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INTRODUCTION 
Aquatic ecosystems have been faced with several threats from 

complex mixture of contaminants from industries, anthropogenic 
perturbations and other stressors in recent years. And for several 
decades, the presence of these environmental contaminants in 
aquatic biotic and abiotic samples has been measured using chemical 
analytical techniques.

Environmental stress, as well as a variety of physical conditions, 
may sometimes induce the synthesis of certain proteins in fi sh. Some 
of these proteins are believed to play a role in protecting the cell from 
the damage, which may result from environmental perturbations, 
while others are involved in the regulation of various genes. Th e 
best-known representatives of this group are the stress proteins (also 
known as Heat Shock Proteins, (HSPs) and Metallothioneins (MTs).

Proteomics has also been applied to specifi c aspects of seafood 
research and technology. Proteomics applications related with 
seafood production and safety has been classifi ed in three main items: 
(i) food safety studies, (ii) authentication and taxonomic applications, 
and (iii) nutritional aspects [1]. Proteins can be related to pollution 
initiation, safety, quality and nutrition topics, constituting in this 
sense important biomarkers for the detection of pollution, food safety, 
and nutritional value [2], as well as monitoring nutritional diff erences 
between wild and farmed species as applied in nutriproteomics [3].

Muscle plays a central role in whole-body protein metabolism 
by serving as the principal reservoir for amino acids to maintain 
protein synthesis in vital tissues and organs [4]. Skeletal muscle 
fi bers represent one of the most abundant cell types in vertebrates [5] 
and contractile fi bers of skeletal muscle tissues provide coordinated 
excitation-contraction-relaxation cycles for voluntary movements 
and postural control [6]. Besides playing a central physiological role 
in heat homeostasis, it usually presenting itself as a crucial metabolic 
tissue that integrates various biochemical pathways [7]. Th erefore, 
muscle proteomics aims at global identifi cation, cataloging and 
biochemical characterization of the entire protein complement of the 
voluntary contractile tissue as well as have the potential to identify 
novel proteins which could serve as biomarkers for many aspects 
including fi sh physiology and growth, fl esh quality, food safety and 
aquatic environmental monitoring [8,9]. 

Th e most common methods for protein identifi cation are Matrix-
Assisted Laser Desorption Ionization- Time of Flight (MALDI-
TOF) coupled with 2 Dimensional gel Electrophoresis (2DE) and 
Electrospray Ionization Tandem Mass Spectrometry (ESI-MS/MS). 

MALDI-TOF provides high sequenced coverage in proteins from 
sequenced genomes, while ESI-MS/MS is the method of choice in 
the case of genomes with no fully sequencing information available. 
Th e growth of mass spectrometry facilities, powerful bioinformatics 
tools, and availability of genomic information in research centres 
and industries can make possible that high throughput proteomics 
will feature in aquaculture and fi sheries in the near future. Th e high-
throughput proteomic approaches such as isobaric Tagging for 
Relative and Absolute Quantitation (iTRAQ), has been successfully 
used to study the responses by fi sh to aquatic pollutants, including 
androgen receptor agonists/antagonists [10]. Th is high-through 
proteomics has been successfully applied to identify altered protein 
expression in the muscle of rainbow trout Oncorhynchus mykiss 
during spawning and was associated with biochemical processes 
involved in muscle deterioration. 

PROTEOMIC IN FISH 
It is increasingly important to profi le proteins in order to 

understand biological processes in a post genomic era as the dynamics 
of proteins between cells at diff erent times and under diff erent 
environmental conditions provide an actual biological phenotype. 
Proteomics studies are built upon the foundations of genomics, in 
such way that a lack of genomic information on a particular species 
can substantially limit the success in protein identifi cation [11]. As 
such, functional genomics and proteomic technologies have allowed 
simultaneous biological study of thousands of genes or proteins. In 
particular, the presence of post translational modifi cations in proteins 
further highlights the importance of proteomic analysis which is not 
replaceable by other genomic approaches [12].

TECHNIQUES AND APPROACHES IN IDEN-
TIFICATION OF POTENTIAL PROTEIN 
MARKERS 

Diff erent molecular approaches [biochemical assays, Enzyme 
Linked Immuno-Sorbent Assays (ELISA), spectrophotometric, 
fl uorometric measurement, diff erential pulsed polarography, liquid 
chromatography, atomic absorption spectrometry]. However, 
methodological approaches able to detect subtle changes in 
the expression of individual proteins and amino acid sequence 
modifi cations, constitute an excellent tool [13,14], which can be 
explanatory of a biological situation. Recent report shows exponential 
developments concerning proteome analytical techniques and 
sample preparation [15]. Proteomics is essentially based on classical 
“Analytical Chemistry” strategies: separation by electrophoresis 
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techniques, identifi cation and quantitative analysis through mass 
spectrometry. 

PROTEOMICS AS ENVIRONMENTAL MARK-
ER OF POLLUTION

Proteomics applied to assess the biological eff ects of pollutants in 
marine organisms is beginning to reveal some of the systemic changes 
that occur on the cellular level. First, even a qualitative description 
of cellular changes through PES shows that the systemic changes 
occurring during exposure are pollutant-specific. Second, proteins 
common to many pollutant-stress responses include oxidative stress 
proteins, cytoskeletal proteins, chaperones, proteases, and proteins 
involved in the detoxification of xenobiotics as well as β-oxidation. 
Together, these changes suggest that the production of ROS leads to 
the denaturation of proteins as well as wide-ranging modifications of 
cytoskeletal elements. Finally, PTMs present a novel frontier to assess 
the biological eff ects of pollutants. Among the PTMs that are likely to 
be the most important are those that increase with oxidative stress, 
e.g. Carbonylation and glutathionylation, and that are indicators of 
protein denaturation, e.g. ubiquitination.

Fisheries have received a great deal of concern as a potential 
source of heavy metal contamination to humans because of its wide 
consumption of fi sheries [16,17]. In West Africa, the Bagrid catfi sh 
(Chrysichthys nigrodigitatus) are commercially important fi sh species 
that are widely consumed and continue to attract high patronage. 
Chrysichthys nigrodigitatus on the other hand, is a demersal omnivore 
inhabiting the bottom of shallow waters, rivers and lagoons [18].

Th e Ologe and Badagry Lagoons, a home for a wide variety 
of fi shery resources have been found to be subjected to many 
anthropogenic sources of contamination by virtue of their socio-
economic importance and proximity to urban centres, heavy-
industrial and use for several agricultural activities. Previous studies 
[19-23] revealed varying levels of contaminants in these ecosystems 
including heavy metals, pesticides and polycyclic aromatic 
hydrocarbons. Th ese compounds can be absorbed and accumulated 
in the edible parts of lagoon biota, thus entering the human food 
chain and posing a public health problem. However, there is paucity 
of information on the proteome compositions of most edible aquatic 
biota from Ologe and Badagry Lagoons. Th erefore, proteomic studies 
would be quite useful as additional information during environmental 
contamination studies in these ecosystems. 

Th e aim of this study was to evaluate the potential of proteomics 
as a tool for biomarker discovery, providing characterization 
of the proteome sensitive pollution markers in the muscle of C. 
nigrodigitatus captured from the wild. Th us, the application of 
proteomic hypothesis-independent approach was to discover the 
protein expression patterns underlying the eff ects of environmental 
stressors in form of admixtures of chemical pollutants from several 
anthropogenic activities in an attempt of identifying a putative set of 
protein biomarkers. 

MATERIALS AND METHODS
Ologe and Badagry Lagoons are situated within the Lagos lagoon 

complex in Lagos State of Southwestern region of Nigeria (Figure 
1). Ologe Lagoon is a freshwater body which opens into the Atlantic 
Ocean via the Badagry creeks and the Lagos harbour. Th ese Lagoons 
meet several socio-economic needs such as aquaculture, fi shing, sand 
dredging and drainage across various towns and villages bordering 

it [19]. By virtue of their position, (with several industries and other 
anthropogenic activities around it), have been impacted by partially 
treated and untreated industrial effl  uents.

Experimental set-up

Fish (Chrysichthys nigrodigitatus) samples were collected using a 
trap basket slightly above the bottom of the lagoon, where the water 
was shallow at depth of 3.5 m from the eight (8) established stations 
in Ologe and Badagry Lagoons between October 2013- April 2015. 

Water quality and heavy metal analyses

Water quality parameters were characterized following APHA 
standard protocols [24]. Two (2) g of the dried sediment was taken 
in a digestion beaker and 10 mL of mixture of HCl and HNO3 in 
the ratio 3:1 was added and then digested at 95°C for 2 h. Th e metal 
concentrations of both the digested water and sediment samples were 
quantifi ed using GBC (Savant AA Sigma) fl ame Atomic Absorption 
Spectrometer (AAS). All chemical regents used herein were of 
analytical reagent grade (Merck, United State). Th e glassware was 
pre-cleaned with nitric acid and rinsed with double distilled water. 

Preparation of protein extracts and quantifi cation

One hundred (100) mg of muscle tissue were collected from 
Chrysichthys nigrodigitatus and minced using a clean scalpel. Th e 
tissue was homogenized with 1 mL of PBS and spinned at 3,000 rpm 
for 10 min at 40C. Th e supernatants were removed, and then 1 ml 
of whole cell lysis buff er was added to the 100 mg of homogenized 
tissue. Th e Whole Cell Lysis (WCL) is composed of 50 mM NaCl, 
1M HEPES (pH 7.8), 5 mg/ml leupeptin, 10 mg/ml Pepstatin, 250 
mM DDT, Tris, 100 mM PMSF, 40 mM Na3VO4 and distilled water. 
Sonication for 4x8 at output level 5, Spinned at 13,000 rpm for 10 
min at 40C, the supernatant was removed, saved in another tube 
and centrifuged. Th e mixture was incubated in ice for 30 additional 
minutes, and then divided in 100 μL aliquots that were stored at -80°C 
until needed. Th e quantifi cation results and the quality of the protein 
extracts was performed by the modifi ed Bradford method, measuring 
the samples extracts in duplicates and using Bovine Serum Albumin 
(BSA) as protein standard. Th e results of the quantifi cation were 
checked by running 25 μg of each protein extract on 12.5% vertical 
SDS-PAGE gels according to Laemmli’s protocol [25].

For 2D-PAGE, protein extracts were diluted in rehydration buff er 

Figure 1: Sampling stations at Ologe and Badagry Lagoons
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with composition 60 mM urea, 2 M thiourea, 2% CHAPS, 1% DTT, 
0.5% IPG Buff er pH 3-10. Resuspended proteins, approximately 300 
μg, were absorbed overnight into 13 cm Immobilized Dry strip pH 
3-10 (GE Healthcare) and focused at 50 μA per strip according to 
the manufacturer’s protocol, for a total of 78,300 Vh in an IPGphor 
isoelectrofocusing unit (GE Healthcare). Aft er focusing, strips were 
equilibrated with equilibration buff er (6 M Urea, 75 mM Tris HCl, 
pH 8.8, 29.3% (v/v), 30% glycerol, 2% (w/v) SDS and 0.002% (w/v) 
Bromophenol blue containing 10 mg/ml supplemented with 1% DTT 
for 15 min, and then with 2.5% iodoacetamide for 15 min on roller 
mixer. 

Th e Second Dimension (SDS-PAGE) [23] run was performed 
using 12.5% resolving gels with 6% (w/v) stacking gel on a Protean-2 
cell (Bio-Rad). Th e gels were stained with Coomassie Brilliant 
Blue (CBB), and images were acquired by Image Scanner LabScan 
6.0 (GE Healthcare Biosciences) Proteomic Lab, IITB, India. 
Th e quantifi cation of protein was estimated using the Bradford 
Method and standardized with BSA (Bovine Serum Albumin). Th e 
quantifi cation of protein extracts observed low concentrations across 
individual replicate samples in each seasons. 

1-D SDS-PAGE gels were used to examine the range of protein 
MW and to assess the presence of interfering substances in the 
muscle protein extracts. Th e standard of protein determined from 
absorbance at 595nm wavelength plotted against Bovine Serum 
Album (BSA) concentrations.

In-Gel Digestion

In-gel digestion using trypsin was performed according 
to Shevchenko, et al. [26]. Th e polyacrylamide gel was washed 
thoroughly with 100 mM NH4HCO3. Th e protein bands were then 
excised from the gel. 

Matrix Laser Desorption Ionization Time of Flight/ Time 
Of Flight Mass Spectrometry (MALDI-TOF/TOF-MS)

A total of 8 gel spots were excised from the 2D gels, for MALDI-
TOF/TOF-MS analysis; gel spots were picked up from one freshly run 
gel. Th e gel spots were destained and digested overnight with trypsin. 
Th e resulting peptides were extracted following standard techniques 
[27]. Peptide fragment mass spectra were acquired in data dependent 
Bruker Daltonic Flex analysis with a scan range of 500–3500 m/z; 
three averages and up to three precursor ions were selected from the 
MS scan (100–3500 m/z). Protein mass score is -10*Log (P), where P 
is the probability that the observed match is a random event. Protein 
scores greater than 46 were signifi cant (p < 0.05).

Sequence database search

Th e MS/MS data were subjected to Mascot protein database 
search engine (www.matrixscience.com) [28]. Th e search engine 
contains the calculated spectra for all peptides in the National Centre 
for Biotechnology Information (NCBI) non-redundant sequences 
database (ncbi.nlm.nih.gov) and UniProt (uniprot.org/).

Isobaric tag relative and absolute quantitation (iTRAQ) 
labeling

Peptide fractionation was performed using a strong cation 
exchange column as described by Zhang, et al. [29]. Peptides of the C. 
nigrodigitatus from Ologe and Badagry lagoon were labeled with the 
114, 115, 116, and 117 iTRAQ reporters, respectively. Th e fractioned 
peptide samples were dried, while the columns prepared were 
activated with 1 ml of Acetonitrile (ACN), 0.1% Formic acid and a 

combined 50% (1 ml ACN) and 50% (0.1% FA) and then washed with 
0.1% FA. iTRAQ was performed using Acquisition Mode AutoMS2 
with MS Range: 300-3000 m/z MS Q-TOF with ModelG6550A 
(Agilent Technologies). Th e 4-plex iTRAQ is a reagent used to label 
all protein samples in the muscle of C. nigrodigitatus from Ologe and 
Badagry Lagoons. A total of 12 representative protein samples for 
the 4-plex iTRAQ analysis of C. nigrodigitatus muscles from Ologe 
and Badagry Lagoon was quantifi ed, pooled together, fractionated 
and analyzed to identify the peptide sequence in the tandem mass 
spectrometry.

RESULT AND DISCUSSION
Water quality characteristics 

Th e mean variations of physico-chemical properties of water 
quality of the lagoons are presented in table 1. Th e water quality 
parameters indicates signifi cant diff erences (p < 0.05) across sampling 
period in each lagoons. Furthermore, T-Test revealed signifi cant 
diff erences (p < 0.05) in pH, Salinity, Dissolved Oxygen (DO) and 
Biochemical Oxygen Demand (BOD) between the two Lagoons 
across the sampling period. Th e DO and BOD levels in the water fell 
below permissible limit of FMEnv (2003). 

Table 2 showed the mean levels of heavy metals in sediment 
at Ologe and Badagry lagoons. ANOVA revealed that all metals in 
the sediment, except Ni showed signifi cant diff erences (p < 0.05) in 
both lagoons. Th e T-test also indicated that there was a signifi cant 
diff erence (p < 0.05) in the metals of both lagoons. Furthermore, 

Table 1: Mean variations of the water quality parameters in Ologe and Badagry 
Lagoons.

S/N PARAMETERS OLOGE BADAGRY T-test (p 
< 0.05)

FMEnv 
(2003)

1
Water Temperature 

(oC)
29.82 ± 0.19ab 30.75 ± 0.23ab 0.103 < 40

2 pH 6.83 ± 0.11a 8.30 ± 0.06ab 0.000 6.0 - 9.0

3 Conductivity (μS/m) 188.16 ± 2.97bc 190.13 ± 3.52a 0.433 -

4 Salinity (%) 3.85 ± 0.27 5.20 ± 0.22 0.015 -

5
Dissolved Oxygen 

(DO) (mg/L)
3.89 ± 0.18abc 5.75 ± 0.13bc 0.002 5

6
Biochemical Oxygen 

Demand (mg/L)
74.11 ± 0.88bc 37.54 ± 3.46a 0.000 10

7 Rainfall (mm) 231.57 ± 43.77 231.57 ± 43.77

Alphabets with the letter "a" indicate no signifi cantly different means (p > 0.05). 
FMEnv. (2003)-Nigerian Water Quality Standard for Inland Surface Water.

Table 2: Mean concentration of Heavy metals in sediment at Ologe and 
Badagry lagoons.

 Heavy 
metals

(mg / kg)

OLOGE LAGOON BADAGRY LAGOON
T-test (p < 

0.05)Mean ± S.E.M Range
Mean ± 
S.E.M

Range

Cr 30.13 ± 0.72 28.9 - 31.4 24.73 ± 1.29 22.5 - 27.0 0.011

Cd 0.60 ± 0.06 0.47 - 0.70 0.10 ± 0.00 0 - 0.10 0.013

Fe 568.4 ± 0.35 567.8 - 569 623.6 ± 9.93
606.4 - 
640.8

0.029

Ni 12.07 ± 2.57 7.6 - 16.5 5.80 ± 0.40 5.1 - 6.5 0.17

Cu 4.10 ± 0.01 0.67 - 4.28 1.30 ± 0.12 1.1 - 1.5 0.002

Zn 100.17 ± 5.46 90.7 - 109.6 48.13 ± 1.41 45.7 - 50.6 0.017

Pb 17.57 ± 0.38 16.9 - 18.2 8.60 ± 0.46 7.8 - 9.4 0.00

S.E.M - Standard Error Mean; T-test at level of p < 0.05 (Ologe and Badagry 
lagoons).
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Table 3: Comparison of some Identifi ed protein markers with closely matched sequence of other related catfi shes with Up-regulated and Down-regulated Folds in 
the muscle of C. nigrodigitatus from iTRAQ analysis in Ologe and Badagry Lagoons

Accession No. Organism Protein names
Gene 
names

Σ 
Coverage

MW 
[kDa]

calc. pI
Ologe
Protein
Folds

Badagry
Protein
Folds

Carbohydrate metabolism

Proteins related to Glycolysis

M4VQF0 Clarias batrachus Glyceraldehyde-3-phosphate dehydrogenase (NAD+) GAPDH 28.53 35.82 8.12 1.19 0.58

E3TCG5 Ictalurus furcatus Glyceraldehyde-3-phosphate dehydrogenase (NAD+) G3P 21.92 35.87 8.19 1.52 2.56

W5UMJ7 Ictalurus punctatus Fructose-bisphosphate aldolase Aldoa 7.69 39.66 8.32

Q2I188 Ictalurus punctatus Enolase 22.48 32.97 6.42

W5UM08 Ictalurus punctatus Phosphoglycerate kinase Pgk1 6.47 44.52 6.57

E3TCG8 Ictalurus furcatus Malate dehydrogenase MDHM 7.40 35.46 7.90 14.57 1.49

E3TC26 Ictalurus furcatus Beta-enolase ENOB 6.68 47.43 6.29

W5UFL8 Ictalurus punctatus Gamma-enolase ENO2 4.15 46.99 4.98

W5UF83 Ictalurus punctatus Serine/threonine-protein kinase 35 STK35 3.69 45.21 7.69

W5U9H3 Ictalurus punctatus Pyruvate kinase PKM 2.08 58.40 7.62

S5UP40 Clarias batrachus L-lactate dehydrogenase 6.91 36.30 7.03 4.35 2.21

Proteins related to Gluconeogenesis

E3TC72 Ictalurus furcatus Triosephosphate isomerase TPISB 23.39 26.54 7.33 0.57 0.06

W5UM65 Ictalurus punctatus Glucose-6-phosphate isomerase GPI 2.71 62.26 7.52 0.29 0.33

Proteins related to Glycogenolysis

W5UA63 Ictalurus punctatus Phosphoglucomutase-1 PGM1 4.10 61.21 6.55

W5U7D4 Ictalurus punctatus Protein phosphatase 1D PPM1D 3.68 59.83 7.25

Proteins related to Cyto-skeletal system

W5ULX8 Ictalurus punctatus Alpha-actinin-3 ACTN3 27.65 103.78 5.25

E3TFQ4 Ictalurus punctatus Actin alpha sarcomeric/cardiac ACT2 68.17 41.96 5.39 1.68 0.92

E3TEI4 Ictalurus punctatus Myosin regulatory light chain 2 skeletal MLRS 66.27 18.82 4.77

Q804Z1 Ictalurus punctatus Creatine kinase 32.37 42.94 6.77 1.91 2.98

R9WWV5 Rhamdia quelen Beta-actin 47.73 41.73 5.48

E3TD53 Ictalurus furcatus Myosin light chain 3 skeletal muscles MLE3 35.33 16.64 4.56

S5UM11 Clarias batrachus Keratin type II 35.83 29.30 4.81 11.92 2.47

Q804Z2 Ictalurus punctatus Creatine kinase 21.00 42.74 6.80 2.31 1.46

E3TFQ0 Ictalurus punctatus Tropomyosin alpha-1 chain TPM1 31.40 27.98 4.75

A0A075F7H2 Clarias gariepinus Beta-actin 46.21 16.10 6.07 1.92 1.05

E3TG28 Ictalurus punctatus Mitochondrial creatine kinase s-type KCRS 8.17 46.67 7.91

W5UMT9 Ictalurus punctatus Tropomyosin alpha-1 chain tpma 20.42 32.60 4.72 3.01 2.99

W5UML0 Ictalurus punctatus Tropomyosin alpha-3 chain Tpm3 11.29 28.66 4.74 3.04 0.24

W5UL31 Ictalurus punctatus Tubulin beta-1 chain TBB1 7.19 49.76 4.89 18.99 15.21

W5U761 Ictalurus punctatus Myosin-7 Myh7 1.03 223.34 6.02 1.55 0.54

E3TCM8 Ictalurus furcatus Muscle-related coiled-coil protein MURC 9.09 37.99 8.66 2.66 0.93

Q9I8Q4 Ictalurus punctatus Alpha actin 41.64 41.99 5.48

E3TGA2 Ictalurus punctatus myosin regulatory light chain 2b cardiac muscle isoform MLRB 18.56 18.96 4.67 2.54 0.92

E3TFV0 Ictalurus punctatus Myozenin-2 MYOZ2 5.18 27.99 5.29

E3TD83 Ictalurus furcatus Myosin regulatory light polypeptide 9 MYL9 10.47 19.70 4.78

Q4JI23 Ictalurus punctatus Keratin 8 11.93 20.64 4.65 1.52 2.69

E3TCF8 Ictalurus furcatus F-actin-capping protein subunit alpha 1 CAZA1 20.98 32.92 5.44 0.60 0.26

A0A075F7H2 Clarias gariepinus Beta-actin 46.21 16.10 6.07 1.92 1.05

W5ULV1 Ictalurus punctatus Myozenin-1 MYOZ1 4.73 33.56 6.81 2.43 4.69

Oxidative stress response
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W8VR88 Clarias batrachus Alanine aminotransferase gpt2 2.04 54.51 6.68

Response to Stimuli

I7FW61
Clarias 

macrocephalus 
Heat shock cognate 70 HSC70-1 9.86 71.19 5.33 0.86 1.39

A0A0A8J3A8 Clarias batrachus Heat shock protein HSP 90-alpha 1 hsp90a.1 1.79 83.83 5.01

E3TD24 Ictalurus furcatus Heat shock protein beta-1 HSPB1 7.58 23.38 6.90 1.06 0.38

Electron transport chain

F7UJF7 Clarias sp. Cytochrome c oxidase subunit 2 CO2 13.04 26.08 4.84 10.73 2.39

W5ZT49 Clarias batrachus Cytochrome b cytb 11.24 37.95 7.15 1.11 0.41

W5ZSN2 Clarias batrachus Cytochrome b cytb 4.64 36.25 7.66

W5UBZ9 Ictalurus punctatus Cytochrome b-c1 complex subunit 1 Uqcrc1 4.81 51.84 6.76 1.27 0.17

E3TFT0 Ictalurus punctatus Hemoglobin subunit alpha HBA 6.29 15.80 7.66

O13163 Silurus asotus Hemoglobin subunit beta hbb 8.84 16.13 8.19 2.59 2.75

Lipid Metabolism

lipid transporter activity

B2KSI6
Clarias 

macrocephalus
Vitellogenin Vtg 2.44 147.84 9.10 1.71 1.24

A0A088SGF4 Ariopsis felis Vitellogenin vtg 4.89 24.65 8.73

Proteins related to Glycerol Phosphate Shuttle

W5U8X7 Ictalurus punctatus Glycerol-3-phosphate dehydrogenase 1b gpd1 8.29 37.96 6.83 2.77 0.98

Proteins related to Nucleic Acid Metabolism

E3TD55 Ictalurus furcatus Adenylate kinase isoenzyme 1 KAD1, ak1 13.40 21.53 6.29 2.45 0.77

M1FNH3 Clarias gariepinus Early growth response 3 protein EGR3 5.37 32.84 8.47

W5UL94 Ictalurus punctatus Splicing factor, proline-and glutamine rich SFPQ 3.92 66.25 9.66 3.19 1.32

Proteins related to Signal Transduction

A0A059PJ85 Clarias batrachus Apoptotic protease-activating factor 0.88 141.63 6.32

S5UM14 Clarias batrachus Neurogenic locus notch-like protein 0.46 211.26 5.12

W5UQJ0 Ictalurus punctatus Cholecystokinin receptor type A CCKAR 5.86 50.78 9.52

W5UCH4 Ictalurus punctatus Inositol 1,4,5-trisphosphate receptor Itpr3 0.96 308.18 6.29

Proteins related to multicellular organismal development

A0A0A7HI52 Clarias batrachus Sox3 sox3 9.90 32.90 9.55

A0A068EXU5 Clarias batrachus Sox9a 7.83 50.88 7.17

C5HYK6 Clarias gariepinus Dmrt1c 5.17 24.78 4.50

Others

W5UMQ7 Ictalurus punctatus Decorin DCN 6.85 40.51 8.27

W5UK48 Ictalurus punctatus Alpha-1-antitrypsin A1AT 10.71 45.59 6.38 3.98 2.12

W5UJP3 Ictalurus punctatus Lumican LUM 7.04 37.87 5.74 1.18 2.05

Q45VN9 Ictalurus punctatus Polyubiquitin 29.41 9.55 9.19

Q804Z0 Ictalurus punctatus Parvalbumin 27.20 13.48 5.36

A0A0B4ZZW5 Clarias gariepinus Calmodulin CaM 9.72 8.04 4.31

S5U672 Clarias batrachus Retinoid X receptor beta b 6.34 45.41 7.14 2.34 4.56

S5U655 Clarias batrachus Zinc fi nger E-box binding homeobox 2 1.19 119.75 5.01

R9XUY8 Clarias batrachus Small nuclear ribonucleoprotein-ass... SNRPB 12.97 24.45 11.19

F5HT30
Clarias 

macrocephalus 
C3 complement component C3 1.30 146.56 7.05

D9Z8J0 Clarias gariepinus Vasa 1.47 74.15 5.96

Q9DEU9 Clarias batrachus Alpha-B crystallin 7.56 19.82 6.96 0.83 0.06

E3TFB3 Ictalurus punctatus Mitochondrial NADH dehydrogenase NDUS3 7.39 20.61 5.63

W5UM53 Ictalurus punctatus Collagen alpha-1(XII) chain Col12a1 0.36 391.42 5.62

W5ULZ3 Ictalurus punctatus Desmin DES 2.09 54.64 5.72 1.23 1.58

W5UL72 Ictalurus punctatus Alanine--tRNA ligase, cytoplasmic Aars, aars 1.04 107.01 5.53

Protein fold with 115/114; 116/114; 117/114 > 1.5 = Up-regulated and 115/114; 116/114; 117/114 < 0.668 = Down-regulated proteins.
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Pearson correlation coeffi  cient (Table 4) showed signifi cant 
correlation between environmental variables and protein markers 
(over-expression: Up-regulated and suppressed: down-regulated 
proteins). 

Protein identifi cation by Matrix-Assisted Laser Desorption/ 
Ionization Time of Flight/ Time of Flight Mass Spectrometry 
(MALDI-TOF/TOF-MS)

Th e results of the analysis on Matrix-Assisted Laser Desorption/ 
Ionization Time of fl ight/ Time of fl ight mass spectrometry (MALDI-
TOF/TOF-MS) carried out for the detection, identifi cation and 
characterization of protein markers. From the 2D gel run for spot 
picking for MALDI-TOF/TOF-MS, 8 spots were visualized on the 
CBB-stained gels of the muscle protein extract of C. nigrodigitatus 
(plate 1). Th e identifi ed 8 protein spots were subjected to Mascot 
search engine database for fi sh species. Of the eight, 2 protein spots 
(1 and 4) were involved in cell structure. Th e MS/MS data (peptide 
spectra) subjected to Mascot protein database search engine (www.
matrixscience.com) also identifi ed proteins with mass score greater 
than 46 which indicates that there was a signifi cant diff erence (p < 
0.05) and that they were over-expressed (up-regulated). On the other 
hand, protein mass score below 46 indicated no signifi cant diff erence 
(p > 0.05) and were down-regulated. At Badagry lagoon, the spectra 
and gel map had protein mass scores below the required threshold 
level of 46. Spectra are displayed in Figured 5, 6, 7, 8, 9 and 10 had no 
signifi cant protein mass scores. 

Further analysis indicated that, 2 proteins spots represented by 

cytoskeletal proteins, Alpha Actin and Actin cytoplasmic 1 (spots 1 
and 4) were signifi cantly diff erent (p < 0.05) indicating over-expression 
in the muscle protein (Plate 1). On the other hand, Fructose-
bisphosphate aldolase A (spot 3), Spot 2 and 8: Metallothionein, spot 
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Temperature 1
pH 0.168 1
Conduc vity -.982* -0.349 1
Salinity -0.197 0.929 0.012 1
BOD 0.759 0.691 -0.853 0.436 1
DO 0.163 .998** -0.344 0.934 0.704 1
Rainfall -.996** -0.134 .972* 0.237 -0.709 -0.124 1
Cr -0.828 -0.409 0.865 -0.149 -0.938 -0.432 0.773 1
Cd -0.936 -0.505 .985* -0.16 -0.912 -0.5 0.92 0.872 1
Fe 0.728 0.669 -0.818 0.362 0.744 0.643 -0.741 -0.558 -0.877 1
Ni -.982* -0.016 0.937 0.351 -0.625 -0.005 .993** 0.718 0.866 -0.676 1
Cu -0.8 -0.717 0.896 -0.41 -0.914 -0.707 0.786 0.776 .957* -.951* 0.708 1
Zn -0.925 -0.524 .979* -0.177 -0.896 -0.516 0.914 0.837 .998** -0.907 0.859 .968* 1
Pb -0.734 -0.782 0.845 -0.496 -0.9 -0.771 0.719 0.73 0.922 -.955* 0.634 .995** 0.937 1
MMD_Up 0.544 -0.68 -0.388 -0.898 -0.129 -0.699 -0.594 -0.087 -0.233 0.084 -0.686 -0.003 -0.229 0.086 1
CytOx_Up -0.886 -0.55 0.947 -0.202 -0.837 -0.533 0.888 0.738 .973* -.960* 0.834 .972* .986* 0.95 -0.231 1
RegC_Up -0.802 0.454 0.677 0.741 -0.267 0.458 0.819 0.5 0.54 -0.252 0.878 0.289 0.518 0.189 -0.903 0.468 1
TuB1_Up -.965* 0.089 0.901 0.433 -0.606 0.09 .965* 0.758 0.814 -0.538 .980* 0.616 0.794 0.531 -0.706 0.739 0.926 1
LactateD_Up -0.513 -0.889 0.656 -0.67 -0.771 -0.871 0.507 0.517 0.767 -0.934 0.411 0.919 0.797 .954* 0.277 0.846 -0.075 0.272 1
kera n_Up 0.097 -0.928 0.084 -0.93 -0.391 -0.913 -0.105 0.051 0.248 -0.57 -0.21 0.516 0.287 0.603 0.72 0.364 -0.65 -0.352 0.804 1
troponin_Up -0.59 -0.629 0.68 -0.354 -0.568 -0.593 0.622 0.342 0.742 -.971* 0.565 0.85 0.786 0.867 -0.083 0.875 0.152 0.397 0.903 0.621 1
Myozenin_Up 0.031 -0.878 0.137 -0.921 -0.627 -0.902 -0.1 0.437 0.287 -0.296 -0.215 0.46 0.278 0.521 0.852 0.239 -0.56 -0.231 0.595 0.742 0.197 1
RetX_Up -0.153 -0.482 0.236 -0.501 -0.652 -0.529 0.06 0.68 0.306 -0.016 -0.017 0.308 0.258 0.312 0.545 0.13 -0.154 0.081 0.22 0.193 -0.187 0.797 1
fActCap_Up -0.785 -0.666 0.872 -0.347 -0.813 -0.646 0.789 0.652 0.926 -.993** 0.722 .979* 0.948 .976* -0.093 .983* 0.305 0.602 0.925 0.525 0.935 0.329 0.109 1
SarRet_Up .983* 0.005 -0.935 -0.344 0.681 0.005 -.976* -0.813 -0.862 0.589 -.980* -0.682 -0.843 -0.602 0.634 -0.785 -0.885 -.995** -0.348 0.274 -0.439 0.136 -0.153 -0.657 1
an trypsin_Up-0.735 -0.483 0.79 -0.263 -0.944 -0.511 0.669 .988* 0.816 -0.507 0.603 0.747 0.78 0.712 0.06 0.673 0.371 0.65 0.52 0.125 0.286 0.558 0.78 0.604 -0.714 1
G6Pi_Dn 0.366 -0.849 -0.187 -.984* -0.288 -0.856 -0.406 0.009 -0.016 -0.198 -0.512 0.241 0 0.333 .957* 0.025 -0.844 -0.58 0.532 0.887 0.209 0.891 0.476 0.178 0.498 0.137 1
LipB_Dn -.987* -0.123 .962* 0.251 -0.677 -0.11 .998** 0.73 0.908 -0.757 .993** 0.78 0.907 0.715 -0.617 0.892 0.817 .955* 0.513 -0.094 0.653 -0.138 -0.005 0.798 -.963* 0.621 -0.419 1
myosinR_Dn -0.173 -0.345 0.229 -0.194 -0.025 -0.292 0.242 -0.224 0.275 -0.679 0.224 0.421 0.34 0.457 -0.127 0.49 -0.053 0.031 0.601 0.542 0.835 -0.131 -0.639 0.588 -0.035 -0.288 0.121 0.301 1
cytB_Dn 0.668 -0.415 -0.557 -0.701 0.041 -0.447 -0.728 -0.154 -0.436 0.398 -0.794 -0.27 -0.451 -0.197 0.939 -0.489 -0.855 -0.751 -0.046 0.438 -0.418 0.729 0.597 -0.389 0.697 0 0.8 -0.763 -0.425 1
Vam6_Dn -0.549 -0.682 0.651 -0.423 -0.578 -0.647 0.577 0.334 0.725 -.967* 0.513 0.852 0.77 0.875 -0.007 0.859 0.083 0.344 0.927 0.678 .997** 0.261 -0.148 0.93 -0.39 0.289 0.282 0.607 0.83 -0.348 1
aCryB_Dn -0.842 -0.529 0.901 -0.184 -0.75 -0.504 0.858 0.626 0.927 -.980* 0.809 0.944 .950* 0.927 -0.262 .988* 0.441 0.692 0.852 0.395 0.93 0.163 -0.011 .985* -0.731 0.552 0.011 0.872 0.614 -0.543 0.913 1
TPI_Dn -0.624 -0.784 0.741 -0.583 -.982* -0.801 0.565 0.886 0.827 -0.688 0.468 0.87 0.811 0.872 0.313 0.752 0.088 0.448 0.782 0.501 0.517 0.762 0.736 0.753 -0.534 0.921 0.453 0.529 -0.014 0.143 0.54 0.661 1
Vasa_Dn -0.61 -0.736 0.72 -0.465 -0.687 -0.707 0.626 0.456 0.798 -.987* 0.554 0.915 0.835 0.935 0.03 0.905 0.106 0.399 .962* 0.682 .985* 0.352 -0.014 .966* -0.455 0.419 0.315 0.647 0.743 -0.303 .990* 0.938 0.653 1
CMMH_Dn 0.489 -0.762 -0.321 -0.948 -0.169 -0.773 -0.53 -0.09 -0.156 -0.054 -0.628 0.098 -0.142 0.193 .986* -0.121 -0.904 -0.68 0.403 0.824 0.074 0.855 0.464 0.032 0.605 0.047 .989* -0.545 0.038 0.87 0.149 -0.135 0.346 0.176 1
Myosin7_Dn 0.494 -0.577 -0.361 -0.701 0.165 -0.548 -0.466 -0.497 -0.226 -0.235 -0.525 0.056 -0.171 0.154 0.623 -0.043 -0.796 -0.68 0.442 0.839 0.403 0.369 -0.25 0.141 0.644 -0.436 0.732 -0.431 0.646 0.402 0.453 0.051 -0.051 0.385 0.725 1

*Correlation is signifi cant at the 0.05 level (2-tailed).   
**Correlation is signifi cant at the 0.01 level (2-tailed).   
Abbreviations: MMD: Mitochondrial Malate Dehydrogenase; CytOx: Cytochrome Oxidase; RegC: Regucalcin; TuB1: Tubulin Beta-1 Chain; LactateD: L-Lactate 
Dehydrogenase A Chain; G6Pi: Glucose-6-Phosphate Isomerase; LipB: Liprin-Beta-1; myosinR: myosin Regulatory Light Polypeptide; cytB: cytochrome B, 
partial; Vam6: Vam6/Vps39-like protein; TPI: Triosephosphate Isomerase; Vasa; CMMH: Cardiac Muscle Myosin Heavy Chain 6 Alpha, Partial; Myosin7; 
fActCap: F-Actin-Capping Protein Subunit Beta; aCryB: alpha-B crystallin; CytBc1: Cytochrome B-c1 Complex Subunit 1, Mitochondrial

Figure 2: iTRAQ Analytic process of the muscle of C. nigrodigitatus in OL-
Ologe and BL-Badagry lagoons.

Table 4: Pearson correlation coeffi cient of physico-chemical properties of the water, heavy metals in sediment and up and down regulated proteins in 
C. nigrodigitatus from Ologe and Badagry lagoons.
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Protein spot 1 

Figure 3: Multiple spectra of peptides map 1 of C. nigrodigitatus muscle 
(MALDI TOF/ TOF Analysis) at Ologe Lagoon. Peptides map with spectra 
indicated signifi cant differences (p < 0.05).

Protein spot 4 

Figure 4: Multiple spectra of peptides map 4 of C. nigrodigitatus muscle 
(MALDI TOF/ TOF Analysis) at Ologe Lagoon. Peptides map with spectra 
indicated signifi cant differences (p < 0.05).

Figure 5: Multiple spectra of peptides map 2 of C. nigrodigitatus muscle 
(MALDI TOF/ TOF Analysis) at Ologe Lagoon. Peptides map with spectra 
indicated no signifi cant differences (p > 0.05).

5: Parvalbumin beta 1, Spot 6: Hemoglobin subunit beta-1, and Spot 
7: Prolactin-1 showed no signifi cant diff erence (p > 0.05) in muscle 
of C. nigrodigitatus indicating that the proteins from spot 2, 3, 5, 
6, 7 and 8 were down-regulated in the muscle (Figure 10-15). Th e 
peptide spectra of the cytoskeletal proteins of spot 1 and 4 that are 
over-expressed are presented in fi gure 3 & 4.

Protein identifi cation by isobaric Tag for Relative and Absolute 
Quantitation (iTRAQ)

Th e measurement of protein responses to contaminants in 
muscle tissue of C. nigrodigitatus using iTRAQ detected 116 peptide 
sequences. Th e peptide sequences aft er subjection to tandem Mass Figure 6: Multiple spectra of peptides map 3 of C. nigrodigitatus muscle 

(MALDI TOF/ TOF Analysis) at Ologe Lagoon. Peptides map with spectra 
indicated no signifi cant differences (p > 0.05).

Figure 7: Multiple spectra of peptides of C. nigrodigitatus muscle (MALDI 
TOF/ TOF Analysis) at Badagry Lagoon. Peptides spectra indicated no 
signifi cant differences (p > 0.05).

Figure 8: Multiple spectra of peptides of C. nigrodigitatus muscle (MALDI 
TOF/ TOF Analysis) at Badagry Lagoon. Peptides spectra indicated no 
signifi cant differences (p > 0.05).

Spectrometry/ Mass Spectrometry in a pool across sample stations 
and seasons revealed the identity of potential protein markers in 
muscles of C. nigrodigitatus from Ologe and Badagry lagoons. Further 
evaluation of the 116 identifi ed peptide sequences subjected to the 
National Centre for Biotechnology Information (NCBI) database 
provided little or no information on the protein sequence for 
Chrysichthys nigrodigitatus in the database. However, on evaluation 
using UniProt database search engine, the gene identity of the protein 
markers was revealed based on their relationship with the molecular 
weight and gene expressions from other related catfi shes (Table 3).

A total of 100 (86.20%) proteins were observed to be over-
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expressed (up-regulated) in the muscle of C. nigrodigitatus as a 
consequent of thermal stress and hypoxic conditions infl uenced 
by various environmental factors representing 60.34% and 25.86% 
in the muscle of C. nigrodigitatus from Ologe and Badagry lagoons 
respectively.

Th e results also indicated that, of the 116 identifi ed proteins in 
the muscle of C. nigrodigitatus 70 proteins were up-regulated and 
25 proteins down-regulated in Ologe lagoon, while 30 proteins were 
over-expressed and 17 proteins were down-regulated in Badagry 
lagoon. 

Th e observed up-regulated proteins were identifi ed as; Heat shock 
protein- Hsp 70 and 90, Lactate Dehydrogenase A-chain (LDH), 
Creatine Kinase (CK), cytochrome c oxidase, regucalcin. Similarly, 
total of 47 (40.51%) proteins were observed to be depressed (down-
regulated) in the muscle of C. nigrodigitatus representing 53.19% and 
36.17% in the muscle of C. nigrodigitatus from Ologe and Badagry 
lagoons respectively. Th e observed down-regulated proteins were 
identifi ed as cytochrome b, Triosephosphate, alpha-β crystalline, and 
Tropomyosin isoforms as presented in table 3. 

Functional groups and biological pathways of the 
identifi ed proteins in the muscle of C. nigrodigitatus

Th e identifi ed proteins were assigned to several functional 
groups with respect to their involvement with cell structures, signal 
transduction, enzyme regulation, and oxidative stress as follows: alpha 
actinin, alanine aminotransferase, heat shock protein HSP 90-alpha 1, 
transmembrane, and β-tubulin, among others as presented in fi gure 11.

Figure 9: Multiple spectra of peptides of C. nigrodigitatus muscle (MALDI 
TOF/ TOF Analysis) at Badagry Lagoon. Peptides spectra indicated no 
signifi cant differences (p > 0.05).

Figure 10: Multiple spectra of peptides of C. nigrodigitatus muscle (MALDI 
TOF/ TOF Analysis) at Badagry Lagoon. Peptides spectra indicated no 
signifi cant differences (p > 0.05).
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Figure 11: Classifi cation of protein from muscle proteome of Chrysichthys 
nigrodigitatus. 116 proteins identifi ed by iTRAQ Q-MS/TOF was classifi ed 
according to biological processes are based on a UniProt KB search
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Figure 12: Gene Ontology of the muscle proteome of C. nigrodigitatus in 
Ologe and Badagry lagoon

Th e identifi ed proteins were divided into ten categories, 
viz. cytoskeletal proteins, carbohydrate metabolism, nucleotide 
metabolism, defense response to oxidative stress, response to stimulus 
(Heat shock protein), multicellular organismal development, signal 
transduction, electron transport chain, lipid metabolism, and others. 

Th e results of the gene ontology analyses of identifi ed proteins in 
the muscle tissue of C. nigrodigitatus also showed that 32.49% were 
involved in biological processes, 43.65% in molecular functions and 
23.86% in cellular components. Of the 32.49% proteins involved in 
biological processes, 32% were associated with musculo-skeletal 
system, 16% accounting for carbohydrate metabolism, responses to 
stimuli accounted for 3% and 1% of the proteins related to oxidative 
stress response as presented in fi gure 12. 

DISCUSSION
Th e proteomics biomarker of environmental pollution in 

Chrysichthys nigrodigitatus was evaluated at Ologe and Badagry 
Lagoon between Oct., 2013 and Apr., 2015. Proteomics, the global 
analysis of protein synthesis, studies the protein expression patterns 
in response to environmental change. Two-dimensional protein 
gels, combined with peptide mass mapping by MALDI TOF MS for 
protein identifi cation, as well as iTRAQ was used for determining 
diff erential protein synthesis in biological systems. 

Th e results of the 2-D gel electrophoresis and MALDI-TOF/TOF 
MS carried out to investigate the proteome composition and identify 
protein expression patterns revealed a total of 8 individual spots on 
the basis of their Peptide Mass Fingerprints (PMF). Th is represented 2 
proteins peptide identifi ed as α-Actin and Actin cytoplasmic 1. Th ese 
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protein markers was also observed to be over-expressed, indicating 
the attempt of maintaining cell shape and functionality in cases of 
hypoxic and heat shock stress.

Th e proteomic iTRAQ analysis, a 4-plex labeled sample from 
Ologe and Badagry Lagoons identifi ed and quantifi ed 116 protein 
markers. A total of 70 up-regulated and 25 down-regulated proteins 
in the muscles of C. nigrodigitatus from Ologe Lagoon and 30 up-
regulated and 17 down-regulated proteins in the muscle of C. 
nigrodigitatus from Badagry Lagoon. Th is is an indication of changes 
in the protein expressions (depressed and over-expressed) in the 
muscle of C. nigrodigitatus induced by oxidative stress, heat shock 
and other variables of environmental stress in an environmentally 
polluted Lagoon. Adaptation with the environmental stress leads 
to elevated expression of heat shock genes that produce heat shock 
proteins, which in turn interact with stress-denatured proteins to 
maintain or restore their native structures and prevent aggregation 
and degradation [30,31].

Th e α-tubulin proteins are linked to heavy metal tolerance 
[32,33], which was exemplifi ed in this study where α-tubulin 1 was 
signifi cantly enhanced in the muscle with an increase protein fold 
(over-expressed) in response to the heavy metal in the lagoons. 
Keratins are important intermediate fi lament proteins, and their 
primary function is to protect the cells from stress damage that 
may result in cell death [34,35]. Th e up-regulation of keratins in the 
muscle of C. nigrodigitatus was expected to fi ght against oxidative 
stress induction from both lagoons.

Actins are highly conserved proteins that are involved in various 
important cellular processes including cell motility, cell signaling, 
and the establishment and maintenance of cell junctions and cell 
shape. Th e change of actin isoforms (α- and β-Actin) in abundance 
might have been related to induce oxidative stress in Ologe and 
Badagry lagoons, since Actins can be a direct target for oxidative 
modifi cation [36]. Actin is a cytoskeletal protein that is ubiquitously 
expressed in many eukaryotic cells and functions as maintenance of 
the cytoskeleton, cell motility and muscle contraction. Th e changes 
in the level of cytoskeletal and structural proteins expression can be 
very oft en attributed to the attempt of maintaining cell shape and 
functionality in cases of hypoxic [37,38] associated with low dissolved 
oxygen and slightly acidic pH level of the water quality, which is 
indication of an environmentally stressed Ologe lagoon, as compared 
to Badagry Lagoon indicating no signifi cant diff erence (p > 0.05) of 
the protein markers in the muscle of C. nigrodigitatus.

Th e Metallothionein (MT) was identifi ed to be down-regulated 
in the muscle of C. nigrodigitatus. MT is a ubiquitous, low molecular 
weight, cysteine-rich (>30%) protein that avidly binds various 
transition elements. Metallothionein is an excellent environmental 
biomarker. Stress caused by both bio-active and non-bioactive 
metals induces a variety of complex changes in fi sh physiology and 
the possible consequent physiological alterations as observed in C. 
nigrodigitatus from Ologe and Badagry lagoons.

Another identifi ed protein was Parvalbumin beta 1, involved in 
relaxation aft er contraction of the muscles. It binds two calcium ions 
and also involves in calcium signaling. Th e Parvalbumin was observed 
to be down-regulated in the muscle which disrupts the involvement 
at the calcium binding site, and relaxation of the muscles which might 
be induced by environmental stressors. Prolactin was also identifi ed 
to be down-regulated. Prolactin 1 is a protein hormone of the anterior 
pituitary gland. 

HSP-90 belongs to the Heat Shock Protein Family (HSPs), which 
are well known to protect the structure and function of cells from 
stress (e.g. metal attack, climate change, thermal stress and hypoxic 
conditions generated from other environmental factors) and play an 
important role in maintaining cellular homeostasis [39]. Th e deletion 
of HSP-90 is lethal for eukaryotic cells [40], and in this study, the over-
expressed of HSP-90 suggested that the muscle of C. nigrodigitatus 
inhibited the stressed condition by enhancing the Hsp in the Ologe 
lagoon, while at Badagry lagoon the heat shock protein beta 1 was 
observed to be suppressed. 

Enolase is a cytosolic enzyme involved in carbohydrate 
metabolism, cell diff erentiation, and normal growth, and a decline of 
enolase activity results in abnormal growth and reduced metabolism 
in the muscle. Th e enolase 1 alpha, partial and beta-enolase were up-
regulated in the muscle which indicates an active metabolism with 
normal growth of the fi sh species in the lagoons. Creatine kinase is 
an essential enzyme for energy buff ering to maintain cellular energy 
homeostasis. Its activity is inhibited by metals [41]. Th e increased 
(up-regulation) levels of enolase 1 (alpha) and creatine kinase in the 
muscles of C. nigrodigitatus are an adaptive feedback to inhibitory 
activity in the muscle under oxidative stress. Cytochrome c oxidase is 
the component of the respiratory chain that catalyzes the reduction 
of oxygen to water. Th e over expression of Cytochrome C Oxidase 
(COX2) in muscle proteome of C. nigrodigitatus, is an indication 
of adaptation to hypoxic condition induced by admixture of 
environmental pollutants in the dry season at Ologe lagoon. 

Regucalcin was identifi ed to be over-expressed in the muscle of 
C. nigrodigitatus in both lagoons. Regucalcin has been found to play 
a multifunctional role in diff erent tissues, and is primarily involved 
in the maintenance of intracellular Ca2+ homeostasis (calcium 
ion binding and enzyme regulator activity). Over-expression of 
regucalcin are usually found to enhance glucose utilization and lipid 
production in fi sh when exposed to severe oxidative stress observed 
in Ologe and Badagry Lagoons respectively. Cytochrome b protein 
are component of the ubiquinol - cytochrome c reductase complex, 
which functions as respiratory electron transport chain that generates 
an electrochemical potential coupled to ATP synthesis. Th e over-
expression of the cytochrome b (cyt b) indicates a signifi cant decline 
of dissolved oxygen, rendering the cyt b to increase its electron 
transport chain for respiratory functions as an adaptive mechanism 
in the muscle of C. nigrodigitatus at the dry season in Ologe Lagoon.

Another identifi ed protein that was over-expressed is Lactate 
Dehydrogenase A-Chain (LDH), is a key enzyme in the control of 
energy metabolism, catalyzing the interconversion of pyruvate to 
lactate and regulating the levels of these metabolites in accordance 
with oxygen availability. Under anaerobic conditions, the isoform 
LDH-A4 (isozyme A4) preferentially converts pyruvate to lactate. 
Th is isoform is found predominantly in poorly vascularized tissues 
with low partial Pressure of Oxygen (pO2), such as skeletal muscle in 
both lagoons and seasons. 

Triosephosphate Isomerase (TPI) was observed to be down-
regulated in the muscle of C. nigrodigitatus. TPI is a glycolytic enzyme 
that catalyzes the conversion between glyceraldehyde-3-phosphate 
and dihydroxyacetone phosphate; it is essential for effi  cient energy 
production by being involved in several metabolic pathways. Th e 
signifi cant changes of TPI expression might alter catalytic process of 
energy production induced by pollutants in Ologe Lagoon. Another 
identifi ed down-regulated protein was α-B crystalline, which is 
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responsible for metal ion binding, structural constituents for the 
eye lens. Th e less abundant corneal proteins might be unable to 
contribute structurally to its transparency and optical properties of C. 
nigrodigitatus at the Badagry Lagoon.

Phosphoglucomutase-1 was to be down-regulated in the muscle 
of C. nigrodigitatus in Ologe lagoon. Phosphoglucomutase-1 is a key 
enzyme in the metabolism of glycogen and protein glycosylation. It is 
responsible for the reversible inter conversion of glucose 1-phosphate 
to glucose 6-phosphate, both of which are key intermediates in the 
synthesis and breakdown of glycogen and galactose metabolism. It is 
also important for the formation of UDP-glucose which is an essential 
intermediary metabolite in protein glycosylation. Inhibition of 
phosphoglucomutase has drastic eff ects on carbohydrate metabolism 
which reduces the steady-state levels of UDP-glucose, resulting 
in a defect of glycogen and trehalose biosynthesis, while galactose 
metabolism is inhibited, leading to galactosemia, accumulation of 
galactose 1-phosphate and Glucose 1-phosphate i.e., poor glycogen 
turnover.

Tropomyosin alpha-1 was observed to be up-regulated in both 
lagoons, while Tropomyosin alpha-3 chain was observed to be down-
regulated as well in both lagoons and Tropomyosin isoforms have 
been reported both in condition of thermal stress [37] and hypoxia 
[38].

CONCLUSION
Th is study identifi ed protein markers that are over-expressed 

(Up-regulated) and depressed (Down-regulated) in the muscle of 
C. nigrodigitatus which serves as prognostic tools (MALDI-TOF/
TOF and iTRAQ approach) to assess the pollution status of Ologe 
and Badagry lagoons, and useful for biotechnological interventions 
in fi sh health and disease management; besides adding to the 
existing knowledge base on comparative muscle proteomics on C. 
nigrodigitatus of a tropical ecosystem. 
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