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1. Introduction

   Transferrin is an iron transport protein that binds to iron atom, thus 
making it unavailable for catalysis of superoxide radical formation. 

It is a single monomeric glycoprotein with molecular weight of 

80 kDa that transports iron involved in many metabolic processes, 

hence considered as the major iron binding protein in the plasma of 

vertebrate species.

   A number of transferrin variants have been identified and 

characterized in many different fish species that include, but not 

limited to the following, goldfish Carassius auratus (C. auratus)
[1], crucian carp C. auratus[2], scad Trachurus trachurus L.[3], coho 

salmon Oncorhynchus kisutch[4], haddock Melanogrammus aeglefinus 

L.[5], Channa punctatus[6], European common carp Cyprinus carpio 

carpio L.[7], Nile tilapia Orechromis niloticus[8], and carp[9].

   Different parameters can be used to study the genetic variations that 

can exist in sub-populations to test whether the samples are related 

or not. In this study, the main population genetic parameters such as 

allele frequency, population pairwise Fst (fixation index or measure 

of population differentiation), observed heterozygosity, expected 

heterozygosity, genetic distance, and genetic relationship have been 

used to study the level of transferrin gene polymorphisms between 

the Atlantic cod sub-populations from 14 different localities in West 

and East Atlantic Ocean. The main objectives of the study were, to 

detect single nucleotide polymorphisms (SNPs) in the cod transferrin 

gene by comparing the sequences from Norwegian (North East) and 

Canadian (North West) specimen, and to quantify the genetic variation 

and differentiation in East and West Atlantic cod populations.

2. Materials and methods

2.1. Fish samples

   A total of 375 adult Atlantic cod fish were collected from 14 

different localities of North Atlantic during 2002–2008 (Table 1). 

Genomic DNA was extracted from fin clips, muscle tissue or gill 

arches.

2.2. Transferrin gene sequences

   The transferrin gene sequences of Norwegian Atlantic cod (tf-

NE, i.e. transferrin from Atlantic cod of the North East Atlantic 

Ocean) was identified from the database of the Norwegian coastal 

cod population[10], and aligned with a published transferrin cDNA 

sequences from Canadian cod population (tf-NW, i.e. transferrin 

from Atlantic cod of the North West Atlantic Ocean)[11]. The missing 
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N-terminal coding sequence of the latter variant named tf-NW was 

PCR amplified from a heterozygous Faroe cod.

Table 1
Analyzed Atlantic cod populations, sampling locations and sample size.

Locality Latitude Longitude Sampling 
year

Sampling 
size

Population 
codes

Baltic Öland 56.04   16.41 2004 29 OG

Baltic Bornholm      55.50   16.00 2004 30 OO

Kattegat                    56.90   12.15 2004 29 KAT

North Sea                 55.57   05.85 2002 29 NO

Norwegian coast, Molde        62.80   06.44 2003 12 CCS

Norwegian coast, Malangen  69.71   17.33 2003 18 CCN

Faeroe Bank                           61.10 -08.30 2008 50 FB

Faeroe Plateau                        61.96 -06.02 2008 49 FP

North East Arctic 70.65   29.81 2003 10 NEAC

Greenland Nuuk                     64.73   50.45 2003 25 A

Greenland Sisimiut                 66.84   52.89 2003 25 B

Newfoundland, Labrador       52.06   53.39 2004 19 NF

Canada, Nova Scotia 45.74  58.41 2003 25 C

Georges Bank 42.15   67.01 2003 25 GB

2.3. SNP analysis

2.3.1. PCR amplification
   For the PCR amplification of the genomic DNA of sampled fish, the 

following reagents were mixed gently: Nanopure H2O 1.850 µL, PCR 

buffer with MgCl2 (10×) 0.625 µL, MgCl2 (25 mmol/L) 0.325 µL, 

diethyl-nitrophenyl thiophosphate mix (25 mmol/L) 0.100 µL, primer 

mix (500 nmol/L each) 1.000 µL, genomic DNA (5-10 ng/µL) 1.000 

µL, Hostar Taq (5 IU/ µL) 0.100 µL. The PCR reaction was cycled in 

a standard thermo cycler at 94 °C for 15 min, (94 °C for 20 s, 56 °C for 

30 s, 72 °C for 1 min) for 45 cycles, 72 °C for 3 min and finally 4 °C. 

2.3.2. SNP genotyping
   Transferrin gene were genotyped for all individuals using the 

MassARRAY system from Sequenom (San Diego, USA). PCR-

primers and extension-primers were designed using the software 

SpectroDESIGNER v3.0 (Sequenom) (Table 2). Genomic DNA was 

PCR amplified and SNP genotyping was performed according to 

the iPLEX protocol from Sequenom[12]. For allele separations the 

Sequenom MassARRAYTM analyzer (Autoflex mass spectrometer) 

was used. Genotypes were assigned in real time[13], by using the 

MassARRAY SpectroTYPER RT v3.4 software (Sequenom) based on 

the mass peaks present. All results were manually inspected using the 

MassARRAY Typer analyzer v3.3 software (Sequenom).

2.3.3. Data analysis
   Synonymous and non-synonymous mutations were detected by 

DNAsp[14]. Standard measures of genetic diversity including the 

observed heterozygosity (Ho) and expected heterozygosity (He) were 

calculated for each population using the software Arlequine version 

3.1[15]. With the same software, allele frequencies, pairwise Fst values 

and an exact test of population differentiation were calculated.  The 

genetic structure (hierarchical partitioning of genetic diversity) of the 

sampled populations were analysed using an analysis of molecular 

variance (AMOVA) framework. Reduction in the average proportion of 

heterozygosity genotypes within populations (Fis) was calculated to 

address the Hardy-Weinberg equilibrium deviation in each population. 

The value for each population related to the loci set used was obtained 

through FSTAT[16]. Genetic divergence among populations was also 

estimated with GENDIST programe in Phylip[17], by calculating 

standard genetic distance, DA (i.e. Masatoshi Nei’s standard genetic 

distance)[18], for all possible pairs of populations. The resulting 

distance matrix was used to build a neighbor-joining dendrogram, to 

visualize the genetic relationship among populations.

3. Results

3.1. SNPs

   Nucleotide sequence of transferrin cDNA of Canadian (North 

West Atlantic Ocean) and Norwegian (North East Atlantic Ocean) 

populations were compared to identify polymorphic sites. The 

nucleotide sequence alignment revealed 18 nonsynonymous and 1 

synonymous substitution between the two sequences (Table 3). The 

rates of nonsynonymous to synonymous mutations among DNA 

sequences (dn/ds ratio) of 5.8 between the north west and north east 

variants is greater than 1 indicating strong positive selection on the 

cod transferrin gene. 

   The cod transferrin polymorphisms were investigated in 14 cod 

populations covering the North Atlantic by genotyping 8 of the 19 

identified SNPs. High heterozygosity was observed in the populations 

from Canada, George Bank, Newfoundland and Sisimut compared 

to the east Atlantic and Baltic populations. Genetic differentiation at 

all loci was observed among the sampled Atlantic cod populations 

(Table 4). The population pair-wise Fst test revealed significant 

differences (P < 0.05) between most of the sampled population 

(Tables 5-7). Cases of significant Fst values were largely found 

in pair-wise comparison of populations of Canada, George Bank, 

Newfoundland and Sisimut with the rest of the ten populations. The 

level of differentiation among the West Atlantic populations, Canada, 

George Bank and Newfoundland was very small or negative, 

indicating how identical these populations are. This is supported by 

the Neighbour-joining dendrogram constructed using Nei’s genetic 

Table 2
PCR primers used for this study (the sequences are shown in 5'–3' direction).

SNP_ID 2nd-PCR primer 1st-PCR primer
Cod_Tfgene_03_AG ACGTTGGATGTCCCGCCCACGCTGTGGTTA ACGTTGGATGGTGTGTGCATGCGTATTACC
Cod_Tfgene_10_CG ACGTTGGATGTGCCATGTCTGTAGATGGAG ACGTTGGATGGTATTGCTCGACCATGGCTG
Cod_Tfgene_05_AG ACGTTGGATGGAACATCAAGTTCGCAGCAC ACGTTGGATGTTACTTGTTCACTCTGCAGG
Cod_Tfgene_06_AC ACGTTGGATGACCTTACCTCGACTCCATAG ACGTTGGATGTTTTCTTCTCAGCGTGACCC
Cod_Tfgene_07_AT ACGTTGGATGTGGAGTTCATTCAGCGTCTC ACGTTGGATGTAATCCTCTGAAAGCAGCCC
Cod_Tfgene_18_CT ACGTTGGATGCTGGCGACCATAATCTCTTG ACGTTGGATGGTTTTACCCCTTTACACTAG
Cod_Tfgene_13_CG ACGTTGGATGTTAAAGGGACAAGGTCCAGC ACGTTGGATGTATCTCTGCCCTACCAACAC
Cod_Tfgene_01_AG ACGTTGGATGTGTGATGCCCTGAAGCTTAG ACGTTGGATGGGGTTTCTCACCTTGATTGC
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Table 6
Comparisons of FST P values of pairs of population samples.

OO C CCN CCS FB FP GB Kat NF NEAC NO A B OG

OO -

C 0.000 00 -

CCN 0.009 01 0.000 00 -

CCS 0.873 87 0.000 00 0.513 51 -

FB 0.072 07 0.000 00 0.558 56 0.513 51 -

FP 0.144 14 0.000 00 0.324 32 0.801 80 0.693 69 -

GB 0.000 00 0.387 39 0.000 00 0.000 00 0.000 00 0.000 00 -

Kat 0.567 57 0.000 00 0.063 06 0.774 77 0.162 16 0.351 35 0.000 00 -

NF 0.000 00 0.927 93 0.000 00 0.000 00 0.000 00 0.000 00 0.549 55 0.000 00 -

NEAC 0.027 03 0.000 00 0.531 53 0.279 28 0.099 10 0.045 05 0.000 00 0.018 02 0.000 00 -

NO 0.099 10 0.000 00 0.342 34 0.648 65 0.783 78 0.828 83 0.000 00 0.540 54 0.000 00 0.135 14 -

A 0.000 00 0.000 00 0.108 11 0.018 02 0.000 00 0.000 00 0.000 00 0.000 00 0.000 00 0.945 95 0.000 00 -

B 0.000 00 0.000 00 0.000 00 0.000 00 0.000 00 0.000 00 0.009 01 0.000 00 0.000 00 0.117 12 0.000 00 0.099 10 -

OG 0.990 99 0.000 00 0.009 01 0.306 31 0.045 05 0.036 04 0.000 00 0.117 12 0.000 00 0.018 02 0.063 06 0.000 00 0.000 00 -

Number of permutations: 110.

Table 4
Allele frequencies of the transferrin SNPs analysed in different cod populations.

Locus OO C CCN CCS FB FP GB Kat NF NAEC NO A B OG
TfSNP3_AG A 0.017 0.361 0.111 0.042 0.070 0.051 0.381 0.017 0.364 0.111 0.052 0.229 0.340 0.000

G 0.983 0.639 0.889 0.958 0.930 0.949 0.619 0.983 0.636 0.889 0.948 0.771 0.660 1.000

TfSNP10_CG C 0.017 0.360 0.111 0.042 0.070 0.042 0.340 0.017 0.395 0.150 0.052 0.152 0.340 0.000

G 0.983 0.640 0.889 0.958 0.930 0.958 0.660 0.983 0.605 0.850 0.948 0.848 0.660 1.000

TfSNP5_AG A 0.983 0.340 0.889 0.958 0.930 0.949 0.400 0.983 0.342 0.800 0.948 0.780 0.600 1.000

G 0.017 0.660 0.111 0.042 0.070 0.051 0.600 0.017 0.658 0.200 0.052 0.220 0.400 0.000

TfSNP6_AC A 0.983 0.333 0.889 0.958 0.930 0.949 0.380 0.983 0.316 0.800 0.948 0.750 0.625 1.000

C 0.017 0.667 0.111 0.042 0.070 0.051 0.620 0.017 0.684 0.200 0.052 0.250 0.375 0.000

TfSNP7_AT A 0.033 0.740 0.111 0.042 0.112 0.082 0.652 0.086 0.737 0.200 0.121 0.240 0.313 0.017

T 0.967 0.260 0.889 0.958 0.888 0.918 0.348 0.914 0.263 0.800 0.879 0.760 0.688 0.983

TfSNP18_CT C 0.017 0.560 0.111 0.042 0.070 0.051 0.400 0.017 0.500 0.200 0.052 0.205 0.400 0.000

T 0.983 0.440 0.889 0.958 0.930 0.949 0.600 0.983 0.500 0.800 0.948 0.795 0.600 1.000

TfSNP13_CG C        1.000 1.000 0.917 0.958 0.959 0.980 1.000 0.983 1.000 0.900 0.966 0.938 0.896 1.000

G 0.000 0.000 0.083 0.042 0.041 0.020 0.000 0.017 0.000 0.100 0.034 0.063 0.104 0.000

TfSNP1_ AG A   0.567 0.280 0.389 0.375 0.641 0.576 0.340 0.321 0.316 0.300 0.517 0.523 0.458 0.446

G 0.433 0.720 0.611 0.625 0.359 0.424 0.660 0.679 0.684 0.700 0.483 0.477 0.542 0.554

Codes are explained in Table 1.

Table 3 
Comparison of the 19 substituted amino acids in the cod transferrin (TF) variants (NE and NW).

AA site 155 788 806 836 845 847 1000 1096 1097 1210 1211 1414 1415 1948 1949 1993 2031 2048 2054
TF-NE R D G R N L T Y Y G G T T Q Q V D T E
TF-NW K V E T S F P S S Q Q H H L L I E I S

Table 5 
Comparisons of pairs of populations sampled (population pairwise FSTs)

OO C CCN CCS FB FP GB Kat NF NEAC NO A B OG

OO  0.000 00

C  0.604 31  0.000 00

CCN  0.060 55  0.405 47  0.000 00

CCS -0.014 17  0.482 57 -0.006 23  0.000 00

FB  0.023 12  0.521 30 -0.010 32 -0.013 55  0.000 00

FP  0.012 48  0.570 50 -0.000 69 -0.020 78 -0.008 58  0.000 00

GB  0.529 34 -0.002 78  0.322 72  0.402 84  0.439 68  0.490 42  0.000 00

Kat -0.005 29  0.574 86  0.037 69 -0.016 69  0.007 32  0.000 57  0.497 77  0.000 00

NF  0.627 73 -0.021 40  0.407 88  0.490 87  0.532 36  0.587 13 -0.011 05  0.594 82  0.000 00

NEAC   0.188 08  0.279 90 -0.015 19  0.056 61  0.037 25  0.075 40  0.198 91  0.139 97  0.274 93  0.000 00

NO  0.014 29  0.508 42 -0.003 45 -0.019 19 -0.011 94 -0.013 23  0.427 22 -0.004 97  0.520 87  0.052 88  0.000 00

A  0.191 26  0.263 84  0.020 87  0.093 19  0.078 94  0.116 53  0.182 67  0.159 53  0.261 50 -0.034 70  0.090 20  0.000 00

B  0.330 22  0.118 21  0.130 86  0.209 68  0.233 91  0.278 86  0.064 92  0.301 74  0.112 55  0.034 97  0.230 87  0.027 90  0.000 00

OG - 0.005 38  0.632 68  0.099 62  0.016 84  0.044 39  0.038 30  0.560 57  0.013 34  0.659 97  0.258 57  0.040 69  0.232 84  0.363 65  0.000 00

Distance method: Pairwise differences.
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Table 7
Comparisons of matrix of significant Fst P values of pairs of population samples.

OO C CCN CCS FB FP GB Kat NF NEAC NO A B OG
OO + + - - - + - + + - + + -
C + + + + + - + - + + + + +
CCN + + - - - + - + - - - + +
CCS - + - - - + - + - - + + -
FB - + - - - + - + - - + + +
FP - + - - - + - + + - + + +
GB + - + + + + + - + + + + +
Kat - + - - - - + + + - + + -
NF + - + + + + - + + + + + +
NEAC + + - - - + + + + - - - +
NO - + - - - - + - + - + + -
A + + - + + + + + + - + - +
B + + + + + + + + + - + - +
OG - + + - + + + - + + - + +

Significance level = 0.0500; Number of permutations: 110.

distance, which also illustrated a clear differentiation between the 

samples analysed.

3.2. AMOVA analysis

   Based on allele frequency information, the AMOVA test revealed 

that 74.37% of the total genetic variation was explained by 

variability within the individuals. The genetic variation among 

populations and individuals within populations were 29.81% and 

-4.18%, respectively (Table 8).

Table 8 
AMOVA results showing the sources of variations and their value in 
percentage.

Source of variation df Sum of 
squares

Variance 
components

Percentages of 
variations

Among population   13 165.247  0.230 23 29.81

Among individuals within populations 362 184.596 -0.032 27  -4.18

Within individuals 376 216.000  0.574 47 74.37

Total 751 565.843   0.77243

    

   These differences were then investigated on a locus by locus 

basis to determine which locus or loci were responsible for the 

differentiation. This showed that locus TfSNP5 and TfSNP6 were the 

major contributors, with the highest Fst value of 0.361 and 0.374, 

respectively. On the other hand, TfSNP13 and TfSNP1 contributed 

less (Fst 0.016 and 0.043, respectively) for the populations 

differentiation. The pattern of TfSNP1 was different from the others, 

probably because the primers used may have picked up the second 

transferrin gene (TF2) which was not part of this study (Table 9). 

Table 9
Fixation index per locus of the populations analysed. 

Locus Fit (mean, SE) Fst (mean, SE) Fis (mean, SE)
Cod_Tfgene_03_AG -0.138, 0.046 0.160, 0.030 -0.353, 0.077
Cod_Tfgene_10_CG -0.147, 0.050 0.165, 0.027 -0.372, 0.077
Cod_Tfgene_05_AG  0.405, 0.115 0.361, 0.067  0.062, 0.086
Cod_Tfgene_06_AC  0.370, 0.113 0.374, 0.071 -0.012, 0.076
Cod_Tfgene_07_AT  0.384, 0.113 0.351, 0.091  0.047, 0.050
Cod_Tfgene_18_CT  0.218, 0.095 0.253, 0.053 -0.050, 0.061
Cod_Tfgene_13_CG  0.151, 0.113 0.016, 0.010  0.137, 0.111
Cod_Tfgene_01_AG  0.067, 0.047 0.043, 0.017  0.026, 0.049

Fis: The deficiency or excess of average heterozygotes in each population; 
Fst: The degree of gene differentiation among populations (in terms of 
allele frequencies); Fit: The deficiency or excess of average heterozygotes 
in a group of populations.

3.3. Genetic distance

   The pair-wise genetic distance values indicated how far or close a 

population is genetically from the others and were used to generate 

a neighbour–joining dendrogram. The largest genetic distance was 

observed between Canada and Øland (0.268 228), while the smallest 

was between North Sea and Faroe Plateau (0.000 578) (Table 10).

   The observed heterozygosity of the studied populations varied 

from 0.049 88 in population Øland to 0.406 33 in population Sisimut. 

Six of the populations (Øland, North East Arctic Cod, Kattegat, 

Coastal Cod South, Canada and Bornholm) showed heterozygosity 

deficit, with Fis (inbreeding coefficient) values of 0.074, 0.310, 

0.183, 0.070, 0.034, and 0.044, respectively. The remaining eight 

populations showed excess heterozygosity with positive Fis values. 

The expected heterozygosity across the loci varied between 0.053 77 

and 0.073 16 (Table 11).

3.4. Genetic relationships among samples

   Neighbor-Joining/unweighted pair group method with arithmetic 

means method dendrogram (unrooted tree) was constructed from the 

Nei’s genetic distance in order to ascertain whether results obtained 

using population genetic analysis were reflected in the geographic 

distribution (Figure 1). It shows only the relationships between 

the different populations, and does not imply to direction to the 

evolutionary changes.

0.00107 0.00086  0.00223  0.00852          0.01670                 0.02110                              0.06397                            0.08479                          0.02836

OO

FB
FP

OG
NO

Kat

CCS
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A
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Figure 1. Neighbor-joining tree (unrooted) illustrating the relationship between 
the different cod populations analyzed for transferrin polymorphisms.

Genetic distance
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4. Discussion

   The 19 observed SNPs between the two sequences indicated 

the existence of variation. This is in line with what has been 

reported about the existence of sequence variation[1], whereby 

113 substitutions and 77 amino acid replacements were detected 

between coding sequences of the goldfish transferrin alleles A1 

and B13. In studying the effects of natural selection on patterns of 

DNA sequence[19], variation within and among four populations 

of chinook salmon was described. In the same manner a large 

number of variations in the amino acid transferrin sequences 

of C. auratus was observed[20]. Using the software DNAsp, the 

nucleotide sequence was translated into the peptide sequence, 

whereby 691 and 690 amino acids were derived in Norwegian 

and Canadian variants, respectively. None of the substitution 

was found at the iron binding sites, so it was impossible to tell 

about the iron binding capacity of the SNPs. Nonsynonymous-

to-synonymous site substitution ratios (dn/ds ratios) between 

transferrin genes that is used for testing the existence of positive 

selection[21], should be greater than 1 so as to provide evidence 

for positive selection at a locus. Evidence for positive selection 

at transferrin has been limited to salmonids with a dn/ds ratios 

estimated for non-salmonid lineages were generally less than 

1[1,22]. However, this study revealed a dn/ds ratio of 5.8 rejecting 

the conclusion that positive selection at transferrin is limited 

to salmonids. Positive selection at transferrin locus is also a 

phenomenon of Atlantic cod. This result is supported by a report 

for salmonids in which approximately 13% of the transferrin 

codons were subject to positive selection with an average Ka/

Ks ratios (an alternate designation of dn/ds ratio) of 7[22]. 

Moreover, positive selection of transferrin in C. auratus[1], and 

directional positive selection of transferrin gene in Antarctic 

Notothenioids[23], have been reported.

   The allele frequencies of the SNPs that were detected in the cod 

transferrin gene are different in the different sampled populations 

reflecting the genetic diversity. On the basis of Canadian 

transferrin variant, the allele frequencies of TfSNP1, TfSNP3, 

TfSNP5, TfSNP6, TfSNP7, TfSNP10, TfSNP13, and TfSNP18 were 

observed more frequently in the West Atlantic populations 

(Canada, George Bank, Newfoundland, Sisimut) than the Baltic 

populations (Bornholm, Øland, Kattegat), which can be explained 

by the high values of observed heterozygosity in the West Atlantic 

populations. In the same way, increased haplotype frequency of 

mitochondrial cytochrome b DNA was reported for Atlantic cod 

population from Newfoundland[24]. On the other hand, next to 

North East Arctic cod, Baltic and East Atlantic populations have 

high rate of inbreeding (Fis) as compared to the west populations 

indicating why less SNP allele variants were observed there. This 

is in consistence with a result in which the Baltic populations 

were less genetically diverse than populations of the same species 

from the North Sea/Atlantic Ocean[25].

   The hierarchical AMOVA analysis also indicated the presence of 

significant levels of genetic variations in the Atlantic cod samples 

studied. In particular, although most of the total variance in the 

SNP allele frequency distribution occurred between individuals 

(74.37%), almost all of the remainder (29.81%) was attributable 

to differences among populations. Overall, there was a large 

amount of genetic heterogeneity among the samples of Atlantic 

cod from west and east of Atlantic Ocean. Accordingly, the value 

of Fst for all of these samples combined was 0.298 06 clearly 

showing the variations.

   In this study, departure from Hardy-Weinberg equilibrium 

that might be caused by non-random mating, mutation, gene 

flow, drift and small sample size was observed. The highest 

value of observed heterozygosity (0.406 33) was obtained in the 

West Atlantic population of Sisimut and the lowest (0.049 88) 

Table 11
Standard diversity indices of different populations.

OO C CCN CCS FB FP GB Kat NF NEAC    NO A B OG

He mean 0.073 16 0.316 36 0.186 51 0.107 25 0.140 42 0.115 77 0.332 33 0.081 14 0.323 73 0.245 65 0.129 10 0.269 32 0.351 08 0.05377

Ho mean 0.070 0 0.305 56 0.194 44 0.100 00 0.151 89 0.128 25 0.371 67 0.066 50 0.362 20 0.172 22 0.131 03 0.322 77 0.406 33 0.04988

Fis 0.044 0.034 -0.044 0.070 -0.083 -0.109 -0.122 0.183 -0.124 0.3100 -0 .015 -0.204 -0.161 0.074

He: Expected heterozygosity; Ho: Observed heterozygosity; Fis: Inbreeding coefficient; P-value = 0.05.

Table 10
Nei’s genetic distance between different cod populations based on the analysed transferrin SNPs.

OO C CCN CCS FB FP GB Kat NF NEAC    NO A B OG

OO ****** 0.265 0 0.008 0 0.004 0 0.002 0 0.000 6 0.198 0 0.007 0 0.259 0 0.024 0      0.001 0 0.023 0 0.082 0 0.002 0

C 0.265 0 ****** 0.194 0 0.239 0 0.231 0 0.239 0 0.006 0 0.242 0 0.000 9 0.141 0      0.228 0 0.129 0 0.061 0 0.268 0

CCN 0.008 0 0.193 0 ****** 0.003 0 0.009 0 0.006 0 0.140 0 0.004 0 0.190 0 0.005 0      0.004 0 0.010 0 0.048 0 0.007 0

CCS 0.004 0 0.239 0 0.003 0 ****** 0.009 0 0.005 0 0.179 0 0.000 8 0.236 0 0.012 2    0.003 0 0.021 0 0.072 0 0.001 0

FB 0.002 0 0.231 0 0.009 0 0.009 0 ****** 0.000 8 0.169 0 0.013 0 0.225 0 0.0215 0    0.002 0 0.014 0 0.064 0 0.007 0

FP 0.000 6 0.239 0 0.006 0 0.005 0 0.000 8 ****** 0.177 0 0.008 0 0.234 0 0.019 0     0.000 6 0.016 0 0.069 0 0.003 0

GB 0.198 0 0.006 0 0.140 0 0.179 0 0.169 0 0.177 0 ****** 0.182 0 0.004 0 0.100 0      0.168 0 0.086 0 0.037 0 0.202 0

Kat 0.006 9 0.242 0 0.004 0 0.000 9 0.013 0 0.008 0 0.182 0 ****** 0.239 0 0.013 0     0.005 0 0.026 0 0.079 0 0.003 0

NF 0.258 0 0.000 9 0.190 0 0.236 0 0.225 0 0.234 0 0.004 0 0.238 0 ****** 0.139 0       0.223 0 0.125 0 0.059 0 0.264 0

NEAC 0.024 0 0.141 0 0.005 0 0.012 0 0.021 0 0.019 0 0.100 0 0.013 0 0.139 0 ******   0.015 0 0.009 0 0.030 0 0.020 0

NO 0.001 0 0.228 0 0.004 0 0.003 0 0.002 0 0.000 6 0.168 0 0.005 0 0.223 0 0.015 0   ****** 0.015 0 0.066 0 0.003 0

A 0.023 0 0.129 0 0.010 0 0.021 0 0.014 1 0.016 0 0.086 0 0.026 0 0.125 0 0.009 0      0.015 0 ****** 0.019 0 0.027 0

B 0.082 0 0.062 0 0.048 0 0.072  0 0.064 0 0.069 0 0.037 0 0.079 0 0.059 0 0.031 0    0.066 0 0.019 0 ****** 0.087 0

OG 0.002 0 0.268 0 0.007 0 0.001  0 0.007 0 0.003 0 0.202 0 0.002 0 0.264 0 0.020 0     0.003 0 0.027 0 0.087 0 ******
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in the Baltic population of Øland. Out of the 14 populations 

sampled, six (Øland, North East Arctic Cod, Kattegat, Coastal 

South Norway, Canada and Bornholm) showed a deficit in 

heterozygosity with Fis values of 0.074, 0.310, 0.183, 0.070, 

0.034, and 0.044, respectively. This indicated that the mating 

was probably not random; therefore, the relationship or the 

similarities were increased in the population, allowing genetic 

drift to play a primary role. The other possible justification for 

deficit in heterozygosity in these populations is the Wahlund 

effect, which is the mixing of undetected genetically divergent 

stocks within the samples[26]. It is also likely that the presence of 

null alleles and/or mis-scoring of heterozygotes were responsible 

for the deficit of heterozygosity. For the populations North East 

Arctic and coastal south, lower observed heterozygosity values 

could be correlated to small sample size (10 and 12, respectively) 

analyzed. The remaining eight populations showed excess 

heterozygosity with positive Fis values, probably because of the 

existence of balancing selection which favours heterozygotes in 

these populations.

   Genetic differentiation can be influenced by different 

evolutionary forces, such as mutation, genetic drift, migration 

and their interactions. Estimates of genetic differentiation for 

transferrin gene polymorphisms between all 14 populations using 

population pairwise differences Fst gave significant differences 

(P < 0.05) for many of the sampled populations. The populations 

of Canada, George Bank, Newfoundland and Sisimut showed 

high levels of genetic differentiation. Fst values were high for all 

pair-wise comparisons with the West Atlantic populations (e.g. 

0.659 97 for Newfoundland and Øland, and 0.632 68 for Canada 

and Øland) with significant P-values (P < 0.05). The same trend 

as this result was reported[27], whereby microsatellites revealed 

that the Canadian Atlantic cod population was significantly 

divergent from the European populations. A clear differentiation 

between west and east Atlantic population units after analyzing 

the nuclear DNA restricted fragment length polymorphisms 

of Atlantic cod collected from six locations across the North 

Atlantic was also reported[28]. Significant genetic differentiation 

was not detected between the populations of Bornholm and 

Øland, Bornholm and Kattegat, Bornholm and Coastal South, 

and Coastal North and North East Arctic, probably because of 

the extensive ongoing gene flow among these populations. The 

absence of significant differentiation between the populations 

Coastal North and North East Arctic was also reported[29], in 

which the spatial analysis of molecular variance revealed that the 

outer coastal samples (CCN) cannot be discriminated from North 

East Arctic by means of microsatellite markers, supporting the 

similarity of the two groups at the Pan I locus.

   In this study, F-statist ics indicated clear population 

differentiations. The Fis values are positive in the TfSNP5, 

TfSNP7, TfSNP13 and TfSNP1 loci, and negative in the TfSNP3, 

TfSNP10, TfSNP6 and TfSNP18 loci (Table 9). The positive Fis 

value indicated that the homozygote genotype frequency was high 

in the TfSNP5, TfSNP7, TfSNP13 and TfSNP1 loci, whereas the 

negative findings indicated that the frequency of the heterozygote 

genotype was high in the TfSNP3, TfSNP10, TfSNP6, and TfSNP18 

loci. The Fit values were positive in all loci except TfSNP3 and 

TfSNP10. This is advantageous as increases in the frequency of 

homozygote genotypes in a population allow possible selection 

factors on these loci to be detected. The estimated Fst values of 

all loci indicated the differences in genetic structure that exist 

in the sampled populations. The two loci (TfSNP5 and TfSNP6) 

showed higher Fst values than the other loci, suggesting that the 

differentiation among populations is most evident in these two 

loci.

  The  pai rwise  genet ic  d is tance  indica tes  the  genet ic 

differentiations between the different populations. Populations 

that are closer to each other have less genetic differentiation 

and those further apart correspond to more differentiated 

populations. The largest genetic distance (0.268 228) was 

observed between Canada, one of the West Atlantic populations 

and Øland, the Baltic population clearly indicating the high level 

of differentiation, which could be explained by the different 

geographical locations of the two samples. This is in agreement 

with the reported result[30], in which the cod populations surveyed 

from more distant locations around Newfoundland and Labrador 

showed genetic distinction. The smallest genetic distance was 

between North Sea and Faroe Plateau (0.000 578) which is tightly 

grouped demonstrating that there is high genetic similarity 

between these populations. The possible explanation for this 

is that the amount of gene flow between these sub-populations 

is sufficient to prevent or retard genetic differentiation of the 

assemblage in this area.

   The neighbor joining method was used to assess the relationship 

among the different Atlantic cod sub-populations. It showed 

the genetic similarity of geographically adjacent populations. 

That is, the first top branch in the dendrogram (Canada, 

Newfoundland, George Bank) was separated from the other part 

of the dendrogram (Baltic populations, Bornholm and Øland) 

and this obviously corresponds to the geographical pattern. 

Generally, the analyses of Neighbour-Joining dendrogram and 

F statistics clearly showed the apparent genetic differentiation 

between the East and West Atlantic cod populations. This result 

is in agreement with the findings in which the mitochondrial DNA 

sequence variation in terms of allele frequency of samples of 

Atlantic cod from the Northeast (Norway and Barents Sea) and 

Northwest Atlantic sea was high[31].

   Atlantic cods occur as several biologically distinct stocks which 

may have different production capacity that require different 

breeding management systems. The identification of these 

genetically different sub-populations contributes a lot for the 

application of proper stock management systems. Therefore, the 

study of the genetic diversity of these economically important 

species is vital. The result from the present study, based on the 

identified transferrin gene polymorphisms, has revealed the 

existence of strong population differentiation in East and West 

Atlantic, and Baltic oceans. The West Atlantic cod populations 

(e.g.  Canada,  Newfoundland) showed remarkably high 

heterozygosity than the East Atlantic populations. The result also 

showed how inbred the Baltic and East Atlantic cod populations 

are as compared to the West Atlantic populations.
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