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Summary:

Selection for new favorable variants can lead to selective sweeps. However, such sweeps
might be rare in the evolution of different species where polygenic adaptation or selection
on standing variation might be more common. Still, strong selective sweeps have been
described in domestic species such as chicken lines or dog breeds. The goal of our study was
to use a panel of individuals from 12 different cattle breeds genotyped at high density (800K
SNPs) to perform a whole genome scan for selective sweeps defined as unexpectedly long
stretches of reduced heterozygosity. To that end we developed a hidden Markov model
where one of the hidden states corresponds to regions of reduced heterozygosity. Some
unexpectedly long regions were identified. Among those, six contained genes known to
affect traits with simple genetic architecture such as coat color or horn development.
However, there was little evidence for sweeps associated to genes underlying production

traits.
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Selection acting on a newly arisen or rare favorable variant tends to sweep out genetic
diversity in its surrounding. This phenomenon has first been termed a selective sweep by
Maynard Smith & Haigh (1974) and later a hard sweep (e.g., Pritchard et al. 2010) to
distinguish it from alternative kinds of footprints of selection. Indeed, selection might also be
acting on pre-existing or standing variation (e.g. after an environmental shift) leading to a so-
called « soft sweep » (Hermisson & Pennings 2005). Similarly, in the case of a polygenic
architecture, the optimum phenotype might be defined by various and subtle combinations
of favorable variants (Chevin & Hospital 2008). Importantly, polygenic adaptation or « soft-
sweeps » are expected to have a much less pronounced impact on local genetic variability
than hard sweeps and hence being far less easy to identify by classical approaches aiming at
detecting footprints of selection (e.g., Pritchard et al. 2010; Peter et al. 2012). Recent studies
pointed out that hard sweeps might be rare in human evolution (Hernandez et al. 2011) and
that most of adaptation might be due to polygenic adaptation as reviewed by Pritchard et al.
(2010).

Populations from domesticated species have recently been subjected to intense selection
sometimes on traits with simple genetic architecture (e.g. coat color). Hence hard sweeps
might be more common and more intense in such species. As a recent example, by
comparing domesticated chicken breeds with their ancestor using whole genome sequence
data, Rubin et al. (2010) identified a 40 kb region containing the thyroid stimulating hormone
receptor (TSHR) and presenting a strong reduction in heterozygosity.

The objective of the present study was to determine whether long stretches of markers with
reduced heterozygosity are common in cattle, possibly indicating selective sweeps and giving

the opportunity to discover novel genes subjected to selection during domestication or



breed creation. In cattle, most genome scans for footprints of selection were based on the
comparison of allelic frequencies across various breeds (Barendse et al. 2009; Flori et al.
2009; Gautier et al. 2009; Stella et al. 2010). In these studies, a few tens of thousands SNPs
(e.g. the lllumina BovineSNP50 genotyping assay) were used leading to a typical density of 10
to 20 markers per Mb. Such a density remained too sparse to allow the detection of sweeps
based on heterozygosity profiles without ambiguity, particularly for short sweeps. The
recently developed lllumina BovineHD genotyping assay proposes a 10-fold increased marker
density and thus represents a valuable resource to address this issue.

For the purpose of our study, we used samples from twelve breeds (see Table 1 for details)
genotyped on the lllumina BovineHD genotyping assay. We used 725293 SNPs mapping on
the 29 autosomes on the UMD 3.1 assembly. Within each breed, only markers with a
genotyping call rate above 0.95 were conserved.

We developed a hidden Markov model (HMM) to identify within each population regions of
reduced heterozygosity in contrast to background regions. Briefly, our HMM relies on three
hidden states ('neutral’, 'intermediate’ and 'sweep') and was inspired from the one proposed
by Boitard et al. (2009) to detect signatures of selection based on the characterization of the
site frequency spectrum. To account for possible residual observed variability (e.g. due to
genotyping error, recently arisen SNP, incomplete sweep), heterozygosity level hguee, Of
markers within sweep regions (i.e. emission probability of the sweep state in our HMM

model) were assumed Beta distributed following:

heweep~Beta(0.5,49.5)

The emission probabilities were categorized into bins of size 0.01 (e.g., from 0.00 to 0.01,



from 0.01 to 0.02, etc). For a marker with heterozygosity x, the emission probability was
equal to the density of the Beta distribution in the corresponding bin. With such a
parameterization, the distribution assumed for hg.eep is concentrated on low values - e.g.
P(Nsweep<0.01)=0.68 and P(hgueep<0.05)=0.975 (note also that P(hsweep>0.5) was set equal to 0).
In practice, emission probabilities below 0.001 were replaced by a constant value which
might be interpreted as genotyping error rate across SNPs (the constant was such that the
distribution sums to 1). For the neutral and intermediate regions distribution, the emission
probabilities  (hintermediste anNd  hnewtrat)  Were  unknown. Finally, transition probabilities
(probabilities to move from a hidden state to another between two consecutive markers)
were such that going from a neutral to a sweep region (or vice versa) required going through
the intermediate region. The transition matrix was identical to the one in Boitard et al.

(2009) with p = 0.001:

I-p p 0
T=\p2 1-p pi

0 p 1I-p

Initial state probabilities were equal to 0.999 for neutral regions and 0.0005 for other
regions. hinermediate aNd hyeurral distribution parameters and probabilities of each SNP to be in
different hidden states were estimated using an the forward-backward and EM algortihms
(e.g., Rabiner 1989). The method is implemented in a software available at
http://www.giga.ulg.ac.be/jcms/prod_381171/fr/software.

As a matter of expedience we further defined hard sweeps as regions i) with SNP 'sweep'

state probability strictly above 0.999 (i.e. of highly reduced heterozygosity) ii) with a marker



density above 100 SNPs per Mb (to discard uninformative regions), iii) with no gaps between
successive SNPs exceeding 40 kb (to avoid selecting regions which are long due to markers
spacing) and iv) an average heterozygosity below 0.05.

We were able to identify hard sweeps in all the breeds considered according to the criteria
presented above and as summarized in Table 1 (a list of regions identified by breeds is
available in Supplementary Material). The longest sweep was 1.08 Mb long in Brown Swiss
and the breeds harbored from 0 to 3 sweeps longer than 0.5 Mb and 2 to 9 sweeps longer
than 0.25 Mb (see Table 1), which represent unexpectedly long regions of reduced
heterozygosity. The median length of sweeps was much lower, ranging from 57 to 104 kb. In
total, sweeps covered from 0.12 % (in Piedmontese) to 0.51% (in Guernsey) of the genome
(31 to 126 regions according to the breed). Finally, no sweep was found in common to all the
twelve breeds as might have been expected in case of a systematic bias introduced by the
SNP assay (e.g. genomic regions represented by an unexpectedly high number of lowly
polymorphic SNPs across populations).

Interestingly, most of the strongest sweeps identified included genes underlying traits under
selection in some breeds (these associated genes are highlighted in the Supplementary
Material). For instance, the 504 kb sweep observed on chromosome (BTA) 2 in Belgian Blue
beef (BBB) cattle (Figure 1) which displays an average heterozygosity of 0.002 contains the
myostatin gene (MSTN). An eleven bp deletion within MSTN causing double-muscling
(Grobet et al. 1997) has been selected for and fixed in BBB (the Piedmontese also displays a
sweep which is due to selection for another MSTN variant causing double muscling
(Kambadur et al. 1997)). Other examples correspond to genes affecting coat color or pattern
such as the melanocortin receptor 1 (MC1R) also known as the Extension locus (Klungland et

al. 1995), possibly the KIT gene associated to the spotting locus (e.g., Fontanesi et al. 2009),



the premelanosome protein (PMEL) formerly known as the SILV gene responsible for white
color in Charolais (Gutierrez-Gil et al. 2007), the POLL locus causing absence of horns
(Seichter et al. 2012) and fixed in Angus and Hereford samples or related to stature such as
PLAG1 (Karim et al. 2011). For the MC1R and PLAG1 (Figure 2) sweeps, respectively 9 and 7
breeds displayed a sweep with varying sizes. For most of these known genes, surrounding
regions displayed a reduced heterozygosity (most often below 0.02) for segments above 0.25
Mb, suggesting recent selection.

These different examples act as positive controls and inform us about the patterns of
variation expected around selected genes in cattle. Indeed, for most sweeps identified, the
underlying polymorphisms under selection responsible for the observed signals remains to
be identified. Yet, some of these sweeps overlap with regions identified by other approaches
(e.g. Fs-based genome scans) such as the region around chr2:62,000,000 on UMD3.1
(Barendse et al. 2009) or the QTL regions on BTA6 encompassing NCAPG-LCORL (Flori et al.,
2009; Lindholm-Perry et al. 2011; Setoguchi et al. 2009) and presumably involved in stature
(Lango Allen et al. 2010; Pryce et al. 2011; Signer-Hasler et al. 2012).

Although our HMM model allows to efficiently identify sweeps, it might be sensitive in its
current form to both parameterization and to demographic characteristics of the populations
under study. Indeed, the model was found sensitive to the shape of the Beta distribution
assumed for hgueep. FOr instance and as expected, keeping the same mean but decreasing its
variance (i.e. putting more emphasis on low heterozygosity level) resulted in the loss of the
sweeps displaying the weakest signals. More generally, because overall genetic variability is
tightly related to the intensity of random genetic drift, we expect our model to be sensitive
to the effective population size. As expected, we observed that both the estimated

proportions of the genome covered by sweeps (as defined above) and the number of sweeps



among the different breeds were highly negatively correlated with the effective population
size estimated from the samples (p=-0.87 and p=-0.81, respectively). Hence, caution needs
to be taken in interpreting the weakest sweeps by adapting parameters to specificities of the
populations under study and the characteristics of the markers considered (ascertainment
scheme and density). Extensive simulation studies might further be required to determine to
which extent demographic history of the population under study might generate spurious
sweeps under this model.

For the empirical purpose of this study however, positive controls help to better define the
expected size of actual sweeps. Among the uncharacterized sweeps identified, those that are
as long as or even larger than known sweeps represent the best candidates for further
investigation. Similarly, sweeps confirmed in several breeds (Rubin et al. 2010), mapping
within known QTL (in cross-breeding experiments) or within region where variants were
identified in other species (e.g. NCAPG-LCORL) might safely be considered as true positive.
The advent of high-throughput sequencing technologies makes it possible to provide a
detailed picture of sequence variability within such sweep and alternative approaches such
as those based on the allele frequency spectrum (Boitard et al. 2009; Boitard et al. 2012) will
help in confirming, refining and possibly identifying the causal variant underlying these
observed sweeps. To that end, collaborative efforts such as the cattle 1000 genomes projects
are encouraging.

In conclusion, the HMM proposed here allowed us to identify major sweeps around genes
with major effects in cattle. However, these sweeps were not so common and the
characterized ones (50% (28%) of the detected ones larger than 0.50 Mb (0.25 Mb)) were
mostly related to traits with simple architecture (e.g. coat color, horn development). These

traits were selected at breed creation, some of them defining the breed. Conversely, there



was little evidence for sweeps associated to genes underlying production traits which have
been the target of recent selection and might be expected to present longer sweeps. This

suggests a rather polygenic architecture for these traits.
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Figure Legends

Figure 1: Marker heterozygosity (in grey), in the Belgian Blue beef (BBB) cattle breed in the
MSTN region mapping to BTA2. The dark line represents the sweep state probability
estimated by a hidden Markov model (HMM) which contains three hidden states: ‘sweep’,
‘intermediate’ and ‘neutral’ region. Emission probabilities are defined as heterozygosity of
the genotyped SNPs. The HMM identifies a clear sweep 0.5 Mb long encompassing MSTN in

which the heterozygosity level is almost null, contrasting with the surrounding region.

Figure 2: Marker heterozygosity (in grey) in different breeds in the PLAG1 region on BTA14.
The dark line represents the sweep state probability estimated by a hidden Markov model
which identifies a clear sweep in seven breeds out of the twelve investigated. The sweep is
greater than 0.6 Mb in some breeds and the swept region common to the seven breeds
encompasses PLAG1. (BBB Belgian Blue beef cattle, BBM dual purpose Belgian Blue, HOL
Holstein, JER jersey, LIM Limousine, HRF Hereford, ANG angus, CHL Charolais, GNS Guernsey,

PMT Piedmontese, RMG Romagnola, BSW Brown Swiss).
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Table 1. Number of identified segments with the HMM by breed.

Breed Number of Number of  Median Number of  Number of  Maximum %genome Effective
individuals segments  segment Segments segments segment size population
length >0,50 Mb >0,25 Mb size’
Belgian Blue Beef breed (BBB) 275 126 65 kb 3 4 0,657 Mb 0,46 109
Dual purpose Belgian Blue (BBM) 52 80 81 kb 1 4 0,659 Mb 0,33 127
Holstein (HOL) 60 125 70 kb 1 5 0,607 Mb 0,46 92
Jersey (JER) 38 80 101 kb 3 7 0,598 Mb 0,45 74
Limousin (LIM) 50 51 91 kb 0 3 0,452 Mb 0,22 267
Hereford (HRF) 35 58 104 kb 1 5 0,512 Mb 0,31 124
Angus (ANG) 42 104 82 kb 0 7 0,466 Mb 0,42 101
Charolais (CHL) 37 40 58 kb 1 3 0,994 Mb 0,17 285
Guernsey (GNS) 21 112 84 kb 1 9 0,535 Mb 0,51 100
Piedmontese (PMT) 21 31 61kb 0 2 0,371 Mb 0,12 372
Romagnola (RMG) 21 70 57 kb 0 3 0,328 Mb 0,21 139
Brown Swiss (BSW) 22 106 74 kb 1 6 1,080 Mb 0,43 65

Effective population size was estimated from the linkage-disequilibrium between markers separated by 10 Mb with the following

approximation: r? = 1/(1 + 4N.c) where c is the distance in ctM between markers (assuming 1cM=1Mb (Gautier et al. 2007) in cattle populations).
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