Med. Weter. 2013, 69 (5)

Artykut przeglagdowy

259

Review

Application of proteomic tools to identify changes
in the protein composition of physiologically relevant
fish tissues

ADELINE COLUSSI*, MALGORZATA OZGO, AGNIESZKA HEROSIMCZYK,
KATARZYNA MICHALEK, WIESLAW F. SKRZYPCZAK

Department of Physiology, Cytobiology and Proteomics, Faculty of Biotechnology and Animal Husbandry,
West Pomeranian University of Technology, Doktora Judyma Str. 6, 71-466 Szczecin, Poland
*Department of Biology, Faculty of Natural Sciences and Mathematics, Swiss Federal Institute of Technology ETH Zurich,
Wolfgang-Pauli Str. 27, CH-8093 Zurich, Switzerland

Colussi A., Ozgo M., Herosimczyk A., Michatek K., Skrzypczak W. F.

Application of proteomic tools to identify changes in the protein composition
of physiologically relevant fish tissues

Summary

Over the past ten years, proteomic tools have been extensively used in various studies aimed at a better
understanding of fish biology and aquaculture. A variety of post-genomic techniques have been developed and
adapted for protein profiling of complex biological samples, such as tissues. This review will discuss the
applications of expression proteomics in fish health monitoring with regard to nutritional and environmental
changes, as well as bacterial or viral infection, in selected tissues relevant to fish physiology, i.e. the kidney,

brain, blood plasma, and liver.
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Fish are an important source of protein, averaging
40% of the protein intake for two-thirds of the world
population, and is a substantial part of the daily diet
in many countries (13). The increasing role of fish
for alimentation implies an improvement in culture
conditions, the reduction of infections and stress, as
well as the augmentation of fertility and body mass
to increase the fish yield and profitability. Another
challenge to fish consumption is the maintenance of
food quality and safety. This is why attempts have been
made to identyfy specific protein biomarkers which
may be suitable for veryfing the authenticity of food
products. Using MALDI-TOF MS (matrix-assisted
laser desorption/ionisation time-of-flight mass spec-
trometry) Mazzeo et al. (23) have recently obtained
protein profiles from the musle tissue of 25 distantly
and closely related fish species. The authors proved
that the signal patterns genereated from the muscle
proteins with molecular weights of approximately 11
kDa could be considered as species-specific biomar-
kers (23). The most interesting of the listed protein
markers characteristic of different fish species appe-
ared to be the ones of sole (m/z 11975.21), European
plaice (m/z 11351.73, 11763.63) and Greenland hali-
but (m/z 11432.38). The above-mentioned biomarkers

corresponded to parvalbumin, a calcium-binding
muscle protein, which is considered as a major fish
allergen (17, 23). Additionaly, Martinez and Friiz (21)
claim that the loss of freshness causes the formation
of parvalbumin aggregates which in turn may increase
the allergenecity of fish. Other studies dedicated to food
quality assesment describe specific allergens (10) and
deal with the influence of freezing-thawing cycles (15)
on fish meat quality. Fish are also relevant for funda-
mental biological research. The zebrafish (Danio
rerio) is typically known as a model organism for
embryonic development and organogenesis in verte-
brates, but recently has also been used as a model for
human neurological diseases (5) and drug discovery
(2). Despite the importance of fish for human nutri-
tion, in the monitoring of environmental pollution
and as model organisms in fundamental research, the
physiology of only a small number of species has been
studied, mostly at the molecular level of biochemistry
and genomics. Only recently, the proteomic approaches
have found their applications in fish physiology stu-
dies (22, 25).

Proteomics can be defined as the analysis of the
proteome, i.e. of the entire set of proteins expressed
at a defined time, under specific conditions that also
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includes variants, post-translational modifications and
the characterization of protein-protein interactions (21).
Proteins perform many cellular functions (12), and the
proteome, unlike the genome, changes dynamically and
constantly (3, 18). As such, the proteome integrates
changes in gene expression, mRNA stability, post-
translational modifications and protein turnover (12).
By studying the whole proteome, potentially unfore-
seen responses can be observed (29) and new mecha-
nistic hypotheses can be generated (12).

This review will focuse on the the applications of
expression proteomics in fish health monitoring with
regard to nutritional and environmental changes, as
well as bacterial or viral infection in selected organs
relevant to fish physiology, i.e. the kidney, brain,
plasma, and liver.

Proteome changes in fish tissues

Kidney

The influence of infection with Moraxella sp.,
a bacteria considered as harmless for fish farming, on
the kidney proteome of gilthead sea bream (Sparus
aurata) was analyzed by Addis et al. (1) using 2-DE
(two-dimensional electrophoresis), MALDI-TOF MS
and LC-ESI-Q/TOF MS (liquid chromatography-elec-
trospray ionization-quadrupole/time-of-flight mass
spectrometry). Mitochondrial enzymes, such as ala-
nine aminotransferase, aldehyde dehydrogenase,
dihydrodipicolinate synthase, ATP synthase subunit
beta, methylmalonate semialdehyde dehydrogenase,
acyl-Co A dehydrogenase, which are involved in
metabolism and apoptosis, as well as other proteins
(e.g. peroxiredoxins, S-adenosyl-homocysteine hydro-
lase, glutathione S-transferase, Cu/Zn superoxide
dismutase) implicated in response to oxidative stress,
infection and inflammation, were found to be signifi-
cantly up-regulated in the kidneys after Moraxella sp.
infection.

The effect of bacterial and viral infection on the
renal proteome was also studied by Booy et al. (6).
The authors, using 2-DE, ICAT (isotope-coded affinity
tag) and LC-ESI-Q/TOF MS, reported that the infec-
tion of Atlantic salmon (Salmo salar) by BKD (Reni-
bacterium salmoninarum) provoked an up-regulation
of lysozyme, cathepsin L and other proteins related to
inflammation and stress response. IHNV (infectious
hematopoietic necrosis virus) infection caused a down-
regulation of proteins involved in the response to viral
infection, like HSP70 (heat shock protein 70) or com-
plement proteins, such as complement components C3
and C5.

Brain

Hypoxia and anoxia. Smith et al. (31) studied
protein expression changes during and after anoxia in
the brain of the crucian carp (Carassius carassius),
a species resistant to anoxia. The authors, using 2-DE
and LC-ESI-IT MS (liquid chromatography-electro-
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spray ionization-ion trap mass spectrometry), showed
a reduced expression of proteins associated with the
glycolytic pathway (creatine kinase, fructose biphos-
phate aldolase, glyceraldehyde-3-phosphate dehydro-
genase, triosephosphate isomerase and lactate dehy-
drogenase), neuronal apoptosis (voltage-dependent
anion channel), and neurodegeneration (dihydropyri-
midinase-like protein-3 and vesicle amine transport
protein-1). Moreover, they found the up-regulation
of pre-proependymin, the precursor of ependymin, in
response to anoxia. This protein is commonly known
as a promoter of neuron growth and regeneration,
and it may also play a role in reversing the apoptotic
process (31).

A 2D-DIGE (two-dimensional difference gel elec-
trophoresis) and MALDI-TOF/TOF MS (matrix-assi-
sted laser desorption/ionization tandem time-of-flight
mass spectrometry) examination of the medaka (Ory-
zias latipes) brain after episodes of hypoxia revealed
subtle changes at the proteome level (24). Several pro-
teins correlated with hypoxia adaptation were found
to be up-regulated in medaka brain tissue. These incu-
ded proteins involved in vascularization (hemoglobin,
carbonic anhydrase II), ion transport (calbindin), energy
production (aldolase, succinate dehydrogenase), and
oxidative stress response (glutathione-S-transferase).
The above-mentioned proteins might be considered as
potential hypoxia markers in medaka brain tissue (24).

Model organism. Damodaran et al. (9) studied the
effects of chronic ethanol exposure on the proteome
of zebrafish (Danio rerio) brain tissue (soluble and
pellet fractions), using 2-DIGE and MALDI-TOF MS.
Out of the 13 protein spots found to be differentially
expressed in the soluble fractions of the brain, 11 were
up-regulated and 2 were down-regulated in response
to 0.5% (v/v) ethanol exposure when compared with
the control tissue. Unfortunately, only 4 overexpres-
sed spots were successfully identified. These included
voltage-dependent anion channels 1 and 2, apolipo-
protein A-I and glutamic-oxaloacetic acid transami-
nase-1. The authors also demonstrated that ethanol
exposure resulted in significant changes in the expres-
sion of 18 protein spots in the pellet frations of the
brain. The expression of 10 spots was increased (e.g.
heat shock 70 kDa protein 5, guanine nucleotide bin-
ding protein, alpha activating polypeptyde O), whereas
the expression of 8 (e.g. H" transporting ATPase,
lysosomal, V1 subunit A; H" transporting ATPase,
vacuolar, subunit B2) was decreased. Some of these
proteins may be considered as novel targets for chro-
nic ethanol exposure and may help in understanding
the biological mechanisms explaining alcoholism and
alcohol toxity (9).

In contrast to mammals, the brown ghost knifefish
(Apteronotus leptorhynchus), which belongs to the
teleost fish, has the ability to recover after central
nervous system (CNS) injuries. Zupanc et al. (33) used
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2-DE and MALDI-TOF/TOF MS in order to find
proteins involved in the repair process in the CNS. The
authors demonstrated that cerebellar lesions caused
changes in 53 protein spots, 30 of which were up-
-regulated and 23 down-regulated when compared with
the control tissue. The expression of the following
proteins was found to be increased: B-actin, B-tubulin,
B-1-tubulin, chaperonin containing tailless-complex
polypeptide 1 subunit epsilon, tropomodulin-3 and -4,
bullous pemphigoid antigen 1, myosin heavy chain,
B2-lamin, 78 kDa glucose-regulated protein, glutamine
synthetase, cytosolic aspartate aminotransferase, a- and
B-enolase, F-ATPsynthase B-subunit, vacuolar adeno-
sine triphosphate, 70 kDa heatshock cognate protein,
phosphoglycerate kinase, and creatine kinase. Proteins
with decreased expression levels were indenified as
keratin-10, cytosolic aspartase aminotransferase, calci-
neurin and bone marrow zinc finger 2.
Blood plasma

Acute phase response. Wu et al. (32) elicited an
acute phase response (APR) by four dorsal incisions
on loach (Misgurnus anguillicaudatus) and investi-
gated acute phase proteins (APPs), using 2-DE, PMF
(peptide mass fingerprint) and LC-ESI-Q/TOF MS.
Besides well-known APP (e.g. apolipoprotein, cathe-
psin S and C-reactive protein), the authors also identi-
fied new APR-related proteins (e.g. signal recognition
particle, parvalbumin and gastrin 71).

Russell et al. (27) studied an APR after the injec-
tion of Lipogen triple J vaccine or smooth and rough
lipopolysaccharides (LPS) from A. salmonicida into
rainbow trout (Oncorhynchus mykiss), using 2-DE,
MALDI-Q/TOF MS (matrix-assisted laser desorption
ionisation quadrupole time-of-flight mass spectro-
metry), LC-ESI-Q/TOF MS and N-terminal Edman
sequencing. They observed an increase in apolipo-
protein, pre-cerebrellin and transferrin. These proteins
may be considered as biomarkers of inflammatory
processes.

Brunt et al. (7) investigated the effect of probiotics
as an alternative to antibiotics on the serum proteins
of rainbow trout, using 2-DE and MALDI-TOF MS.
An increase in the expression of transferrin commonly
known as an APP (4) and a protein with unknown
function was observed after the injection of Bacillus
sp. JB-1.

Health. The large yellow croacher (Pseudoscianea
crocea) is a fish of considerable importance for Chi-
nese farming, but its culture suffers from increasingly
frequent viral and bacterial infections. To gain new
insights into molecular immunology after bacterial
infection, Chen et al. (8) vaccinated fish with forma-
lin-killed Aeromonas hydrophila and challenged them
with the same bacterial strain. The authors, using
2-DE and PMF, identified eight proteins, among which
the most interesting was f2-microglobulin, a key pro-
tein in the MHC (major histocompatibility complex)
class L.
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Douxfils et al. (11) studied the effect of chronic con-
finement stress on plasma proteome changes in the
Eurasian perch (Perca fluviatilis) in the first (F1) and
fourth (F4) generations of captive fish, using 2-DE
and LC-ESI-Q/TOF MS. They observed a decreased
immunity in F1 fish after the application of the confi-
nement stressor (decreased levels of complement C3
and transferrin), whereas the immunity of F4 fish was
stimulated by confinement, even if domestication
reduced the basal levels of immunity (down-regula-
tion of complement component C3).

Liver

Nutrition. The effect of short-term strarvation (14
days) on the liver proteome in rainbow trout was inve-
stigated by Martin et al. (19). The authors, using 2-DE
and PMF, found that cathepsin D, a lysosomal endo-
peptidase, is highly overexpressed in the liver of
starved trout in comparison with the control group.
This result clearly indicates that the main pathway of
protein degradation in the liver of the rainbow trout is
through the lysosome.

Jury et al. (16) used 2-DE, LC-ESI-IT MS and
LC-ESI-LTQ MS (liquid chromatography-electrospray
ionization linear ion trap quadrupole mass spectro-
metry) to show that a high-calorie treatment in zebra
-fish decreases oxygen binding and transport activi-
ties, peroxid detoxification, and creatine synthesis, as
well as induces a rearrangement of the cytoskeleton.
Contrary to the hypothesis formulated by the authors,
the up-regulation of the pathways of lipid metabolism
was not observed and seems not to be the primary
response to high-calorie diet in fish species.

Martin et al. (20) studied the influence of a higher
proportion of soybean meal in the diet of farmed
rainbow trout on their physiology and liver proteome,
using 2-DE and PMF. An augmentation in the soybean
content down-regulates the expression of structural
proteins (keratin II, B-tubulin), heat-shock proteins
(HSP70, HSP78) and anabolic proteins (phospho-
gluconate dehydrogenase, pyruvate kinase, adenosyl-
homocysteinase, hypoxanthine-guanine phosphoribo-
syltransferase), while simultaneously up-regulating the
expression of HSP108 and the proteins involved in
metabolic and energetic pathways, such as adolase B
and phosphatase 2A. It should be emphasised, that the
authors showed a substantial diminution in the Apo
A-I (apolipoprotein A-I) level, which revealed the
presence of phytoestrogens — a class of antinutritional
factors — in the soybean meal.

Sissener et al. (30) investigated the influence of the
genetically modified (GM) soy Roundup Ready in
a fish diet inclusion on the liver proteome of Atlantic
salmon, using 2-DE LC-ESI-IT. They found only low-
-fold differences between fish fed with GM soy and
those fed with non-GM soy, which indicates minor
differences in protein synthesis. They identified three
differentially regulated proteins; one was up-regu-
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lated (calreticulin) and the other two were down-regu-
lated (triose phosphate isomerase, thymidine phospho-
rylase), which co-migrated on the gel.

Maslinic acid (MA) is used as a feed additive for its
property of increasing growth, protein turnover rates
and hyperplasia in fish. Rufino-Palomares et al. (26)
investigated cellular mechanisms that are activated in
response to the addtition of MA to a standard fish diet
by analyzing the liver proteome of gilthead sea bream,
using 2-DE, PMF and MALDI-TOF/TOF. The results
clearly indicate that this diet additive triggers a variety
of changes at the protein level. The intake of MA
caused an increased expression of proteins involved in
glucose metabolism (phosphoglucomutase 1, phospho-
glucose isomerase), sterol metabolism (17-B-hydroxy-
steroid dehydrogenase type 4), amino acid metabolism
(methylmalonate-semialdehyde dehydrogenase), oxi-
dative stress response (catalase, 6-phosphogluconate
dehydrogenase), protein synthesis (elongation factor 2
of eukaryotic protein synthesis), protein folding (HSP60,
58-kDa glucose-regulated protein) and cytoskeleton
(cytokeratin E7, intermediate filament proteins, kera-
tin II). The down-regulated proteins included those
linked to glucose metabolism (S-adenosyl methionine
(SAM)-dependent methyltransferase class 1), detoxi-
fication and xenobiotic metabolism (alcohol dehydro-
genase), amino acid metabolism (fumarylacetoacetate
hydrolase, 4-hydroxyphenylpyruvic dioxygenase), and
growth factor/cell proliferation (kinase suppressor of
Rasl).

Health. Booy et al. (6) studied the effects of BKD
and [HNV infection on the liver proteome of Atlantic
salmon. After a bacterial BKD challenge, they found
an up-regulation of CNBP (cellular nucleic acid bin-
ding protein) and calreticulin, which may play a role
in the host’s defence by limiting inflammation and
tissue injury. Infection by IHNV induced a down-
-regulation of several ribosomal proteins (indicating
a decrease in protein synthesis) and the peroxidase
NKEF (natural killer enhancement factor). These
proteins are extremely important in cell signalling and
immunoregulation.

Gas bubble disease (GBD) can occur in fish under
oxygen-supersaturation conditions. It is frequent in
outdoor ponds and is mainly caused by high tempera-
ture and radiation, which lead to an increase in pho-
tosynthetic oxygen. Salas-Leiton et al. (28) investiga-
ted changes in the liver proteome of Senegal sole (So-
lea senegalis) affected by GBD Gas bubble disease
induced changes in five liver proteins. Three of them
were significantly up-regulated, including protein en-
gaged in amino acid metabolism — glycine N-methyl-
transferase, protein involved in the urinate cycle and
glucose metabolism — dicarbonyl/L-xylulose reducta-
se, and complement component C3. Fatty acid-binding
pro-tein, responsible for the transport of hydrophobic
metabolic intermediated and lipid carriers between
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membranes, was found to be down-regulated in res-
ponse to GBD. Moreover, the authors identified one
protein — B-globin — that was not present in the control
tissue. The main role attributed to this protein is oxy-
gen binding and/or transport (28).

Ibarz et al. (14) investigated the effect of cold stress
on the kidney proteome of cold-intolerant gilthead
sea bream, using 2-DE, PMF, MALDI-TOF/TOF and
LC-ESI-Q/TOF. In general, cold provokes fasting,
growth arrest, general metabolic down-regulation and
increased hepatic lipid deposition. The proteomic data
showed a decreased expresssion of actin, a- and B-tu-
bulin, enzymes of amino acid metabolism (glutamate
dehydrogenase, aspartate aminotransferase, alanine-
glyoxylate aminotransferase, homogentisate 1,2-di-
oxygenase) and antioxidant enzymes (betaine-homo-
cysteine-methyl transferase, glutathione-S-transferase,
catalase). Cold was found to reduce the abundance of
proteins involved in proteolysis (peptidase, dipetidase,
proteasome activator protein, trypsinogen-like pro-
tein), oxidative stress response and the induction of
apoptosis (elongation factor-la, oxidative forms of
glyceraldehyde-phosphate dehydrogenase and Raf-
-kinase inhibitor protein).

The results of the studies described above clearly
indicate that post-genomic technologies can be suc-
cessfully applied in various studies of bacterial and
viral infections, nutrition or the influence of environ-
mental factors on fish physiology, even if there exist
limited genomics data, thus fish are called as a ‘non-
-model’ organisms for protein identification.

References

1.4ddis M., Cappuccinelli R., Tedde V., Pagnozzi D., Viale 1., Meloni M.,
Salati F., Roggio T, Uzzau S.: Influence of Moraxella sp. colonization on
the kidney proteome of farmed gilthead sea breams (Sparus aurata, L.).
Proteome Sci. 2010, 8, 50.

2.Amatruda J. F., Patton E. E.: Genetic models of cancer in zebrafish. Int. Rev.
Cell Mol. Biol. 2008, 271, 1-34.

3. Auerbach D., Thaminy S., Hottiger M. O., Stagljar I.: The post-genomic
era of interactive proteomics: facts and perspectives. Proteomics 2002, 2,
611-623.

4.Bayne C. J., Gerwick L., Fujiki K., Nakao M., Yano T: Immune-relevant
(including acute phase) genes identified in the livers of rainbow trout,
Oncorhynchus mykiss, by means of suppression subtractive hybridization.
Dev. Comp. Immunol. 2001, 25, 205-217.

S.Best J. D., Alderton W. K.: Zebrafish: an in vivo model for the study of
neurological diseases. Neuropsych. Dis. Treat. 2008, 4, 567-576.

6.Booy A. T., Haddow J. D., Ohlund L. B., Hardie D. B., Olafson R. W.:
Application of isotope coded affinity tag (ICAT) analysis for the identification
of differentially expressed proteins following infection of Atlantic salmon
(Salmo salar) with infectious hematopoietic necrosis virus (IHNV) or Reni-
bacterium salmoninarum (BKD). J. Proteome Res. 2005, 4, 325-334.

7.Brunt J., Hansen R., Jamieson D. J., Austin B.: Proteomic analysis of
rainbow trout (Oncorhynchus mykiss, Walbaum) serum after administration
of probiotics in diets. Vet. Immunol. Immunopathol. 2008, 121, 199-205.

8.Chen X., Wu Z., Yu S., Wang S., Peng X.: Beta2-microglobulin is involved
in the immune response of large yellow croaker to aeromonas hydrophila:
a proteomic based study. Fish Shellfish Immunol. 2010, 28, 151-158.
9.Damodaran S., Dlugos C. A., Wood T. D., Rabin R. A.: Effects of chronic
ethanol administration on brain protein levels: a proteomic investigation using
2-D DIGE system. Eur. J. Pharmacol. 2006, 547, 75-82.
10.Dory D., Chopin C., Aimone-Gastin I., Gueant J. L., Guerin L., Sainte-
-Laudy J., Moneret-Vautrin D. A., Fleurence J.: Recognition of an extensive
range of IgE-reactive proteins in cod extract. Allergy 1998, 53, 42-50.



Med. Weter. 2013, 69 (5)

11. Douxfils J., Mathieu C., Mandiki S. N. M., Milla S., Henrotte E., Wang N.,
Vandecan M., Dieu M., Dauchot N., Pigneur L.-M., Li X., Rougeot C.,
Meélard C., Silvestre F., Van Doninck K., Raes M., Kestemont P.: Physiological
and proteomic evidences that domestication process differentially modulates
the immune status of juvenile Eurasian perch (Perca fluviatilis) under
chronic confinement stress. Fish Shellfish Immunol. 2011, 31, 1113-1121.

12.Dowd W. W., Renshaw G. M. C., Cech J. J., Kiiltz D.: Compensatory proteome
adjustments imply tissue-specific structural and metabolic reorganization
following episodic hypoxia or anoxia in the epaulette shark (Hemiscyllium
ocellatum). Physiol. Genomics 2010, 42, 93-114.

13.Forné 1., Abian J., Cerda J.: Fish proteome analysis: model organisms and
non-sequenced species. Proteomics 2010, 10, 858-872.

14.1barz A., Martin-Pérez M., Blasco J., Bellido D., de Oliveira E., Fernandez-
Borras J.: Gilthead sea bream liver proteome altered at low temperatures by
oxidative stress. Proteomics 2010, 10, 963-975.

15.Jessen F.: Refrigeration and aquaculture. Proc. Meeting of Commission C2,
1996, 363-370.

16.Jury D. R., Kaveti S., Duan Z.-H., Willard B., Kinter M., Londraville R.:
Effects of calorie restriction on the zebrafish liver proteome. Comp. Bio-
chem. Physiol. D Genomics Proteomics 2008, 3, 275-282.

17.Kuehn A., Scheuermann T., Hilger C., Hentges F.: Important variations in
parvalbumin content in common fish species: a factor possibly contributing
to variable allergenicity. Int. Arch. Allergy Immunol. 2010, 153, 359-366.

18. Lottspeich F.: Proteome analysis: a pathway to the functional analysis of
proteins. Angew. Chem. Int. Ed. 1999, 38, 2476-2492.

19.Martin S. A. M., Cash P, Blaney S., Houlihan D. F.: Proteome analysis
of rainbow trout (Oncorhynchus mykiss); liver proteins during short term
starvation. Fish Physiol. Biochem. 2001, 24, 259-270.

20.Martin S. A. M., Vilhelmsson O., Médale F., Watt P, Kaushik S., Houlihan
D. F:: Proteomic sensitivity to dietary manipulations in rainbow trout.
Biochim. Biophys. Acta 2003, 1651, 17-29.

21.Martinez L., Friis T J.: Application of proteome analysis to seafood authen-
tication. Proteomics 2004, 4, 347-354.

22.Martin-Perez M., Fernandez-Borras J., Ibarz A., Millan-Cubillo A., Felip O.,
de Oliveira E., Blasco J.: New insights into fish swimming: a proteomic and
isotopic approach in gilthead sea bream. J. Proteome Res. 2012, 11, 3533-
-3547.

263

23.Mazzeo M. F., de Giulio B., Guerriero G., Ciarcia G., Malorni A., Russo G. L.,
Siciliano R. A.: Fish authentication by MALDI-TOF mass spectrometry.
J. Agric. Food Chem. 2008, 56, 11071-11076.

24.Oehlers L. P, Perez A. N., Walter R. B.: Detection of hypoxia-related proteins
in medaka (Oryzias latipes) brain tissue by difference gel electrophoresis and
de novo sequencing of 4-sulfophenyl isothiocyanate-derivatized peptides by
matrix-assisted laser desorption/ionization time-of-flight mass spectrometry.
Comp. Biochem. Physiol. C 2007, 145, 120-133.

25. Parrington J., Coward K.: Use of emerging genomic and proteomic techno-
logies in fish physiology. Aquat. Living Resour. 2002, 15, 193-196.

26.Rufino-Palomares E., Reyes-Zurita F. J., Fuentes-Almagro F. A., de la
Higuera M., Lupidiiez J. A., Peragon J.: Proteomics in the liver of gilthead
sea bream (Sparus aurata) to elucidate the cellular response induced by the
intake of maslinic acid. Proteomics 2011, 11, 3312-3325.

27.Russell S., Hayes M. A., Simko E., Lumsden J. S.: Plasma proteomic analysis
of the acute phase response of rainbow trout (Oncorhynchus mykiss) to
intraperitoneal inflammation and LPS injection. Dev. Comp. Immunol. 2006,
30, 393-406.

28.Salas-Leiton E., Canovas-Conesa B., Zerolo R., Lopez-Barea J., Canavate
J. P, Alhama J.: Proteomics of juvenile senegal sole (Solea senegalensis)
affected by gas bubble disease in hyperoxygenated ponds. Marine Biotech-
nol. 2009, 11, 473-487.

29.Sanchez B. C., Ralston-Hooper K., Sepuilveda M. S.: Review of recent prote-
omic applications in aquatic toxicology. Environ. Toxicol. Chem. 2011, 30,
274-282.

30.Sissener N., Martin S., Cash P, Hevroy E., Sanden M., Hemre G. I.: Prote-
omic profiling of liver from Atlantic salmon (Salmo salar) fed genetically
modified soy compared to the near-isogenic non-GM line. Marine Biotech-
nol. 2010, 12, 273-281.

31.Smith R. W., Cash P, Ellefsen S., Nilsson G. E.: Proteomic changes in the
crucian carp brain during exposure to anoxia. Proteomics 2009, 9, 2217-
-2229.

32.Wu Y, Wang S., Peng X.: Serum acute phase response (apr)-related proteome
of loach to trauma. Fish Shellfish Immunol. 2004, 16, 381-389.

33. Zupanc M. M., Wellbrock U. M., Zupanc G. K. H.: Proteome analysis identi-
fies novel protein candidates involved in regeneration of the cerebellum of
teleost fish. Proteomics 2006, 6, 677-696.

Corresponding author: prof. Wieslaw F. Skrzypczak, Doktora Judyma
Str. 6, 71-466 Szczecin, Poland; e-mail: wieslaw.skrzypczak@zut.edu.pl



