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SUMMARY

Haplotype analysis has became an area of intense research, both for population genetics 
studies and for molecular dissection of complex phenotypes. Haplotypes provide increased 
informativeness with respect to single nucleotide polymorphisms and allow to condense 
information on genomic variation, with a sensible gain of power in association studies. 

Direct haplotyping via molecular analysis provides more exact information per individual, 
but is much more expensive and labour-intensive than indirectly inferring haplotypes from 
genotypes. Several methods have been proposed so far to indirectly reconstruct haplotypes 
from unphased genotypes. In the present study, we adopted four different approaches 
(implemented in the computer programs ARLEQUIN, HELIxTREE, HAP and PHASE) to 
infer phase information from genotypic data on 197 subjects at 14 polymorphic sites of the 
bovine PRKAG3 gene. In the whole, twelve different haplotypes had been inferred by all the 
four different methods, although at slightly varying frequencies. Other three haplotypes were 
inferred by at least two different approaches and some haplotypes were unique to a single 
method. No dramatic differences among the four selected approaches were observed for the 
considered genomic target. This is probably due to the linkage-disequilibrium structure of the 
analysed region and to the moderate amount of missing genotype data. 

Keywords: haplotype reconstruction; bovine; PRKAG3 gene.

RIASSUNTO

L’ambito di analisi degli aplotipi evidenzia un interesse crescente da parte della ricerca, sia 
in termini di studi di genetica delle popolazioni che per la comprensione delle basi molecolari 
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di caratteri complessi. Gli aplotipi forniscono un livello maggiore di informatività rispetto alle 
mutazioni a carico di singole basi nucleotidiche e consentono di condensare l’informazione 
relativa alla variabilità genetica, permettendo, altresì, di acquisire un incremento nella potenza 
di analisi in studi di associazione.

I metodi diretti di ricostruzione dell’aplotipo basati sull’analisi molecolare forniscono 
un livello di informazione più accurato ma presentano il grosso inconveniente di essere 
estremamente costosi e laboriosi rispetto ai metodi indiretti di inferenza. Molteplici approcci 
sono stati proposti ad oggi per la ricostruzione indiretta degli aplotipi a partire da dati 
genotipici a fase gametica ignota. Nel presente lavoro, sono stati adottati quattro diversi metodi 
(implementati nei programmi ARLEQUIN, HELIxTREE, HAP e PHASE) per l’inferenza 
della fase gametica a partire dai dati genotipici di 197 soggetti relativi a 14 siti polimorfici del 
gene PRKAG3 bovino. Complessivamente, dodici diversi aplotipi sono stati inferiti da tutti 
i quattro metodi adottati, sebbene con frequenze relativamente divergenti. Altri tre aplotipi 
sono stati inferiti da almeno due dei quattro diversi approcci mentre alcuni aplotipi sono stati 
inferiti esclusivamente da uno dei quattro metodi. Complessivamente, non sono state osservate 
differenze sostanziali tra i diversi approcci adottati relativamente alla regione genomica di 
interesse. Ciò è presumibilmente ascrivibile al profilo di linkage disequilibrium della regione 
analizzata ed alla presenza molto contenuta di dati genotipici mancanti. 

Parole chiave: ricostruzione aplotipica; bovini; gene PRKAG3.

INTRODUCTION

The protein kinase adenosine monophosphate-activated γ3-subunit (PRKAG3) 
gene encodes the muscle specific isoform of the regulatory γ subunit of adenosine 
monophosphate activated protein kinase (AMPK), which plays a key role in regulating 
energy homeostasis in eukaryotes (Carling, 2004). In pigs, the PRKAG3 gene have 
been shown to affect muscle glycogen content and hence meat quality traits like 
ultimate pH, meat colour, water-holding capacity, drip loss, tenderness and cooking 
loss (Milan et al., 2000; Ciobanu et al., 2001). 

Single nucleotide polymorphisms (SNPs) analysis is a well-established tool for 
the identification of genes associated with traits of economic interest in livestock 
populations (Yu et al., 1995; Page et al., 2002; Ge et al., 2003; Schenkel et al., 
2005; Allan et al., 2007). More recently, haplotype analysis has became an area of 
intense research for complex genetic phenotypes (Ciobanu et al., 2004; Stone et 
al., 2005; Khatib et al., 2006). An haplotype can be defined as a set of SNPs on a 
single chromosome that are closely linked and inherited as a unit. The knowledge 
of haplotype for several SNPs in one gene could provide more information about 
genotype-phenotype associations than individual underlying SNPs. Crucial for such 
studies is the need for phase-known information. Direct and indirect approaches have 
been proposed to infer phase information. Molecular haplotyping (for a detailed 
reference list, see Konfortov et al., 2007) provides more exact information per 
individual, but is much more expensive and labour-intensive than indirectly inferring 
haplotypes from genotypes. This could severely constrain the size of the analysed 
sample. It has been shown that haplotype-inference methods such as parsimony 
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(Clark, 1990), expectation-maximization (Excoffier & Slatkin, 1995), and Bayesian 
approaches (Stephens et al., 2001) are fairly effective and economical alternatives to 
molecular-haplotyping methods (Niu et al., 2002).

In the present study, we explored four indirect approaches to infer phase information 
from genotypic data at the bovine PRKAG3 gene.

MATERIALS AND METHODS

Blood samples from 97 Chianina and 100 Holstein non-consanguineous animals 
were collected. Genomic DNA was isolated from whole blood following the procedure 
of Rouzaud et al. (2000) and Jeanpierre (1987) for the Holstein and the Chianina 
samples, respectively. PCR primer pairs and conditions are available upon request.

In the whole, 14 single nucleotide polymorphisms were considered, spanning 
a region of 4.4 kb in the bovine PRKAG3 gene (Fig. 1). A TaqMan® 5’ allelic 
discrimination assay (Applied Biosystems) and a sequencing approach using Big Dye 
Terminator chemistry on a ABI PRISM 310 cycle sequencing were adopted to obtain 
genotypic data.

Haplotype frequency estimates were obtained by using the software ARLEQUIN 
v. 2.000 (Schneider et al., 2000) and the HAP web-server (Halperin & Eskin, 2004), 
available at http://research.calit2.net/hap/WebServer.htm. In addition, the computer 
program PHASE v. 2.1 (Stephens et al., 2003) and the HELIxTREE software package 
(Golden Helix, Inc., Bozeman, MT) were also used to infer frequency estimates. 

Fig. 1. Localisation of the fourteen considered SNPs along the PRKAG3 gene. 
A) SNPs analysed by using a TaqMan® 5’ allelic discrimination assay. 
B) Polymorphisms analysed by direct sequencing. 
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RESULTS AND DISCUSSION

In the present study, four different approaches were adopted to infer phase 
information from genotypic data at the PRKAG3 gene on cattle. 

The ARLEQUIN software implements the Expectation-Maximization algorithm 
by Excoffier and Slatkin (1995), which is based on an iterative process aiming at 
obtaining the maximum-likelihood estimates of haplotype frequencies. Unlike the 
other three computer programs, ARLEQUIN do not provide, for each individual animal 
in the population sample, a list of the most probable diplotypes, i.e. both chromosomal 
haplotypes. This is a serious limitation, mainly when haplotype reconstruction is 
performed in order to carry out association studies. 

HELIxTREE is a fast, easy-handled software which also implements the 
Expectation-Maximization algorithm by Excoffier and Slatkin (1995); unlike than 
with ARLEQUIN, we adopted here the “composite haplotype method” (CHM) to 
estimate haplotype probabilities. 

The computer program PHASE has the main advantage of allowing for 
recombination and decay of Linkage Disequilibrium (LD) with distance; in some 
cases, this could result in more accurate haplotype estimates. 

The software HAP implements a method for resolving haplotypes within blocks of 
limited diversity based on the perfect phylogeny model of Gusfield (2002). This model 
assumes an infinite site mutation model and allows no recombinations. Since these 
assumptions are not realistic, HAP presents a relaxed phylogeny model that allows for 
a certain number of recurrent mutations and recombinations within a block. The input 
file only requires the first allele at a single site to be indicated (if the second allele is 
a different one, user must only specify “heterozygous”). Thus, if the second allele is 
not present in the homozygous state within the analysed population, the software is 
unable to resolve it and it will indicate the allele with a “M”. 

Results are summarised in Tab. I. In the whole, twelve identical haplotypes had 
been inferred by all the four different methods, although at slightly varying frequencies. 
Other three haplotypes were inferred by at least two different approaches. Fifteen 
haplotypes (bottom part of Tab. I) were instead unique to a single method. Anyway, 
it should be noted that nine out of ten haplotypes unique to the ARLEQUIN software 
could be easily ascribed to corresponding “shared” haplotypes (top part of Tab. I) 
by only substituting missing variant sites (indicated by “?”). In this manner, results 
obtained with the ARLEQUIN software would be very similar to those obtained by 
the HELIxTREE program (data not shown), which is not surprising considering that 
they adopt almost the same algorithm.

CONCLUSION

Our results show that, in this particular case, there is no dramatic difference among 
the four selected approaches in reconstructing haplotypes from unphased genotypes. 
This is probably due to the linkage-disequilibrium structure of the analysed region and 
to the moderate amount of missing genotype data. 
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Slight discrepancies among the available haplotyping computer programs could 
be a minor worry when haplotype inference is needed in order to carry out population 
genetics studies. However, accurate phase-inference algorithms are a necessary 
prerequisite in haplotype-based association analysis. Thus, considerable attention is 
currently being given to haplotyping related issues.

Tab. I. List of haplotypes inferred using four different approaches. 
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