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ABSTRACT: Genome scans for selection can be used 
to identifiy genes and mutations underlying adaptive 
traits. The classical STF  statistic does not account for 
complex population history. As a single SNP statistic, it 
is also not modelling linkage disequilibirum. We 
present two new methods aimed at taking these 
phenomenons into account. Through the study of a 
selection signature in a region harbouring PLAG1, we 
illustrate how they can be used to reveal the selective 
history of a QTL in cattle populations. Two datasets 
were analyzed, a resequencing dataset on four 
international breeds and a high-density genotyping 
dataset of 20 french breeds. 
Key words: selection signatures; linkage 
disequilibrium; population structure; PLAG1; cattle. 

 
INTRODUCTION 

Livestock species offer very powerful models 
to study the evolution and genetic determinism of 
quantitative traits (Andersson, 2012). A popular 
approach to tackle this question is to look for genome 
regions that have been affected by selection through 
time. As livestock populations are typically highly 
structured into breeds that undergone different selection 
pressures, methods aimed at identifying highly 
differentiated regions between breeds are well adapted. 
Here, we summarize two recent methodological 
developments to improve over the classical STF  
approach by (i) taking into account populations 
structured into breeds and (ii) exploiting linkage 
disequilibrium information. We then illustrate the 
interest of the methods by studying a selection signature 
in cattle at a QTL for stature around the PLAG1 gene in 
two large scale datasets. 

 
MATERIALS AND METHODS 

A test for selection in multiple population 
data. In a population evolving under drift alone, the 
evolution of the allele frequency tp  at a biallelic locus 
(SNP) is characterized by  
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where 0p  is the allele frequency at some ancestral 

time t  generations ago and NtFt /2≈ , with N  

being the effective population size. Provided tF  is not 

large, the distribution of tp  can be modeled with a 
Normal distribution (Nicholson et al. 2002), with 
parameters given in (1). 

When considering multiple populations 
deriving from a common ancestral pool along a 
population tree, equation (1) becomes multivariate and 
the Normal approximation is generalized to: 
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where p  is the vector of observed allele frequencies, 
F  is the population kinship matrix characterizing the 
population tree, and 0p  is the allele frequency in the 
ancestral population. 

The model parameters 0p  and F are not 
known and must be estimated from the data. This can be 
done in two steps as detailed in Bonhomme et al. 
(2010), by first estimating F from Reynolds genetic 
distances computed genome-wide and then using the 
generalized least squares estimator of 0p : 
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Within this framework, a test for selection can be 
constructed by measuring the goodness of fit of model 
(2), i.e. the deviance: 
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This deviance depends on the (unknown) 
ancestral allele frequency 0p . Replacing the term 

)(1 00 pp −  by )ˆ(1ˆ 00 pp −  introduces a bias that 
can be corrected for, leading to the FLK statistic 
(Bonhomme et al. 2010): 
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Under neutrality 1)(2 −nFLK χ: , where 
n  is the number of populations considered. This 
distribution can then be used to compute p-values to test 
for selection, i.e. excess differentiation between 
populations. 

Incorporating haplotype diversity  We 
developed a new statistic based on FLK, named 
hapFLK (Fariello et al. 2013), that incorporates Linkage 



Disequilibrium information, using a hidden markov 
model of haplotype diversity (Scheet & Stephens, 
2006). Briefly, this LD model is based on regrouping 
local haplotypes into a reduced number K  of 
haplotype clusters. Although it is a model for haplotype 
diversity, it can be estimated on unphased genotype 
data. After fitting the model on a set of densely 
genotyped individuals, we compute for each population 
j  and each SNP the “frequency” of haplotype clusters 

k
jlp .At a given locus, we can write for each haplotype 

cluster k , a deviance statistic, similar to (4): 
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with the important differences being that the variance 
parameter 2σ  (i) is not specified in terms of 
“ancestral” allele frequency 0p  and (ii) is the same for 

all haplotype clusters. Finally, at each locus l , we 
compute the hapFLK statistic as: 
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In practice the hapFLK statistic is also 
averaged over multiple (typically 20) fits of the LD 
model to account for the multimodal nature of its 
likelihood. The distribution of hapFLK under neutrality 
is not known, and has to be estimated from the observed 
distribution using robust estimation techniques (see 
Fariello et al. 2013). 

Application to real datasets To illustrate the 
methods, we present results pertaining to a selection 
signature on chromosome 14 containing the PLAG1 
gene. We found this signature in genome scans on two 
datasets: a large population panel of French cattle and a 
deep resequencing dataset in four international cattle 
breeds from the 1000 bull genomes project. The French 
population panel consists of 20 populations of cattle 
breeds, with 25 to 30 “unrelated” individuals per 
population, genotyped at about 700,000 autosomal 
SNPs. The 1000 bull genomes dataset was obtained 
from the 1000 bull genomes consortium. It consists of 
four international breeds (Angus, Fleckvieh, Holstein 
and Jersey) with 15 to 25 “unrelated” individuals per 
breed. Selective sweep analysis was performed 
considering 14.4 million variants called after 
resequencing all individuals.  

 
RESULTS AND DISCUSSION 

Selection signature around PLAG1 in the 
1000 bull genomes dataset We found a significant 
selection signature in the 1000 Bull genomes data on 
chromosome 14, in a small genomic region comprising 
the PLAG1 gene (figure 1, top).  
 

 
Figure 1: Selection signature on chromosome 14 in the 1000 
bull genomes dataset: Candidate QTNs for a stature QTL are 
highlighted in pink. 

  
Heterozygosity and allele frequency patterns 

in this region are consistent with a past selection event 
affecting the Angus and Holstein breeds, and no 
selection in Fleckvieh and Jersey (not shown). This 
region was previously demonstrated to harbour a QTL 
for calving ease in Fleckvieh (Pausch et al. 2011) and 
one for stature in a Holstein x Jersey cross (Karim et al. 
2011). In the study by Karim et al. (2011) the causal 
mutation was shown to be one of 8 candidate 
Quantitative Trait Nucleotides (QTNs). We found 7 
polymorphisms exhibiting a high level of differentiation 
between breeds based on the FLK statistic (p-value 
below 1e-4) (figure 1 middle). Out of this 7 candidates, 
6 are common with the candidate QTNs of Karim et al. 
(2011). This indicates that the causal mutation for 
stature identified by Karim et al. has been under 
selection, and that this selection happened not only in 
Holstein but also in Angus. Given the large genetic 
distances between these two breeds, the selection event 
is likely to be rather old. The mutation is probably 
ancestral as it is also present in the Fleckvieh population 
although it is clear that the QTN was not selected in this 
breed. These results illustrate the ability of genome 
scans for selection to identify causal mutations for 
QTLs affecting quantitative traits.  
 
PLAG1 Selection Signature in French Cattle Breeds 

We studied the status of this mutation in a 



different dataset of 20 French cattle populations 
genotyped for a high-density SNP array where a very 
significant selection signature was found with both FLK 
and hapFLK. We further studied the history of the allele 
by (i) reconstructing the population tree in the PLAG1 
region and (ii) looking at allele frequency patterns at 
one the QTN present on the SNP chip (figure 2).  
 

  
Figure 2: Population tree estimated genome wide (top) and in 
the PLAG1 QTL region (bottom). Allele frequency at one of 
the putative QTNs in a panel of French breeds is represented 
by colouring their respective branch lengths. 
 

The population tree shows a clear separation 
consistent with geographical origins of the breeds. At 
the PLAG1 QTN, breeds originating from the North 
West of France are typically fixed for the high allele, 
while breeds from the East exhibit low frequencies of 
the high allele with the Tarentaise (TAR), Swiss Brown 
(BRU) and Eastern Red Pied (PRE) fixed for the low 
allele. South Western breeds tend to have intermediate 
allele frequency, except for the Limousin (LIM) that is 
fixed for the high allele. 

Overall the PLAG1 QTN is segregating in 
French cattle populations from different origins, a 
further clue that its origin is likely ancient, pre-dating 
the separation between breeds. Later, it appears to have 
been under various selection pressures (negative, 
positive and neutral) depending on the breed 
considered. 

 

CONCLUSION 
The most widely used statistic for genome scans for 
selection in multiple population data is the STF  
statistic. With complex population datasets, combining 
both distantly and closely related populations, this 
statistic is not adapted as it does not account for 
variation in genome-wide relatedness nor different 
effective population sizes. The FLK approach 
(Bonhomme et al. 2010) correctly accounts for the 
hierarchy between populations, in the same sense as 
mixed-model approaches correct for kinship variation 
between individuals in GWAS. Incorporating haplotype 
information in genome scans for selection permits to 
reveal more selection events, in particular those arising 
from complex selection scenarios, such as selection on 
standing variation and incomplete sweeps (Fariello et 
al. 2013). Applied to genome wide cattle data in 
multiple populations, these approaches allow to build an 
historical scenario for selected alleles as exemplified by 
selection on the stature QTL around the PLAG1 gene. 
Our results on this gene show that causal mutations for 
quantitative traits can be identified by genome scan for 
selection. However, many other selection signatures are 
found, which are not yet backed up by GWAS data. 
Incorporating phenotype or other covariate information 
into models aimed at detecting selection signatures is a 
promising approach to unravel adaptive mutations in 
large population genomics data (Coop et al. 2010). 
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