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Summary

Today, assessment of the health of coastal waters is recognized as being
important for both the conservation of nature and well-being of humans.
Anthropogenic pollution has been the focus of extensive research for some
time and a variety of programs for the monitoring and assessment of en-
vironmental pollution have been developed. Determination of the levels of
pollution in sensitive ‘sentinels’ such as mussels, allows monitoring of these
levels in a given area over a prolonged period of time. Furthermore, the
biological effects of pollution are reflected in a series of biomarkers, none
of which provides a general picture of the sentinel’s state of health and all
of which are individually specific for certain pollutants and influenced by
both biotic and abiotic factors.

In an attempt to improve biomonitoring of marine pollution, we have
developed two proteomic approaches here. In the first portion of the the-
sis, a proteomic analysis was performed on peroxisomes isolated from mus-
sels exposed either to one of three model anthropogenic pollutants, or two
different types of crude oil, or from mussels exposed to the Prestige oil
spill. Application of two-dimensional electrophoresis (2-DE) provided pro-
tein expression signatures (PES) for exposure to these different pollutants.
Furthermore, several individual protein components of these PES could be
putatively identified.

In the second portion of this work, such analysis of subproteomes was
developed further in order to improve the applicability of this approach
to biomonitoring. A simple fractionation procedure in combination with
liquid chromatography and 2-DE provided samples from mussels residing
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in different regions of a pollution gradient around the harbor of Gothenburg,
as well as from mussels exposed to two types of fuel oil similar to that of
the Prestige that were suitable for environmental proteomics. In addition,
we constructed a model for this approach that can be cross-validated in the
future and applied to assess sources of fuel oil pollution in connection with
biomonitoring programs.
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Chapter 1

Environmental proteomics

The overriding goal of environmental proteomics is to detect alterations
in the proteome of an organism that occur in response to environmental
stressors. Since proteins are the key elements of the cellular machinery
that react to stress and; in addition, are present in large numbers and
can be regulated functionally at a number of different levels, this approach
should be of considerable value in assessing environmental pollution.

1.1 Biomonitoring and assessment of marine pol-
lution

Today, assessment of the health of coastal waters is recognized as being
important for both the conservation of nature and well-being of humans.
Not only are marine environments a source of joy, they are also the habitat
of rich ecosystems whose survival often remains outside of human control.
Many of our activities produce large amounts of contaminants that pollute
both marine and terrestrial environments. In addition to exerting negative
effects on the health of organisms living in these environments, eventu-
ally causing damage to the ecosystem and even endangering species, such
pollutants may both poison and reduce sources of food for human, both
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natural and maricultural. Anthropogenic pollution is certainly not only a
recent phenomenon and although it is in the general interest to diminish
the effects of pollution on biota, the progress associated with our extensive
industrialization and use of sophisticated chemical processes unfortunately
often collide with the goal of diminishing pollution. In addition, naturally
occurring phenomena, such as algal blooms, can also be a source of chemical
pollution.

Chemical pollution can originate from a variety of sources and lead to
many different effects. Direct chemical analyses of marine pollution are
generally limited to compounds that can be measured at low levels and
cost and/or are of particular concern in a given area [104]. Moreover, such
analyses of water and biological tissues cannot alone reveal the health sta-
tus of an ecosystem and it is therefore necessary to monitor the responses
of biota to the pollutants as well. At the same time, since the simultaneous
presence of several pollutants can give rise to additive, synergistic and/or
even antagonistic effects [102], chemical analysis remains necessary. In this
respect, important monitoring of the levels of anthropogenic pollutants in
coastal ecosystems, providing invaluable historical information for future
monitoring and risk assessment, has already been performed. One out-
standing example of this is the quantitation of contaminants in sediments,
mussels, and oysters over a period of two decades (1986-2006) by the USA
National Oceanic and Atmospheric Administration (NOAA) [48].

1.1.1 Bivalve mollusks

Numerous monitoring programs around the globe (including the one
carried out by NOAA and mentioned above) involve routine sampling of
bivalve mollusks (Mollusca: Bivalvia) as a means of assessing water qual-
ity. Such campaigns are based on the concept of ‘Mussel Watch’ proposed
in the 1970’s by Goldberg [31, 32], who pointed out that mollusks, and
especially mussels, are appropriate ‘sentinel’ organisms for biomonitoring
water quality for several reasons [102, 104]. These organisms are sessile
and filter feeders, pumping large volumes of water through their organs and
thereby bioaccumulating pollutants at concentrations as much as 100,000
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times greater than those present in the surrounding water. This attribute
makes them ideal for assessment of local water quality in an integrated
spatiotemporal manner. Moreover, mussels are responsive to the biological
effects of pollutants, even though their capacity for xenobiotic biotransfor-
mation is limited in comparison to those of other aquatic animals, such as
fish and crustaceans. At the same time, their relatively slow rate of detoxi-
cation can provide a more reliable measure of the actual levels of pollution
in a given environment, as well as promote biomagnification of pollutants
higher up in the food chain. In addition, mussels are widely distributed
and present in large numbers in the aqueous environment, which allows
repeated sampling at many different locations.

Among bivalve mollusks, mussels of the genus Mytilus L., 1758, are fre-
quently employed as ‘sentinel’ organisms (Fig. 1.1). One reason for this is
that our extensive knowledge of the ecology, physiology, genetics and aqua-
culture of this organism facilitates such studies [34]. The genomes of Mytilus
spp. have not yet been sequenced, but they have been estimated to contain
1.29–2.11 pg of haploid DNA (the C-value), which corresponds to approx-
imately 1.3–2.1 ×109 base pairs. (See [35] and references therein). The
present investigations have been carried out on the species M. edulis and
M. galloprovincialis, whose genomes have been estimated to contain 1.56–
1.67 ×109 bp and 1.4–1.9 ×109 bp, respectively. The GenBank database
([13], Release 169.0) documents the sequences of only a small number of
genes for each of these species: 16 for M. edulis and 12 for M. galloprovin-
cialis, most of which are different forms of NADH dehydrogenase and cy-
tochrome c. Although 1,381 and 1,298 nucleotide sequences and 1,174 and
726 protein sequences for these species, respectively, are registered in this
database, these numbers, are much lower by far than those available for
other model organisms.

1.1.2 Digestive glands

Of the several types of mussel tissue of interest in connection with
biomonitoring – including the gills (ctenidia), gonads, haemolymph, and
digestive glands (Fig. 1.1C) – the latter was used in the present investiga-
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tion. The gills and labial palps of mussels filter and select both particulate
matter and dissolved nutrients and also absorb xenobiotics from the sur-
rounding water. Much of this material is subsequently moved to the mouth
for ingestion, digested extracellularly by the crystalline style during it’s
passage through the gut, and finally sorted and absorbed by the digestive
gland for intracellular digestion [65]1.

1.1.3 Biomarkers of exposure

The number of parameters that can be used to monitor biological re-
sponses to pollutants is enormous, ranging from molecular markers to eco-
logical variables. Molecular and cellular biomarkers can indicate the pres-
ence of pollutants and/or the nature and/or magnitude of the response to
exposure to xenobiotics and, thus, have been proposed to be capable of
providing a sensitive ‘early warning’ of long-term effects at higher levels
of biological organization [57]. Accordingly, appropriate biomarkers can
provide quantitative data and information concerning long-term effects of
pollutants on sentinel organisms [57].

An ideal biomarker should possess certain characteristics, including the
following: i) rapid response (i.e., within hours or, at most, days) to pol-
lutants, even at relatively low concentrations; ii) reliable information con-
cerning the dose dependency of this response; iii) pronounced specificity
in its reponse to one or a group of pollutants, with little or no responsive-
ness to other biotic and abiotic factors; iv) under conditions of continuous
exposure, a response that occurs as long as possible prior to irreversible
ecological damage; and v) reversibility of the response when the pollution
is reduced or disappears. Furthermore, the response should be inexpen-
sive and simple to measure by non-destructive means. To date, no such
ideal biomarker has been discovered and, therefore, a set of biomarkers is
routinely utilized in biomonitoring programs [72].

1Terminology may vary depending on the consulted source.
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1.1.4 Peroxisome proliferation

In the case of mussels, a number of both biochemical and cellular
biomarkers of exposure to different pollutants have been employed. For
example, induction of metallothionein is utilized as an indicator of metal
pollution and inhibition of acetylcholinesterase as a biomarker of pollution
by organophosphorus and carbamate insecticides. The general stress caused
by a variety of pollutants is reflected in enlargement of lysosomes and desta-
bilization of their membranes, up-regulation of glutathione S-transferases
(GST), and alterations in the levels of antioxidant enzymes (catalase, su-
peroxide dismutase (SOD) and glutathione peroxidase) (for reviews, see
[16, 89]). In addition, peroxisome proliferation occurs in mussels exposed
to pollutants such as polycyclic aromatic hydrocarbons (PAHs), polychlo-
rinated biphenyls (PCBs), phthalates, certain pesticides (e.g., DDT and
paraquat), and fibrate-based hypolipidemic drugs (reviewed extensively in
[16, 19]). This peroxisome proliferation is reversed when mussels are moved
from heavily polluted sites to cleaner locations [74].

Peroxisomes are surrounded by a single bilayer membrane, are hetero-
geneous in size, shape, and protein composition, and demonstrate relatively
high equilibrium densities of approximately 1.20–1.25 g × cm−3. These or-
ganelles are the site of β-oxidation of long- and very-long-chain fatty acids,
as well as of xenobiotics with an acyl side-chain or that acquire such a
side-chain through ω-oxidation in the endoplasmic reticulum (Table 1.1).
Peroxisome proliferation involves an increase in both the number and vol-
ume of peroxisomes and is almost always accompanied by up-regulation
of the peroxisomal enzymes involved in β-oxidation, i.e., acyl-CoA oxidase
(AOX) (which is considered to be rate-limiting), multifunctional enzyme
(PH) and thiolase. In mammals such proliferation is mediated by the per-
oxisome proliferator-activated receptors (PPARs), a family of nuclear re-
ceptors that activate the transcription of peroxisomal genes, but it is not
yet known whether these receptors exist in mussels.

Peroxisomal flavin oxidases (e.g., AOX) reduce molecular oxygen to hy-
drogen peroxide (H2O2), which is subsequently transformed to water by
the highly abundant peroxisomal protein catalase. However, peroxisome

5



proliferation and increases in the activities of peroxisomal enzymes of β-
oxidation are often associated with little or no elevation in catalase activ-
ity, raising the possibility that enhanced leakage of H2O2 into the cytosol
and oxidative damage may occur as a consequence of peroxisome prolifer-
ation. Furthermore, peroxisome proliferators elicit liver carcinogenesis in
certain responsive mammals, but the possible occurrence of a similar phe-
nomenon in mussels remains to be examined. (For an extensive review of
the properties of peroxisomes in mussels, see Cancio and Cajaraville [19]
and Cajaraville and coworkers [16].)

Table 1.1: The functions of peroxisomes differ among species,
but not that much between mammals [86] and mollusks
[9, 19]. This table lists all of the known functions of the
peroxisome (as of 2007; [86]). +: present, –: absent, and
NK: unknown.

Function Mammals Mollusks

Antioxidant metabolism

Nitric acid synthase + NK

Catalase + +

Epoxide/isochorismatase hydrolases + +

Gluthatione peroxidase/thioredoxin + NK

Microsomal aldehyde dehydrogenase + +

Peroxiredoxin + +

Superoxide dismutase + +

Glycerol synthesis – NK

Glyoxylate and dicarboxylate metabolism + +

Lipid metabolism

Synthesis of plasmalogens + NK

Fatty acid oxidation

α- and β-oxidation of branched-chain

fatty acids + +

Di- trihydroxycholestanoic acid β-

oxidation/bile acid synthesis + NK
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Table 1.1: (continued)

Oxidation of long-chain dicarboxylic acids + NK

Oxidation of straight-chain fatty acids + NK

Synthesis of polyunsaturated fatty acids + NK

Fatty acid chain elongation + NK

β-oxidation of unsaturated fatty acids + NK

Activation of long-/very-long-chain fatty acids + NK

Nicotinate and nicotinamide metabolism + NK

Protein/amino acid metabolism + NK

Biosynthesis of cysteine and sulfur assimilation

D-Amino acid conversion to L-amino acids + +

L-Lysine metabolism + +

Polyamine degradation + NK

Proteases + NK

Transaminases + NK

Purine catabolism + +

Retinoid metabolism + NK

Finally, peroxisomal proteins have been highly conserved throughout
evolution as indicated by the fact that antibodies directed against mam-
malian catalase, AOX, PH, and the 70-kDa peroxisomal membrane protein
(PMP70) cross-react with their counterparts in the peroxisomes of the di-
gestive gland of mussels [20]. As reviewed by Cancio and Cajaraville [19],
peroxisomal proteins are encoded in the nucleus and must consequently
be imported post-translationally into this organelle from the cytosol. The
majority of peroxisomal matrix proteins are targeted by one of two con-
served peroxisomal targeting signals (PTS): the carboxy-terminal PTS1,
consisting of serine-lysine-leucine (SKL) or a conservative variant thereof
[S/A/C]-[K/R/H]-[L], which is the most common signal; or the amino-
terminal PTS2, consisting of the 9-amino-acid sequence [R/K]-[L/V/I]-
x5-[H/Q]-[L/A]. The signal for sorting of peroxisomal membrane proteins
(mPTS) is not yet well understood. Finally, bioinformatic approaches for
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identifying PTS-targeted peroxisomal proteins have been developed [28, 66]
and will be useful for analyzing the proteome of this organelle.

1.2 Proteomics and the ‘omics’ world

The suffix ‘omics’ is applied to technologies that are capable of measur-
ing “global” changes in the molecular constituents of life, both qualitatively
and quantitatively. Accordingly, transcriptomics refers to the analysis of
species of mRNA that are expressed; proteomics to the analysis of pro-
teins (their expression, identification, and interactions); metabolomics to
the analysis of metabolites (small molecules such as hormones and signal-
ing molecules); glycomics to the global characterization of carbohydrates
present; and lipidomics to similar studies on lipids and their subsets [1].
The information obtained with these various approaches can be integrated
in order to obtain a better understanding of biological processes. Moreover,
alteration in types and levels of mRNA, proteins, metabolites, carbohy-
drates, and lipids as quantified by ‘omic’ technologies, can potentially be
used as early, sensitive indicators of later toxicity [1].

There are several reasons for choosing proteomics, instead of these other
‘omic’ technologies, as a tool for biomonitoring. Proteins are the ultimate
mediators of most cellular processes under both normal and pathological
conditions. On the other hand, due to translational and post-translational
regulation in the cell, not all species of mRNA are translated into func-
tional proteins. Furthermore, mRNA cannot be obtained readily from, e.g.,
body fluids and transcriptomic analysis thus requires invasive procedures;
whereas proteomic analysis can be achieved non-invasively [1, 47].

The history of proteomics begins in 1975, when high-resolution two-
dimensional electrophoresis (2-DE) methods were first described, even prior
to the development of modern molecular biological techniques [7, 71]. Sub-
sequently, the field of proteomics has been advanced enormously by the
development of high-throughput procedures for sample preparation and
protein identification. For example, the sensitivity and reproducibility of 2-
DE methods have been greatly improved by the introduction of fluorescent
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dyes and precast polyacrylamide gels. The use of mass spectrometry (MS)
for proteomic analysis has become more specific, as well as more sensitive,
and it offers higher dynamic ranges. Bioinformatic approaches have also
become more sophisticated and now allow more reliable identification of
proteins, even those expressed by organisms whose genomes have not yet
been sequenced, such as mussels.

Several proteomic technologies have been applied to the biomonitoring
of marine pollution and the potential of this approach has been reviewed
recently [51, 70, 88]. Employing comparative 2-DE proteomics, two early
investigations on mussel gills revealed changes in the de novo synthesis of
proteins following exposure to cadmium under laboratory conditions [99,
100]. Thereafter, and entire decade had to pass before more comparative 2-
DE studies of this nature appeared, e.g., a comparison of protein expression
by intertidal and cultured mussels [52].

In other studies, protein expression signatures (PES) indicative of spe-
cific pollutants have been obtained in both laboratory and field studies. Un-
der laboratory conditions, such PES have been reported for mussels exposed
to PCBs, a copper gradient, salinity stress [90, 91]; 17β-stradiol [82]; sed-
iments contaminated with PCBs and PAHs [73]; diallyl phthalate (DAP),
2,2′,4,4′-tetrabromodiphenyl ether (PBDE-47), bisphenol A (BPA), crude
oil, and a mixture of crude oil, alkylphenols (APs) and PAHs [9, 41, 54, 61];
as well as for clams exposed to Aroclor, copper(III), tributyltin (TBT), and
arsenic(III) [83]. In field studies such signatures have been documented for
mussels collected from polluted sites in the vicinity of harbors [6, 53, 62]
and from clams collected from sites polluted by metals [85]. Most recently,
the influence of genetic variation and inheritability on protein expression
in mussel eggs has been examined [26]. In addition, variations in post-
translational modifications of proteins (carbonylation, glutathionylation,
and ubiquitination) have been detected in mussels and clams exposed to
H2O2, cadmiun chloride, menadione, Aroclor, copper(II), DDT and gold
nanoparticles [23, 27, 36, 58, 59, 97].

Approaches based on MS have also been employed in comparative stud-
ies of biomonitoring of marine pollution. For example, surface-enhanced
laser desorption/ionization-time of flight (SELDI-TOF) was applied to quan-
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tify differences in protein expression by mussels exposed to heavy metals
and PAHs, crude oil, or a mixture of crude oil, APs, and PAHs, utilizing
ProteinChip® Array technology [15, 49, 63].
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Figure 1.1: M. galloprovincialis mussels were collected from the lowest
region of the intertidal zone. A: Mussels on a rock uncovered by an abnor-
mally low tide. B: The shells of the mussels collected were 3.5–4.5 cm in
length. Observe the tiny mussel on top of the ruler; such specimens are used
as ‘seed’ in mussel farming. C: Partial anatomy of a mussel – 1: mouth, 2:
byssus, 3: foot, 4: mantle (including the ctenidia and the gonads beneath),
5: visceral mass (including the pericardium, the kidneys beneath, and the
digestive gland under the kidneys), and 6: posterior adductor muscle. The
dashed lines and circles indicate organs that are covered and cannot be seen
in this view.
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Chapter 2

Methodological
considerations

2.1 Biological sampling and exposure

In the present investigation mussels of the species M. edulis and M. gal-
loprovincialis were used routinely as ‘sentinel’ organisms. In all experiments
the digestive glands were excised, frozen in liquid nitrogen and maintained
at −80 ◦C until the proteomic analysis was performed.

2.1.1 Exposures under laboratory conditions in papers I and
II

For the experiments in papers I and II, M. edulis, with a shell length
of 6–7 cm were collected from a pristine area (Førlandsfjorden, Norway,
Fig. 2.1B), in March of 2003 and December of 2002, respectively. Mussels
were exposed to sublethal concentrations of the anthropogenic model pol-
lutants DAP, PBDE-47, BPA, North Sea fuel oil (from Statfjord, Norway),
and North Sea fuel oil spiked with APs and PAHs under controlled labo-
ratory conditions for three weeks, with an unexposed control group being
kept in parallel.
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Figure 2.1: Map illustrating the sites at which mussels were collected for
the different experiments. A: Partial map of Europe depicting the sampling
regions. B: Sampling sites in southern Scandinavia – 1: Førlandsfjorden,
2: Fjällbacka, 3: the mouth of Nordre River, 4: Hjuvik, and 5: Fiskebäck.
C: Sampling sites in the northwest and northeast regions of the Iberian
peninsula – 6: position where the Prestige tanker sank, 7: Sao Bartolomeu,
8: Aguiño, 9: Caldebarcos, 10: Camelle, 11: Segaño, 12: Muskiz, 13:
Arrigunaga, 14: Gorliz, 15: Mundaka, and 16: Hondarribia. Observe that
the relative scales of images B and C are not realistic.

Phthalates, widely used as plasticizers in numerous commercial prod-
ucts, have been shown to induce acute and chronic toxicity [95], as well as
peroxisome proliferation [17], in aquatic organisms. Phthalate esters are
difficult to quantify because of their background presence in many com-
mon laboratory reagents and supplies. Polybrominated diphenyl ethers are
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mixed with or dissolved in different sorts of polymers as flame retardants
and can leak out of these materials into the environment [24], where they
are considered to be persistent. These highly lipophilic compounds can be
efficiently taken up from the gastrointestinal tract of aquatic organisms,
in which they can be bioaccumulated and up-regulate enzymes catalyzing
both phase I and phase II detoxification reactions [25, 37].

BPA, a non-steroidal endocrine disruptor or xenoestrogen, is the mo-
nomer precursor block of polycarbonate plastics and a constituent of many
epoxy and polyestyrene resins as a result of which it is ubiquitously dis-
tributed in the general environment. Fuel oils extracted from crude oil or
petroleum contain various organic compounds, including alkanes, cycloalka-
nes, aromatic hydrocarbons, as well as other substances and trace amounts
of metals. By-products of the extraction procedure used on offshore rigs,
including PAHs, together with additives employed in the extraction proce-
dure, such as APs, are released into the sea. The laboratory experiment
described in paper II was designed to simulate the exposure of marine biota
living in the vicinity of offshore rigs to such pollutants [96].

2.1.2 Field experiments in papers III and V

In November of 2002 an accidental oil spill from the Prestige tanker
resulted in the spread of more than 60,000 tons of heavy fuel oil in Gali-
cian waters and the Bay of Biscay waters during the following months
[4]. Scientific efforts to evaluate the effects of this accident on biota were
launched immediately. Here, we applied our proteomic approach to M. gal-
loprovincialis mussels with a shell length of 3.5–4.5 cm, collected at low
tide at ten sampling sites along the northwest and northeast coasts of the
Iberian Peninsula in July of 2004 (paper III) and July of 2005 (papers III
and V). The results documented in paper III, involve only four of these
samples, i.e., those from Sao Bartolomeu do Mar (referred to hereafter sim-
ply as Sao Bartolomeu) and Aguiño in the northwest and Mundaka and
Hondarribia in the northeast. For the study in paper V, mussels were also
collected at Caldebarcos, Camelle, and Segaño in the northwest and at
Muskiz, Arrigunaga, and Gorliz in the northeast (Fig. 2.1C).
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2.1.3 The field experiment in paper IV

In this case M. edulis with a shell length of approximately 5 cm were
collected in November of 2003 from four sampling sites along the west coast
of Sweden, i.e., Fiskebäck, Hjuvik, at the mouth of the Nordre River and in
the proximity of Fjällbacka (Fig. 2.1B). Fiskebäck and Hjuvik are located
close to the busy harbor of Gothenburg. In June of 2003, 10–100 tons
of bunker oil were accidentally spilled into this inner harbor. In contrast,
Fjällbacka is considered to be relatively pristine and was therefore selected
as the reference station.

2.1.4 Exposure under laboratory conditions in paper V

For this investigation M. galloprovincialis with a shell length of 3.5–
4.5 cm were collected at Mundaka, a relatively pristine area in the north-
eastern region of the Iberian Peninsula [74]. Following acclimatization to
our laboratory conditions for 15 days, the mussels were divided up into
three high-density polyethylene tanks for exposure to heavy fuel oil similar
to that spilled by the Prestige. Oily sediment, prepared by mixing oil with
gravel and sand, was placed on the bottom of these tanks. Weathered fuel
oil (WF) was produced by allowing this sediment to stand in a water-filled
tank for a period of two-and-a-half months. Fresh fuel oil (FF) was ob-
tained by adding the sediment to a water-filled tank immediately prior to
commencement of exposure. Exposure to FF was an attempt to mimic the
situation in the most severely affected northwestern regions immediately
after the Prestige oil spill, while exposure to WF mimicked the situation
at any of the sampling sites several months after the spill. Control mussels
were kept in a tank to which no oil was added.

2.2 Isolation of peroxisomes

For each isolation the digestive glands from 50 mussels (with a total
wet weight of approximately 5–6 g) were homogenized in a Potter-Elvehjem
homogenizer and subcellular fractions obtained from this homogenate by
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differential and density gradient centrifugations in accordance with an es-
tablished procedure (with slight modification) [62, 101]. Trials designed
to optimize our isolation procedure revealed that the purest peroxisome-
enriched fractions could be recovered at the interface between the lay-
ers containing 28% and 50% iodixanol (with densities of 1.16 g/mL and
1.27 g/mL, respectively) (Fig. 2.2A). Based on the specific activities of
marker enzymes, our peroxisome (catalase) fractions were 18-fold enriched
over the total homogenate and the relative proportions of mitochondria
(succinate dehydrogenase) and lysosomes (acid phosphatase) present were
only 0.1–0.5% of those observed in the original homogenate.

2.3 Simplified fractionation and liquid chromatog-
raphy

In some cases the digestive glands of individual mussels were processed
separatedly following a simplified procedure for cell fractionation and batch
liquid chromatography. In brief, glands were disrupted in the presence of
grinding beads with a plastic pestle and the resulting homogenate sub-
jected to differential centrifugation in a bench-top centrifuge. The pH of
the organelle-enriched subcellular fraction thus obtained was adjusted ap-
propriately and then incubated in the ion-exchange matrix equilibrated at
this same pH. The fraction finally eluted contained the cytosolic, lysosomal,
mitochondrial, and peroxisomal proteins of interest (Fig. 2.2B).

Several different ion-exchange matrices were tested during the opti-
mization procedure. The use of cation-exchange matrices SP and CM
Sepharose™ FastFlow yielded 85 and 188 spots following 2-DE separation,
respectively, but these spots were not well resolved. On the other hand, the
anion-exchange matrices DEAE and Q Sepharose™ FastFlow yielded 186
and 274 spots, respectively, with better resolution. Q Sepharose™ FastFlow
was chosen as the matrix of preference.

This procedure can be automated using a robotic sample handler, ren-
dering it economically feasible in the long run and thereby suitable for use
in connection with large biomonitoring programs. Moreover, the ability to
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Figure 2.2: Schematic illustration of the two different procedures employed
to subfractionate digestive gland tissues from mussels. A: Subcellular frac-
tionation by differential and density gradient centrifugations. The ma-
jor sub-cellular fractions obtained were designated according to Völkl and
Fahimi [101]. The light mitochondrial fraction was layered carefully on top
of 28% iodixanol and the peroxisome-enriched fraction subsequently col-
lected at the interface between this layer and the 50% cushion. B: Subcel-
lular fractionation employing differential centrifugation and ion-exchange
chromatography (adapted from Amelina et al. [6]).

analyze subcellular fractions from individual mussels allows powerful sta-
tistical analysis. In our hands this procedure has proven to be consistently
simple to perform and highly reproducible.
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2.4 Two-dimensional electrophoresis (2-DE) and
difference gel electrophoresis (DIGE)

Developed more than 30 years ago [71], high-resolution 2-DE still re-
mains, in combination with peptide identification by MS, the most reliable
platform for proteomic studies [33]. This approach allows the separation of
proteins in complex mixtures on the basis of their isoelectric points (pI ),
observed molecular weights (Mr), solubilities and relative abundance. In
the first dimension, the solubilized proteins are separated according to their
pI values by isoelectrofocusing (IEF) them in an immobilized acrylamide
gel strip across which a pH gradient has been created (IPG strip). In
the second dimension, the isoelectrofocused proteins are separated orthog-
onally to the first dimension on the basis of their Mr employing sodium
dodecyl sulfate-polyacrylamide gel electrophoresis under denaturing condi-
tions (SDS-PAGE). By varying the IPG range, the size of the IPG strip
and the SDS-PAGE gels, 2-DE can resolve approximately 2,000 proteins
routinely and more than 5,000 under optimal circumstances. Furthermore,
2-DE proteomics allows the detection and individual quantitation not only
of intact proteins, but also of isoforms and proteins that have undergone
post-translational modifications (PTMs). The precast IPG strips and SDS
polyacrylamide gels now commercially available currently have improved
the reproducibility of such 2-DE studies considerably.

In connection with comparative proteomic studies, it is important to
reduce the complexity of the sample being analyzed in order minimize the
risk that alterations in proteins expressed at low levels are hidden by the
presence of highly abundant housekeeping proteins. This is the primary
reason for our focus on the subproteomes of peroxisome- and organelle-
enriched fractions. We obtain good resolution using 11-cm long IPG strips
and SDS gels for our peroxisome- and organelle-enriched fractions, and IPG
ranges of 3–10 and 4–7 respectively.

Different staining procedures are applied in connection with 2-DE pro-
teomics, depending on the sensitivity desired and the levels at which the
proteins to be detected and quantified are expressed. For our purposes we
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have stained with colloidal Coomassie Brilliant Blue (CBB) G-250, silver
nitrate and fluorescent cyanine dyes (Cy™ dyes) (Fig. 2.3). Staining with
CBB G-250 can detect as little as 1 ng protein per spot and is relatively
inexpensive, easy to use and highly compatible with most of the procedures
used in subsequent steps, such as MS [21, 69]. Although staining with the
silver nitrate stain is approximately 10 times more sensitive than CBB,
the linear range with such staining is smaller and reproducibility is poor,
rendering this procedure less suitable for quantitative analyses [33].

Staining with fluorescent Cy™ dyes differs from these other staining
procedures in that stable protein-dye complexes are formed from the be-
ginning, prior to the 2-DE separation, which enhances sensitivity. Minimal
Cy™ dyes (Cy™2, Cy™3, and Cy™5) are fluorophores of similar mass and
structurally similar to the ε-amino group of lysine (also carrying a positive
charge) and these dyes bind covalently to such groups through nucleophilic
attack1. The major advantage of Cy™ staining of 2-DE gels (referred to
as difference gel eletrophoresis (DIGE) [98]), in addition to excellent sen-
sitivity, is that three different samples can be resolved in the same gel.
Moreover, small portions of the different samples in a comparative study
can be pooled for use as an internal standard. This DIGE approach is
highly reproducible and, moreover, thanks to the presence of an internal
standard, the entire sample set can be normalized [5].

In order for proteins to be resolved by 2-DE, they must first be dena-
tured, disaggregated, solubilized, reduced, and alkylated. Moreover, pro-
teases must be inactivated (e.g., with inhibitors) and salts, lipids, polysac-
charides, and nucleic acids removed from the sample (e.g., utilizing pre-
cipitation methods involving acidic conditions and organic solvents). Here,
we routinely added a cocktail of protease inhibitors to the homogenization
buffer and utilized two precipitation procedures to “clean up” the samples.
In the case of DIGE and silver staining, this clean-up involved extrac-
tion with phenol and precipitation with ammonium acetate in methanol

1not to be confused with saturation labeling: whereas minimal Cy™ dyes label lysine
residues and have a detection limit of approximately 1 ng, saturation Cy™ dyes label
cysteine residues and exhibit a detection limit of approximately 0.1 ng, albeit with certain
limitations.
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Figure 2.3: Illustration of the staining procedures we have employed for
the visualization of the proteome of peroxisome-enriched fractions from
mussel digestive glands. A: Staining with colloidal CBB G-250 (gray). B:
Staining with Cy™2, Cy™3, and Cy™5. The pI and Mr values indicated are
approximate.
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([55] with certain modifications [9]). With CBB staining, the proteins were
precipitated with trichloroacetic acid (TCA) in cold acetone containing
β-mercaptoethanol. We have noticed that total removal of this TCA is es-
sential to the achievement of effective protein solubilization in subsequent
steps.

Solubilization of proteins is routinely attained through the addition of
chaotropes (urea and thiourea) that disrupt hydrogen bonds and hydropho-
bic interactions between proteins and/or non-ionic and/or zwitterionic de-
tergents (e.g., Triton X-100, CHAPS), reducing agents (e.g., dithiothreitol)
and alkylating reagents (e.g., iodoacetamide). In addition, carrier ampho-
lites are added to create the pH gradient that determines protein migration
in the IEF [33, 80]. Moreover, samples focused on the IPG strip must be
further reduced and alkylated in an equilibration buffer before performance
of SDS-PAGE.

2.5 Image analysis

For both qualitative and quantitative analysis of 2-DE gels, pattern
recognition of the digitized gel images is required. First, background and
noise must be removed from these images, retaining only the protein spots.
Then, these protein spots of different gels must be matched and compared.
A description on the algorithms utilized for this pattern recognition is be-
yond the aim of the present study, but is presented in detail elsewhere
[78]. Spot detection and matching are normally performed automatically
by various types of software programs, in our case the ImageMaster™ and
DeCyder™ (GE Healthcare, Sweden) programs.

When performing image analysis, several factors need to be taken into
account [14]. For instance, we have found that problems can arise if a priori
consideration of the type of analysis required for a particular study is not
undertaken. Analysis of 2-DE gel images requires experience and, there-
fore, the use of tutorials is highly recommended, as is familiarization with
one’s own 2-DE gels prior to the actual analysis. In addition, the vertical
separation of the spots can differ in connection with different gel runs and,
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therefore, cropping of gels should be based on this vertical separation rather
than on a routinized standard. The same reasoning applies to setting the
parameters for spot detection: since every single gel is to a certain extent
unique (due, e.g., to small differences in staining), the parameters should
be set individually with the aim of detecting a similar number of spots on
all of the gels2.

Other problems that can arise include horizontal and vertical streaking,
as well as poor separation of spots. In such cases, it may be necessary to
perform multiple matches. In this context it is desirable that the designated
‘master’ gel3 is not the one with the largest number of spots or highest
resolution, but rather an ‘average’, representative gel. In this way, multiple
matches are possible, which is not the case if a well-resolved gel is selected.
In addition, manual confirmation of spot detection and matching is highly
recommended and, furthermore, in order to include all the protein spots
present in the analysis, ‘artificial’ spots can be introduced into the ‘master’
gels.

Finally, when the image analysis software computes the amount of pro-
tein present in each spot, accurate quantification is highly dependent on
reliable calibration of pixel intensity. Therefore, it is necessary to calibrate
the digitizing instrument (scanner) regularly with a calibration tablet. In
the case of ImageMaster™, the volume of each spot is obtained from above
its outline, and the relative volume of each spot in the gel calculated by
normalization as depicted in equation 2.1.

V ol% =
V ol

n∑
i=1

V ols

(2.1)

where V ols is the volume of spot S in a gel containing n spots [8]. This ap-
2In fact, with the DeCyder™ program, the number of spots in the gel must be estimated

before spot detection is performed.
3The ‘master’ gel is the one to which all the other gels are matched, in a hierarchical

manner. Thus a ‘master’ gel is obtained for each group of gels (a ‘match-set’) and the
‘master’ gels from the different groups are then matched for comparison. Higher order
‘master’ gels can be obtained in this same manner.
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proach corrects for differences between gels with respect to protein loading
and staining. On the other hand, the DeCyder™ program performes sev-
eral steps of spot normalization, and calculates a volume ratio (the ‘average
ratio of expression’) that reveals differences in normalized spot volumes be-
tween two gel images [5]. In this case volume ratio values between 1 and
−1 are disregarded and thus changes of less than 2-fold are not recorded.

2.6 Statistical analysis of data

As is the case with all scientific research, 2-DE proteomics research
also requires a robust experimental design and appropriate data analysis
in order to obtain statistically significant results [22, 60]. Although the
ImageMaster™ program does contain certain descriptive, non-parametric,
parametric, and multivariate tests, these are highly limited and the param-
eters utilized often cannot be changed. The DeCyder™ program, on the
other hand, offers a broader spectrum of statistical tests.

Proteomics analyses involve a large number of variables (protein spots)
in combination with a small number of observations (replicate gels). There-
fore, pilot studies are required in order to determine the minimal number
of replicates needed to provide a subsequent univariate statistical test with
enough power. With too few samples, both Type I (α) and II (β) er-
rors may occur. In Type I errors, proteins are concluded to be expressed
differentially (i.e., the null hypothesis H0 is rejected) erroneously, thus re-
sulting in a false positive. With Type II errors, differential expression of
proteins goes undetected, i.e., these are false negatives. The resulting over-
and/or under-identification of putative biomarker proteins is obiously un-
desirable.

By measuring the impact of the sources of variation (experimental or
biological) on the outcome of the statistical analysis, it is possible to de-
termine the number of replicates that must be performed in order to re-
veal differences in protein expression with statistical confidence. This is
achieved through power analysis, where power is defined as the comple-
ment to a Type II error, i.e., the probability of not making a Type II error
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(that is, 1−β). Normally, the power of a test is enhanced when the effect
size (i.e., the true difference between mean spot values), the sample size
and/or the significance level increase and/or the experimental variability is
reduced [39, 45]. Mathematically,

Power ∝ ES α
√
n

σ
(2.2)

where ES is the effect size, α the significance level to be employed, n the
sample size, and σ the standard deviation.

Unfortunately, power analyses are not often performed in connection
with 2-DE proteomic investigations. In their thorough study on the num-
ber of samples and replicates required for statistically reliable 2-DE anal-
ysis, Hunt and coworkers [39] concluded that for each such analysis, pilot
experiments involving at least three samples per group and three gels per
sample should be performed in order to allow reliable determination of the
minimal amount of samples required for that particular study by power
analysis. The multiplexing and normalization aspects of DIGE reduce the
number of samples required [43]. Although this is advantageous in compari-
sion to, for example, 2-DE proteomics involving CBB staining, DIGE-based
proteomics requires an internal standard that may not be available in all
cases (e.g., in connection with biomonitoring programs that span a period
of several years), and/or are relatively expensive.

Several univariate and multivariate analyses have been applied onto 2-
DE proteomic data and various guidelines for appropriate application of
statistics in order to obtain reliable results have been formulated [22, 44,
46, 60]. The main issues of concern are usually the minimal numbers of
samples and replicates required, the normal distribution of the data and the
homogeneity of the variance. Sometimes, it may be necessary to normalize
the data in order to fulfill the requirements for normality and homogeneity
of the variance. Data filtering to remove uninteresting spots that may
interfere with the analysis can also be a useful strategy.

Since univariate procedures analyze a large number of spots indepen-
dently, the risk of obtaining false positives is considerable. However, such
Type I errors can be eliminated by methods such as the False Discovery
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Rate (FRD) [12, 46]. Multivariable tests such as principal components
analysis (PCA)(Fig. 2.4), hierarchical clustering and partial least squares
can reduce the dimensionality of 2-DE proteomic data, organize these data
by similarity and, in the most desirable scenario, obtain new classification
of the samples (e.g., to identify putative sources of pollution in connection
with biomonitoring program on the basis of a robust proteomics signa-
ture). However, this latter approach will require a great deal of model
cross-validation before it can be applied to biomonitoring programs.

2.7 Putative protein identifications

MS has become the method of choice for the identification of protein
spots obtained in comparative 2-DE proteomic studies [3]. Although this
approach has already supplied much valuable information about molecular,
cellular, and systems biological processes, application of MS to studies on
marine invertebrates is a relatively recent development [70].

Typically, identification of protein spots obtained by 2-DE proteomics
is accomplished by peptide mass fingerprinting (PMF) [38, 40, 56, 76, 105].
The MS that produces this PMF consists of three basic parts: an ion source,
a mass analyzer, and a detector system. The ion source generates volatile
ions from the sample, the mass analyzer separates these ions on the basis
of their mass-to-charge ratio (m/z ) and, finally, the detector counts the
number of ions with each distinct m/z and generates a spectrum depicting
these data. This experimental mass fingerprint of the protein in question
is then compared with theoretical peptide masses obtained in silico from
reported protein sequences and sequences of genomic open-reading frames.
The databases containing these sequences (e.g., the National Center for
Biotechnology Information (NCBI) and Swiss-Prot [30]) can be searched
with different data-mining engines such as Mascot Server [79], Protein-
Prospector (http://prospector.ucsf.edu/), MS BLAST [30], and FASTA
[77].

Predictions concerning the presence of specific targeting signals in pro-
tein sequences can also be obtained. For example, the presence and local-
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Figure 2.4: One example of a three-dimensional PCA score plot. The
dimensionality of complex proteomic data can be reduced to a few principal
components located orthogonally to one another. In this score plot both
the variables (protein spots) and the observations (2-DE gels classified into
different groups) are shown.

ization of peroxisomal targeting signals can be predicted by the PSORT
[67], PTS1 predictor [68], and PeroxiP [28] programs. In addition predic-
tions concerning functional domains in proteins can be obtained, e.g., with
the Pfam program [94]. Such predictions can help confirm the putative
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identification of proteins.
Prior to analysis by MS, proteins must to be removed from the 2-DE gel,

destained, reduced and alkylated4, digested and extracted, while salts and
other contaminants must be removed. Trypsin, which is very commonly
utilized for such digestion, hydrolyzes at the carboxy-moiety of lysine and
arginine residues within the polypeptide chain (except when these are fol-
lowed by proline). This digestion is more extensive than that obtained with
proteolytic enzymes specific for single amino acid residues and tryptic pep-
tides are of an appropriate size for MS analysis. Optimal trypsination in
situ in the gel is attained at a pH of approximately 8 and 37 ◦C. Salts and
other contaminants can be removed and the peptide samples concentrated
in pipette tips containing appropriate chromatographic material.

The peptide digests are subsequently ionized either by matrix-assisted
laser desorption/ionization (MALDI) [42], or electrospray ionization (ESI)
[29]. The resulting ions then pass through an electromagnetic field in the
mass analyzer (e.g., time-of-flight (TOF) and quadrupole TOF (Q-TOF))
to a detector [3] which provides data about the m/z ratio of each ion. In
the present case, MALDI-TOF and ESI-MS/MS (Q-TOF) were employed
to obtain data concerning peptide mass fingerprints and peptide sequences,
respectively. The resulting list of peptide sequences is then submitted to a
data mining engine that generates putative protein identifications, by ho-
mology searching in the case of organisms whose genome has not yet been
sequenced [92]. Occasionally, more than one protein may be present in a
single spot, in which case, if there are only two, both can sometimes be
identified by removing the peptides originating from one of these proteins
from the list. When performing PMF, it is important that several parame-
ters lie within acceptable limits. For example, the ‘expect value’ indicates
the number of times that a score equal to or higher than the one obtained,
would be expected purely by chance; thus, the lower this value, the more
reliable the identification. We have observed that in the case of proteins
from Mytilus spp. a high degree of sequence coverage is very difficult to ob-

4This is not necessary when the IPG strip has been reduced and alkylated before the
SDS-PAGE.
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tain in connection with homology searching, even when homologous protein
is from a Mytilus sp.. Moreover, it may be necessary to restrict homology
searching to databases covering ‘metazoan’ or ‘other metazoan’ species in
order to obtain a reasonable number of hits.

Finally, protein identification can also be achieved by immunolocaliza-
tion of the proteins of interest on 2-DE gels. Obviously with this approach,
successful identification is dependent on the specificity of the antibodies
employed. Although immunolocalization also allows the detection of PTMs
such as carbonylation and ubiquitination [88], it is seldom possible to quan-
titate the level of protein expression or modification with this technique.
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Chapter 3

Present investigations:
Results and discussion

In this chapter, our studies concerning the peroxisomal approach will
be presented first, and, thereafter, the approach involving simplified frac-
tionation and LC will be discussed.

3.1 Peroxisomal proteomics (Papers I–III)

The beauty of the direct global view of proteins expressed under given
circumstances provided by proteomics is somewhat limited by the total
number of proteins that can be resolved in a 2-DE gel. For this reason,
2-DE proteomic analyses of whole-cell extracts generally focus on proteins
expressed at medium to high levels. Here, we reduced the complexity of our
proteomic analysis by applying it to a peroxisome-enriched fraction. We
chose to examine the subproteome of this organelle because such a broad
variety of xenobiotics affect this subproteome, e.g., by eliciting peroxisome
proliferation [17]. This approach was developed in our own laboratory, and
has been applied successfully in a field experiment previously [62], but this is
the first time that peroxisomal proteomics has been employed in laboratory
experiments (papers I and II) and extensive biomonitoring programs (paper
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III).

3.1.1 Papers I and II.

In papers I and II, peroxisomal proteomics based on DIGE was applied
in order to examine alterations in protein expression caused by exposure
to three model anthropogenic pollutants (i.e., DAP, PBDE-47, and BPA),
as well as to mixtures of fuel oil. The three model pollutants were found
to cause similar patterns of up- and down-regulation of protein expression
(16 spots in paper I). However, the different mixtures of fuel oil elicited
different changes in protein expression (13 spots in paper II).

Moreover, protein expression signatures specific for each pollutant, as
well as for combinations of these pollutants, were also obtained. Exposure
to BPA resulted in the largest number of alterations in protein expression,
while exposure to PBDE-47 caused more proteins to be up-regulated.

As documented in paper II, exposure to fuel oil spiked with AP and
PAHs alters the expression of a larger number of proteins than is the case
with exposure to fuel oil alone. Using ProteinChip® Array technology
in combination with SELDI-TOF MS, a similar pattern was observed in
haemolymph sampled in the same experiment [15]. The peroxisome pro-
liferation detected by this proteomics approach was confirmed using two
single-parameter biomarkers [18], except in the case of exposure to BPA
[18]. This latter observation indicates that single-parameter biomarkers of
peroxisome proliferation may be less sensitive than multiparametric pro-
teomic analysis.

The approach to peroxisomal proteomics developed here offers certain
advantages over published procedures based on single-parameter biomark-
ers and ProteinChip® Array technology. In the first place, our approach al-
lows analysis of low-abundant proteins whose expression has been reported
to be influenced by exposure to different types of xenobiotics. Secondly,
such a multiparametric approach could well be less sensitive to interference
by various biotic and abiotic factors1 than is the use of single-parameter

1Manuscript in preparation.
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biomarkers. And finally, our characterization of protein expression signa-
tures could be complemented by identifying the candidate proteins with an
homology search.

Indeed, in paper I, we were able to identify several of the proteins ex-
pressed differentially by such a search. Thus, exposure to DAP, PBDE-47
and BPA elevated the levels of proteins involved in dealing with oxida-
tive stress, including several peroxisomal proteins. We therefore speculate
that these exposures could have enhanced cellular levels of reactive oxy-
gen species (ROS), either by stimulating peroxisomal β-oxidation (through
up-regulation of enoyl-CoA hydratase in the case of exposure to PBDE-47
or BPA) and/or xenobiotic metabolism (via up-regulation of cytochrome
P450 2A6 by DAP and BPA).

Moreover, we propose that such formation of ROS could have activated
various cellular compensatory mechanisms. For example, down-regulation
of peroxisomal α-oxidation (reflected in down-regulation of hydroxyacid ox-
idase 1 upon exposure to DAP or BPA) should attenuate the formation of
H2O2. At the same time, up-regulation of catalase occurred in connection
with all of the exposures. On the other hand the down-regulation of mi-
tochondrial aldehyde dehydrogenase (which is redox-sensitive and can be
inactivated by mitochondrial oxidative stress [103]) by DAP and BPA could
result in increases in cellular levels of acetaldehyde and, thus, of ROS. Per-
haps related to this observation is the down-regulation of cytosolic alcohol
dehydrogenase, which lowers the maximal rate of acetaldehyde production
and may thereby reduce ROS formation further in the mussels exposed to
DAP or BPA, as well as in those exposed to PBDE-47 (which also induces
cytochrome P450 2A6). Although decreases in aldehyde dehydrogenase
activity and, in general, high levels of ROS have been reported to be asso-
ciated with reduced cellular levels of glutathione due to the involvement of
this tripeptide in the detoxification of aldehydes and free radicals catalyzed
by GST [50, 103], we observed down-regulation of GST in response to DAP
and BPA.

At the same time, the explanation for the down-regulation of cytoskele-
tal β-tubulin might be to prevent microtubule polymerization, and thereby
maintain microtubule integrity under conditions of oxidative stress. In
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combination with catalase, up-regulation of the antioxidant manganese su-
peroxide dismutase might at least partially compensate for elevations in
ROS levels upon exposure to DAP or BPA. ROS can potentially damage
the mitochondrial electron transport chain and in connection with expo-
sure to DAP or PBDE-47, cytochrome c oxidase, which is part of complex
IV, the last component of the electron transport chain was down-regulated.
As a consequence, proton pumping to the mitochondrial intermembrane
space may have been compromised and ATP production attenuated. In
this connection, we observed down-regulation of the β-subunit of the ATP
synthase, in mussels exposed to PBDE-47 or BPA.

It has been proposed that peroxisome proliferators (such as phthlates)
evoke hepatocarcinogenesis in rodents via a non-genotoxic mechanism in-
volving oxidative damage [81]. Accordingly, the elevated level of H2O2

resulting from up-regulation of peroxisomal β-oxidation may be detoxified
inefficiently by cellular antioxidant defenses such as catalase and, instead,
leak into the cytosol and thereafter the nucleus, where it causes oxida-
tive damage to DNA that may give rise to hepatocarcinogenesis. How-
ever, the peroxisome proliferation and oxidative damage caused by certain
xenobiotics are not necessarily accompanied by induction of phase I and
II metabolism. Indeed, hepatic GST and several isoforms of cytochrome
P450 are down-regulated in rats exposed to several different peroxisome
proliferators [87].

It can be concluded that the pollutants examined here can alter the
proteome of peroxisomes in the digestive glands of mussels.

3.1.2 Paper III

In this investigation our approach to peroxisomal proteomics was ap-
plied to mussels exposed to the Prestige oil spill on the northwest and
northeast coasts of the Iberian peninsula in July of 2004 and 2005. Mul-
tivariate analysis revealed differences in the pattern of protein expression
at the different sampling sites as well as between the two sampling dates,
and several proteins were putatively identified by mass spectrometry and
immunolocalization. Several proteins were identified simultaneously as two
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different proteins, which may simply reflect the presence of two proteins in
the same spot.

Although DIGE was employed successfully in the studies described in
papers I and II, for this biomonitoring we chose to use colloidal CBB G-
250 for staining, since, the DIGE approach has two serious disadvantages
in such a context: first, it is relatively expensive for routine application
to a large number of samples and secondly, DIGE requires that the same
internal standard be applied to every gel from each independent experiment
for the purposes of normalization. This internal standard should contain
the proteins of every single individual proteome analyzed during the study,
which renders the DIGE approach unsuitable for continuous sampling and
analysis.

In this particular investigation, PCA was applied in order to reduce the
complex data to a set of variables that summarizes all the information con-
tained in the peroxisomal proteomes examined. Correlation analysis of a
matrix composed of 134 variables (spots) yielded five uncorrelated principal
components that explained 77.5% of the total variation. The first principal
component (PC1) explained 22% of the variability and could be used to
distinguish the samples collected from the northwest stations in 2004 from
those collected at these same stations one year later, as well as from all sam-
ples for all of the other sites. This ability to distinguish reflected primarily
the up-regulation of the enzymes of peroxisomal β-oxidation AOX and PH,
the PMP70, the homologues of the α- and β-subunits, of ATP synthase,
and a homologue of the receptor of activated kinase C1 (RACK1).

In the gonads of male clams, the level of RACK1 mRNA has been
reported to decrease upon exposure to the biocide TBT [93], but the
significance of up-regulation of RACK1 in response to xenobiotic exposure
remains unclear. On the other hand, ATP synthases have previously been
reported to be both up- and down-regulated upon exposure to xenobiotics
[9, 54, 62]. We speculate that the up-regulation of ATP synthase observed
here in mussels collected from the northwestern site in 2004 reflects a higher
rate of oxidative phosphorylation caused by higher levels of xenobiotics.

Up-regulation of the peroxisomal proteins AOX, PH and PMP70 in
mussels and fish has been reported previously [2, 17, 62]. We postulate
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that the up-regulation of these proteins observed here could also be a con-
sequence of higher levels of xenobiotics. Indeed, the total concentration
of PAHs (tPAHs) in the dried tissue of mussels collected from the north-
west stations in 2004 was very high (as classified by Baumard et al. [11]),
i.e. 2–6-fold higher than the corresponding values from the northeastern
stations (which were also highly polluted) [10]. By 2005, these tPAH val-
ues had decreased considerably and pollution at the northwestern stations
could be classified as low and moderate, while that in the northeast was
now moderate.

We think that these considerably higher tPAH values at the northwest
stations in 2004 could have influenced the PC1 separation significantly.

The PC2 explained 15.9% of the variability in the data and could be
used to distinguish between the northwestern stations, as well as the north-
eastern stations in 2005. The PC3 explained 14.6% of the variability in the
data and could be used to distinguish the northeastern samples collected in
2004 and 2005, as well as between the samples from the various northwest-
ern sites. These distinctions were based primarily on the levels of catalase,
which were similar in samples collected at Aguiño and the northeastern
stations in 2004, and those collected at Sao Bartolomeu and the northeast-
ern stations in 2005. Finally, PC4 explained 14.1% of the variability in the
data and could be used to distinguish between the stations in the northwest
and -east, but we could not identify any of the spots of importance for this
distinction.

We conclude that PC1 for samples collected from the stations closest to
the oil spill in 2004 was different from the PC1 associated with the other
sampling sites, as well as in the year 2005, a difference primarily due up-
regulation of proteins involved in peroxisomal β-oxidation and of PMP70
in the former samples. This up-regulation could be a consequence of the
higher tPAHs levels in mussels living closest to the oil spill in 2004. This in-
vestigation demonstrates the power of multivariate analysis in combination
with proteomics studies. In the future, this approach should prove useful
for obtaining a reliable proteomic signature of exposure to pollutants for
biomonitoring programs. The global response reflected in these signatures
will allow less expensive strategies that do not necessarily require protein
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identification.

3.2 Utilization of simplified fractionation and LC
to obtain subcellular fractions suitable for or-
ganelle-enriched proteomics (Papers IV–V)

The analysis of the peroxisomal subproteome described above illustrates
clearly that this approach reduces sample complexity and that the set of
proteins obtained includes those expressed at low levels and involved in
pathways that are directly affected by and respond specifically to pollution.
Nevertheless, even more robust proteomic procedures are required for the
assessment of marine pollution. Such methods should aim to reduce the
number of samples, simplify the analytical procedure and finally, allow
automation of the process. In addition, it should be economically feasible
to employ them in large biomonitoring programs.

Here, we introduce a procedure that can fulfill these requirements. This
approach is based on simplified cell fractionation and LC that can be per-
formed at the laboratory bench, by a robotic sample handler. It also re-
quires of less sample than peroxisomal proteomics, and allows the attain-
ment of biological replicates.

3.2.1 Paper IV

For the purpose of optimization, a pilot study on digestive glands from
mussels collected along a gradient of pollution in the vicinity of Gothenburg
(Sweden) was performed. The aim was to obtain an organelle-enriched frac-
tion that could subsequently be separated by 2-DE to yield robust protein
expression signatures that reflect various types of marine pollution.

For the optimization, a variety of centrifugation procedures, chromato-
graphic matrices and pI ranges were tested, leading to the choice of Q
Sepharose™ FastFlow as the preferred matrix. Initially, proteins were sepa-
rated over a pH range of 3–10; but since most of the proteins exhibited an
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acidic-to-neutral pI, utilization of a range of 4–7 improved their resolution
and separation in the 2-DE gel.

In order to examine the robustness of our optimized procedure, digestive
glands from mussels collected at four sites in the vicinity of the Gothenburg
harbor were processed. 2-DE maps of biological replicates were obtained
and the differences in protein expression evaluated by univariate and multi-
variate analyses. The two-sample t-test was employed to reveal differences
between the control and any of the other three stations. In all, 13 spots
were found to be differentially expressed (p ≤ 0.05) in samples from all of
the three test stations, with one closest to the harbor (Fiskebäck) demon-
strating the most pronounced changes.

PCA of these data showed that the control station could be distin-
guished from the other three on the basis of PC1, as well as that PC2
could distinguish between the stations closest to the harbor and the one
somewhat further away from it. Hierarchical clustering analysis revealed
that the level of similarity for all of the stations was less than 50%, and the
clustering of groups was in agreement with the PCA observations. These
findings confirmed that this approach can be used to detect gradients of
pollution.

The ten of the 13 proteins expressed differentially that we could identify
putatively are considered to be localized in lysosomes, mitochondria, per-
oxisomes and/or the cytosol. GST, an important catalyst of phase II bio-
transformation of xenobiotics, was among the proteins up-regulated. The
literature concerning regulation of GST in response to xenobiotics in mus-
sels is controversial, i.e., both up- and down-regulation have been reported
in waters containing organic pollutants [64, 84]. We ourselves previously
detected down-regulation of GST in mussels exposed to anthropogenic pol-
lutants [9]. The proteins that were down-regulated included two small heat
shock proteins (HSP) belonging to the HSP70 family. The massive induc-
tion of HSP that occurs under conditions of oxidative stress is mediated by
activation of the transcription factor HSF1. Moreover, a relationship be-
tween antioxidant defenses and HSP has been proposed, i.e., that reduced
levels of glutathione lead to an elevation in HSF1 activity. In any case,
HSF1 appears to be inactivated when large changes in cellular redox home-
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ostasis occur [75]. Therefore, it is possible that the up-regulation of GST
observed here could be a response to high levels of oxidative stress, which
attenuate cellular levels of HSF1 and in this manner down-regulate HSP.

Finally, a pronounced down-regulation of aldehyde dehydrogenase was
observed in samples from two of the sites. As discussed above, aldehyde
dehydrogenase can be inactivated under conditions of oxidative stress and
such decreases are correlated with enhanced levels of GST [50, 103]. The
differential expressions of GST, the two HSP, and aldehyde dehydrogenase
lead us to propose that mussels collected from the sites in the vicinity of
the harbor suffered from higher levels of oxidative stress than those living
at the control site.

In summary, we have optimized a procedure involving a simplified cell
fractionation and LC in combination with 2-DE for assessment of marine
pollution. In a pilot experiment carried out with mussels collected from the
vicinity of the Gothenburg harbor and a control station, multivariate anal-
yses could distinguish between the control and polluted sites. According
to the univariate analysis, the station closest to the harbor demonstrated
the largest number of changes in protein expression. Several of the proteins
contained in the PES generated by the univariate analysis were putatively
identified. The advantages of this procedure in connection with biomonitor-
ing programs include robustness, economic feasibility and the possibility for
automation of both the homogenization and anion-exchange steps utilizing
liquid-handling robotic platforms.

3.2.2 Paper V

In this laboratory experiment mussels were exposed to fresh (FF) and
weathered (WF) Prestige-like fuel oil for two and sixteen days to determine
whether differences between their organelle-enriched proteomes and that of
control mussels were sufficient to obtain a distinguishing PES that could be
used to create a model for future biomonitoring. After obtaining organelle-
enriched proteomes from the digestive glands as described above, univariate
two-way ANOVA was performed on each individual spot, and those whose
intensities differed between the groups at a significance level of p ≤ 0.01
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were extracted. In addition, the FDR procedure was applied at a level
of q ≤ 0.05, to avoid generating too many false positives. Finally, PCA
analysis of the 141 spots selected was performed.

Since only the mussels exposed for 16 days had distinct proteomes, the
data from the 2-day exposure were excluded from the analysis. The PC1
and PC2 explained 71.9% of the variability in connection with the 16-day
exposure. PC1 could be used to distinguish between the control and both
of the exposed groups. While PC2 could be used to distinguish between the
WF and FF groups. We conclude that after performing the corresponding
cross-validation the PES selected could be used to classify mussels exposed
to different types of fuel oil.

As one example of future applications of this approach we collected
mussels from 10 sampling stations along the northwestern and northeast-
ern coasts of the Iberian Peninsula two-and-a-half years after the Prestige
oil spill and employed the proteins in the PES to divide these stations into
groups. In the plot of the PCA score, all of these stations were located close
to the WF group. Although these data are too limited to allow complete
cross-validation, the applicability of this approach for sample classification
in connection with biomonitoring programs is demonstrated clearly. This
capacity to apply a model for sample classification is an additional advan-
tage of our approach based on organelle-enriched proteomes.
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Chapter 4

Concluding remarks and
future perspectives

This thesis work has focused on the development and application of 2-
DE proteomic techniques for assessment of marine pollution. In the first
portion (papers I–III), peroxisomal proteomics was applied in two labora-
tory and one field experiment. In the investigations documented in papers
I and II, the DIGE procedure was employed to obtain a PES of exposure to
individual model pollutants, as well as two types of crude oil. A minimal
PES common to the pollutants, as well as PESs specific for each pollutant
were achieved. We conclude that the major cause of the differential protein
expression observed here was oxidative stress.

In paper III the 2-DE of samples collected from four stations along
the northwestern and northeastern coast of the Iberian Peninsula one-and-
a-half (2004) and two-and-a-half (2005) years after the Prestige oil spill
were stained with colloidal CBB. A multivariate statistical analysis revealed
differences between these stations, as well as between the dates of sam-
pling. Putative identification of several proteins that contributed to these
differences was obtained by MS and immunolocalization. Differential ex-
pression of the peroxisomal proteins AOX, PH, PMP70, and catalase was
found to be important for classification of the groups.
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The findings described in papers I–III demonstrate that our subpro-
teomic approach can reduce sample complexity to yield a set of low-abun-
dant proteins specifically responsive to pollution. However, it is desirable
to obtain a highly robust proteomic procedure for application to biomon-
itoring programs. Therefore, the goal of the second portion of the thesis
was to develop such a procedure that is simple to perform, cost-effective,
and possible to automate.

In papers IV–V, we developed a procedure based on a simplified cell
fractionation and LC in combination with 2-DE for application to biomon-
itoring of marine pollution. In paper IV, optimization was achieved with a
pilot experiment on mussels collected in the vicinity of Gothenburg’s harbor
and at a control station. Univariate and multivariate statistical analyses
could distinguish between the organelle-enriched proteomes of mussels from
these stations, and several proteins contained in the PES were putatively
identified. In paper V, this optimized procedure was applied by exposing
mussels in the laboratory to two types of fuel oil (FF and WF) similar to the
Prestige oil. The PES obtained by univariate and multivariate statistical
analyses, could distinguish between the exposed groups. We propose that
this PES can be used to construct and validate a robust model for biomon-
itoring programs in the future and we provided an example of its possible
application by examining mussels collected from ten sampling sites along
the northwestern and northeastern coasts of the Iberian Peninsula two-and-
a-half years after the Prestige oil spill. The PES of these samples was close
to that of the WF group.

Finally, we demonstrate here that comparative proteomics can provide
PES of exposure to pollution even when the effects of xenobiotics on the
test organism have not been studied previously. In the near future, PES
could be used as a multi-parametric biomarker that reflects an integrated
biological response, in contrast to single-parameter biomarkers, which pro-
vide relatively little information about the general health of an organism.
Furthermore, protein expression signatures of pollution are relatively inde-
pendent of other biotic and abiotic factors. Thus, once implemented and
cross-validated, proteomic techniques will provide a valuable, and econom-
ically feasible tool for biomonitoring.
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Unfortunately, our approach also has certain limitations. Since, as dis-
cussed in the introduction, mixtures of pollutants can produce additive,
subtractive, synergistic, and/or antagonistic effects on living organisms,
chemical analysis of pollutants is still required in connection with biomoni-
toring programs. In addition, the number of pollutants and period of time
that can be employed in laboratory exposure experiments are, for practical
reasons, limited. In our own laboratory experiments, mussels were exposed
either to sublethal concentrations of anthropogenic pollutants or to levels
of fuel oil similar to those present in the waters affected by the Prestige
oil spill. Nonetheless, such exposure says little about the long-term effects
that these pollutants may have on mussels and even less about the effects
of complex mixtures of pollutants found in the marine environment.

Another important limitation of our approach at this stage involves
possible genetic differences between mussel populations living at different
sampling sites. Although we eliminated the problem of intra-population ge-
netic differences by processing replicates, inter-population proteomic anal-
ysis must take genetic differences into account in future studies. Such
differences may, to some extent, be overcome by monitoring the same pop-
ulation of mussels at different time-points, e.g., before and after an oil spill.

As mentioned above, our subproteomic approach can be used to reveal
the presence of pollutants, but is not intended to characterize their toxic
effects on the mussels. Moreover, since the ability of mussels to metabo-
lize xenobiotics is limited, these compounds tend to accumulate in mussel
tissues and biomagnification at higher levels in the trophic chain can oc-
cur. Our approach can provide an early warning of possible threats to
marine ecosystems by pollutants, but the exact nature of the threat must
be examined employing classical ecotoxicological approaches.

In future investigations, efforts should be made to obtain PES from sam-
ples taken in a non-destructive fashion. For example, the hemolymph of
mussels contains a complex array of peptides derived from proteolytic action
that could provide important information concerning biological responses
to pollutants and is thus an excellent candidate for comparative proteomic
studies. For peptide profiling, a hemolymph sample could be applied di-
rectly onto a MALDI-TOF plate with no need for previous 2-DE separa-
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tions and proteolysis. Moreover, MALDI-TOF MS instruments are reason-
ably priced in comparison to other types of MS instruments. Hemolymph
peptide profiles should be cross-validated for later use as multi-parametric
biomarkers in connection with biomonitoring programs. For example, the
most responsive peptides could be assembled onto a peptide-chip, which
would reduce costs considerably. Furthermore, this approach could also be
utilized in mesocosmos experiments such as those documented in papers I
and II, but employing mussels inbred in the laboratory in order to minimize
the influence of other biotic and abiotic factors. However, this would be
costly.

Ultimately, a subproteomic approach could be valuable for the assess-
ment of marine pollution by responsible authorities, e.g., to monitor the
chemicals being regulated by programs such as the REACH initiative by the
European Union. In addition, as mentioned in paper V, multi-parametric
analyses might well reveal that sites previously considered to be pristine
are actually polluted.
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