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ABSTRACT

The genomics revolution has spurred the undertaking of HapMap studies of numerous species,
allowing for population genomics to increase the understanding of how selection has created genetic
differences between subspecies populations. The objectives of this study were to (1) develop an approach
to detect signatures of selection in subsets of phenotypically similar breeds of livestock by comparing
single nucleotide polymorphism (SNP) diversity between the subset and a larger population, (2) verify
this method in breeds selected for simply inherited traits, and (3) apply this method to the dairy breeds in
the International Bovine HapMap (IBHM) study. The data consisted of genotypes for 32,689 SNPs of 497
animals from 19 breeds. For a given subset of breeds, the test statistic was the parametric composite log
likelihood (CLL) of the differences in allelic frequencies between the subset and the IBHM for a sliding
window of SNPs. The null distribution was obtained by calculating CLL for 50,000 random subsets (per
chromosome) of individuals. The validity of this approach was confirmed by obtaining extremely large
CLLs at the sites of causative variation for polled (BTAl) and black-coat-color (BTA18) phenotypes.
Across the 30 bovine chromosomes, 699 putative selection signatures were detected. The largest CLL was
on BTAG6 and corresponded to KI7T, which is responsible for the piebald phenotype present in four of the
five dairy breeds. Potassium channel-related genes were at the site of the largest CLL on three
chromosomes (BTA14, -16, and -25) whereas integrins (BTA18 and -19) and serine/arginine rich splicing
factors (BTA20 and -23) each had the largest CLL on two chromosomes. On the basis of the results of this
study, the application of population genomics to farm animals seems quite promising. Comparisons
between breed groups have the potential to identify genomic regions influencing complex traits with no
need for complex equipment and the collection of extensive phenotypic records and can contribute to
the identification of candidate genes and to the understanding of the biological mechanisms controlling

complex traits.

ECENT advances in genomics have greatly ex-

panded our ability to study the genetics of
organisms. Numerous “HapMap” studies have been
undertaken, whereby subpopulations of a given species
are genotyped and compared for genomic differences.
In livestock, HapMap studies can provide insight into
the differentiation of breeds and long-term selection
for complex traits. When a favorable mutation occurs
within a population under directional selection, the
frequency of the favorable allele is likely to increase
over time. Because DNA is composed of linear
molecules and the probability of recombination is
inversely proportional to the distance separating them,
nucleotides adjacent to the favorable mutation also
tend to increase in frequency, in a sort of “hitch-hiking”
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process (MAYNARD SMITH and HaicH 1974; FAy and
Wu 2000). This process leads to “signatures of
selection” that are characterized by distributions of
nucleotides around favorable mutations that differ
statistically from that expected purely by chance (Kim
and STEPHAN 2002). Detection of selection signatures
can increase the understanding of the evolution and
biology underlying a given phenotype and may provide
tools to increase efficiency of selection.

Various methods have been developed for detection
of selection signatures through genomic analysis. In
general, most of these methods are based on compar-
ison of the distribution of allelic frequencies, either
directly, or indirectly, by calculating population genetics
statistics that are a function of allelic or genotypic
frequencies. As examples of the latter, Fsr (e.g,, WEIR
et al. 2006; BoviNE HApMApr CONSORTIUM et al. 2009)
and linkage disequilibrium (e.g., PARscH et al. 2001;
PrzewoRrskI 2002; Kim and N1ELSEN 2004; ExNis 2007)
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have been used. In addition, specific tests for detecting
signatures have been developed (e.g., Tajima 1989; Fu
and L1 1993; FAy and Wu 2000; Kim and STEPHAN 2002;
VoOIGHT et al. 2006).

With many of these methods, constructing a signifi-
cance testis not straightforward, especially when search-
ing for selection signatures within a single population.
Determining the null distribution of the test statistic
often requires making assumptions about the null
distribution and applying a parametric test based on
statistical theory. An alternative approach is to use
simulation to derive a distribution of the test statistic
under the assumption of no selection. For example, Kim
and STEPHAN (2002) proposed the use of a coalescent
simulation. The use of simulation, however, requires
that the simulation model accurately mimics the dy-
namics of the population of interest and that the model
is robust in its underlying assumptions. Another factor
that complicates significance testing is that methods to
identify selection signatures often involve many tests, on
nonindependent loci, across multiple chromosomes or
even entire genomes.

When data are available from a large number of
populations, and one desires to search for a signature of
selection within a subset of similar populations, con-
struction of a permutation test may be possible. Live-
stock breeds selected for various phenotypic traits
may offer one such opportunity. For example, the
International Bovine HapMap (IBHM) project (BOVINE
HapMar CONSORTIUM et al. 2009) evaluated a range of
breeds that have been historically selected, both natu-
rally and artificially, for different phenotypic traits.

The primary objective of this study was to develop a
test for selection signatures in a subset of breeds sharing
asimilar phenotype. Randomly drawn sets of individuals
from the whole population of breeds were used to
establish a null distribution of marker alleles of animals
that were not undergoing artificial selection for a
specific quantitative phenotype, such as dairy produc-
tion. In addition, the test was designed to account for
the multiple testing across a complete genome consist-
ing of multiple chromosomes.

This method was first tested by using it to identify
selection signatures for discrete phenotypes deter-
mined by a single well-characterized locus. The method
was then applied to identify putative signatures within
breeds of dairy cattle. In a final step, a brief and sub-
jective evaluation was undertaken of the potential
biological significance of several of the genes located
closest to the center of regions carrying putative
selection signatures.

MATERIALS AND METHODS

The data used in this study were from the IBHM (BovINE
HapMaP CONSORTIUM et al. 2009) and are available to the
public at www.bovinehapmap.org. The IBHM evaluated gen-

otypes of animals from 19 breeds of cattle (see Table 1) plus
single animals of two outgroup species (Anoa and Water
Buffalo), which were not included in this study. Sampling
included Bos taurus, B. indicus and synthetic breeds from
different geographic locations and historically different breed-
ing goals (Table 1). The study included 497 animals. The IBHM
sampled 24 animals per breed, with the exception of Red Angus
(12), Holstein (53), and Limousin (42). Animals were generally
unrelated, with the exception of a few breeds for which parent—
offspring trios were included to help validate genotyping. The
offspring of these trios were not considered in this study.

For the IBHM, genotypes were obtained for 37,470 single
nucleotide polymorphisms (SNPs). Only those SNPs that had
been assigned to a chromosome (29 autosomes and X) in the
Btau_4.0 build of the bovine genome were considered in this
analysis, however, leaving 32,689 SNPs. The distribution of
SNPs across chromosomes is in Table 2. Chromosomes 6, 14,
and 25 had more SNPs in the IBHM, because these chromo-
somes were specially targeted, as they have genes affecting
economically important phenotypic traits in cattle (KHATKAR
et al. 2004).

Test statistic: The test statistic used in this study was derived
from work by Kim and StepHAN (2002) and modified by
NIELSEN ef al. (2005). The approach is based on the calcula-
tion of a composite likelihood of the allelic frequencies of
SNP observed across “sliding windows,” of adjacent loci. The
approaches of Kim and STEPHAN (2002) and NIELSEN el al.
(2005) relied on a composite likelihood ratio to test for
significance, whereas our method employed permutation
testing. The three methods differ in the proposed theoretical
distribution of allelic frequencies. Kim and STEPHAN (2002)
used a genetic model, whereas NIELSEN et al. (2005) compared
two approaches: (a) the observed discrete distribution of
allelic frequencies across all loci and (b) a parametric
distribution assumed to describe allelic frequencies of loci in
the absence of selection. In the present study, SNP allelic
frequencies were modeled to follow a simple binomial
distribution. The permutation test approach was presumed
to be more robust, by basing it upon the specific distribution of
allelic frequencies observed in the data, rather than on a
theoretical distribution.

To construct the test, the frequency of the major allele was
calculated for each locus on each chromosome across all
breeds to obtain the expected frequencies in cattle selected for
no particular phenotypic trait. Because some breeds differed
in the number of animals included, frequencies were first
calculated within breed and then averaged across breeds.
These allelic frequencies (when expressed as a proportion)
can be denoted pj; for the jth SNP (j = 1 to %) on the ith
chromosome (i=1 to 30), where »; is the number of SNPs on
chromosome .

Then, the process was repeated for the subset of breeds with
the common phenotype for which selection signatures were
being searched. These frequencies were denoted ;.

Starting at locus j = 1 of BTAI, (negative) parametric
composite log likelihoods (CLL) were calculated for sliding
windows of w SNP, according to the following formula:

jtw-1

Z log[Prob(d; = | p;

J

CLL; = — =1l I Ti=p'y)], (1)

where dj is a random draw from a distribution of allelic
frequencies with true mean = 7. For all loci where pj;or p; =
0.95, exact probabilities were calculated according to the
binomial distribution. For loci where py and p; < 0.95, the
normal approximation to the binomial distribution was used.

The CLL was calculated for three sliding window sizes: w =
5,9, and 19 SNPs.


www.bovinehapmap.org

Selection Signatures in Dairy Cattle

TABLE 1

Breeds included in the study and their respective locations of origin and sampling

Breed Breeding goal Land of origin Country of sampling
Angus Beef Scotland USA and New Zealand
Brown Swiss Dairy Switzerland USA

Charolais Beef France United Kingdom
Guernsey Dairy Channel Islands USA and United Kingdom
Hereford Beef United Kingdom USA and New Zealand
Holstein Dairy Netherlands USA and New Zealand
Jersey Dairy Channel Islands USA and New Zealand
Limousin Beef France USA and France
N’dama Multiple West Africa Guinea

Norwegian Red Dairy Norway Norway

Piedmontese Beef Italy Italy

Red Angus Beef Scotland USA and Canada
Romagnola Beef Italy Italy

Sheko Multiple East Africa Ethiopia

Brahman Beef USA USA and Australia

Gir Dairy India Brazil

Nelore Beef India Brazil

Beefmaster Beef USA USA

Santa Gertrudis Beef USA USA
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Permutation test: The permutation testing procedure was
inspired by the method developed by CHURCHILL and DOERGE
(1994) for significance testing in multilocus linkage mapping.
Thresholds of critical values for type I error were established
for each chromosome. For a given chromosome i, the pro-
cedure started by randomly selecting without replacement
n X 24 individuals from the full dataset of 497 individuals in
19 breeds, where n is the number of breeds with a common
phenotype (orselection goal) for which signatures of selection
are being searched. To choose these individuals, first the breed
was chosen randomly, and then an individual from that breed
was chosen. This two-step process was necessary to avoid over-
(under-) representation of the breeds with > (<) 24 animals
in the full dataset. Then, CLLs were calculated for sliding
windows of SNP, according to Equation 1. The maximum CLL
was then recorded for each of 50,000 permutations. This
process was repeated for each chromosome and for subsets of
different numbers of n breeds. Establishing the distribution of
CLL for each chromosome was necessary to account for
differences among chromosomes in physical length and
number of SNP, as well as any differences in linkage disequi-
librium. Critical values (critical composite log likelihood,
CCLL) for significance testing at the a = 0.25, 0.10, 0.05,
and 0.01 levels were established at a genome-wide level by
sorting the 50,000 maximum CLLs for each chromosome and
storing the 416th, 166th, 83rd, and 16th greatest values,
respectively. These CCLL™ (for chromosome BTA ¢ and
respective levels of a) were then compared to the CLL; to
identify genomic regions with significantly different allelic
frequencies than those expected in a random sample of
individuals. Such regions were considered to harbor signa-
tures of selection.

This permutation testing approach provides some advan-
tages over other methods based on construction of likelihood
ratios. First, it precludes the need for making specific
assumptions about the genetic model underlying the real data
or simulated data to be used for constructing the likelihood
ratio. Second, this permutation testing approach can be ap-
plied to other test statistics, such as /g or measures of linkage
disequilibrium that can be used for detection of selection

signatures. It is, however, only applicable for studies like the
IBHM that involve large numbers of genetically diverse
populations, such as breeds of livestock.

Validation with known loci: The ability of this method to
identify signatures of selection was tested by applying it to two
subsets of breeds with common phenotypes, black coat color
and lack of horns, both of which are controlled by genes in
well-defined genomic locations. MATUKUMALLI el al. (2009)
used groups of breeds with the same pair of traits for
characterizing and evaluating the accuracy of a high-density
SNP typing assay for cattle.

Black coat color: Coat color in cattle is largely determined by
polymorphism in the melanocortin 1 receptor (MCIR) gene
on BTAI18. Atleast three major alleles exist at this locus, the E*
wild type, E® dominant black locus, and e recessive red locus
(KLUNGLAND et al. 1995). MCIR is located between bp
13,776,888 and 13,778,639 (Btau_4.0 build). Among the
breeds in the IBHM, Holsteins and Angus have the character-
istic black phenotype resulting from presence of EP. There-
fore, a subset was made using the data from these two breeds
and CLL;g; were calculated for BTA18 and compared to
CCLL™*"" based on random samples of 48 cattle. No SNPs
in MCIR were included in the IBHM analysis panel; the two
closest SNPs flanked MCIR, at bp 13,497,415 and 14,111,894.

Absence of horns: Cattle are naturally horned and most of the
breedsincluded in the IBHM share this phenotype. However, a
dominant mutation can cause cattle to be hornless, or polled.
This condition is generally considered to be desirable in most
production environments. Therefore, some breeds have been
selected to be 100% polled, including the Angus and Red
Angus in the IBHM, and others such as the Hereford and
Limousin breeds in the IBHM have a majority of polled
animals. The gene responsible for horns has not yet been
characterized, but the causative mutation has been localized to
aregion of ~1 Mbp on the proximal end of BTA1 (BRENNEMAN
el al. 1996; DROGEMULLER et al. 2005). The most recent data
indicate that the polled gene lies between bp 600,000 and
1,600,000 (DROGEMULLER el al. 2005).

CLLy; were therefore calculated for a subset of the four
breeds with significant numbers of polled animals (i.e., Angus,
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TABLE

2

Information regarding number and density of SNP and significance tests for each Chromosome (BTA)

bp/SNP CCLL for P < 0.01*
BTA Length (Mbp) SNP (N) Mean Maximum 1 breed 5 breeds
1 161 1730 93,064 978,843 129.23 72.24
2 141 1562 90,269 783,395 137.98 84.34
3 128 1409 90,845 863,367 135.75 81.79
4 124 1341 92,468 830,579 111.72 88.82
5 126 1338 94,170 954,295 110.82 81.94
6 123 2517 48,868 1,107,425 178.66 115.85
7 112 1165 96,137 986,266 106.61 76.48
8 117 1286 90,980 831,673 100.92 75.76
9 108 1074 100,559 870,580 108.89 70.09
10 106 1203 88,113 1,124,898 110.74 83.84
11 110 1305 84,291 655,880 104.62 78.63
12 85 932 91,202 999,234 109.34 96.61
13 84 1030 81,553 903,334 122.46 81.06
14 81 2806 28,867 664,832 178.29 123.76
15 85 892 95,291 988,771 105.13 82.24
16 78 906 86,093 888,460 118.22 83.86
17 77 891 86,420 783,294 97.15 71.80
18 66 717 92,050 1,014,891 130.42 78.83
19 65 748 86,898 805,252 110.21 79.19
20 76 895 84,916 1,411,900 104.42 71.93
21 69 716 96,369 909,403 88.44 65.56
22 62 736 84,239 1,126,708 133.81 83.94
23 53 651 81,413 629,834 94.33 68.35
24 65 772 84,197 657,655 93.83 78.44
25 44 1280 34,375 887,633 161.46 102.13
26 52 619 84,006 1,069,536 89.44 66.36
27 49 531 92,279 953,380 79.00 63.18
28 46 552 83,333 593,124 87.14 71.15
29 52 544 95,588 1,533,744 106.07 81.58
X 89 541 164,510 2,170,289 138.19 118.71

For each chromosome (BTA), the length in base pairs (Mbp), the number of evaluated genotypes (SNP),
SNP density statistics, and the critical values of the negative composite log likelihood (CCLL) above which sig-
nificance was declared as P < 0.01 on a genome-wide level for single- and 5-breed subpopulations.

“P < 0.01 on a genome-wide basis.

Red Angus, Hereford, and Limousin). To gauge significance,
the CLL;;were compared to CCLL'**! generated with random
groups of 96 individuals.

Search for selection signatures for dairy production: The
method was then applied to all chromosomes, by using the
B. taurus breeds selected primarily for milk production.
This subset comprised five breeds, Brown Swiss, Guernsey,
Holstein, Jersey, and Norwegian Red. CLL;; were calculated
for a subset of these five breeds and compared to CCLL**"" of
randomly sampled groups of 120 (i.e., 5 X 24) individuals.
Following this procedure, the SNP windows with the greatest
CLL were identified for each chromosome and the number of
distinct selection signatures was counted. Adjacent signatures
were considered “distinct” if they were separated by at least
three consecutive windows with nonsignificant CLL (P> 0.05,
genome-wide).

The approach described above would tend to detect
putative signatures of selection that were associated with
mutations creating alleles with positive influences on dairy
production that occurred prior to divergence of the B. taurus
into specialized breeds. However, in some instances, recombi-
nation might have occurred in these regions after the ra-
diation of founder populations of specific breeds. When this

happens, each single breed of the subset could be expected to
have significant differences in SNP allele frequencies from
the entire IBHM, but the direction of the difference may
differ from breed to breed. In such a case, averaging allele
frequencies across the subset would tend to “cancel out” the
significant differences in the individual breeds, precluding
detection of a signature of selection.

Therefore, the test was also applied separately to each of the
five breeds, by comparing CLL;; to CCLL* created through
random sampling of 24 individuals. Regions where statistically
significant CLL was observed in multiple breeds were then
identified, and assumed to represent signatures of selection
for dairy traits, even if no signature was observed in the
combined data from all five dairy breeds.

Test of ascertainment bias: The approach used to select
genetic markers can introduce ascertainment bias in popula-
tion genetics studies (NIELSEN 2004). No specific adjustments
were made in this study to account for possible sources of
ascertainment bias. However, several features of the analysis
applied herein were assumed to render it relatively robust
against ascertainment bias. First, the basis for the study was a
large group of very diverse breeds (BRUNELLE et al 2008;
BovinE HAPMAP CONSORTIUM et al. 2009; SEABURY el al. 2010),
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including breeds that did and did not contribute significantly
to the SNP ascertainment process. Also, the test sets always
included multiple breeds, decreasing the influence of any
single breed. As noted earlier, the method described and
applied here is only applicable to studies of multiple breeds,
such as would be available in a HapMap study. Second,
windows of SNP were used, limiting the influence of any
single SNP for which ascertainment bias may be present.
Finally, a certain proportion of any ascertainment bias that
may have been present would have contributed to greater
variability in the permutation test as well as the actual tests for
selection signatures.

Nevertheless, a specific investigation of one possible source
of ascertainment bias was undertaken. As noted earlier, the
IBHM included a wide group of breeds, including B. taurus,
B. indicus, and hybrid breeds. Given their diverse domestica-
tion history and documented genomic differences (e.g.,
BRUNELLE e/ al. 2008; BovINE HAPMAP CONSORTIUM el al.
2009; SEABURY et al. 2010), including both taurine and
indicine breeds in the study had the potential to introduce
ascertainment bias. A parallel study was thus done to examine
this possibility. Specifically, the tests for selection signatures in
dairy breeds were also performed by using a subset of the
IBHM from which the indicine and hybrid breeds (Beef-
master, Brahman, Gir, Nelore, Santa Gertrudis, and Sheko)
had been removed. The parallel study was initially performed
for the first 10 chromosomes. Results with and without the
indicine breeds were quite similar. The correlation of CLL
from the two analyses was ~0.70. Perhaps more importantly,
the extreme values of CLL generally fell in the same genomic
regions in both analyses. However, exclusion of the indicine
breeds greatly decreased significance of the results. First,
historical selection for milk production in the indicine breeds
has been weak or indirect, or both, decreasing the potential
for allelic differences between the five dairy breeds and the
overall population. Second, removing these breeds decreased
the precision of the test. For these reasons, inclusion of both
taurine and indicine breeds was deemed the best strategy and
only those results will be discussed further.

RESULTS AND DISCUSSION

Table 2 shows CCLL*! significance threshold values
for each chromosome for subpopulations consisting of
asingle breed and of five breeds for a sliding window of
nine SNPs. In general, the location of selection signa-
tures was similar for all three window lengths tested, so
only results obtained with a sliding window of nine SNPs
are presented and discussed.

Trends observed in CCLL with respect to size of the
subpopulation and number and density of SNPs were
as expected. Namely, CCLL decreased as the size of the
subpopulation increased (from one to five breeds),
because sampling variation decreased. The CCLL
increased as the number of SNPs per chromosome
increased, as this increased the number of trials (i.e.,
sliding windows) for which CCLLs were generated, and
as SNP density increased, because of greater linkage
disequilibrium within the shorter windows of SNP and,
in turn, greater codependency (i.e., greater covari-
ance) of allelic frequencies of the SNP within each
window. The largest CCLLs were observed for chromo-
somes 6, 14, and 25 for which SNP density was greatest.

Signatures of selection for known genes: Black coat
color: Figure 1 shows the CLL for windows of nine SNPs
along chromosome 18 for the subset of the breeds with
black coat color. As mentioned previously, the MCIR
locus controlling this phenotype is located between bp
13,776,888 and 13,778,639. A very clear signature for
selection is indicated, with extremely large CLL for the
windows that include the region surrounding MCIR.
The maximum CLL was 299.49, for the nine-SNP
window from bp 12,600,188 to 14,155,202. For compar-
ison, the CCLL for P < 0.01 genome-wide significance
was 95.95 and the greatest CLL observed among all
50,000 permutations was 130.69. The pattern of allelic
frequencies around the MC1R locus in these breeds was
extremely unlikely to have occurred by chance, thus
supporting the notion that the parametric CLL has the
ability to detect signatures of selection.

Several other putative signatures of selection are
observed on BTAIS8 (Figure 1). These signatures were
usually the result of a large deviation from the IBHM
for one of the breeds, usually Holstein, rather than for
both breeds, indicating that the parametric CLL ap-
proach may lack robustness if the number of breeds
is small. The exception was for the region between
~1 and 2 Mbp, where significant (P < 0.01, genome-
wide) deviation was present for both breeds. Identifica-
tion of any single gene that was likely to be responsible
for this result was problematic, however. This region
is gene rich, with 22 putative or provisional genes,
none of which had an obvious effect on phenotypes of
the Holstein and Angus that differs from the rest
of the breeds in the IBHM. In addition, this region
included an interval of >0.5 Mbp (from bp 1,300,489 to
1,822,486) that was not represented by any SNP.

Absence of horns: Figure 2 shows the CLL for the first
40 Mbp of BTA1 for the subset of breeds with a majority
of polled animals. A clear and statistically significant
divergence from the IBHM is observable in the area
of the location of the yet-unidentified horned locus
in cattle. The maximum CLL was 204.98, observed
for the window centered at the SNP for bp 772,511
and comprising the region from bp 487,590 to
1,338,205, which agrees very closely with the results of
DROGEMULLER et al. (2005). This region includes 11
putative genes (Table 3). The single SNP with the largest
difference in allelic frequency from the IBHM was at
bp 1,202,223, where the selected breeds had major
allele frequency of 0.80 ws. only 0.53 for the IBHM.
This SNP is within IFNGR2, interferon gamma recep-
tor 2. All sliding windows between bp 224,076 and
2,199,642 had significant departures from the IBHM
(Figure 2).

Numerous other departures from the IBHM frequen-
cies are observable in Figure 2 and present in the
remainder of BTAI, not shown in Figure 2. This result is
not surprising, considering that breeds in this subset are
all selected for beef production, and two of them, the
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F1Gure 1.—The pattern of (negative) composite log likeli-
hood (CLL) ( ) on BTAIS for the subset of breeds with
black coat color. MCIR is located between bp 13,776,888
and 13,778,639. (—) = P < 0.01 genome-wide threshold.

Angus and Red Angus, are essentially the same breed,
differing primarily in coat color.

Signatures of selection for dairy production: Multi-
ple regions with statistically significant (P < 0.01,
genome-wide) departures of allelic frequencies of the
subset of five dairy breeds from the mean frequencies of
the entire IBHM set were observed. Supporting in-
formation (Figure SI, Figure S2, Figure S3, Figure S4,
Figure Sb, Figure S6, Figure S7, Figure S8, Figure S9,
Figure S10, Figure S11, Figure S12, Figure S13, Figure
S14, Figure S15, Figure S16, Figure S17, Figure S18,
Figure S19, Figure S20, Figure S21, Figure S22, Figure
S23, Figure S24, Figure S25, Figure S26, Figure S27,
Figure S28, Figure S29, Figure S30) shows graphically
the CLL for windows of nine SNPs for all 29 autosomes
and the X chromosome. Table 4 has the number of
statistically significant signatures for each chromosome.
Nearly 700 (699) different putative signatures of selec-
tion were observed. This result is consistent with the
hypothesis that milk production is a complex trait
controlled by many genes. Moreover, the phenotype of
dairy breeds differs from other breeds not only for
increased milk yield, but also for various other morpho-
metric and physiological traits.

The largest numbers of putative selection signatures
were observed on BTAI and BTA8. BTAS also had the
greatest density of selection signatures (0.37/Mbp),
followed by BTA22 (0.35/Mbp) and BTA25 (0.34/
Mbp). The X chromosome had the fewest putative
signatures of selection both overall and per base pair.
Among the autosomes, BTA6 had the smallest density of
selection signatures (0.19/Mbp), around half that of
BTAS. Relatively few significant signatures of selection
were also observed on BTAI4. Both of these chromo-
somes had a large SNP density and large CCLL, perhaps
decreasing the power for detection. These results were
in contrast, however, from BTA25, which had a large
density of significant signatures despite having a high

BTA1
250

200 A

150 4

CLL

100 4

50 1

4] 5 10 15 20 25 30 35 40
Position (Mbp)

F1GUre 2.—The pattern of (negative) composite log likeli-
hood (CLL) ( ) on BTALI for the subset of breeds with
large proportions of polled animals. The polled gene lies be-
tween bp 600,000 and 1,600,000 (DROGEMULLER et al. 2005).
(—) = P < 0.01 genome-wide threshold.

SNP density and the third largest CCLL after BTA6
and -14.

Table 3 also shows the largest CLL observed for nine
SNP windows on each chromosome, the location of the
central SNP of the sliding window with the largest CLL
and the gene closest to midpoint of the window.
Although the sliding window regions with the greatest
CLL for each chromosome often included more than a
single gene, several of the results based on the central
gene of the window were quite intriguing.

For example, instances were observed where genes
from the same general family were at the center of the
multi-SNP window with the largest CLL. on more than
one chromosome. Specifically, potassium channel genes
were associated with the largest CLL on BTA14, -16, and
-25; integrin genes were observed at the points of
maximum CLL on BTAI8 and -19; and arginine/
serine-rich splicing factors were at the points of largest
CLL on BTA20 and -23.

Among these three groups of genes, the potassium
channel genes may be the most interesting. From a
purely statistical point of view, the likelihood of
observing three potassium channel genes among the
30 SNP windows with maximum CLL by pure chance is
quite small. As of October 2009, the National Center
for Biotechnology Information reported 116 potas-
sium channel genes among the putative 24,500 bovine
genes, according to the Btau_4.0 build, for a relative
proportion of P = 0.004735. Making a rough calcula-
tion on the basis of the binomial distribution, the
likelihood of three potassium channel genes appear-
ing at random among the points of maximum CLL
among the 30 bovine chromosomes is <0.0004. Al-
though this simple calculation is not exact, as itignores
the differential distribution of genes across chromo-
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TABLE 3

Putative genes located within the window of nine SNP with the greatest composite log likelihood for a subset of
hornless breeds and their position on BTA1

Gene First bp Last bp
ATP50, ATP synthase, H" transporting, mitochondrial F; complex, O subunit 720,699 728,057
ITSNI, intersectin 1 (SH3 domain protein) 742,353 987,633
CRYZLI, crystallin, zeta (quinone reductase)-like 1 988,462 1,021,991
DONSON, downstream neighbor of SON 1,022,856 1,029,638
DONSON, downstream neighbor of SON 1,032,585 1,042,626
SON, SON DNA binding protein 1,042,883 1,073,741
GART, phosphoribosylglycinamide formyltransferase, phosphoribosylglycinamide 1,074,722 1,101,013
synthetase, phosphoribosylaminoimidazole synthetase
LOC784171 similar to chromosome 21 open reading frame 55, isoform 2 1,115,574 1,120,609
TMEM50B, transmembrane protein 50B 1,135,359 1,172,197
IFNGR2, interferon gamma receptor 2 1,186,973 1,219,051
IFNARI, interferon alpha receptor 1 1,278,530 1,306,982

somes, it is unlikely to grossly underestimate the true
likelihood.

The potassium channel results are also interesting
from a biological perspective. A number of relationships
between potassium channels and mammary function
have been reported in the literature. Potassium is the
primary cation in milk (UNDERwWOOD and SUTTLE 1999)
and blocking of potassium channels has been demon-
strated to downregulate milk secretion (SILANIKOVE
et al. 2000, 2009). CzARNECKI et al. (2003) reported
a function of potassium channels in the growth of
mammasomatotroph cell lines. Mammasomatotroph
cells are responsible for the production of prolactin, a
key hormone for milk production.

HAYES et al. (2008) cited another potassium channel
gene, potassium channel tetramerization domain con-
taining 8 (KCTDS), as the most-likely explanation for a
selection signature on BTA6 in Norwegian Red cattle,
one of the breeds involved in this analysis. A putative
signature of selection was also observed in the same
region (bp 65,880,230 to 65,617,020 of BTA6) in this
study.

To investigate this issue further, the CLL of the
genomic locations of the first 40 (out of 116) unique
results obtained on Entrez Gene when searching the
bovine genome for “potassium channel” were com-
pared to the CCLL for their respective chromosomes.
Among these 40 results, 33 were within SNP windows
with significant CLL at a P < 0.01 genome-wide, three
more were significant at P < 0.05, and an final
potassium channel gene was in a window with significant
CLL (P< 0.01) for the Holstein breed (see Table S1 for
more details).

Integrins are involved in the interaction and attach-
ment of cells to surrounding tissue, as well as in
signaling pathways. Among the integrins noted in Table
3, ITGB3 is particularly interesting, especially in the
context of the previously discussed results, as it has been

reported to play a role in regulation of endothelial cells
and the extracellular matrix, particularly in calcium-
activated potassium channels (KAwASAKI ef al. 2004).
Both ITGB3 (integrin, beta 3) and [7TFGI, (integrin
alpha FG-GAP repeat containing 1) are expressed in the
mammary gland (LEMAY et al. 2009). Subunits of ITGB3
have been identified on the bovine oocyte vitelline
membrane (PATE et al. 2007) and have been reported to
be involved in receptors for foot-and-mouth disease
(DUQUE et al. 2004).

SFRS3 (BTA23) and SFRS12 (BTA20) are arginine/
serine-rich splicing factors 3 and 12, respectively, and
play roles in processing of mRNA, which could clearly
have an influence on dairy production, although no
such particular role has been reported. SFRS12has been
reported to be expressed in the virgin mammary gland
(LEMAY et al. 2009). Another arginine/serine-rich
splicing factor, SFRSS, was reported to be differentially
expressed over time in the liver of high-producing
periparturient Holstein dairy cattle (LOOR et al. 2005).

KIT was at the position of the most significant CLL
on BTAG, as well as the largest CLL in the entire ge-
nome, which is not surprising, given the phenotypes
with which KIT is associated. In particular, KIT is
responsible for the “Piebald” spotted coat-color pattern
in cattle and other species (GrROsz and MACNEIL 1999).
This phenotype is present in four of the breeds (Guern-
sey, Holstein, Jersey, and Norwegian Red) included in the
dairy subset. Interestingly, a strong selection signature
was also observed at this location in the Brown Swiss
breed, which does not show the Piebald phenotype.
However, KIT is known to play roles other than in
determining coat color, including reproduction (Kocn
et al. 2009) and is expressed in the lactating bovine
mammary gland (LEMAY et al. 2009). FLORI et al. (2009)
also reported a selection signature in this region among
dairy cattle breeds, but ascribed it to PDGIRA, platelet-
derived growth factor receptor alpha polypeptide.
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TABLE 4

Information regarding number and locations of signature of selection for dairy production for
each chromosome (BTA)

Significant Maximum Location (bp)
BTA signatures” CLL of maximum

Gene closest to maximum

RAP2B, member of RAS oncogene family
CNTNAP5, contactin associated protein-like 5
OLFM3, olfactomedin 3

TFEC, transcription factor EC

TMCC3, transmembrane and coiled-coil

domain family 3

KIT, v-kit Hardy-Zuckerman 4 feline sarcoma

viral oncogene homolog

HBEGE heparin-binding EGF-like growth factor
PALM2-AKAP2, PALM2-AKAP2 read-through transcript
LOC787103, similar to Vimentin

SYT16, synaptotagmin XVI

RTN4, reticulon 4

LOC507053, similar to INSL3 receptor; INSL3R; GREAT
CAMKID, calcium/calmodulin-dependent protein kinase ID
KCNVI, potassium channel, subfamily V, member 1
CCKBR, cholecystokinin B receptor

KCNK2, potassium channel, subfamily K, member 2
SPRY1, sprouty homolog 1, antagonist of FGF

signaling (Drosophila)

ITFGI, integrin alpha FG-GAP repeat containing 1
ITGB3, integrin, beta 3 (platelet glycoprotein Illa,

antigen CD61)

SFRS12, splicing factor, arginine/serine-rich 12
AKAPG6, A kinase (PRKA) anchor protein 6

PPP4R2, protein phosphatase 4, regulatory subunit 2
SFRS3, splicing factor, arginine/serine-rich 3
SMCHD1, structural maintenance of chromosomes

lexible hinge domain containing

KCTD5, potassium channel tetramerization

domain containing 5

1 40 337.63 117,157,118

2 32 232.67 80,018,456

3 32 288.31 44,433,721

4 36 199.77 54,727,829

5 28 315.09 27,358,607

6 23 461.07 72,801,968

7 27 250.74 50,991,839

8 43 230.77 104,735,298

9 33 208.46 25,735,072
10 26 196.13 76,532,634
11 30 329.70 39,293,698
12 18 193.22 29,092,788
13 26 242.32 10,218,293
14 18 259.31 52,239,353
15 26 244.97 45,768,306
16 19 231.20 66,232,833
17 25 274.09 36,388,685
18 18 247.76 14,857,880
19 18 220.49 48,165,022
20 22 243.85 14,123,694
21 16 217.56 43,696,780
22 22 206.77 29,231,882
23 16 188.77 10,842,876
24 21 194.29 38,708,428
25 15 272.42 2,650,732
26 14 189.59 36,779,948
27 15 152.50 45,238,475
28 14 224.95 34,176,363
29 15 191.99 17,109,850
X 11 272.94 42,127,052

GFRA1, GDNF family receptor alpha 1
UBE2E2, ubiquitin-conjugating enzyme E2E 2
ZMIZ1, zinc finger, MIZ-type containing 1
No gene

CHM, choroideremia (Rab escort protein 1)

For each chromosome (BTA), the length in base pairs (Mbp), the number of evaluated genotypes (SNP),
SNP density statistics, and the critical values of the negative composite log likelihood (CCLL) above which sig-
nificance was declared as P < 0.01 on a genome-wide level for single- and 5-breed subpopulations.

“P < 0.01 on a genome-wide basis.

Other genes in Table 4 are expressed in the mam-
mary gland (LEMAY et al. 2009): TMCC3 and PPP4R2in
the lactating gland, GFRAI, HBGEE and SPRY1 in the
virgin gland, ITFGI and PPP4R2 in the mastitic gland,
and KCTD5 in both the virgin and involuted glands.

Table 5 lists other 25 chromosomal regions that
were not associated with the greatest CLL on their
respective chromosomes in the across-breed analysis,
but had highly significant CLL (P < 0.01, genome-wide)
for at least four of the breeds included in the study. The
8 regions denoted with an asterisk (*) had highly
significant (P < 0.01, genome-wide) CLL for all five
breeds. In addition to the data in Table 5, 78 other
regions had highly significant (P < 0.01, genome-wide)

CLL for at least three of the five breeds (Table S2) and
44 additional regions had CLL giving at least an
indication of a selection signature (P < 0.25, genome-
wide) in all five breeds (Table S3).

Because the selection signatures reported in Table 5
were based on results from individual breeds and thus
had smaller numbers of animals in each significance
test, the identification of a specific SNP window with the
greatest CLL was less precise than with the across breed
analysis (Table 4). Table 5 thus shows the intervals of
SNP encompassing the windows of SNP with the
maximum CLL for each of the four (or five) breeds
with significant CLL. The SNP at the center of the nine-
SNP window with the greatest CLL in the across-breed
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TABLE 5

Information regarding selection signatures that were observed in at least four of the five dairy breeds

BTA Start End Maximum Gene closest to maximum Annotated Non-Annotated
H* 26,178,047 27,291,073 26,708,796 PLXNCI, plexin C1 3 1
5 49,933,340 51,644,704 51,399,583 HELB, helicase (DNA) B 6 1
T 9,602,447 13,106,374 10,876,588 GADD45GIPI, growth arrest and DNA-damage- 17 12
inducible, gamma interacting protein 1
8 47,900,176 49,116,897 48,473,800 MAMDC2, MAM domain containing 2 4 1
8% 52,301,026 53,991,682 53,113,746 RORB, RAR-related orphan receptor B 3 4
9 38,191,173 39,369,494 39,369,494 MARCKS, myristoylated alanine-rich protein 2 0
kinase C substrate lac
11% 29,156,927 30,507,890 29,775,412 EPASI, endothelial PAS domain protein 1 8 2
11* 67,359,659 68,382,926 68,274,305 ETAAI, Ewing tumor-associated antigen 1 1 1
12*% 84,307,073 85,109,167 84,711,550 CUL4A, cullin 4A 19 3
13 32,892,499 33,741,173 33,073,175 EPCI, enhancer of polycomb homolog 1 6 0
15* 45,666,739 47,416,476 45,768,306 PRKCDBP, protein kinase C, delta binding protein 5 22
16 38,698,090 41,234,968 38,698,447 AGTRAP, angiotensin II receptor-associated protein 24 3
17 808,318 2,265,823 1,590,263 TLLI, tolloid-like 1 3 0
19 50,972,227 51,660,321 50,972,227 PSMDI12, proteasome (prosome, macropain) 16 3
26S subunit, non-ATPase, 12
20 43,989,371 44,669,003 44,195,229 PDZD2, PDZ domain containing 2 3 2
21 4,805,808 6,846,501 5,896,027 MEF2A, myocyte enhancer factor 2A 8 2
21 23,905,745 24,660,803 24,409,362 BNCI, basonuclin 1 2 4
21 28,945,159 29,649,208 29,561,180 CHRNA?7, cholinergic receptor, nicotinic, alpha 7 3 2
23 4,019,318 6,608,019 6,210,061 LOC100141197 similar to Uncharacterized 2 7
calcium-binding protein KIAA0494
23* 30,661,700 31,663,669 31,374,887 HMGN4, high mobility group nucleosomal 22 34
binding domain 4
26 22,389,626 23,604,859 23,099,901 CRISPI, cysteine-rich secretory protein 1 7 3
28 5,303,070 6,437,329 5,781,123 TARBPI, TAR (HIV-1) RNA binding protein 1 5 2
28 26,871,628 27,364,767 27,041,597 CDH23, cadherin-like 23 4 0
28 33,551,444 34,691,301 34,176,363 LOC786412, similar to laminin receptor 2 2

Chromosome (BTA) and starting, ending, and maximum base pairs of regions with a significant (P < 0.01, genome-wide) sig-
nature in at least four of the five breeds, the gene closest to the maximum and the number of annotated and nonannotated (genes
found within the signature. ¥*Highly significant (P < 0.01, genome-wide) selection signature observed in all five dairy breeds; NS,

nonsignificant across breeds.

analysis is also given, along with the gene closest to the
across-breed maximum. Finally, the number of anno-
tated and nonannotated genes located in the interval of
significant SNP windows is presented. In some cases,
large numbers of genes are concentrated in the region
of the putative selection signature, most notably on
BTA7, -12, -16, -19, and -23, with no particularly sharp
peak in CLL. These results could indicate signatures of
selection for multiple genes.

Unlike with the results based on the maximum CLL
across breeds (Table 4), no groups of similar genes
were identified on multiple chromosomes. Nevertheless,
Table 5 has some interesting candidate genes. TLLI and
CULA4A are expressed in the lactating bovine mammary
gland (LEMAY et al. 2009) and CUL4A was upregulated
in breast carcinomas (BINGHUI et al. 2002). CUL4A is
also expressed in the virgin mammary gland, along
with MARCKS, EPAS1, PRKCDBF, AGTRAF, and MEI2A
(LEMAY et al. 2009), whereas HELB is expressed in the
mammary gland of pregnant cattle. EPASI is involved in
angiogenesis and BioNAz ¢t al. (2008) reported a much
greater expression (22.3 times) of EPASI in liver cells of

periparturient cattle than in Madin-Darby bovine
kidney cells from the same animals.

Mutations in CDH23 are associated with hearing loss
in humans, including through the condition called
Usher syndrome (WAGATSUMA el al. 2007). While this
relationship may not seem relevant to dairy production,
LANIER et al. (2000) reported a significant difference in
sensitivity to sound between Holstein dairy cattle and
beef cattle. Moreover, CDH23 is believed to exert its
effect through the formation of a transmembrane
complex with the PDZ domains of the protein harmo-
nin (SIEMENS et al. 2002). PDZD2, PDZ domain contain-
ing 2, was at the center of a strong selection signature
observed in four breeds (Table 5).

Finally, like the potassium channel genes in Table 3,
CHRNA7 (BTA21) is also involved in the function of
voltage-gated ion channels. In humans, this gene is
believed to be associated with schizophrenia and other
psychological disorders (e.g., LEONARD and FREEDMAN
2006). Although schizophrenia is not a widely diag-
nosed problem in cattle, it is plausible that this gene
influences behavior. GUTIERREZ-GIL et al. (2008) re-
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ported overlap between quantitative trail loci for behav-
ior for cattle and genes associated with schizophrenia
and anxiety in humans. Dairy cattle have likely been
more severely selected for tameness (orin any case, fora
different behavior) than cattle bred for other purposes.
Dairy cattle interact with humans on a much more
frequent basis than do beef cattle, due to twice-daily
milking, and culling of animals with unruly tempera-
ment is likely to be more common.

Comparison to other studies: Several other studies
have detected signatures of selection in cattle, using
different data and methods. As already mentioned,
HAYES et al. (2008) reported a selection signature on
BTA6 that was also observed in this study. FLORI et al.
(2009) highlighted 13 significantsignatures, all of which
were observed in this study (see Figure S3, Figure $4,
Figure S5, Figure S6, Figure S14, Figure S18, Figure S20,
and Figure S26). MACEACHERN et al. (2009) compared
differences in allelic frequencies of Australian Angus
and Holstein cattle at >7,500 SNPs. They reported
three regions with large differences among breeds, at
bp 61,300,000 to 62,500,000 on BTAS; bp 3,210,000 to
3,400,000 on BTA20; and bp 21,600,000 to 22,200,000
on BTA24. Significantly large CLLs were observed in
the same locations on BTAS8 and -24 from the across-
breed data in this study (see Figure S8 and Figure S24)
and on BTA20 within the Holstein and Jersey breeds.
Quantitative trait loci influencing beef production
have been previously reported in these regions.

PrAsSAD et al. (2008) examined allelic frequencies of
Holsteins and Angus for 355 and 175 SNPs on BTA19
and -29, respectively. They reported 14 regions with large
differences between the two breeds. Their work was
based on the Btau_3.1 build of the genome and regions
spanned from 0.7 to 3.4 Mbp, so precise direct compar-
isons were not possible, but some interesting similarities
with the results of this study were observed. Among the 14
regions, only 2 were not associated with regions of
significantly large (P < 0.01, genome-wide) CLLs in this
study and strong agreement was shown at 10 regions. The
most interesting result was for a signature corresponding
to the region between ~33.7 and 34.5 Mbp (Btau_4.0).
This region includes two potassium channel genes
(KCNJI and KCNJ5) and a locus resembling Rho
GTPase-activating protein. A similarly annotated locus
on BTA21 was associated with highly significant CLLs in
four of the five breeds in this study (Table 5).

The IBHM study (BoviNE Hapmapr CONSORTIUM
2009) reported selection signatures based on extreme
Isracross all breeds. The seven regions with elevated fgr
on BTA2 (~64.8 Mbp), 5 (~53.0 Mbp, 7 (~47.7 Mbp),
19 (46.0 Mbp), and X (41-44 Mbp and 49-50 Mbp) all
had significantly large CLLs across the five dairy breeds.
However, not surprisingly, none of the seven regions
with extremely low /§r among all breeds had signifi-
cantly large CLLs among the dairy breeds. BARENDSE
et al. (2009), using the data from the IBHM as well as

from 189 animals from 13 beef breeds in Australia,
identified regions on BTA2 (~64.7-64.8 Mbp), 5
(~51.1 Mbp), and 28 (~24.5 Mbp) with large Isr in
both samples (IBHM and Australia) and associations
with feed efficiency (residual feed intake). All three of
these regions showed strong signatures for selection in
this subset of five dairy breeds from the IBHM (see
Figures S1-S30 and Table 5). Biological differences
among beef and dairy breeds in feed efficiency and
utilization have been demonstrated by various research-
ers, usually from the perspective of beef production.
PruHL et al. (2007) found that Charolais bulls were more
efficient in protein accretion than Holsteins, which
directed more energy to producing fat. ROBELIN and
GeAy (1984) also reported leaner carcasses in the
Charolais (and Limousin), relative to the Holstein,
although other beef breeds had fatter carcasses.

In summary, the use of a parametric composite log
likelihood (CLL) to compare differences in allelic fre-
quencies within a window of SNP between a subset of
phenotypically similar subpopulations (breeds) and the
general population seems to be a valid approach to
detect putative signatures of selection relevant to the
common phenotype of the subpopulations. The robust-
ness of this approach increases as the subset includes
more different breeds.

The known locations for genes controlling black coat
color and horns in cattle were clearly observed by
application of this method. Approximately 700 putative
signatures of selection were observed when applying
this approach to a group of five dairy cattle breeds. The
genes located closest to the locations with the greatest
CLL were identified and several have hypothetical
relationships with milk production.

This study was, however, largely an exercise in
hypothesis generation, rather than hypothesis testing.
Phenomena other than selection, such as genetic drift
or genotyping anomalies could also be responsible for
some of the results observed, but these causes are less
likely as the number of breeds increases. Additional
biological studies are necessary to verify the hypothe-
sized relationships between genes identified in putative
selection signatures and differences between dairy
breeds and other cattle.

The authors thank the various cattle breeding associations and
“Breed Champions” for making their animals and data available for

this study. As noted previously, the data used in this study were from the
IBHM (BoviNE HapMap CoNnsorTIUM 2009).
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FIGURE S1.—Composite log-likelihood (CLL) for dairy breeds on BTA1. (------- < 0.01 threshold)



A. Stella et al. 3 SI

300

250
200
o 190 1

100

90 1

O T T T T T T T
0 20 40 60 80 100 120 140

Position (Mbp)

FIGURE S2.—Composite log-likelihood (CLL) for dairy breeds on BTA2. (------- P < 0.01 threshold)
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FIGURE S3.—Composite log-likelihood (CLL) for dairy breeds on BTA3. (------- P < 0.01 threshold)
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FIGURE S5.—Composite log-likelihood (CLL) for dairy breeds on BTA5. (------- P < 0.01 threshold)
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FIGURE S7.—Composite log-likelihood (CLL) for dairy breeds on BTA7. (------- P < 0.01 threshold)
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FIGURE S8.—Composite log-likelihood (CLL) for dairy breeds on BTA8. (------- P < 0.01 threshold)
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FIGURE S9.—Composite log-likelihood (CLL) for dairy breeds on BTA9. (------- P < 0.01 threshold)
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FIGURE S11.—Composite log-likelihood (CLL) for dairy breeds on BTA11. (------- P < 0.01 threshold)
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FIGURE S13.—Composite log-likelihood (CLL) for dairy breeds on BTA13. (------- P < 0.01 threshold)
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FIGURE S15.—Composite log-likelihood (CLL) for dairy breeds on BTA15. (------- P < 0.01 threshold)
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FIGURE S16.—Composite log-likelihood (CLL) for dairy breeds on BTA16. (------- P < 0.01 threshold)
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FIGURE S17.—Composite log-likelihood (CLL) for dairy breeds on BTA17. (------- P < 0.01 threshold)
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FIGURE S19.—Composite log-likelihood (CLL) for dairy breeds on BTA19. (------- P < 0.01 threshold)
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FIGURE S20.—Composite log-likelihood (CLL) for dairy breeds on BTA20. (------- P < 0.01 threshold)
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FIGURE S21.—Composite log-likelihood (CLL) for dairy breeds on BTA21. (------- P < 0.01 threshold)



A. Stella et al. 23 SI

300

250

200

100 -

50

O T T T T T T
0 10 20 30 40 50 60

Position (Mbp)

FIGURE S22 —Composite log-likelihood (CLL) for dairy breeds on BTA22. (------- P < 0.01 threshold)
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FIGURE S23.—Composite log-likelihood (CLL) for dairy breeds on BTA23. (------- P < 0.01 threshold)
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FIGURE S24.—Composite log-likelihood (CLL) for dairy breeds on BTA24. (------- P < 0.01 threshold)
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FIGURE S25.—Composite log-likelihood (CLL) for dairy breeds on BTA25. (------- P < 0.01 threshold)
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FIGURE S27 —Composite log-likelihood (CLL) for dairy breeds on BTA27. (------- P < 0.01 threshold)
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FIGURE S29.—Composite log-likelihood (CLL) for dairy breeds on BTA29. (------- P < 0.01 threshold)
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TABLE S1

A sample of potassium channel related genes, their locations and the significance of CLL in their respective genomic regions

Gene Chromosome Location (Mbp) P-value»
KCNMB?2 potassium large conductance calcium-activated channel, subfamily M, beta member 2 1 90497302 to 90533714 <0.01
LOC539609 similar to calcium-activated potassium channel beta 3 subunit 1 90178175 to 90189020 <0.05
KCNJ6 potassium inwardly-rectifying channel, subfamily J, member 6 1 153203304 to 153302300 <0.01
KCTD18 potassium channel tetramerisation domain containing 18 2 93326843 to 93347668 <0.01
LOC528741 similar to Potassium voltage-gated channel subfamily KQ'T member 4 3 112355459 to 112397271 <0.01
KCTD17 potassium channel tetramerisation domain containing 17 5 81355293 to 81365551 <0.01
KCTD8 potassium channel tetramerisation domain containing 8 6 65617020 to 65880230 <0.01
KCNIP4 Kv channel interacting protein 4 6 41419999 to 41522915 <0.01
KCTD?9 potassium channel tetramerisation domain containing 9 8 76553678 to 76634800 <0.01
KCNN2 potassium intermediate/small conductance calcium-activated channel, subfamily N, member 2 10 2774232 to 2941240 <0.01
KCNKI10 potassium channel, subfamily K, member 10 10 102914246 to 103002706 N.S.
LOC787307 similar to potassium channel, subfamily K, member 13 10 104750054 to 104868308 <0.01
KCNT1 potassium channel, subfamily T, member 1 11 107250180 to 107296127 <0.01
KCMF1 potassium channel modulatory factor 1 11 51702094 to 51734247 <0.01
KCNRG potassium channel regulator 12 18849412 to 18854893 <0.01
KCTDI2 potassium channel tetramerisation domain containing 12 12 52443570 to 52445112 N.S.b
KCNV1, potassium channel, subfamily V, member 1 14 52285517 to 52291616 <0.01
KCNKO9 potassium channel, subfamily K, member 9 14 2992665 to 2993414 N.S.
KCNCI potassium voltage-gated channel, Shaw-related subfamily, member 1 15 33443470 to 33478009 <0.01
KCNAB2 potassium voltage-gated channel, shaker-related subfamily, beta member 2 16 44432964 to 44488939 <0.01
KCNK2 potassium channel, subfamily K, member 2 16 66195133 to 66332411 <0.01
KCTD10 potassium channel tetramerisation domain containing 10 17 66989274 to 67018624 <0.01
KCTDI5 potassium channel tetramerisation domain containing 15 18 43672614 to 43687280 <0.01
KCNN#4 potassium intermediate/small conductance calcium-activated channel, subfamily N, member 4 18 51704024 to 51717711 <0.01
KCNKG6 potassium channel, subfamily K, member 6 18 47597197 to 47605452 <0.01



KCTDI11 potassium channel tetramerisation domain containing 11

KCNMBI potassium large conductance calcium-activated channel, subfamily M, beta member 1

KCTD6 potassium channel tetramerisation domain containing 6
KCTD20 potassium channel tetramerisation domain containing 20
KCNK17 potassium channel, subfamily K, member 17

KCTD1 potassium channel tetramerisation domain containing 1
KCTD1 potassium channel tetramerisation domain containing 1
KCTD5 potassium channel tetramerisation domain containing 5
KCTD13 potassium channel tetramerisation domain containing 13
KCTD?7 potassium channel tetramerisation domain containing 7
KCNK18 potassium channel, subfamily K, member 18
LOC524144 similar to potassium channel, subfamily U, member 1
KCNK4 potassium channel, subfamily K, member 4

KCTD21 potassium channel tetramerisation domain containing 21

KCNDI1 potassium voltage-gated channel, Shal-related subfamily, member 1

A. Stella et al.

19

22
23
23
24
24
25
25
25
26
27
29
29

27430450 to 27433058
879685 to 892344
43720967 to 43723995
10658756 to 10694823
13661306 to 13673969
31526407 to 31532051
31252383 to 31331532
2655433 to 2676088
28157084 to 28170312
29978110 to 29988583
37920930 to 37933177
34349739 to 34419158
44377105 to 44387219
18831873 to 18850491
55447620 to 55453611

<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.01
<0.05
<0.05
N.S.

<0.01
<0.01
<0.01
<0.01

a genome-wide

b P < 0.01 in the Holstein breed
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TABLE S2
Genomic locations (Chromosome, location of first and last SNP in windows and center SNP of window with

greatest CLL) of SNP windows with significant CLL (P < 0.01, genome-wide) in three dairy breeds.

Chromosome Start SNP End SNP Location of Greatest CLL
(bp)

73492000 74862396 74635914
97907848 98533769 98350061
44433212 44983850 44433721
94928170 96195939 95699976
104551311 105634768 105516858
13168178 13607786 13171355
116130595 117126810 117074929
26855330 27767731 27358666
29246452 30554866 29886837
72095403 73062135 72588495
38223328 38301284 38233961
72361646 72806193 72801968
73014776 73089763 73081515
42147869 43508330 43191723
54879866 55554527 55241236
87691601 87785340 87784971
59915903 60838709 60573312
62653224 63495631 62677841
103552067 104972023 104695202
110698964 111986506 110868569
61529984 62077535 62003379
93158942 94535491 94365053

—

© © 0 0 0 0 N NN N O OOy g v B s L N

11 3081133 3944051 3156303
11 13907535 14359910 14156735
11 27098047 27938345 27363167
11 99936121 100288369 100428971
11 100609317 101622893 101237153
13 17970190 18620789 18253417
13 47952596 49438058 48808020
15 4524164 5511180 5024958
15 20854382 21699914 21252577
16 66176557 66663719 66232833
16 72012474 72290010 72055590
17 7043203 9062498 7692717
17 37646557 38959892 38959892
17 40822701 41375934 41268654
17 74934058 75634272 75040960
18 6650248 7270967 7209080

18 14111894 14857895 14857880
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19
19
20
20
20
20
20
20
20
20
21
21
21
21
21
21
23
23
23
23
24
24
24
24
24
25
26
26
26
26
27
27
27
27
27
27
27
29

36952233
24714049
32837903
1064802
3544207
13649048
23160387
24359518
26897274
33559072
39393523
9837926
11820092
14151339
24827201
36564029
61343351
9243597
14779113
22317454
36897757
21489085
40765006
54892828
57224647
58206568
2685017
9275306
11500747
35419392
43849120
266427
3954652
4833631
12474380
14415472
32180919
46709833
38611283
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37573693
25232094
33567180
2353627

4694229

14814996
24112262
24919337
28458537
35062871
399468438
10619360
12649861
14320140
25180217
38217250
61961853
10694782
15458536
22872332
37801219
22432882
41411977
56094597
58173539
59493016
2745210

10962162
12530395
37460372
45492807
1676820

4816213

5535961

13175592
15071069
33185899
48228143
38775982

37107399
24840946
33263855
1226415
4627110
14123694
24019852
24666139
27855634
34953908
40263756
10408616
11820092
12649861
24827395
37659445
61592669
10171362
15148464
22575044
37558866
21489085
40979414
56265972
57520410
58588510
2701126
10441938
12496998
36779948
44975793
266630
4622510
5367942
12637209
14856065
32492485
47366352
39310845

3581



36 SI A. Stella et al.

TABLE S3
Genomic locations (Chromosome, location of first and last SNP in windows and center SNP of window with

greatest CLL) of SNP windows with significant CLL (P < 0.25, genome wide) in all five dairy breeds

Chromosome Start SNP End SNP Location of Greatest CLL
(bp)

69915599 70265608 70163287

109935324 111953500 111188614

[

2 64218856 64792978 64640561
4 8879649 10574834 10541198
5 27989563 29195425 28624790
5 33793313 35644135 33834359
5 73062135 74052334 73634208
5 99515505 100475202 99998862
5 105874101 107789222 107583301
6 63097961 65672360 65061093
7 26478900 28581752 26567785
8 102483790 103230023 102680398
8 109596861 110698964 110444685
9 24700523 26153478 26054472
9 60476473 60969754 60819485
9 77364393 78193820 77629138
9 98619640 100150571 99619205
10 105580939 106191883 105996383
11 17998250 19466646 18795224
11 70453484 70881571 70566731
13 61085727 63245599 61619058
15 6488096 9992399 7426452
15 25296841 26542437 25767576
15 35603443 37051045 36632901
15 38723497 39760998 39618626
15 64604389 65208287 65146035
16 22886605 23784394 23133906
18 50146867 51734876 51189694
19 4854373 5614645 5075583
19 46014590 47984865 47897746
20 60977058 62089345 61351502
20 71369712 71530743 71369875
21 33032960 33844730 33251422
21 33852145 35259414 35149769
23 50641847 51839638 51514190
24 16734137 17601902 16734288
24 44978575 45664478 45090507
24 59589744 60914533 60272305

26 3901836 4624902 4494144
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29
29

27597833
43906621
7145531

14798487
42351793
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28549227
45458022
9221822

15536124
43111752

27942513
45238475
7628919

15359492
42690175
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