lipid reservoir. C. glacialis

has a higher lipid content than C. �nmarchicus and may therefore have a

slower response to the acute acting toxicants (Hansen et al., 2011).

The LC50 values in THC concentration (Table 3 and Table 4) verify that

C. glacialis was less sensitive to the fresh crude oil WSF compared to C.
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�nmarchicus. The Arctic species tolerated an exposure concentration up to

three times more than the temperated species. These results also indicate

that the Calanus species are less sensitive to fresh crude oil WSF compared

to two subspecies of rotifera genus B. pilcatilis hepatotomus (48 h-LC50 of

0.04 − and 0.05 mg/L) (Alayo and Innacone, 2002), and more sensitive to

the WSF exposure compared to a water �ee, Daphnia magna (48 h-LC50

between 0.25-0.26 g/L) (Martínez-Jeronimo et al., 2005). (Hansen et al.,

2011) exposed C. �nmarchicus and C. glacialis to weathered crude oil WSF,

and found a higher sensitivity (9g h-LC50 of 0.817 and 1.037 µgTHC /L,

respectively) compared to the fresh crude oil WSF that gave 96 h-LC50 of

2492 and 6406 µg/L. This may indicate that unresolved complex materials

and the naphthalenes in the WSF from weathered crude oil (Altin, 2007) are

more toxic than the more volatile compounds in the fresh crude oil WSF.

There is a general correlation between lethal concentration, exposure

time and WSF exposure concentration. With increasing exposure time the

sigmoidal parts of the LC-curves are shifted towards left; implying that

a lower concentration of WSF is su�cient to a�ect the specimens. Also,

it is interesting to see that with longer exposure time the two species are

showing the same shape of the 144 h LC-curve, indicating a fatiguing of the

proposed resistance mechanisms in C. glacialis.

4.2 Gene transcriptions

All the gene transcription results are presented as average±SE in a line/scatter

graph, in order to visualize possible changes in the gene transcriptions. The

reason was that the results may be somewhat biased due to low n and possi-

ble pipetting errors. All gene transcriptions raw data for making the graphs
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are presented in the Appendix.

The Mann-Whitney t-test used to test deviations of exposed groups

from the corresponding control groups was carefully chosen according to

the challenge of the material (low n). This is a non-parametric test for

comparing two groups with n ≥ 3. All groups with a n = 2 could not be

statistically tested. As a rule a small n will limit the possibility of revealing

statistically signi�cance, even where di�erences exist.

A nonlinear regression test (regression wizard, 2 parameter power test

(SigmaPlot 11.0)) was chosen to test for any signi�cant trends in the gene

transcription data. The gene transcription results indicated an exponential

response, and the chosen test had the shape that corresponded best with

these responses.

4.2.1 Comparing the control groups

The specimens in the control groups did not show any indications of dis-

comfort during the experiments which could a�ect the gene transcription.

The results in Figure 9 can therefore be considered as representative for the

basal gene transcription in C. �nmarchicus and C. glacialis.

C. �nmarchicus expressed a notable higher level of γGCS- and SOD

mRNA, while C. glacialis had higher expression of GST mRNA. The species

expressed almost the same level of CYP330A1 mRNA. Higher gene tran-

scription levels may indicate that the species are naturally exposed to com-

pounds that induces the gene transcription. Another reason may be that

the di�erent genes have a function in the species that is not related to

detoxi�cation of oil compounds. However, at the moment this has not been

con�rmed by any researchers.
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4.2.2 GST gene expressions

Figure 10 and Figure 11 show that the production of GST mRNA in C.

�nmarchicus is both concentration- and time related. However, no signi�-

cant dependency trends were shown, neither with regard to concentration

nor time of the results. The results are corresponding with the �ndings of

Hansen et al. (2011) who exposed C. �nmarchicus to weathered crude oil

WSF. They found that C. �nmarchicus only expressed high levels of GST

mRNA when they were exposed to a high WSF concentration for a fairly

long time.

Also for C. glacialis the GST mRNA only exceeded a two fold induction

when the copepods were exposed to a high WSF concentration for a longer

period of time (Figure 10 and Figure 11). But in contrast to the results

from C. �nmarchicus, the results for C. glacialis also showed signi�cant

concentration- and time dependently correlation. A time related response

is also probable for medium exposure (Figure 11(B)), but the levels do not

exceed a two fold expression and are not considered a reliable response here.

C. glacialis had a delayed response toward the acute acting toxicants

compared to C. �nmarchicus (Figure 8). If this was because of a slower

uptake of oil compounds, a similar response should be expected with regard

to gene transcription. However, no such responses are present in these

results. On the contrary, C. glacialis had a faster response compared to

C. �nmarchicus. These �ndings are opposite to the �ndings by Hansen

et al. (2011), who found a faster response in GST gene transcription in C.

�nmarchicus compared to C. glacialis when exposed to weathered crude oil.

They assumed this was correspondent to the delayed response they saw in

the acute toxicity test.
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The fresh crude oil WSF used in the current experiments had a high con-

centration of VOCs (Table 2). These small and toxic substances (Berg et al.,

2006) may act to fast for the species` molecular systems and bind to speci�c

receptors, which may be the reason for the opposite GST mRNA transcrip-

tion. Also, Jimenez et al. (1987) found a greater number of metabolites in

colder-temperature experiments than comparable higher-temperature ex-

periments when �sh was exposed to benzo(a)pyrene. The faster response of

GST mRNA in C. glacialis may therefor be due to a higher production of

metabolites.

Hansen et al. (2008b) exposed c. �nmarchicus to three di�erent con-

centrations (between 31− 2505 µg/L) of naphthalene, and found signi�cant

induction of GST mRNA transcription for all exposure concentrations. The

naphthalene concentration in these experiments was between the low and

medium exposure concentration in Hansen et al. (2008b). The induction

of the GST mRNA transcription seen in C. �nmarchicus and C. glacialis

(Figure 10 and Figure 11) may therefore be a respond to the naphthalenes

in the WSF.

The MNE control levels were compared between the two species, and

showed that C. glacialis had a much higher natural expression of GST than

C. �nmarchicus (Figure 9). This may be another reason for the faster tran-

scription of GST mRNA in C. glacialis. GST is involved in detoxifying of

exogenous compounds, so when C. glacialis was exposed to crude oil WSF

there may be an initial use of the GST. When the exposure increases with

time and concentration, the molecular system has to increase the transcrip-

tion in order to metabolize the WSF compounds.

Hansen et al. (2011, 2008a,b) and Barata et al. (2005) have suggested
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that GST could be used as a biomarker for lipid peroxidation, since GST

mRNA is thought to have an antioxidant function through conjugation of

lipid peroxidases. GST mRNA has been induced in C. �nmarchicus when

exposed to naphthalene, weathered crude oil WSF and dispersed oil. Based

on the present results, fresh crude oil WSF can also be included in the list.

4.2.3 CYP330A1 gene transcriptions

Figure 12 shows the CYP330A1 mRNA transcription of C. �nmarchicus to

the WSF exposure. There are some variations in the CYP330A1 level, with

some indications of a reduced level after prolonged exposure.

C. glacialis had a concentration related two fold induction of CYP330A1

mRNA when exposed for 24 h (Figure 12(B)) and 48 h (Figure 13(C)). The

clearest response was shown after 48 h exposure time.

Time related-relationship between WSF exposure and CYP330A1 is

shown in Figure 13. These results show the same responses as the con-

centration related results, but have a much higher variation compared to

the concentration-related responses. C. �nmarchicus did not seem to re-

spond towards the WSF, while C. glacialis appears to induce CYP 330A1

when exposed for longer periods, however, there are some variations here

as well.

Hansen et al. (2009) saw that lipid-poor C. �nmarchicus expressed el-

evated levels of CYP330A1, while lipid-rich specimens had a reduced level

when exposed to WSF of crude oil. Since the copepods in this experiments

are not selected based on the amount of lipids, and neither was checked

for lipid content, the exposure groups may consist of copepods with di�er-

ent lipid content which may at least partly explain the variations in the
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CYP330A1 responses. Based on the results from Hansen et al. (2009) one

may expect that C. �nmarchicus had a higher CYP330A1 mRNA induc-

tion than C. glacialis, since C. glacialis has a higher lipid content than

C. �nmarchicus. In stead, C. glacialis showed the highest responses. The

results from Hansen et al. (2009) may therefore only be applicable when

looking at individual di�erences within a species, and not when comparing

two di�erent species.

CYP330A1 mRNA levels has also been found to correlate with the

amount of ecdysteroids found in C. �nmarchicus, where CV had a higher

CYP330A1 mRNA level than females and males (Hansen et al., 2008a).

Since the primary function of ecdysteroids is to induce production of molting

and reproduction hormones, one may expect di�erent levels of ecdysteroids

at di�erent developmental times during the CV stage. As Figure 9 shows,

the CYP330A1 mRNA levels are almost the same in the two species. Based

on these results, one would suggest that C. �nmarchicus and C. glacialis

have reached approximately the same developmental level in the CV stage.

4.2.4 Antioxidant enzymes

Two of the main enzymes in the antioxidant system, γGCS and SOD, were

measured to investigate potential changes in the the antioxidant system of

C. �nmarchicus and C. glacialis exposed to fresh crude oil WSF.

γGCS and Gsynt catalyzes de novo synthesis of GSH (Bolesterli, 2009).

GSH is used by GST when detoxifying compounds, hence a covariation of

the GST- and γGCS mRNA results should be present. However, as shown

in Figure 14 and Figure 15 there are no clear response in the γGCS mRNA

transcription according to the WSF concentration. There was not a clear
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relationship between the γGCS mRNA levels and the GST mRNA levels

(Figure 10 and Figure 11) in these experiments. Even though there are

no changes in the γGCS transcription, there may be changes in the γGCS

activity, which may be related to the GSH production. A possible change

in the GSH production may also correspond to the changes seen in the GST

mRNA transcriptions.

Figure 16 and Figure 17 show that there are no concentration- or time

related production of SOD mRNA in C. �nmarchicus. The results are corre-

spondent with the �ndings of Hansen et al. (2008b) who only found a short

increase in the SOD mRNA level of C. �nmarchicus exposed to naphtha-

lene for 12 h. Previous experiments have shown an increased SOD mRNA

levels in fresh water prawn (Macrobrachium borellii) exposed to WSFs of

crude oil (Lavarías et al., 2011), and in spot (Leiostomus xanthurus) when

exposed to PAHs (Winston and Giulio, 1991). The low level of PAHs in

the WSFs in these experiments (Table 2) may explain the low SOD mRNA

transcriptions.

An increased SOD mRNA transcription was found by Singh et al. (2009)

when exposing a fruit �y (Drosophila melanogaster) to benzene, toulen and

xylene. C. glacialis showed a concentration and time related SOD mRNA

response when exposed to the medium concentration for 24 h (Figure 16(A)

and Figure 17(B)). The increased gene transcription may be due to the high

levels of BTEXs in the WSFs (Table 2).

Figure 9 shows that the natural level of SOD mRNA is very low in C.

glacialis compared to C. �nmarchicus. Also, the LC-results (Figure 8) show

that there is a delayed response in C. glacialis according to time. These

two observations may explain the inductions seen in Figure 16(B) and Fig-
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ure 17(B). Since C. glacialis had a low basal level of SOD mRNA the WSF

exposure may trigger the metabolic system to increase the gene transcrip-

tion. However, due to the delayed response, the SOD mRNA induction is

�rst seen after 24 h exposure time. Also, with only two replicates in the

group, there was a higher uncertainty with regard to the interpretation of

the induction results.

4.3 Wild living copepods compared to copepods living in

arti�cial environments

C. �nmarchicus used in these experiments originates from a lab culture, and

not from the wild as C. glacialis, and this may contribute to the low gene

transcription seen in C. �nmarchicus compared to C. glacialis. Wild living

species are constantly exposed to exogenous compounds and may therefore

induce enzymes faster than species that live in an arti�cial environment.

Since the measured enzymes are thought to have a wide range of functions,

e.g. detoxi�cation activities, they may act di�erently in species dependent

on where the species live. These assumptions should be further investigated

through experiments looking at biological and genetic di�erences between

free living and lab cultured C. �nmarchicus specimens. Also, there may be

a greater production of metabolites in C. glacialis, and hence a higher gene

transcription.

4.4 Evaluation of the gene transcription method

Statistical tests are based on models that normally will give the best results

when the n is large. In these experiments the samples were pooled down

from 25 species to 3 replicates for each concentration and time. Finding
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a test suitable for these experiments was not easy. The consequence of

a small n was the di�culties of proving signi�cant trends and variations.

The statistical signi�cant level was set to α = 0.05, however, one cannot

conclude that a results is insigni�cant just because the p-value is larger than

0.05. Even though there is a general assumption that an α of 0.05 is the

level that is giving the best evaluation of statistical tests, this does not have

to be an absolute answer.

One way to satisfy the statistical criteria is to increase the number of

replicates for each exposure group, hence, increasing the n. However, due

to expensive analysis this could not be considered for the present investiga-

tion. Also, in experiments with live animals there may be large individual

di�erences between the specimens that may obscure the results. And, even

though the biological systems responses cannot be proved to be statistical

signi�cant, we cannot conclude that there are no responses at all.

Further, experiments with whole animals may give a di�erent result

than experiments with one speci�c organ or tissue. Speci�c organs and

tissues express genes at di�erent levels based on what function they have in

the animal. For example, CYP 4 is an important enzyme in the fatty acid

metabolism in vertebrates (Bolesterli, 2009) and would be highly expressed

in lipid tissues. If the same enzyme had been analyzed in the skin tissue the

responses may have been di�erent since there are other metabolic systems

that are dominating here.

The RNA used in these gene expression experiments are extracted from

the whole animal, and may be obscured by the dominance of di�erent types

of tissues. This may explain at least some of the variation in the responses

between the exposed groups. Unfortunately we cannot extract only one
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tissue from the copepods, so at the moment this is the best way of testing

gene expressions.

The changes in the antioxidant system could be further investigated by

measuring the protein concentration, e.g. by western blot. Also, measuring

the GSH level could give an indication of oxidative stress.

When the exposure media consist of several types of components, like

fresh crude oil, there is the possibility of having additive, synergistic or an-

tagonistic e�ects between the components. If there is an additive e�ect,

there may be a high induction of the gene transcription. An induction may

also be seen when exposing for chemicals that have a synergistic e�ect.

On the contrary, chemicals that are acting as antagonists may inhibit the

response that one of the chemicals can induce. This may inhibit an induc-

tion of mRNA transcription (Casarett and Doull, 2008). Further, the LC50

results (Figure 8) for C. glacialis showed that there are small di�erences

between the area that are giving a response and the area of no response.

There might be a possibility that the concentrations that are used in these

experiments are to low to induce a response in the gene transcription.

4.5 Crude oil tolerance and biometry measurement of lipid

content

Earlier studies focusing on lipid content after exposure for weathered crude

oil (Hansen et al., 2011) showed that copepods with a higher percentage of

lipids survived longer than copepods with a lower lipid content. A similar

pattern was expected to be present in the present experiment. However, this

was not the case. There was no clear relationship between time of death

and percentage lipid content. The exposure medium in this experiment was
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WSF from fresh crude oil. In contrast to weathered crude oil, fresh crude oil

contain both heavy and light hydrocarbons (Miller and Connell, 1982). This

probably made the WSF from fresh crude oil more toxic than WSF from

weathered crude oil. Since more components were present in fresh crude

oil there could be additional processes that contributed to the death of the

copepods, not only the lipid content. A linear multi variable regression

model was used to test if there were biometric variables, other than the

lipid content, that were signi�cant for surviving the WSF exposure.

Figure 18 shows that the body areal is the variable with the best �t

for C. �nmarchicus. When combining the body areal with the areal of

the lipid sac the �t is doubled (see section 2. 8). It was postulated that

the lipid sac content was the most important variable in order to survive

an exposure to WSF from fresh crude oil. This cannot be con�rmed for

C. �nmarchicus since the model showed that the body areal is the most

important variable, with a R2 = 0.17 compared to the percentage lipid sac

that had a poor �t when presented alone. Since the next best variable,

body length, had a R2 = 0.027 the percentage lipid sac had a �t less than

0.027. In comparison, the results from C. glacialis in Figure 19 showed

that the percentage lipid content was the variable with most signi�cance

for survival. This is consistent with the hypothesis, but we cannot conclude

that the lipid content really was an important variable since the �t was not

good (R2 = 0.14). However, the lipid content may have an important role

in the defense system of the copepods, since it was selected as signi�cant

for both species.

The statistical models were only based on the dead copepods. The

same test was run on the survived copepods to unveil potential di�erences
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compared to the results from the dead copepods (the results were not shown

in this thesis). The di�culties with this approach was that the time of

death of the copepods had to be known, in order to achieve the correct

answer. Since we did not know how long the copepods would survive a

WSF exposure, the time of death had to be assumed, and was set to 300 h.

Based on the assumptions the R2 was higher for each model, and signi�es

that the variables contributed in a higher degree for the surveillance of the

copepods. However, since these results were based on assumptions and not

on facts, the uncertainties were to high for consider them as signi�cant

results and were therefore excluded from this paper.
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5 Conclusions and further work

Was C. glacialis less sensitive to theWSF exposure compared

to C. �nmarchicus?

This study revealed that the arctic species, C. glacialis, tolerated a higher

WSF concentration than its more southern sibling, C. �nmarchicus. How-

ever, C. glacialis had a steeper dose-response relationships than C. �n-

marchicus.

The lower tolerance of C. �nmarchicus in the acute toxicity test showed

that the species may be used as a model species for evaluating potential

toxic e�ects an exposure has on C. glacialis. Since they tolerate less than

C. glacialis, a recommended maximum exposure based on results from C.

�nmarchicus will in most cases be tolerable for C. glacialis.

In terms of gene expressions, where there di�erences in concentration-

and time relationships?

Greater and faster responses in C. glacialis may signify that they have a

better developed metabolic system to handle oil components. This may be

an artifact due to the use of bred C. �nmarchicus, and should be further

investigated with the use of free living C. �nmarchicus. The need for a

continually development of the genetic library of Calanus specimens is im-

portant in order to understand what function the di�erent genes have in

the specimen.

71



Did the lipid content in specimens make them less sensitive

to the WSF exposure?

The results from the linear multi variable regression model revealed that

there were several variables that were important for tolerating fresh crude

oil exposure, not only the lipid content.

The method used in these experiments cannot be concluded as a prefer-

able method in analyzing how the crude oil sensitivity is dependent on

varying lipid content.

Further work

As suggestion for elaborating these experiments, there could be planned

a long term experiment where only generation I was exposed to crude oil

droplets in a �ow through system. The copepod system would be kept

operating until generation III reached stage CV. Samples of each genera-

tion would be collected to perform gene transcription analysis. With this

experiment gene transcription changes between the generations could be

revealed. Also, an evaluation of how the crude oil a�ects the reproduction

would be possible through observations of expanding or decreasing popula-

tion size. This kind of experiment is time consuming, but it would give a

more accurate answer to the question of how crude oil a�ect the Calanus

population.

72



References

Abele, D., Burlando, B., Viarengo, A., and Pörtner, H.-O. (1998). Ex-

posure to elevated temperatures and hydrogen peroxide elicits oxidative

stress and antioxidant response in the Antarctic intertidal limpet Nacella

concinna. Comparative Biochemistry and Physiology Part B, 120:425�435.

Abele-Oeschger, D. and Oeschger, R. (1995). Hypoxia-induced autoxida-

tion of haemoglobin in the benthic invertebrates Arenicola marina (Poly-

chaeta) and Astarte borealis (Bivalvia) and the possible e�ects of sul-

phide. Journal of Experimental Marine Biology and Ecology, 187:63�80.

Alayo, M. and Innacone, J. (2002). Ecotoxicological assay with crude oil,

Diesel 2 and Diesel 6 with to subspecies of Brachionus Plicatilis Muller,

1786 (Rotifera: Monogononta). Gayana, 65(1):45�58.

Altin, D. (2007). Veksthemming av den vannløselige fraksjonen av råolje

på Skeletonema costatum (Greville) Cleve - e�ekter av forvitringsgrad og

olje/vannforhold. Master's thesis, NTNU.

Anderson, M. E. (1998). Glutathione: an overview of biosynthesis and

modulation. Chemico-Biological Interactions, 111-112:1�4.

Andrews, G. K. (2001). Cellular zinc sensors: MTF-1 regulation of gene

expression. BioMetals, 14:223�237.

Arun, S. and Subramaniam, P. (1998). Antioxidant enzymes in freshwater

prawn Macrobrachium malcolmsonii during embryonic and larval devel-

opment. Comparative Biochemistry and Physiology, Part B, 121:273�277.

73



Ashley, C. M., Simpson, M. G., Holdich, D. M., and Bell, D. R. (1996).

2,3,7,8-tetrachloro-dibenzo-p-dioxin is a potent toxin and induced cy-

tochrome P450 in cray�sh, Pacifastacus leniusculus. Aquatic Toxicology,

35:157�169.

Avison, M. B. (2007). Measuring gene expression. Taylor & Francis Group,

New York, US.

Barata, C., Varo, I., Navarro, J. C., Arun, S., and Porte, C. (2005). Antioxi-

dant enzyme activities and lipid peroxidation in the freshwater cladoceran

Daphnia magna exposed to redox cycling compounds. Comparative Bio-

chemistry and Physiology, Part C 140:175�186.

Berg, J. M., Tymoczko, J. L., and Stryer, L. (2006). Biochemistry. W. H.

Freeman and Company, New York, 6th edition.

Blanchette, B., Feng, X., and Singh, B. R. (2007). Review: Marine Glu-

tathione S -Transferases. Marine Biotechnology, 9:513�542.

Bolesterli, U. A. (2009). Mechanistic Toxicology: The Molecular Basis of

How Chemicals Disrupt Biological Targets. Informa Healthcare, 2nd edi-

tion.

Borgå, K., Fisk, A. T., Hoekstra, P. F., and Muir, D. C. (2004). Biological

and chemical factors of importance in the bioaccumulation and trophic

transfer of persistent organochlorine contaminants in Arctic marine food

webs. Environmental Toxicology and Chemistry, 23(10):2367�2385.

Casarett and Doull (2008). Toxicology: The Basic Science of Poison. Mc-

Graw Hill Medical, Inc., 7th edition.

74



Cnubben, N. H., Rietjens, I. M., Wotelboer, H., van Zanden, J., and van

Bladeren, P. J. (2001). The interplay of glutathione-related processes

in antioxidant defense. Environmental Toxicology and Pharmacology,

10:141�152.

Correia, A. D., Costa, M. H., Luis, O. J., and Livingstone, D. R. (2003).

Age-related changes in antioxidant enzyme activities, fatty acid compo-

sition and lipid peroxidation in whole body Gammarus locusta (Crus-

tacea: Amphipoda). Journal of Experimental Marine Biology and Ecol-

ogy, 289:83�101.

Cossu, C., Doyotte, A., Jacquin, M., Babut, M., Exinger, A., and Vasseur,

P. (1997). Glutathione reductase, selenium-dependent glutathione per-

oxidase, glutathione levels, and lipid peroxidation in freshwater bivalves,

Unio tumidus, as biomarkers of aquatic contamination in �eld studies.

Ecotoxicology and Environmental Safty, 38:122�131.

Curtis, K. M., Gomez, L. S., Rios, C., Garbayo, E., Raval, A. P., Perez-

Pinzon, M. A., and Schiller, P. C. (2010). EF1α and RPL13a represent

normalization genes suitable for RT-qPCR analysis of bone marrow de-

rived mesenchymal stem cells. BMC Molecular Biology, 11(61):1471�2199.

DeCola, E., Robertson, T., Fletcher, S., and Harvey, S. (2006). O�shore

Oil Spill Response in Dynamic Ice Conditions: A Report to WWF on

Considerations for the Sakhalin II Project. Technical report, Alaska,

Nuka Research.

Demirbas, A., Sahin-Demirbas, A., and Hilbal Demirbas, A. (2004). Global

75



energy sources, energy usage, and future developments. Energy Sources,

26:191�204.

Dixon, D. R., Dixon, L. R. J., Shillito, B., and Gwynn, J. P. (2002). Back-

ground and induced levels of DNA damage in Paci�c deep-sea vent poly-

chaetes: the case for avoidance. Cahiers de Biologie Marine, 43:333�336.

Durbin, E., Teegarden, G., Cambell, R., Cembella, A., Baumgartner, M. F.,

and Mate, B. R. (2002). North Atlantic Ring Whales, Eubalaena glacialis,

exposed to paralytic shell�sh poisoning (PSP) toxins via a zooplankton

vector, Calanus �nmarchicus. Harmful algae, 1(3):243�251.

Falk-Petersen, S., Mayzaud, P., Kattner, G., and Sargent, J. R. (2009).

Lipids and life strategy of Arctic Calanus. Marine Biology Research,

5(1):18�39.

Fisk, A. T., Stern, G. A., Hobson, K. A., Strachan, W. J., Loewen, M. D.,

and Nordstrom, R. J. (2001). Persisitan organic pollutants (POPs) in

a small, herbivorious, Arctic marine zooplankton (Calanus hyperboreus):

Trends from April to July and the in�uence of lipids and trophic transfer.

Marine Pollution Bulletin, 43(1-6):93�101.

Foss, H. and Forbes, V. (2007). E�ects of the polycyclic aromatic hydro-

carbon �uoranthene on growth rate and the nucleic acid composition of

Capitella sp. i. Marine Biology, 129:489�497.

Gamble, S. C., Goldfarb, P. S., Porte, C., and Livingstone, D. R. (1995).

Glutathione peroxidase and other antioxidant enzyme function in marine

invertebrates (Mytifus edulis, Pecten maximus, Carcinus maenas and As-

terias rubens). Marine Environmenta Research, 39:191�195.

76



Giulio, R. D., Benson, W. H., Sanders, B. M., and van Veld, P. (1995).

Fundamentals of aquatic toxicology: E�ects, Environmental Fate, and

Risk Assessment. Taylor & Francis Group, New York, US, 2nd edition.

Greibrokk, T., Lundanes, E., and Rasmussen, K. E. (1994). Kromatogra�:

Separasjon og deteksjon. Universitetsforlaget, 3rd edition.

Hahn, M. E. (1998). The aryl hydrocarbon receptor: A comparative per-

spective. Comparative Biochemistry and Physiology, Part C, 121:23�53.

Hannam, M. L., Bamber, S. D., Moody, A. J., Galloway, T. S., and Jones,

M. B. (2010). Immunotoxicity and oxidative stress in the Arctic scal-

lop Chlamys islandica: E�ects of acute oil exposure. Ecotoxicology and

Environmental Safty, 73:1440�1448.

Hansen, B. H., Altin, D., Booth, A., Vang, S.-H., Frenzel, M., Sørheim,

K. R., Brakstad, O. G., and Størseth, T. R. (2010). Molecular e�ects

of diethanolamine exposure on Calanus �nmarchicus (Crustacea: Cope-

poda). Aquatic Toxicology, 99:212�222.

Hansen, B. H., Altin, D., Hessen, K. M., Dahl, U., and Breitholtz, M.

(2008a). Expression of ecdysteroids and cytochrome P450 enzymes dur-

ing lipid turnover and reproduction in Calanus �nmarchicus (Crustacea:

Copepoda). General and Comparative Endocrinology, 158:115�121.

Hansen, B. H., Altin, D., Nordtug, T., and Olsen, A. J. (2007). Suppression

subtractive hybridization library prepared from the copepod Calanus �n-

marchicus exposed to sublethal mixture of environmental stressors. Com-

parative Biochemistry and Physiology, Part D: Genomics and Proteomics,

2(3):250�257.

77



Hansen, B. H., Altin, D., Rørvik, S. F., Øverjordet, I. B., Olsen, A. J.,

and Nordtug, T. (2011). Comparative study on acute e�ects of water

accomodated fractions of an arti�cially weathered crude oil on Calanus

�nmarchicus and Calanus glacialis (Crustacea: Copepoda). Science of

the Total Environment, 409:704�709.

Hansen, B. H., Altin, D., Vang, S.-H., Nordtug, T., and Olsen, A. J.

(2008b). E�ects of naphthalene on gene transcription in Calanus �n-

marchicus (Crustacea: Copepoda). Aquatic Toxicology, 86:157�165.

Hansen, B. H., Nordtug, T., Altin, D., Booth, A., Hessen, K. M., and Olsen,

A. J. (2009). Gene expression of GST and CYP330A1 in lipid-rich and

lipid-poor female Calanus �nmarchicus (Copepoda: Crustacea) exposed

to dispersed oil. Journal of Toxicology and Environmental Health, Part

A, 72(3):131�139.

Heath, M., Boyle, P., Gislason, A., Gurney, W., Hay, S., Head, E., Holmes,

S., Ingvarsdóttir, A., Jónasdóttir, S., Lindeque, P., Pollard, R., Ras-

mussen, J., Richards, K., Richardson, K., Smerdon, G., and Speirs, D.

(2004). Comparative ecology of the over-wintering Calanus �nmarchicus

in the northern North Atlantic, and implications for life-cycle patterns.

ICES Journal of Marine Science, 61:698�708.

Hole, L. M., Moor, M. N., and Bellamy, D. (1993). Age-related cellular

reactions to copper in the marine mussel Mytilus edulis. Marine Ecology

Progress Series, 94:175�179.

ISO 14669 (1999). Water quality - Determination of acute lethal toxicity to

78



marine copepods (Copepoda, Crustacea). International Standard, pages

1�16.

Jensen, L. K. and Carroll, J. (2010). Experimental studies of reproduction

and feeding for two Arctic-dwelling Calanus species exposed to crude oil.

Aquatic Biology, 10:261�271.

Jensen, M. H., Nielsen, T. G., and Dahllöf, I. (2008). E�ects of pyrene on

grazing and reproduction of Calanus �nmarchicus and Calanus glacialis

from Disko Bay, Western Greenland. Aquatic Toxicology, 87(2):99�107.

Jenssen, B. M. (2006). Endocrine-disrupting chemicals and climate change:

A worst-case combination for Arctic marine mammals and seabirds. En-

vironmental Health Perspectives, 1:76�80.

Jimenez, B., Cirmo, C., and McCarthy, J. (1987). E�ects of feeding and

temperature on uptake, elimination and metabolism of benzo(a)pyrene in

the bluegill sun�sh (Lepomis macrochirus). Aquatic Toxicology, 10:41�57.

Kearns, P. R. and Hall, A. G. (1998). Glutathione and the response of

malignant cells to chemotherapy. Drug Discovery Today, 3(3):113�121.

Kim, M.-C., Cho, S.-M., and Jeong, W.-G. (2007). Short-term physio-

logical response of the Paci�c oyster, Crassostrea gigas, on exposure to

varying levels of polycyclic aromatic hydrocarbon. Aquaculture Research,

38:1612�1618.

Koszteyn, J., Timofeev, S., Weslawski, J., and Malinga, B. (1995). Size

structure of Themisto abyssorum boeck and Themisto libellula (mandt)

populations in European Arctic seas. Polar Biology, 15:85�92.

79



Landrum, P. F. (1988). Toxicokinetics of organic xenobiotics in the amphi-

pod, Pontoporeia hoyi : role of physiological and environmental variables.

Aquatic Toxicology, 12:245�271.

Lavarías, S., Heras, H., Pedrini, N., Tournier, H., and Ansaldo, M.

(2011). Antioxidant response and oxidative stress levels inMacrobrachium

borellii (Crustacea: Palaemondiae) exposed to water-soluble fraction of

petroleum. Comparative Biochemistry and Physiology, Part C, 153:415�

421.

Lee, K.-W., Raisuddin, S., Rhee, J.-S., Hwang, D.-S., Yuc, I. T., Lee, Y.-M.,

Park, H. G., and Lee, J.-S. (2008). Expression of glutathione S-transferase

(GST) genes in the marine copepod Tigriopus japonicus exposed to trace

metals. Aquatic Toxicology, 89:158�166.

Lee, R. F. (1974). Lipid composition of the copepod Calanus hyperboreas

from the Arctic Ocean. changes with depth and season. Marine Biology,

26:313�318.

Lee, R. F., Hirota, J., and Barnett, A. M. (1971a). Distribution and impor-

tance of wax esters in marine copepods and other zooplankton. Deep-Sea

Researche, 18:1147�1165.

Lee, R. F., Nevenzel, J. C., and Pa�enhöfer (1971b). Importance of wax

esters and other lipids in the marine food chain: phytoplankton and cope-

pods. Marine Biology, 9:99�108.

Lee, R. F., Singer, S. C., and Page, D. S. (1981). Responses of cytochrome P-

450 systems in marine crab and polychaetes to organic pollutants. Aquatic

Toxicology, 1:355�365.

80



Livingstone, D., O`Hara, S., Frettsome, A., and Rundle, J. (2001). Environ-

ment and Animal Development: Contaminant-mediated pro-/antioxidant

processes and oxidative damage in early life stages of �sh. BIOS.

Loeng, H. and Drinwater, K. (2007). An overview of the ecosystems of the

Barents and Norwegian Seas and their response to climate variability.

Deep-Sea Researche II, 54:2478�2500.

Luca-Abbot, S. B. D., Richardson, B. J., McClellan, K., Zheng, G. J.,

Martin, M., and Lam, P. K. (2005). Field validation of antioxidant en-

zyme biomarkers in mussels (Perna viridis) and clams (Ruditapes philip-

pinarum) transplanted in Hong Kong coastal waters. Marine Pollution

Bulletin, 51:694�707.

Madsen, S. D., Nielsen, T. G., and Hansen, B. (2001). Annual population

development and production by Calanus �nmarchicus, Calanus glacialis

and Calanus hyperboreus in Disko Bay, western Greenland. Marine Biol-

ogy, 139:75�93.

Magnusson, K., Magnusson, M., Östberg, P., Granberg, M., and Tiselius,

P. (2007). Bioaccumulation of 14C − PCB and 14C − PBDE99 in the

marine planctonic copepod Calanus �nmarchicus under di�erent food

regimes. Marine Environmental Research, 63(1):67�81.

Marshall, S. M. and Orr, A. P. (1972). The Biology of a Marine Copepod.

Springer-Verlag, Berlin, Heidelberg, New York.

Martínez-Jeronimo, F., Villasenor, R., Rios, G., and Espirosa-Chavez, F.

(2005). Toxicity of the crude oil water-soluble fraction kaolin-adsobed

81



crude oil on Daphnia magna (Crustacea: Anomopoda). Archieves of

Environmental Contamination and Toxicology, 48(4):444�449.

Mauchline, J. (1998). Advances in Marine Biology: The biology of calanoid

copepod. Academic Press, San Diego, CA, USA.

McConnaughay, B. (1978). Introduction to marine biology. Mo.: C.V.

Mosby, Saint Louis, 3rd edition.

Miller, C., Morgan, C., Prahl, F., and Sparrow, M. (1998). Storage lipids

of the copepod Calanus �nmarchicus from Georges Bank and the Gulf of

Maine. Limonol Oceanography, 43:488�497.

Miller, G., Birgham-Grette, J., Alley, R., Anderson, L., Bauch, H., Dou-

glas, M., Edwards, M., Elias, S., Finney, B., Fitzpatrick, J., Funder, S.,

Herbert, T., Hinzman, L., Kaufman, D., MacDonald, G., Robock, A.,

Serreze, M., Smol, J., Spielhagen, R., White, J., Wolfe, A., and Wol�, E.

(2010). Temperature and precipitation history of the Arctic. Quanternary

Science Reviews, 29:1679�1715.

Miller, G. and Connell, D. (1982). Global production and �uxes of

petroleum and recent hydrocarbons. Internasjonal Journal of Environ-

mental Studies, 19:273�280.

Mortensen, A., Tolfsen, C., and Arukwe, A. (2006). Gene expression

patterns in estrogen (nonylphenol) and aryl hydrocarbon receptor ago-

nists (PCB-77) interaction using rainbow trout (Oncorhynchus mykiss)

primary hepatocyte culture. Journal of Toxicology and Environmental

Health - part A - current issues, 69(1-2):1�19.

82



Motulsky, H. J. (2007). Prism 5 Statistics Guide. GraphPad Software Inc.,

San Diego CA, www.graphpad.com.

Muller, P. Y., Janovjak, H., Miserez, A., and Debbie, Z. (2002). Processing

of gene expression data generated by quantitaitve real-time RT-PCR.

Biotechniques, 32:1372�1379.

NanoDrop (2010). Thermo Scienti�c NanoDrop spectrophotometers - Nu-

cleic Acids. http://www.nanodrop.com/ND1/NucleicAcid-Booklet.html

[Downloaded 05.05.2011], pages 1�30.

Navenzel, J. C. (1970). Occurrence, function and biosynthesis of wax esters

in marine organisms. Lipids, 5:308�319.

Ne�, J. M. (2002). Bioaccumulation Marine Organisms: E�ect of Contam-

inants from Oil Well Produced Water. Elsevier Ltd, 1st edition.

Nuwaysir, E. F., Bittner, M., Trent, J., Barrett, J. C., and cynthia A. Af-

shari (1999). Microarrays and toxicology: The advent of toxicogenomics.

Molecular carsinogenesis, 24:153�159.

OLF (2011). Tilgang til nytt og attraktivt areale.

http://olf.no/no/Faktasider/Nytt-areal/ [Downloaded 05.04.2011].

Olsen, G. H., Carroll, M. L., Renaud, P. E., Jr, W. G. A., Olssøn, R., and

Carroll, J. (2007). Benthic community response to petroleum-associated

components in Arctic versus temperate marine sediments. Marine Biol-

ogy, 151:2167�2176.

Pedersen, O., Tande, K., and Slagstad, D. (2001). A modell study of de-

mography and spatial distribution of Calanus �nmarchicus at the Norwe-

83



gian coast. Deep Sea Research Part II: Topical Studies in Oceanography,

48:456�587.

Pepin, P. and Head, E. (2009). Seasonal and depth-dependent variatoins in

size and lipid contents of stage 5 copepodites of Calanus �nmarchicus in

the waters of Newfoundland Shelf and Labrador Sea. Deep-Sea Researche

I, 56:989�1002.

Peters, L., Porte, C., Albaigés, J., and Livingstone, D. (1994). 7-

Ethoxyresoru�n O-deethylase (EROD) and antioxidant enzyme activities

in larvae of sardine (Sardina Pilchardus) from the North Coast of Spain.

Marine Pollution Bulletin, 28:299�304.

R Development Core Team (2011). R: A Language and Environment for

Statistical Computing. R Foundation for Statistical Computing, Vienna,

Austria. ISBN 3-900051-07-0.

Review by Chapman, P. and Riddle, M. (2005). Toxic e�ects of contami-

nants in polar marine environments. Environmental Science Technology,

39:200�2007.

Rewitz, K., Kjellerup, C., Jørgensen, A., Petersen, C., and Andersen, O.

(2004). Identi�cation of two Nereis virens (Annelida: Polychaeta) cy-

tochromes P450 and induction by xenobiotics. Comparative Biochemistry

and Physiology, Part C, 138:89�96.

Rewitz, K., Styrishave, B., and Andersen, O. (2003). CYP330A1 and

CYP4C39 enzymes in the shore crab Carcinus maenas: sequence and

expression regulation by ecdysteroids and xenobiotics. Biochemical and

Biophysical Research Communications, 319:252�260.

84



Richardson, B. J., Mak, E., Luca-Abbot, S. B. D., Martin, M., and Mc-

Clellan, K. (2008). Antioxidant responses to polycyclic aromatic hy-

drocarbons and organochlorine pesticides in green-lipped mussels (Perna

viridis): Do mussels "integrate" biomarker responses? Marine Pollution

Bulletin, 57:503�514.

Ringwood, A. and Conners, D. (2000). The e�ects of glutathione deple-

tion on reproductive success in oysters, Crassostrea virginica. Marine

Environmenta Research, 50:207�211.

Rust, A. J., Burgees, R. M., Brownawell, B. J., and McElroy, A. E. (2004).

Relationship between metabolism and bioaccumulation of benzo(a)pyrene

in benthic invertebrates. Environmental Toxicology and Chemistry,

23(11):2587�2593.

Sakshaug, E., Bjørge, A., Gulliksen, B., Loeng, H., and Mehlum, F. (1992).

Økosystem Barentshavet. Mesna-Trykk A.S.

Sastri, A. and Dower, J. (2009). Interannual variability in chitobiase-based

production rates of the crustacean zooplankton community of Strait of

Georgia. Marine Ecology Progress Series, 388:147�157.

Singer, M. M. (2001). Making, measuring, and using water-accomodated

fractions of petroleum for toxicity testing. www.iosc.org/papers/01181.pdf

[Downloaded 24.01.2011], pages 1269�1274.

Singh, M. P., Reddy, M. K., Mathur, N., Saxena, D., and Chowdhuri, D. K.

(2009). Induction of hsp70, hsp60, hsp83 and hsp26 and oxidative stress

markers in benzene, toluene and xylene exposed Drosophila melanogaster :

85



Role of ROS generation. Toxicology and Applied Pharmacology, pages

226�243.

Snyder, M. J. (1998). Cytochrome P450 enzymes belonging to the CYP4

family from marine invertebrates. Biochemical and Biophysical Research

Communications, 249:187�190.

Snyder, M. J. (2000). Cytochrome P450 enzymes in aquatic invertebreates:

recent advances and future directions. Aquatic Toxicology, 48:529�547.

Soltaninassab, S. R., Sekhar, K. R., Meredith, M. J., and Freeman, M. L.

(2000). Multi-faceted regulaton of γ-Glutamylcysteine Synthetase. Jour-

nal of cellular physiology, 182:163�170.

Speirs, D., Gurney, W., Heath, M., Horbelt, W., Wood, S., and de Cuevas,

B. (2006). Oceanscale modeling of the distribution, abundance, and sea-

sonal dynamics of the copepod Calanus �nmarchicus. Marine Ecology

Progress Series, 313:173�192.

Street, G., Lotufo, G., Montagna, P., and Fleeger, J. (1998). Reduced

genetic diversity in a meiobenthic copepod exposed to xenobiotic. Journal

of Experimental Marine Biology and Ecology, 93:93�111.

Subramoniam, T. (2000). Review: Crustacean ecdysteriods in reproduction

and embryogenesis. Comparative Biochemistry and Physiology, Part C,

125:135�156.

Tande, K. S. (1991). Calanus in North Norwegian fjords and in the Barents

Sea. Polar Research, 10(2):389�407.

86



Tang, R., Dodd, A., Lai, D., McNabb, W. C., and Love, D. R. (2007). Vali-

dation of zebra�sh (Danio rerio) reference genes for quantitative real-time

RT-PCR normalization. Acta Biochimica et Biophysica Sinica, 39(5):384�

390.

Viarengo, A., Canesi, L., Pertica, M., and Livingstone, D. R. (1991). Sea-

sonal variations in the antioxidant defence systems and lipid peroxidation

of the digestive gland of mussels? Comparative Biochemistry and Physi-

ology, 100C:187�191.

Winston, G. W. and Giulio, R. T. D. (1991). Prooxidant and antioxidant

mechanisms in aquatic organisms. Aquatic Toxicology, 19:137�161.

87



Appendix

The chemical analysis of the WSFs were done at SINTEF Material and

Chemistry. All the components that were detected are presented in Table

A.1-A.2. Table A.3 shows the summarized values used in the results.

The raw data of the gene expression calculations are presented in Table

A.4-A.5.

Table A.6-A.7 present the biometrically measurements and calculations

in ImageJ and Excel. The results were used in the linear multi variable

regression analysis for both C. �nmarchicus (A) and C. glacialis (B).

88



Table A.1: The VOCs compounds that were found in fresh crude oil WSFs

LC50 Matrise Matrise LC-50

VOC ug/L µg/L µg/L µg/L

Isopentane 180.9082383 230.6769116 238.6104082 210.3355186

n-C5 (Pentane) 46.4334768 43.31749146 38.76629041 32.38353528

Cyclopentane 436.3856252 471.3979269 486.2229265 462.3295832

2-methylpentane 53.37121541 36.06938631 30.73292066 22.80322004

3-Methylpentane 44.96519359 26.55669398 24.00702156 17.56654684

n-C6 (Hexane) 58.56708046 6.934486315 3.443815309 2.494407933

Methylcyclopentane 343.9167132 376.4683154 399.9072464 341.3271123

Benzene 140.6592535 133.3948793 142.059798 136.2881188

Cyclohexane 736.8385925 827.3038355 875.9774583 788.7017983

2,3-Dimethylpentane 0 0 0 0

3-methylhexane 0 0 2.003290031 0

n-C7 (Heptane) 5.567471264 0 0 0

Methylcyclohexane 323.3991302 322.5802943 346.5402368 257.630832

2,4-dimethylhexane 0 0 0 0

Toluene 141.6746495 126.3755673 129.2612935 127.0105299

2-Methylheptane 0 0 0 0

n-C8 (Octane) 0 0 0 0

Ethylbenzene 401.8697742 418.9774262 433.8490868 430.8603614

m-Xylene 994.3015015 1089.362308 1084.694622 1134.706021

p-Xylene 330.666812 331.8018168 342.9153666 351.2083269

o-Xylene 254.853035 253.5987278 250.9667298 261.276472

n-C9 (Nonane) 6.88 2.783485632 0 0

Propylbenzene 27.31841089 20.60099889 20.03413443 17.37810301

1-Methyl-3-ethylbenzene 110.745645 107.4624867 107.6841325 102.1428816

1-Methyl-4-ethylbenzene 32.8124802 31.60442389 30.57880796 29.65117047

1,3,5-Trimethylbenzene 58.05431802 55.05537446 54.45261837 52.75029985

1-Methyl-2-ethylbenzene 47.91585974 42.34018949 41.12375825 40.3961017

1,2,4-Trimethylbenzene 148.8702964 140.4025257 132.9408595 132.9512343

1,2,3-Trimethylbenzene 58.76908269 51.2743523 45.63483257 45.92006147

n-C10 (Decane) 3.146543543 14.27212668 0 0

n-Butylbenzene 2.411978378 1.216191503 0.894181761 0.53133299

1,2,4,5-Tetramethylbenzene 0.6554181 0.459187103 0.405437465 0.35184691

n-Pentylbenzene 3.596277724 2.677970426 1.854495813 1.687818193

C4-Benzenes 35.89560587 24.14611057 21.29799993 17.26848989

C5-Benzenes 2.432525347 0 0.120991722 0

Calanus finmarchicus Calanus glacialis
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Table A.2: The SVOCs that were found in fresh crude oil WSFs

LC50 Matrise Matrise LC50

SVOC ug/L µg/L µg/L µg/L

Decalin 2.351143 0.497212 0.108852 1.089741

C1-decalins 2.626169 0.356461 0.250195 0.570687

C2-decalins 1.22522 0.428735 0.413239 0.500487

C3-decalins 0.993688 0.809746 0.81277 0.745601

C4-decalins 0 0.675803 0 0

Benzo(b)thiophene 0.077718 0 0.053205 0

Naphthalene 103.4233 147.7314 137.1386 135.6919

C1-naphthalenes 70.39497 90.02945 87.56004 90.21271

C2-naphthalenes 22.6847 21.5273 20.91645 21.35951

C3-naphthalenes 5.383231 5.361253 5.375193 5.280656

C4-naphthalenes 0 2.954783 3.51737 3.381787

Biphenyl 6.899874 6.662046 6.494124 6.531534

Acenaphthylene 0.054827 0.017096 0.022124 0.022052

Acenaphthene 0.597542 0.579223 0.552983 0.547332

Dibenzofuran 0.576856 0.557364 0.540483 0.525043

Fluorene 2.090396 2.067986 2.008431 1.939629

C1-fluorenes 1.633379 2.671541 3.587876 2.911515

C2-fluorenes 2.233444 2.505903 2.897373 2.535058

C3-fluorenes 1.212325 1.40153 1.905134 1.593153

Phenanthrene 1.26308 1.285902 1.247554 1.183322

Anthracene 0.396285 0.474996 0.480791 0.431771

C1-phenanthrenes/anthracenes 1.167479 1.298378 1.313869 1.18915

C2-phenanthrenes/anthracenes 0.689172 1.430658 1.573979 1.273878

C3-phenanthrenes/anthracenes 0.192564 0.654816 0.785826 0.832272

C4-phenanthrenes/anthracenes 0 0.798324 0.976739 0.837999

Dibenzothiophene 0.264897 0.251969 0.252297 0.249019

C1-dibenzothiophenes 1.031549 1.161648 1.428452 1.286775

C2-dibenzothiophenes 0 1.397003 1.580076 1.63445

C3-dibenzothiophenes 0 1.14476 1.074169 1.408559

C4-dibenzothiophenes 0 0.660085 0.687054 0.65083

Fluoranthene 0.041018 0.037527 0.043931 0.046135

Pyrene 0.021139 0.019918 0.019051 0.017729

C1-fluoranthrenes/pyrenes 0.176266 0.229884 0.277343 0.229955

C2-fluoranthenes/pyrenes 0.136866 0.23947 0.291351 0.303868

C3-fluoranthenes/pyrenes 0 0.132888 0.185347 0.178248

Benz(a)anthracene 0.000772 0 0.00763 0

Chrysene 0.011319 0 0 0

C1-chrysenes 0 0 0 0

C2-chrysenes 0 0 0 0

C3-chrysenes 0 0 0 0

C4-chrysenes 0 0 0 0

Benzo(b)fluoranthene 0 0 0 0

Benzo(k)fluoranthene 0 0 0 0

Benzo(e)pyrene 0 0 0 0

Benzo(a)pyrene 0 0 0 0

Perylene 0 0 0 0

Indeno(1,2,3-c,d)pyrene 0 0 0 0

Dibenz(a,h)anthracene 0 0 0 0

Benzo(g,h,i)perylene 0 0 0 0

Phenol 1.258716 0.619534 0.773959 0.421027

C1-Phenols (o- og p-cresol) 3.490352 2.929669 2.646654 3.856221

C2-Phenols 14.4985 9.708187 7.279272 8.798698

C3-Phenols 5.45445 5.625611 4.412216 4.665842

C4-Phenols 4.219146 3.235421 2.84966 3.034972

C5-Phenols 2.581145 2.565487 2.641754 2.5232

C. finmarchicus C. glacialis
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Table A.3: The summarized concentration of the compounds making the
basic for the chemical results presented in the result section

LC50 Matrise Matrise LC50

THC (GC-FID) 3598.56255 5430.86081 5140.98325 5847.96709

SUM VOC 4995.55407 5164.96538 5265.56177 5000.68324

Benzene 140.659254 133.394879 142.059798 136.288119

Toluene 141.67465 126.375567 129.261294 127.01053

Ethylbenzene 401.869774 418.977426 433.849087 430.860361

Xylenes 1579.82135 1674.76285 1678.57672 1747.19082

SUM BTEX 2264.02503 2353.51073 2383.7469 2441.34983

Sum C4-C5-benzenes

SUM THC (for LC50) 8594.11662 10595.8262 10406.545 10848.6503

Sum SVOC (excl phenols) 261.353506 322.736971 306.98343 310.492337

Naphthalenes 201.886215 267.604193 254.507666 255.926583

2-3 ring PAH 20.3036699 27.0212274 29.4093335 27.5833447

4-6 ring PAH 0.38737914 0.65968599 0.82465376 0.77593461

C0-C5 phenols 31.5023046 24.683908 20.6035149 23.2999593

Decalins 7.1962197 2.76795622 1.5850563 2.90651536

C. finmarchicus C. glacialis
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Table A.4: The MNE results for C. �nmarchicus obtain from Q-Gene

CYP330A1 gGCS GST SOD

CFT-1-12 0.006569965 0.048490002 0.021246162 0.021448233

CFT-2-12 0.010165496 0.073291505 0.022883515 0.017568529

CFT-3-12 0.013957675 0.119848656 0.047893222 0.040669408

LFT-1-12 0.008274212 0.061685133 0.016519732 0.020260323

LFT-2-12 0.011623405 0.062353231 0.015864771 0.016031033

LFT-3-12 0.013490595 0.062976098 0.021107505 0.016387788

MFT-1-12 0.021889817 0.113657726 0.030470273 0.018320063

MFT-2-12 0.014679838 0.061938695 0.019550639 0.011848468

MFT-3-12 0.01269043 0.078106842 0.025211347 0.013162447

HFT-1-12 0.010417805 0.052474885 0.030132506 0.029922913

HFT-2-12 0.006815235 0.049562456 0.033280915 0.012607924

HFT-3-12 0.009405474 0.064156619 0.038772846 0.050396256

CFT-1-24 0.006828303 0.059221589 0.013784216 0.010323648

CFT-2-24 0.009925894 0.080976707 0.021278296 0.019801052

CFT-3-24 0.010688765 0.083386561 0.039493055 0.058831241

LFT-1-24 0.008486459 0.144611884 0.033409206 0.04824413

LFT-2-24 0.007190526 0.051824511 0.021214048 0.069587996

LFT-3-24 0.010087357 0.088489929 0.046241878 0.074935783

MFT-1-24 0.01094738 0.058737634 0.019916259 0.050193276

MFT-2-24 0.010090061 0.076617785 0.023998951 0.028723848

MFT-3-24 0.010011929 0.086933202 0.031395574 0.018445931

HFT-1-24 0.009642502 0.041793608 0.029179619 0.02782393

HFT-2-24 0.003994874 0.038243755 0.030007707 0.008422021

HFT-3-24 0.009858505 0.045380012 0.031643376 0.028700402

CFT-1-48 0.010314565 0.071715321 0.019908116 0.026042172

CFT-2-48 0.013006869 0.075231165 0.025765408 0.037329876

CFT-3-48 0.004284108 0.053902269 0.023700842 0.022236413

LFT-1-48 0.006328092 0.086391861 0.016938485 0.013430817

LFT-2-48 0.010412722 0.080256163 0.024646668 0.025038868

LFT-3-48 0.005851965 0.077870602 0.027982838 0.078124525

MFT-1-48 0.006086961 0.044339128 0.017965379 0.020028122

MFT-2-48 0.012865923 0.073027886 0.022418016 0.016908237

MFT-3-48 0.008336573 0.094277214 0.028360885 0.057228093

HFT-1-48 0.006714038 0.050556531 0.038892218 0.028174717

HFT-2-48 0.010012133 0.101184928 0.082812412 0.016922495

HFT-3-48 0.007451897 0.098467336 0.056906949 0.060254465
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Table A.5: The MNE results for C. glacialis obtain from Q-Gene

CYP330A1 gGCS GST SOD

Troll-12-C1 0.00072018 0.0136946 0.11374864 0.00049397

Troll-12-C2 0.00048305 0.0132964 0.1381385 0.00047147

Troll-12-C3

Troll-12-L1 0.0003805 0.01787069 0.10819815 0.00049246

Troll-12-L2 0.0006434 0.01352913 0.13730722 0.00057465

Troll-12-L3 0.00198617 0.02125982 0.17805694 0.00118378

Troll-12-M1 0.00055213 0.00985675 0.16442179 0.00270174

Troll-12-M2 0.00039782 0.02603953 0.16303114

Troll-12-M3 0.00084593 0.00650577 0.12204225 0.00176264

Troll-12-H1 0.00055155 0.01977351 0.25016597 0.00057342

Troll-12-H2 0.00081477 0.01411369 0.14103678 0.00064561

Troll-12-H3 0.00114792 0.00949854 0.09007618 0.00064658

Troll-24-C1 0.00050298 0.03028034 0.15580887 0.00059591

Troll-24-C2 0.00120408 0.02729163 0.15530141 0.00047611

Troll-24-C3 0.00079647 0.01756799 0.12896546 0.00048285

Troll-24-L1 0.00156536 0.02244237 0.11820977 0.00051019

Troll-24-L2 0.00194774 0.02282867 0.22081135 0.00074081

Troll-24-L3 0.00477065 0.23346629

Troll-24-M1 0.00165933 0.01560286 0.13566475 0.00059985

Troll-24-M2 0.00101242 0.01414478 0.16875666 0.00080098

Troll-24-M3 0.00034989 0.02599189 0.19588547 0.00085548

Troll-24-H1 0.0008241 0.00319586 0.23346799 0.00059276

Troll-24-H2 0.0004793 0.0175108 0.17232665 0.00064965

Troll-24-H3 0.00040868 0.01623738 0.1782009 0.00043964

Troll-48-C1 0.00025354 0.01389013 0.08010108 0.00040744

Troll-48-C2 0.00095798 0.00604889 0.10381945 0.00073541

Troll-48-C3 0.00068455 0.01286112 0.08680476 0.00050641

Troll-48-L1 0.00049438 0.02200592 0.1163497 0.00047855

Troll-48-L2 0.00051403 0.01117906 0.10747846 0.00051058

Troll-48-L3 0.00075312 0.00420941 0.17961664 0.00057501

Troll-48-M1 0.00095248 0.01244058 0.11398567 0.00068781

Troll-48-M2 0.00077379 0.03484768 0.23763482 0.00076957

Troll-48-M3 0.00169689 0.02194696 0.18256965 0.00079397

Troll-48-H1 0.0009649 0.012741 0.35258669 0.00046395

Troll-48-H2 0.00144412 0.00929604 0.30442028 0.00042779

Troll-48-H3 0.00113299 0.02148673 0.32184965 0.0004858
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Table A.6: The measured and calculated values for C. �nmarchicus.
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Table A.7: The measured and calculated values for C. glacialis.

B E
x
p

o
su

re
 t

im
e

P
h

o
to

 n
r

st
a
g
e

co
m

m
en

ts
A

 b
o
d

y
L

 b
o
d

y
A

 l
ip

id
 s

a
c

L
 l

ip
id

 s
a
c

V
 l

ip
id

 s
a
c

V
 b

o
d

y
%

 l
ip

id
 s

a
c

2
4

F
ra

m
e_

$
F

1
C

V
1
.5

1
6

2
.6

0
5

0
.3

5
1

2
.3

9
3

0
.0

4
0
4
1
4
8
7

0
.6

9
2
5
6
4
6
6
8

5
.8

3
5
5
3
7
4
3
4

2
4

F
ra

m
e_

$
F

1
.j

p
g

C
V

1
.6

9
2
.8

1
1

0
.2

6
2
.1

8
2

0
.0

2
4
3
1
9
8
9

0
.7

9
7
5
9
4
6
2
8

3
.0

4
9
1
5
4
1
8
8

4
8

4
8
_
1
_
$
F

1
C

V
2
.6

8
3
.4

4
1

0
.4

1
1

2
.4

6
2

0
.0

5
3
8
5
9
8
6
4

1
.6

3
8
5
3
0
6
6

3
.2

8
7
0
8
3
0
7
1

4
8

4
8
-2

_
0
0
1
.j

p
g

C
V

3
.5

3
2

3
.9

1
6

1
.0

2
3
.7

1
1

0
.2

2
0
0
7
9
2
2
4

2
.5

0
0
7
3
8
9
7
9

8
.8

0
0
5
6
7
5
8
5

4
8

4
8
-2

_
0
0
2
.j

p
g

C
V

3
.0

2
5

3
.6

4
5

1
.0

4
8

3
.3

7
4

0
.2

5
5
5
3
3
0
8
8

1
.9

7
0
7
1
0
7
3
4

1
2
.9

6
6
5
4
4
7
1

7
2

T
ro

ll
_
7
2
_
h
rs

_
D

y
r1

C
V

2
.8

0
9

3
.3

2
7

1
.4

7
3

3
.2

3
3

0
.5

2
6
8
2
8
7
2
4

1
.8

6
1
7
4
5
5
9
2

2
8
.2

9
7
5
6
7
9
6

9
6

9
6
_
1
_
0
0
1

C
V

2
.4

4
7

3
.1

0
7

1
.2

5
7

2
.9

8
9

0
.4

1
4
9
6
7
7
0
3

1
.5

1
2
8
5
1
6
4
6

2
7
.4

2
9
5
0
4
0
3

9
6

9
6
_
1
_
0
0
2

C
V

1
.8

7
4

2
.9

1
5

0
.6

3
2

2
.7

5
3

0
.1

1
3
8
9
3
1
4
9

0
.9

4
5
7
3
6
7
6
2

1
2
.0

4
2
7
9
6
0
4

9
6

9
6
_
1
_
0
0
3

C
V

sp
li

t 
li

p
id

 s
ac

2
.7

6
1
.0

1
9

0
.6

9
5

0
.3

1
1

1
.2

1
9
2
1
1
0
1
3

5
.8

6
8
3
1
7
9
5
9

2
0
.7

7
6
1
5
8
0
3

9
6

9
6
-2

_
0
0
8

C
V

2
.1

2
2

2
.9

8
3

0
.9

2
2

2
.8

7
5

0
.2

3
2
1
0
9
8
9
2

1
.1

8
4
9
6
9
4
7
4

1
9
.5

8
7
8
3
7
2
7

9
6

9
6
-2

_
0
0
9

C
V

2
.5

5
1

3
.1

0
1

1
.2

4
6

3
.0

2
3

0
.4

0
3
1
5
0
8
6
3

1
.6

4
7
3
6
1
1
0
4

2
4
.4

7
2
5
2
5
3
2

9
6

9
6
-2

_
0
0
6

C
V

1
.8

2
2
.9

3
1

0
.5

4
8

2
.7

4
9

0
.0

8
5
7
5
4
3
2
5

0
.8

8
7
1
4
9
0
9
6

9
.6

6
6
2
8
1
0
8

1
2
0

1
2
0
_
1
_
0
0
1

C
V

1
.6

6
9

2
.7

5
0
.4

1
2

2
.1

9
0
.0

6
0
8
4
4
3
1
1

0
.7

9
5
1
5
1
0
4
9

7
.6

5
1
9
1
8
5
3
4

1
2
0

1
2
0
_
1
_
0
0
2

C
V

2
.1

7
7

3
.0

6
7

0
.8

9
1

2
.9

9
3

0
.2

0
8
2
1
8
0
3
7

1
.2

1
3
0
3
3
3
4
4

1
7
.1

6
5
0
7
1
2

1
2
0

1
2
0
-2

_
0
0
1

C
V

3
.4

6
5

3
.6

6
2

0
.7

1
3

2
.5

9
2

0
.1

5
3
9
6
2
0
6
2

2
.5

7
3
6
9
9
2
4
2

5
.9

8
2
1
3
1
0
7
4

95


	Title Page
	masteroppgave.pdf

