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ABSTRACT
Haplotypes of the American mink (Neovison vison) growth hormone gene, phased from diploid multilocus 

genotypes of 389 individuals, were analysed. Forty-four different haplotypes, for 14 detected polymorphic loci, 
were identified. Significant gametic disequilibrium occurs in the case of four variable sites, with a correlation 
coefficient ranging from 50% to 94%. Four haplotype blocks were defined. The results of the D-statistics, 
conducted for the studied population, suggest that the observed linkage disequilibrium was caused by limited 
migration and genetic drift. Moreover, the described LD indicates a relatively low frequency of recombination 
events between variable loci of the American mink growth hormone gene. The developed cladogram reveals 
the existence of two distinctly different and internally consistent clades, which may indicate the existence of 
two main patterns of ancestral haplotypes, from which all the others derived. Moreover, the internal structure 
of the cladogram reveals their clear hierarchical arrangement, which allowed to draw conclusions regarding the 
origin-relationships of the identified haplotypes.

Key words: American mink, genetic polymorphism, growth hormone gene, haplotype analysis, linkage 
disequilibrium, Ohta’s D-statistics ________________________________________________________________________________________

Introduction 
One of the greatest advantages of large-scale, multilocus SNP (single nucleotide 

polymorphism) analysis is its high power and efficiency in revealing fine-scale population 
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genetic diversity and phylogenetic history (SHRIVER et al., 2005; BRITO and SCOTT, 2009). 
This is due to their simple patterns of variation, relatively low mutation rates and low 
levels of homoplasy, as well as the high potential for easy, cost-effective and automated 
detection (BRITO and SCOTT, 2009). Therefore, the most applicable are analyses of 
multiple SNPs simultaneously, based on haplotypes, defined as a set of SNP variants on a 
single chromosome copy (HALLDÓRSSON et al., 2003).

The aim of this study was to analyse haplotypes derived from the American 
mink (Neovison vison Schreb., 1777) growth hormone gene (mGH) with multiple 
polymorphisms.

Materials and methods
The analysis involved genomic DNA isolated from muscle tissue of 389 individual 

American mink. Samples were collected from the slaughter-waste of ranch mink, carcasses 
of animals killed on roads and ready-to-use DNA samples (Nova Scotia Agricultural 
College, West Iceland Centre of Natural History). 

PCR amplification of the mGH gene (GenBank: JX489617.2) was conducted with 
primers, following the protocol described by SKORUPSKI (2014). All resulting amplicons 
were subjected to Sanger sequencing, aimed at detecting genetic polymorphisms within 
the gene and direct genotyping. For this purpose, the BigDye® Terminator v3.1 Cycle 
Sequencing Kit (Applied Biosystems, USA) was used. The temperature-time profile of 
the sequential PCR amplification included initial denaturation at 96 °C/1 min, 25 cycles of 
denaturation at 96 °C/10 s, annealing at 50-52 °C/5 s, and polynucleotide chain synthesis 
at 60 °C/4 min. The sequential PCR products were cleaned up using the ExTerminator 
kit (A&A Biotechnology, Poland). The purified products were separated and read in a 
capillary sequencer, 3730xl DNA Analyzer (Applied Biosystems, USA). Polymorphic 
sites were identified by direct analysis of obtained sequences.

The PHASE v2.1.1 software was used for reconstructing (phasing) of haplotypes 
from established diploid multilocus genotypes (STEPHENS and SCHEET, 2005). Analysis 
of the haplotype diversity was conducted with the Haplotype Analysis extension for Excel 
(MS Office), and included calculation of the number of observed and possible haplotypes 
(ELIADES and ELIADES, 2009).

The Haploview v.4.2 software was used to conduct a linkage disequilibrium (LD) 
analysis between the identified variable loci, as well as to identify the haplotype blocks, 
using the solid spine of the LD algorithm (BARRETT et al., 2005). The same software 
was used to calculate the correlation coefficient for each pair of loci (r2), in relation to 
the identified haplotypes (BARRETT et al., 2005; SLATKIN, 2008). Multilocus analysis, 
described by SMOUSE et al. (1983), allowed determination of the average correlation 
between alleles at all variable loci.
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To determine the cause of the discovered gametic disequilibrium, the POPGENE 
software (YEH and BOYLE, 1997) was used to perform Ohta’s two-locus population 
subdivision analysis (OHTA, 1982a; OHTA, 1982b). Components of the two-locus linkage 
disequilibrium were determined using D-statistics: DIS

2 (variance of within-subpopulation 
disequilibrium), DST

2 (variance of allele correlation on two loci of different gametes in one 
subpopulation relative to that in the total population), D’IS

2 (variance of allele correlation 
on two loci of one gamete in a subpopulation relative to that in the total population), D’ST

2 
(variance of the disequilibrium in the total population) (OHTA, 1982a; OHTA, 1982b).

To illustrate the phylogenetic relationships between the identified haplotypes, 
a cladogram was generated using the SplitsTree4 v.4.6 software, allowing grouping 
of closely related haplotypes (HUSON and BRYANT, 2006). The programme uses the 
minimum spanning tree method, applying the Prim algorithm (PRIM, 1957; WU et al., 
2008), based on genetic distances determined by the UPGMA method (the unweighted 
pair-group method with arithmetic mean) (SNEATH and SOKAL, 1973).

Results
A direct result of the haplotype analysis was the identification of 44 different haplotypes 

(listed in Table 1) in the study population per 24576 possible haplotypes for 14 detected 
variable/polymorphic loci (g.616G>C, g.703G>A, g.742G>A, g.748T>C, g.775G>A, 
g.778G>A, g.837G>C, g.846A>G, g.885delC, g.931C>T, g.1156A>G, g.1219C>G, 
g.1219_1236del18bp, g.1329T>C) in the mGH gene. Thus, in the study population only 
approx. 1.79‰ of the possible haplotypes were observed. 16 haplotypes occurred only 
once in the studied population. The most common combination was 5’-G-G-G-T-G-G-G-
A-C-C-A-(C-Ins.)-T-3’, found in 53.86% of individuals.

The results of linkage disequilibrium analysis proved that the strongest correlation 
(greatest linkage disequilibrium) could be observed between the polymorphism of 
g.885delC and g.1219_1236del18bp (r2 × 100% = 94%), and between g.616G>C and 
g.846A>G (r2 × 100% = 82%). Significant gametic disequilibrium also occurred between 
polymorphism g.846A>G and g.931C>T, and between g.616G>C and g.931C>T (r2 × 
100% values equal 54% and 50%, respectively). Four haplotype blocks were defined: 
(g.616G>C) - (g.703G>A) - (g.742G>A) - (g.748T>C), (g.775G>A) - (g.778G>A) - 
(g.837G>C), (g.846A>G) - (g.885delC) - (g.931C>T), (g.1156A>G) - (g.1219C>G) - 
(g.1219_1236del18bp). Polymorphism g.1329T>C did not belong to any of the identified 
blocks. The results of the linkage disequilibrium analysis are shown in Fig. 1.

At the same time, it should be noted that the LD map presented does not illustrate 
the actual relationship between the presence of the polymorphisms g.1219_1236del18bp 
and g.1219C>G - the occurrence of segregating site in position g.1219 always depends on 
the absence of deletion g.1219_1236del18bp. This discrepancy is due to the limitations 
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of the algorithms in the software used for the analysis of gametic disequilibrium. For the 
entire population, the average correlation coefficient for alleles at all variable loci is equal 
to 0.8306 (α<0.001), indicating a clear multilocus linkage disequilibrium in the study 
population.

Fig. 1. Linkage disequilibrium (r2 × 100%) plot of the mGH gene

The following results of Ohta’s analysis were obtained: DIS
2 = 0.0039, DST

2 = 0.0491, 
D’IS

2 = 0.0490, D’ST
2 = 0.0022. 

The cladogram developed clearly separates the two distinct groups (clades), as shown 
in Fig. 2. The first is heterogeneous, and within it there are four subclades, grouping 32 
haplotypes, while the second shows greater homogeneity and includes 12 haplotypes.
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Fig. 2. Cladogram for haplotypes of the mGH gene, drawn up using the minimum spanning tree 
method

Discussion 
The described LD indicates a relatively low frequency of recombination events 

between variable loci of the mGH gene, which may be explained by the close distance 
that divides each variable loci identified for this gene - the shortest distance is 2 bp, while 
the greatest is 714 bp (OSTRER, 1998).

The relationships DST
2>DIS

2 and D’IS
2>D’ST

2 are interpreted as a linkage disequilibrium 
caused by limited migration and genetic drift, while the relationships DST

2<DIS
2 and 

D’IS
2<D’ST

2 are linkage disequilibrium induced by epistatic natural selection (OHTA, 
1982a; OHTA, 1982b). The results obtained for the study population suggest that the 
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observed linkage disequilibrium, as well as the internal structure of the population were 
caused by limited migration and genetic drift.

Analysis of a frequency of particular haplotypes does not allow to unambiguously 
link a particular individual to a given haplotype clade (subclade). This demonstrates the 
possibility of the existence of an internal structure in the studied population. On the other 
hand, the existence of two distinctly different and relatively internally consistent clades 
may indicate the existence of two main patterns of ancestral haplotypes, from which 
all the others derived. Moreover, the internal structure of the cladograms reveals their 
clear hierarchical arrangement, which allowed to draw a conclusion regarding the origin-
relationships of the identified haplotypes.

_______
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Sažetak
Kod 389 američkih vidrica (Neovison vison) analizirani su haplotipovi gena za hormone rasta. Od diploidnih 

multilokusnih genotipova, među kojima je utvrđeno 14 polimorfnih lokusa, identificirana su 44 različita 
haplotipa. Signifikantna neravnoteža gameta javlja se u slučaju 4 varijabilna mjesta, s koeficijentom korelacije u 
rasponu od 50% do 94%. Definirana su 4 haplotip bloka. Rezultati D-statistike za istraženu populaciju upućuju 
da su opažene vezane neravnoteže uzrokovane ograničenom migracijom i genskim pomakom. Osim toga, 
opisana vezana neravnoteža pokazuje relativno nisku učestalost rekombinacija između varijabilnih genskih 
lokusa za hormon rasta američke vidrice. Konstruirani kladogram otkriva postojanje dviju potpuno različitih i 
unutar sebe konzistentnih kladi, što može ukazivati na dva glavna obrasca za haplotipove predaka, od kojih su 
izvedeni svi drugi haplotipovi. Također, unutarnja građa kladograma otkriva njihov jasan hijerarhijski raspored, 
što omogućuje zaključke o podrijetlu odnosa između utvrđenih haplotipova. 

Ključne riječi: američka vidrica, genetski polimorfizam, gen za hormone rasta, analiza haplotipa, vezana 
neravnoteža, Ohta D-statistika ________________________________________________________________________________________


