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Summary The data from the newly available 50 K SNP chip was used for tagging the genome-wide

footprints of positive selection in Holstein–Friesian cattle. For this purpose, we employed the

recently described Extended Haplotype Homozygosity test, which detects selection by

measuring the characteristics of haplotypes within a single population. To assess formally

the significance of these results, we compared the combination of frequency and the

Relative Extended Haplotype Homozygosity value of each core haplotype with equally

frequent haplotypes across the genome. A subset of the putative regions showing the

highest significance in the genome-wide EHH tests was mapped. We annotated genes

to identify possible influence they have in beneficial traits by using the Gene Ontology

database. A panel of genes, including FABP3, CLPN3, SPERT, HTR2A5, ABCE1, BMP4 and

PTGER2, was detected, which overlapped with the most extreme P-values. This panel

comprises some interesting candidate genes and QTL, representing a broad range of

economically important traits such as milk yield and composition, as well as reproductive

and behavioural traits. We also report high values of linkage disequilibrium and a slower

decay of haplotype homozygosity for some candidate regions harbouring major genes

related to dairy quality. The results of this study provide a genome-wide map of selection

footprints in the Holstein genome, and can be used to better understand the mechanisms of

selection in dairy cattle breeding.

Keywords bovine genome, EHH test, haplotype homozygosity, linkage disequilibrium,

selection signature.

Introduction

Recently, linkage disequilibrium (LD) has received consid-

erable attention among livestock geneticists, primarily to

perform genome-based selection (see e.g. Meuwissen et al.

2001) and to determine the actual genes responsible for

variation in economically important traits (Pollinger et al.

2005; Daetwyler et al. 2008; Hayes et al. 2008, 2009;

Prasad et al. 2008).

The search for genes underlying phenotypic variation can

be performed in two different directions; (i) from phenotype to

genome, which is performed by LD-based association

mapping and may involve positional cloning of QTL or by

targeting particular candidate genes identified based on

homology to known genes, and (ii) from genome to pheno-

type, which involves the statistical evaluation of genomic

data to identify likely targets of past selection. The latter

approaches identify patterns of LD in or between populations,

which are incompatible with the hypothesis of genetic

neutrality, and these patterns are called selection signatures.

Alleles under positive selection pressure encounter a fast

increase in allele frequency. For a neutral mutation, it will

take many generations until the mutated allele has reached

a high population frequency through drift. The LD in the

vicinity of this locus will be degraded through recombination

(Kimura 1983), so that frequent alleles in small degrees of

LD with neighbouring loci usually reflect old mutations.

A novel mutation under positive selection pressure will,

however, increase rapidly in frequency, so that the
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surrounding conserved haplotype is long, which is called a

�selective sweep� (e.g. Maynard-Smith & Haigh 1974; Nielsen

2005).

This is the background of the extended haplotype

homozygosity (EHH) statistic suggested by Sabeti et al.

(2002) for the detection of recent selection. To account for

facts such as variability of recombination (Simianer et al.

1997), Sabeti et al. (2002) proposed the use of the contrast

of the EHH statistic of one core haplotype vs. other

haplotypes in the same position. Alternative methods for

detecting selective sweeps from DNA sequence data were

developed, which include Tajima�s D (Tajima 1989) and Fay

and Wu�s H-test (Fay & Wu 2000) for selected mutations,

measuring large allele-frequency differences among popu-

lations by FST (e.g. Akey et al. 2002), and the integrated

Haplotype Score (iHS; Voight et al. 2006), which is an

extension of the EHH statistic (Sabeti et al. 2002). Both

D- and H-tests were designed for full-sequence data and not

for genome-wide collections of pre-ascertained SNPs that

are currently available in some livestock species. Recently,

MacEachern et al. (2009) applied Fay and Wu�s H-test to

examine the positive selection between Holstein and Angus

cattle, which represent opposite directional selection. They

used a new metric to overcome the problems of ascertain-

ment bias and observed significant deviations of allele

frequency in the two breeds. The iHS method is more powerful

than the D- and H-tests for selected mutations (Voight et al.

2006) but, to be applied properly, it requires the genotype

of the selected mutation as well as a known ancestor allele.

Among the various statistics used for recognizing signals

of positive selection from polymorphism data, the EHH test is

particularly useful (Walsh et al. 2006; Zhang et al. 2006). It

detects selection by measuring the characteristics of haplo-

types within a single population, is applied for putative core

regions and does not require definition of an ancestor allele

genotype. Furthermore, being less sensitive to ascertain-

ment bias than other approaches, it is designed to work with

SNP rather than sequencing data (Tang et al. 2007).

Holstein–Friesian cattle have been intensively selected

during the last centuries, especially in the last decades after

the implementation of progeny-test-based breeding

programmes in the 1960s (Skjervold & Langholz 1964).

Consequently, genomic regions controlling traits of

economic importance are expected to exhibit signatures of

selective breeding. With the availability of large-scale SNP

data, it has become possible to construct a LD map with

higher resolution and to scan the genome for positions that

may have been targets of recent positive selection in the

Holstein–Friesian population. In this study, we report the

first results of such a systematic genome scan in which

(i) the region of known functional candidate genes

(confirmed QTL) was checked for signatures of recent

selection and (ii) positional candidate genes are reported in

proximity to the genomic positions showing the most

significant indications of selection.

Materials and methods

DNA samples and data preparation

Semen or blood samples were obtained from 810 German

Holstein–Friesian cattle, including 469 bulls and 341 bull

dams. Genomic DNA was extracted by applying a modified

Miller protocol (Miller et al., 1988), including dithiothreitol

treatment for the semen samples. Genotyping was carried

out using the Illumina Bovine SNP50 BeadChip (Matu-

kumalli et al. 2009) containing a total of 54001 SNPs, with

a mean neighbour marker distance of 48.75 kb. Markers

were filtered to exclude loci assigned to unmapped contigs,

or unpositioned according to the latest reference assembly of

the bovine genome Btau 4.0 (1728), monomorphic loci (11)

and loci with a minor allele frequency (MAF) <0.05

(10864).

Reconstruction of haplotypes and LD analysis

The subset of animals used in this study belongs to the total

population of Holstein cattle chosen for the genomic selec-

tion programme in Germany. We neglected possible effects

of founders and admixture in the population demography

because of the considerable number of bulls analysed, and

assumed the animals to be unrelated. For the analyses, fully

phased haplotype data were required. After the aforemen-

tioned filtering process, we reconstructed haplotypes for

every chromosome using default parameters in fastPHASE

(Scheet & Stephens 2006). Reconstructed haplotypes were

inserted into HAPLOVIEW v4.1 (Barrett et al. 2005) to estimate

LD statistics based on pairwise r2 and to construct the

blocking pattern in the candidate regions of interest to

enable selection signature analysis.

Application of the EHH test

According to the natural selection theory, regions under

positive selection have frequent alleles, embedded in a long-

range LD background. Accordingly, the �core region� is

defined as the region of interest in the genome, presumably

characterized by the strong LD among SNPs and involves

a set of �core haplotypes�. For identifying core regions,

Sweep v.1.1 (Sabeti et al. 2002) implements the algorithm

suggested by Gabriel et al. (2002), defining a pair of SNPs to

be in strong LD if the upper 95% confidence bound of D� is

between 0.7 and 0.98. The program was set to select core

regions with at least three SNPs.

To evaluate how LD decays across the genome, we

performed the EHH test (Sabeti et al. 2002). This test is based

on the contrast of a core haplotype with a combination of

high frequency and extended homozygosity with other core

haplotypes at the same locus. EHH is the probability that two

randomly chosen haplotypes carrying the candidate core

haplotype are homozygous for the entire interval spanning
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the core region to a given locus (Sabeti et al. 2002). The EHH

of a tested core haplotype t is

EHHt ¼

Ps

i¼1

eti

2

� �

ct

2

� � ;

where ct is the number of samples of a particular core

haplotype t, eti is the number of samples of a particular

extended haplotype i and s is the number of unique

extended haplotypes.

It has been observed in many experimental organisms

(reviewed in Lichten & Goldman 1995; Petes 2001) that

various chromosomal regions have higher (or lower)

recombination rates than would be expected on the basis of

the genome average recombination rate (�1 cM/Mb).

Simianer et al. (1997) demonstrated that this variability is

also prevalent in the bovine genome, and that recombina-

tion probabilities even differ between families. Regions with

high (or low) recombination fractions are called hot (or cold)

spots. Accordingly, the LD would be stronger in recombi-

nation cold spots than in recombination hot spots, which

raises the possibility that a larger LD statistic may rather be

as a result of low recombination rates in a particular region

and not necessarily because of recent positive selection. The

�Relative Extended Haplotype Homozygosity� (REHH) statis-

tic proposed by Sabeti et al. (2002) corrects EHH for the

variability in recombination rates. It is computed by

EHHt

�
EHH; with EHH defined as the decay of EHH on all

other core haplotypes combined and is calculated as:

EHH ¼

Pn
j¼1;j6¼t

Ps

i¼1

ei

2

� �� �

Pn
i¼1;j6¼t

ci

2

� � ;

where n is the number of different core haplotypes.

To determine the empirical significance of REHH values,

we ordered haplotypes into 20 bins according to their

frequency and compared the REHH for each common

haplotype in a candidate region with all equally frequent

haplotypes. P-values were obtained by log-transforming the

REHH in the bin to achieve normality, and calculating the

mean and the standard deviation. As such, core haplotypes

with extreme REHH in the distribution were considered

significant, as suggested by Sabeti et al. (2002).

Results

Marker and core haplotype statistics

A total of 41 398 (76.66%) markers passed the filtering

criteria and, excluding chromosome X, 40 854 SNPs were

included in the final analysis. This subset of markers covers

2544.1 Mbp of the genome (Btau 4.0 assembly), with an

average of 61.91 kbp adjacent the marker spacing. For the

SNPs analysed in this study, the average MAF was

0.28 ± 0.15. Table 1 presents a descriptive summary of

genome-wide marker and haplotype distribution in the data

set. A total of 3741 core regions spanning 472 127.2 kbp

(18.55%) of the genome were detected.

Mean core region length was estimated as 123.7±

87.2 kb, with a maximum of 2212.8 kb. There were 265

core regions spanning 35 372.8 kb in chromosome 1, and

41 core regions covering 4608.1 kb in chromosome 28.

These were the largest and smallest haplotypic structures in

the genome. For each chromosome, the proportion of length

covered by core regions vs. total length as well as the

number of SNPs forming core regions vs. the total number

of SNPs are given in Table 1. The distribution of the size of

core regions is depicted in Fig. 1. Overall, 13 151 SNPs

(31.19%) participated in forming core regions, with a range

of 3–14 SNPs per tract.

EHH test in candidate genes

The first step of our analysis focused on ten genes or gene

clusters that are well known to be related to dairy qualities
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Figure 1 Distribution of the length of core regions (a) and the number

of SNPs forming the core regions (b) in the Holstein genome.

� 2010 The Authors, Journal compilation � 2010 Stichting International Foundation for Animal Genetics, Animal Genetics

doi:10.1111/j.1365-2052.2009.02016.x

Qanbari et al.4



and, therefore, were assumed to be potentially under recent

selection. Table 2 gives the names, details and test statistics

for the chosen panel. For these candidate genes, we calcu-

lated REHH as a measure of LD surrounding a haplotype

of interest. REHH values much greater than 1 indicate

increased homozygosity of a haplotype compared with all

other core haplotypes in the genome. REHH was calculated

at 1 cM distance on both the upstream and downstream

sides from a core for all the possible cores present. We chose

this length because of the longer extent of LD in cattle

compared with that in humans, in which the considered

length is commonly around 250 kb (Sabeti et al. 2002; Yu

et al. 2005).

The results of the EHH test for the casein cluster show

that P-values for the core haplotype 1 (frequency = 47%)

exceeded the 99th percentile when REHH was plotted

against the haplotype frequency (Figs 2.a1 and 4). P-values

calculated for core haplotype 1 in the upstream and

downstream directions are both 0.01, which indicates a

clear signal of recent selection. In the case of the DGAT1

gene, the second most frequent haplotype (frequency =

30%) showed the highest REHH in the core region when

plotted up to 1 cM from the candidate region in the

downstream direction. As shown in Figs 2.a2 and 3, hap-

lotype homozygosity extended up to 1 cM only in the

downstream direction for this core region. This is because of

Table 2 Summary statistics of the extended haplotype homozygosity (EHH) test for selection signature in candidate genes.

Candidate

region Chr

Closest SNP name &

position (bp) Core position

Hap

freq (%) EHH REHH1

REHH1

P-value

DGAT1 14 ARS-BFGL-NGS-4939

443 936

236 533–443 936 H1: 53

H2: 30

)/0.19

)/0.70

)/0.32

)/3.47

)/0.832

)/0.06

Casein

Cluster

6 Hapmap24184-BTC-070077

88 391 612

88 350 095–88 427 760 H1: 48

H2: 38

0.63/0.54

0.15/0.13

3.69/3.61

0.24/0.24

0.01/0.01

0.95/0.95

GH 19 ARS-BFGL-NGS-73805

49 652 377

49 523 705–49 690 250 H1: 31

H2: 24

0.21/0.17

0.41/0.38

0.42/0.35

1.35/1.60

0.86/0.90

0.92/0.94

GHR 20 UA-IFASA-8974

33 908 597

33 908 597–34 080 608 H1: 54

H2: 25

0.72/0.86

0.19/0.24

1.62/1.76

0.25/0.28

0.10/0.08

0.98/0.97

SST 1 ARS-BFGL-NGS-38958

81 376 956

81 283 582–81 376 956 H1: 34

H2: 30

0.76/0.84

0.27/0.44

3.16/2.44

0.49/0.72

0.03/0.07

0.80/0.62

IGF-1 5 ARS-BFGL-NGS-116459

71 169 823

71 073 539–71 381 565 H1: 32

H2: 31

0.35/0.24

0.22/0.20

1.10/0.80

0.52/0.47

0.38/0.55

0.76/0.82

ABCG2 6 BTA-22850-no-rs

37 374 911

37 135 014–37 374 911 H1: 35

H2: 21

0.19/0.18

0.29/0.25

0.50/0.45

1.10/0.95

0.76/0.79

0.53/0.61

Leptin 4 ARS-BFGL-NGS-34894

95 715 500

95 715 500–95 825 044 H1: 79

H2: 9

0.14/0.15

0.33/0.34

0.37/0.38

2.25/2.22

0.45/0.42

0.39/0.40

LPR 3 ARS-BFGL-NGS-74572

85 569 203

85 129 366–85 176 769 H1: 49

H2: 37

0.08/0.11

0.33/0.43

0.25/0.27

3.04/3.03

0.92/0.90

0.04/0.04

PIT-1 1 DPI-55

35 756 434

35713131–36 085 241 H1: 32

H2: 20

0.22/0.24

0.18/0.20

0.65/0.62

0.40/0.35

0.67/0.69

0.92/0.94

1REHH and P-values are presented for upstream and downstream sides from each core haplotype respectively.
2As shown in Figs 2.A2 and 3, haplotype homozygosities were extended up to 1 cM only in the downstream direction for this core region.

Values in bold represent core regions with haplotypes extended longer than expected.
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Figure 2 a1 and a2: EHH vs. distance plots

for the casein cluster (1) and DGAT1 (2) core

regions, showing decay of haplotype

homozygosity as a function of distance for the

three most frequent haplotypes. Legends

represent the core haplotype frequencies. b1

and b2: Haplotype bifurcation plots of three

core haplotypes for the casein cluster and

DGAT1 regions respectively.
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the position of DGAT1, which is located at approximately

400 kb on BTA14 and also the lower LD observed in the

upstream direction. This analysis also showed significant

P-values for core haplotype 2 of the Leptin Receptor gene

(LPR) and core haplotype 1 of the Somatostatin gene (SST),

and approached significance for the Growth Hormone

Receptor gene (GHR).

Whole genome screen for selection signatures

For all 3741 core regions, a total of 28 323 EHH tests

with an average of 7.57 tests per core region were

calculated. To find outlying core haplotypes, we calculated

REHH at 1 cM distances on both the upstream and

downstream sides. Figure 4 shows the distribution of REHH

values vs. haplotype frequencies. Corresponding P-values

are indicated by the use of different symbols. Based on the

selection signature theory, a beneficial allele undergoing

positive selection is fixed or is going to be fixed in the

population. Hence core haplotypes harbouring these alleles

would have a high frequency. Taking this into consider-

ation, we skipped core haplotypes with frequency <25%

and plotted the )log10 of the P-values associated with

REHH against the chromosomal position to visualize the

chromosomal distribution of outlying core haplotypes

(Fig. 5). It is evident that these signals are non-uniformly

distributed across chromosomes and chromosome seg-

ments, with a substantial overrepresentation on parts of

chromosomes 10, 2 and 13.

Table 3 presents the genome-wide statistics of the selec-

tion signature test, including the number of tests and

outlying core haplotypes for each chromosome. Of 12 435

tests on core haplotypes with frequency ‡0.25, in total 161

tests displayed outlying peaks on a threshold level of 0.01.

Bovine chromosomes 6 and 14, which harbour known

genes and QTL for several economically important traits

(Stone et al. 1999; Mosig et al. 2001; MacNeil & Grosz

2002; Casas et al. 2003; Li et al. 2004; Ashwell et al. 2005;

Nkrumah et al. 2007), showed eight and two outliers

respectively. The number of peaks rises to 41 and 14

respectively when the threshold is set to P < 0.05.

We examined the conformity of the distribution of

Tukey�s outliers, with outlying core haplotypes defined on

the threshold level of 0.01. Figure 6 displays box plots of the

distribution of )log10 (P-values) within each bin of core

haplotype frequency. To fit the distribution of )log10

(P-values), the threshold defining outliers (1%) displayed in

the box plots was set to Q1-3*IQR and Q3 + 3*IQR, where

IQR is the interquartile range and Q1 and Q3 are the first

and third quartiles respectively. It is evident that the

extreme outliers appear in the moderate bins of haplotype

frequencies.

Mapping positively selected regions to genome
annotations

A summary of statistics for 12 positively selected core

regions presenting the lowest P-values of REHH test is

presented in Table 4. Corresponding genes were identified

using the map viewer option and by aligning the core

positions to the fourth draft of the bovine genome sequence

assembly (Btau 4.0). We extended core regions in both

directions up to 1 cM as the length of the core domains.

14
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Figure 4 Distribution of REHH vs. haplotype frequencies in the Holstein

genome. REHH was calculated at 1 cM distances in the upstream and

downstream directions for all possible core haplotypes. Core haplotypes

with P-values lower than 0.05 and 0.01 are presented in blue and red

respectively. The panel of 12 core haplotypes displaying the lowest P-

values (P < 0.001) is represented by triangles. Values representing

DGAT1 and the casein cluster are indicated.
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A subset of genes and EST regions were annotated for each

core region. We screened this list for the most interesting

candidate genes in each core region presenting top peaks.

Interestingly, some regions overlapped with genes previ-

ously suggested as being under selection. For example, on

chromosome 2q45, a core haplotype harbouring the Fatty

Acid-Binding Protein 3 muscle and heart (FABP3) gene

showed a strong signature of selection (P-value <0.0006).

FABP3 is involved in gene networks driving bovine milk fat

synthesis during the lactation cycle and plays a key role in

the regulation of the channelling of fatty acids towards

copious milk fat synthesis in the bovine mammary gland

(Bionaz & Loor 2008). Another strong signature of selection

on chromosome 12 matches the SPERT (spermatid-associated

protein) and 5-hydroxytryptamine (serotonin) receptor 2A

(HTR2A) genes. HTR2A 5 acts in serotoninergic pathways

that are involved in economically important bovine

gastrointestinal (GI) motility disorders, such as displaced

abomasum and caecal dilatation/dislocation (Reist et al.

2003). It was also suggested that variants of the HTR2A

gene are related to behavioural disorders in humans (Khait

et al. 2005) and aggressiveness in canines (Peremans et al.

2003). This point looks more interesting when we compare

the temperament of modern cattle breeds, which have been

bred during the last decades, with native cattle breeds

worldwide.

We found an unexpectedly high number of outliers on

chromosome 10. One of the core regions representing a

strong signal (P < 0.0007) harbours the Calpain3 (CPN3)

gene (Barendse et al. 2009). Another strong peak

(P < 0.0008) on chromosome 10 is associated with the bone

morphogenetic protein4 (BMP4) gene, which is involved in the

bone morphogenetic protein-signalling system, present in

bovine antral follicles, and plays a role in the development

and functioning of follicles (Fatehi et al. 2005). The other

signal (P < 0.0008) observed on chromosome 10 is in the

vicinity of the prostaglandin E receptor 2-subtype EP2

(PTGER2) gene. EP2 is the major cAMP-generating PGE (2)

receptor that is expressed and regulated in the bovine uterus

during the oestrous cycle and early pregnancy (Arosh et al.

2003). It should be noticed that EHH for 5 of 6 core regions

on chromosome 10 was estimated as >0.95 when plotted up

to 1 cM. EHH extended up to at least 2 cM in both directions

and spanned a larger number of candidate genes, which

could have been the targets of recent artificial selection in

these regions (Table 5).

We also explored three QTL databases available online

(http://genomes.sapac.edu.au/bovineqtl/index.html, http://

www.animalgenome.org/QTLdb/cattle.html, http://www.

vetsci.usyd.edu.au/reprogen/QTLMap/) to identify any

overlapping of the outlying core regions with published QTL

in dairy and beef cattle. Table 6 lists the traits, approximate
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position and reported population of the overlapping QTL for

each core region. In the majority of cases, we found an

overlap between the core regions presenting top P-values

and those that had previously been identified to be

harbouring beef or dairy QTL. An interesting feature of this

comparison is that the majority of these QTL have been

reported in Holstein populations.

Discussion

Holstein–Friesian cattle, the world�s highest producing dairy

animals, are believed to have been artificially selected since

a few thousand years ago (Bradley & Cunningham 1998).

Therefore, identifying the regions that have been subjected

to selective breeding would facilitate the identification of

genes related to traits of interest or biological relevance.

A genome-wide map of selection events will also help us

to better understand the mechanisms of selection in

artificially selected populations. Unfortunately, robust

inferences of recent positive selection from genomic data are

difficult because of the confounding effects of population

demographic history. For example, both positive selection

and an increase in population size may lead to an excess of

low-frequency alleles in a population relative to what is

expected under a standard neutral model, i.e. a constant-

size, randomly mating population in mutation-drift

equilibrium (Akey et al. 2004). Therefore, rejection of the

standard neutral model usually cannot be interpreted as

unambiguous evidence for recent selection. In contrast to

human populations, the strength of artificial selection is

supposed to be much more pronounced than that of natural

selection on fitness related traits. Therefore, it is reasonable

to hypothesize that targets of artificial selection will be

easier to find in domesticated livestock populations than in

non-domesticated populations (Biswas & Akey 2006).

In this study, we employed the long-range haplotype

test, which detects selection by measuring the character-

istics of haplotypes within a single population. We map-

ped a subset of the putative regions, identified by extreme

P-values across the genome (Fig. 5), and used this infor-

mation to annotate genes that may be under selection

pressure. The identified genes reflect a series of pathways,

such as steroid metabolism, regulation of transcripts,

transportation and other functional categories. For most

genes associated with signals of selection, a biological link

to traits such as milk yield and composition, reproduction

and behaviour, which are known to be under selection,

can be hypothesized. However, these results need to be

confirmed by further studies.

Applying the EHH test to our data revealed 161 regions

exhibiting footprints of recent positive selection at a

Table 3 Summary statistics of whole genome extended haplotype

homozygosity tests.

Chr

Tests on

CH1 (n)

P-value

<0.05 (n)

P-value

<0.01 (n)

1 865 17 4

2 678 58 17

3 686 15 3

4 626 11 1

5 531 37 8

6 695 41 8

7 540 13 2

8 605 41 6

9 430 14 0

10 552 123 45

11 590 15 2

12 335 9 2

13 476 51 8

14 439 14 2

15 390 8 2

16 423 29 6

17 365 25 6

18 340 3 0

19 311 5 1

20 400 51 11

21 336 31 7

22 300 27 7

23 213 18 4

24 290 8 4

25 248 5 0

26 234 14 2

27 195 5 0

28 146 5 2

29 196 9 1

Total 12 435 702 161

1The number of tests on core haplotypes (both sides) with frequency

‡0.25.
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à
-b

ra
c,

tr
am

tr
ac

k,

b
ro

ad
-c

o
m

p
le

x/
P
o
xv

ir
u
s

zi
n
c

fi
n
g
er

s
d
o
m

ai
n

p
la

y
ro

le
in

D
N

A
b
in

d
in

g
,

re
g
u
la

ti
o
n

o
f

g
en

e

tr
an

sc
ri
p
ti
o
n

an
d

o
rg

an
iz

at
io

n
o
f

m
ac

ro
m

o
le

cu
la

r
st

ru
ct

u
re

s

1
6

7
0

8
1
2

2
6
1
–7

1
0
0
3

9
4
6

1
9
1
.6

9
0
.3

6
0
.7

9
8
.4

2
0
.0

0
0
9
7

1
7

H
S
D

1
1
B

1

L
P
G

A
T
1

K
EG

G
p
at

h
w

ay
:

A
n
d
ro

g
en

an
d

o
es

tr
o
g
en

m
et

ab
o
lis

m
,

C
2
1
-S

te
ro

id
h
o
rm

o
n
e

m
et

ab
o
lis

m

A
cy

lt
ra

n
sf

er
as

e

1
7

1
3

9
7
3

2
2
6
–1

4
2
0
8

6
0
3

2
3
5
.3

8
0
.2

6
0
.8

1
1
3
.4

1
0
.0

0
0
3
7

7
A

B
C

E
1

T
ra

n
sm

em
b
ra

n
e

p
ro

te
in

s

� 2010 The Authors, Journal compilation � 2010 Stichting International Foundation for Animal Genetics, Animal Genetics

doi:10.1111/j.1365-2052.2009.02016.x

Selection signatures in Holstein cattle 9



threshold level of 0.01. We observed that other haplo-

types present in this region display a shorter extent of

homozygosity, indicating abundant historical recombina-

tion. Therefore, the long stretch of homozygosity observed

in this region presumably is not simply because of a low

local recombination rate but probably reflects the combi-

nation of strong and recent selective pressure, pushing

beneficial mutations rapidly towards high frequency with

long conserved haplotypes surrounding them. The test

across the whole genome of the Holstein breed revealed a

signal on position 62.27 Mbp on chromosome 2, which is

close to the one reported by Barendse et al. (2009) and

the Bovine HapMap Consortium (2009) to be related with

feed efficiency traits in a set of cattle breeds. There was

also a cluster of strong signals on chromosome 6 (position

88.35 Mbp) and chromosome 25 (position 30.24 Mbp),

confirming the signatures related to multiple beef traits

(Barendse et al. 2009) and the ZNF187 gene (The Bovine

HapMap consortium 2009) respectively.

We examined the validity of EHH analysis by testing

some major candidate genes in our data set. The results

revealed a longer than expected range of LD in core

regions harbouring the casein cluster, DGAT1, GHR, STS

and LPR genes, which are thought to affect milk yield and

composition traits in Holstein cattle. This observation is

in agreement with the results of Hayes et al. (2009)

who suggested signatures of selection in the vicinity of

GHR and DGAT1 genes as revealed by allele-frequency

differences. The long-range LD consistency observed in this

study is also congruent with the reports of Grisart et al.

(2001) and Marques et al. (2008) who used EHH plots to

evaluate extended long-range LD around DGAT1. The long

range of LD observed for the second most frequent core

haplotype in the DGAT1 region in previous reports is

confirmed in our study. We examined the distribution of

this haplotype in 146 animals for which the DGAT1

genotype was available. As shown in Table 7, there is an

almost perfect association of the GGCG haplotype with the

Lysine variant at DGAT1.

A substantial proportion of the analysed candidate genes

showed P-values £0.10, which supports the validity of our

approach. However, some of the candidate genes such as

ABCG2 did not meet our definition of positively selected genes

but may have nonetheless been targets of selection (Hayes

et al. 2008, 2009; The Bovine HapMap consortium 2009).

Different hypotheses can be proposed to explain these in-

congruences. The disparity shown may have arisen because

of a possible higher initial frequency of beneficial alleles (In-

nan & Kim 2004). Such an allele might, for example, be im-

ported into a breed through crosses with other breeds. In such

a case, selection may have started from a moderate initial

frequency, and beneficial alleles may be included in diverse

haplotypes. The density of the markers is also critical for the

power of such studies, and could be a source of discrepancy.

Comparing the average marker spacing with mean core

length and number of SNPs forming cores reveals that core

regions are more likely to appear in regions of higher marker

density. Thus a new SNP chip with increased marker density

will allow for the more efficient identification of core haplo-

types. Furthermore, with a denser marker map, a larger

proportion than the 18.5% of the mapped genome would be

assigned to core regions. Although the effect of marker den-

sity on the distribution of REHH values is not clear (Zhang

et al. 2006), a denser map would allow a more reliable and

comprehensive screening of the genome for signatures of

selection. The incongruences can also result from the com-

plex genomic interactions or lack of power, given the sample

size available for this study.

Conclusion

Our results provide a genome-wide map of selection foot-

prints in Holstein genome. Many of the regions showing

top P-values seem to play important roles in economically

important traits in dairy cattle and can now serve as

starting points for formulating biological hypotheses. We

also reported high values of LD and a slower decay of

haplotype homozygosity for some candidate regions

harbouring major genes related to dairy quality. Other

candidate regions do not show such signals, which may be

a result of statistical or biological factors. Additional

studies are needed to confirm and refine our results.

These may comprise within-population studies with larger

Table 5 A list of candidate genes located near the peak regions on

chromosome 10.

Gene Position (bp)

PYGL phosphorylase, glycogen, liver 43 866 028–43 990 507

L2HGDH L-2-hydroxyglutarate

dehydrogenase

43 275 277–43 326 310

TRIP4 thyroid hormone receptor

interactor 4

45 955 859–46 007 749

LACTB lactamase, beta 47 246 369–47 264 257

CA12 carbonic anhydrase XII 46 990 214–47 052 877

BMP4 bone morphogenetic

protein 4

67 159 768–68 659 191

CGRRF1 cell growth regulator with

ring finger domain 1

68 781 739–68 809 111

CDKN3 cyclin-dependent kinase

inhibitor 3

68 622 652–68 639 430

GCH1 GTP cyclohydrolase 1 69 125 665–69 182 772

SOCS4 suppressor of cytokine

signalling 4

69 288 425–69 302 353

NAT12 N-acetyltransferase 12

(GCN5-related, putative

71 796 688–71 818 386

TCF12 transcription factor 12 54 015 561–54 205 361

GRINL1A glutamate receptor,

ionotropic, N-methyl

D-aspartate-like 1A

53 121 124–53 128 327

LIPC lipase, hepatic 52 220 965–52 415 726
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sample size and increased SNP density, comparative stud-

ies of geographically separated populations with identical

or diverse breeding goals and a detailed functional char-

acterization of the candidate regions identified to be under

recent directed selection.
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