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Summary Brazilian Nellore cattle (Bos indicus) have been selected for growth traits for over more than
four decades. In recent years, reproductive and meat quality traits have become more
important because of increasing consumption, exports and consumer demand. The
identification of genome regions altered by artificial selection can potentially permit a
better understanding of the biology of specific phenotypes that are useful for the
development of tools designed to increase selection efficiency. Therefore, the aims of this
study were to detect evidence of recent selection signatures in Nellore cattle using extended
haplotype homozygosity methodology and BovineHD marker genotypes (>777 000 single
nucleotide polymorphisms) as well as to identify corresponding genes underlying these
signals. Thirty-one significant regions (P < 0.0001) of possible recent selection signatures
were detected, and 19 of these overlapped quantitative trait loci related to reproductive
traits, growth, feed efficiency, meat quality, fatty acid profiles and immunity. In addition,
545 genes were identified in regions harboring selection signatures. Within this group, 58
genes were associated with growth, muscle and adipose tissue metabolism, reproductive
traits or the immune system. Using relative extended haplotype homozygosity to analyze
high-density single nucleotide polymorphism marker data allowed for the identification of
regions potentially under artificial selection pressure in the Nellore genome, which might be
used to better understand autozygosity and the effects of selection on the Nellore genome.

Keywords beef cattle, Bos indicus, genotyping, linkage disequilibrium, relative extended
haplotype homozygosity, single nucleotide polymorphisms

Introduction

The Brazilian beef herd consists mainly of Nellore cattle (Bos
indicus) and has been selected primarily for improved growth
and fertility for the past 50 years. The genetic gain over these
generations has been reported relative to genetic trends for
body weight and weight gain (Laureano etal. 2011).
However, the increase in meat consumption and exports
and increasing consumer demand an even more rapid
increase in productivity, fertility and product quality. Such a
broad spectrum of specific phenotypic traits requires a better
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understanding of the Nellore genome at a population level to
develop breeding strategies and tools that rapidly accelerate
selection for improvement (Stella et al. 2010).

Typically, intensive artificial selection favors desired
phenotypes in a population over a short period of time,
when compared to natural selection, which has the effect of
maintaining gene variations related to the selected traits
through generations (Innan & Kim 2008). Among the
methods available in the literature for the detection of
selection signatures, extended haplotype homozygosity
(EHH; Sabeti et al. 2002) has been used previously for the
analysis of a single genetic group in the absence of
information about ancestral alleles (Qanbari et al. 2010).
The relative extended haplotype homozygosity (REHH)
method was derived from the EHH method to correct for
local variation in recombination rates and is determined by
comparing the EHH of the tested core haplotype to the
relative homozygosity on the chromosome (Sabeti et al.
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2002). The aim of this study was to detect evidence for
signatures of recent selection in the Nellore cattle genome.
These results can be useful to better understand autozyg-
osity and regions under selection in Nellore cattle and might
shed some light on regions or groups of genes that control
production traits.

Materials and methods

Samples

Data from 762 steers, descendants of 34 registered Nellore
sires, were used. These sires belong to the lineages most
frequently used in Brazil, according to the National Sum-
mary of Nellore by the Brazilian Association of Zebu
Breeders (ABCZ) and the National Research Center for Beef
Cattle. Sires were chosen to minimize the degree of kinship
among them and to represent the genetic variability of the
breed. Preliminary analysis using principal components did
not provide evidence of population structure (data not
shown). Estimated breeding values for economically impor-
tant traits were not considered. Random Nellore dams from
five different farms were inseminated by fixed-time artificial
insemination, and the steers were born in 2007, 2008 and
2009.

Genotyping and quality control

DNA of sires was extracted from frozen semen acquired from
artificial insemination centers, and DNA of steers was
extracted from blood. Steer rearing and sample collection
protocols were approved by Animal Care and Use Commit-
tee from Embrapa Southeast Livestock. Genotyping was
carried out using the Illumina BovineHD BeadChip con-
taining 777 962 single nucleotide polymorphisms (SNPs).
After paternity corrections, only autosomal SNPs with
corresponding ump 3.1 (Zimin et al. 2009) genome coordi-
nates and a GC score >0.2 (score related to genotyping
quality) were considered for analyses. Further quality
control filtering removed SNPs with a minor allele fre-
quency (MAF) <1% and a call rate <95% per SNP.
Individuals with an overall call rate <90% were also
removed.

Haplotype reconstruction

A haplotype is a sequence of alleles at different loci that are
on the same chromosome and can be phased (i.e.,
determining the non-allelic combinations more likely to be
transmitted in a population, as they tend to be inherited
together) using statistical methods for linkage disequilib-
rium (LD) such that the corresponding length and
frequency can be inferred.

To perform this reconstruction, an algorithm developed
for related individuals available in arpHapHASE 1.1 software

was chosen (Hickey et al. 2011). Briefly, arprarnase 1.1 is a
combination of two other important methods: (i) ‘long-
range phasing’, which can infer the SNP phase (or
combinations) based on other haplotypes shared by related
animals (surrogate parents) and (ii) ‘haplotype library
imputation’, which is based on the database and can
increase the error correction efficiency.

The following analysis parameters were used to generate
de novo haplotypes of varying length and were based on
phasing performance of atpHAPHASE 1.1 (Hickey et al. 2011):
cores of 100 SNPs (consecutive chains of SNPs for which
phasing is being attempted), tails of 100 SNPs (consecutive
strings of SNPs immediately adjacent to either end of a
core), 10 individuals analyzed before inferring a common
haplotype phase, maximum disagreement of 10% among
the individuals analyzed and maximum percentage of
missing or incorrect genotyped SNPs of 1%.

REHH analysis

Relative extended haplotype homozygosity is an extension
of the EHH method. The aim of both REHH and EHH is to
detect the transmission of an extended haplotype occurring
without recombination. Both methodologies assess the
probability that two randomly chosen chromosomes carry
the same tested core haplotypes by being homozygous for all
SNPs in the interval (Sabeti et al. 2002). The EHH of core
haplotype t is defined by:

()

(%)
where s is the number of unique extended haplotypes, e is
the number of samples of a particular extended haplotype

EHH; =

and ¢ is the number of samples of a particular core
haplotype.

When the EHH test was first designed, there were no good
estimates for different recombination rates, as variation in
recombination may occur across the bovine genome
(McKay etal. 2007). To correct for local variation in
recombination, REHH was determined by comparing the
EHH of the tested core haplotype to that of other core
haplotypes present at the locus (Sabeti et al. 2002). REHH is
calculated as:

EHH;
EHH '

REHH, =

where EHH (relative homozygosity on the chromosome)
is defined as the decay of EHH on all other core
haplotypes combined and is computed by the following
equation:

Dtz C/ .

where n is the number of different core haplotypes.

EHH =
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To check the adopted methodology for agreement with related to growth, fat deposition, reproduction and immu-
a selection hypothesis, in a first inspection only specific nity were considered for REHH determination and compar-
high-priority genomic regions containing known genes ison (Table 1). Haproview v4.1 (Barrett et al. 2005) was used

Table 1 Description of candidate genes used in applying EHH methodology.

Chr Gene symbol Gene name Trait Reference
1 SST Somatostatin Regulation of growth and development Gao etal. (2011)
2 MSTN Myostatin Extended muscular development Wiener et al. (2009)
3 LEPR Leptin receptor Growth and fat deposition Guo et al. (2008)
4 LEP Leptin Growth and fat deposition Guo et al. (2008)
5 IGF1 Insulin-like growth factor 1 Growth and puberty Rogberg-Munoz et al. (2011) and
(somatomedin C) Liron et al. (2012)
7 L4 Interleukin 4 Inflammatory response Woods & Judd (2008)
14 FABP4 Fatty acid binding protein 4, Intramuscular and subcutaneous Michal et al. (2006)
adipocyte fat deposition
17 L2 Interleukin 2 Tick resistance Piper et al. (2009)
19 GH1 Growth hormone 1 Growth Silveira et al. (2008)
20 GHR Growth hormone receptor Intramuscular and subcutaneous Baeza et al. (2011)
fat deposition
21 IGF1R Insulin-like growth factor 1 receptor Growth and puberty Micke et al. (2011) and
Fortes et al. (2012)
23 BOLA3 BolA homolog 3 (E. coli) Tick resistance Martinez et al. (2006)

Table 2 Description of single nucleotide polymorphisms (SNPs) present on the Illumina BovineHD BeadChip and haplotype blocks distributed across
the genome of Nellore cattle.

Mean distance Block SNPs in
between SNPs Mean block  Block coverage ~ Maximum block  length/Chr ~ SNPs in blocks/SNPs
Chr SNP (n) (kb) Blocks (n)  length (kb) length (kb) length (kb) length (%)  blocks (n)  in Chr
1 36565 4.33 4176 15.58 65082.24 177.97 0.41 20 820 0.57
2 29945 457 3713 16.49 61214.78 230.56 0.45 18 251 0.61
3 27248 4.45 3388 15.76 53378.45 251.52 0.44 16513 0.61
4 26618 4.53 3301 16.31 53831.80 166.13 0.45 16 208 0.61
5 25016 4.84 2987 17.98 53699.22 395.44 0.44 15197 0.61
6 28227 4.23 3492 14.67 51212.96 141.13 0.43 17 008 0.60
7 25487 4.42 3033 15.87 48128.71 303.66 0.43 14 944 0.59
8 26097 4.34 3149 14.80 46618.14 200.06 0.41 15213 0.58
9 24699 4.28 2997 15.14 45366.80 150.17 0.43 14 618 0.59
10 22346 4.67 2747 16.61 45625.75 241.41 0.44 13 420 0.60
1M1 24379 4.40 3019 16.96 51208.60 260.11 0.48 15 324 0.63
12 18740 4.86 2260 16.76 37887.46 204.71 0.42 11269 0.60
13 17329 486 2032 17.87 36312.63 245.46 0.43 10 072 0.58
14 20514  4.09 2454 14.09 34564.78 165.81 0.41 11708 0.57
15 19445 4.38 2422 15.50 37535.50 281.49 0.44 11587 0.60
16 18498 4.42 2297 15.98 36710.29 328.50 0.45 11221 0.61
17 16914 444 2060 15.34 31610.69 162.47 0.42 9877 0.58
18 14922 442 1750 16.41 28710.78 187.45 0.43 8666 0.58
19 13478 4.75 1623 16.45 26692.06 177.48 0.42 7646 0.57
20 16271 442 2025 14.51 29390.53 155.30 0.41 9497 0.58
21 16679 4.29 2069 15.83 32745.16 424.92 0.46 10193 0.61
22 13280 4.61 1613 16.21 26145.55 360.33 0.43 7679 0.58
23 11889 4.41 1377 14.76 20320.72 149.44 0.39 6296 0.53
24 14055 4.45 1730 15.27 26421.10 175.21 0.42 8289 0.59
25 8965 4.77 1065 15.90 16928.95 187.33 0.39 4985 0.56
26 11917 433 1489 14.53 21639.93 351.96 0.42 6793 0.57
27 9929 457 1197 13.39 16028.08 491.27 0.35 5210 0.52
28 10293  4.49 1278 14.41 18419.95 255.63 0.40 5706 0.55
29 10820 4.75 1311 15.57 20417.81 239.96 0.40 6052 0.56
Total 560 565 68 054 1073849.40 330262
Mean 4.50 15.69 0.42 0.58

© 2014 Stichting International Foundation for Animal Genetics, 45, 771-781

773



774

Somavilla et al.

to estimate pairwise LD, quantified by the square of the
coefficient of correlation (r?), which indicates the amount of
information of one locus, that is, explained by another
(Ardlie et al. 2002). swreep v1.1 was used to estimate
haplotype blocks and to identify selection signatures (see
below). To investigate the EHH for the high-priority
genomic regions, the nearest SNP available on the
BovineHD chip, relative to the candidate gene, was used
to find the nearest haplotype block.

Extended haplotype homozygosity and REHH statistics
were calculated using sweep 1.1 on haplotypes generated by
ALPHAPHASE, which comprised different blocks when at least
95% of the SNP pairs were in strong LD, that is, exhibited
little evidence of recombination (Gabriel et al. 2002). Tests
were applied at a distance of 0.25 cM (about 250 kb) on
both sides of the haplotypes. To determine the REHH
significance, sweep 1.1 was used with default parameters,
and the following steps were performed. Haplotypes were
parsed into 20 frequency bins (e.g., <5%, 5 to <10%, until
>95%) and compared with other haplotypes equally
frequent on the chromosome. REHH values were trans-
formed into a logarithmic scale (—log;y) to obtain an
approximate normal distribution. After that, probability
distribution was estimated, as were the corresponding

means and standard deviations. P-values were obtained
by sweep 1.1 by the number of standard deviations in a
normal distribution.

Comparison of significant REHH regions to genes and
QTL regions

All REHH regions of significance (P < 0.001) were used, and
these search areas were extended by 250 kb on both sides of
the significant haplotypes. This distance is shorter than that
used for Holstein cattle (Qanbari et al. 2010) because of the
lower extent of LD observed in this Nellore population (data
not shown). csrowse 1.71 tool loaded with the UMD 3.1
(Zimin et al. 2009) bovine genome was used to manually
identify genes. Selection signatures that overlapped QTL
related to economically important traits in beef cattle
available in CattleQTLdb database (Hu & Reecy 2007;
release 17, April 20, 2012) were also investigated. Putative
selection signatures regions that were entirely within the
QTL were considered.

Database for Annotation, Visualization and Integrated
Discovery (DAVID; Dennis et al. 2003) was used to retrieve
functional classification (GO annotation) for the set of
identified genes.
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Results

Markers and haplotype blocks

Using the BovineHD assay results for 34 sires and 755
steers (789 animals), a core set of 560 565 SNPs covering
2522.54 Mbp of the UMD 3.1 (Zimin et al. 2009) genome
assembly was used for selection signature analysis after
quality control filtering of the SNPs. The average pairwise
space between consecutive SNPs was 4.5 kb, whereas the
mean MAF (£SE) was 0.26 (£0.0002), a result similar to
that reported for Nellore (0.20; The Bovine HapMap
Consortium 2009). A total of 68 054 haplotype blocks
were generated to cover 1.07 Mbp (42%) of the 29
autosomes. Mean length (£SD) of these haplotype blocks
was 15.69 kb (£17.94 kb) with a relatively large standard
deviation caused by the wide variation in block length
ranging from 0.65 to 491.27 kb (Table 2).

More than 50 000 blocks had a maximum length of
20 kb, and more than 40 000 blocks were formed by up to
four SNPs (Fig. 1). Estimated LD for blocks ranging between
10 and 25kb was r*=0.28 (data not shown). Low-
frequency haplotypes (up to 10%) were the most common
(Fig. 2).

REHH analysis

Previous studies in cattle have shown an association
between candidate genes and traits of commercial interest
(Table 1). To assess whether these genes underwent recent
selection, we investigated the presence of selection signa-
tures in regions that contain some of these genes (Table 3).

Recent selection signatures were detected for growth
hormone 1 (GH1), leptin receptor (LEPR), somatostatin (SST)
and fatty acid binding protein 4, adipocyte (FABP4) genes
(Table 3), whereas no evidence was observed for immune-
related genes (IL2, IL4 and BOLA3). Homozygosity around
candidate genes did not extend beyond 0.2 cM (Fig. 3),
suggesting that the LD in the Nellore breed is lower than
that reported for Holstein cattle (Qanbari et al. 2010). The
block length around candidate genes ranged from 1 to
38 kb, also suggesting a low LD extent (Fig. 4).

Only haplotypes with a frequency higher than 30% were
included in the subsequent steps to rule out possible events
of recombination. A total of 193 944 tests were performed,
and more than 200 possible regions harboring recent
potential selection signatures were identified (P <0.001;
Table 4 and Table S1). Because it is not a simple process to
directly compare results that used different genome assem-
bly coordinates to derive genome position, a manual
inspection suggested there were 24 similar significant
regions of variation in allele frequency among this Nellore
population and different populations of dairy and beef cattle
(Qanbari et al. 2011).

To visualize the selection signatures distribution, the
transformed P-values of REHH were plotted against the
haplotype position on each chromosome (Fig. 5). Only 31
regions (P <0.0001) were used to investigate overlapping
QTL related to reproductive traits, growth, efficiency, meat
quality, fatty acids profile and immunity (Table 4). Among
all regions, 19 contain QTL described previously (Table S2).
In addition, 545 functional candidate genes were identified
in regions harboring recent selection signatures.
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Figure 3 Decay of extended haplotype homozygosity for the SST (a), LEPR (b), FABP4 (c) and GH1 (d) genes. The two most frequent haplotypes

(1 and 2) of each block are shown.
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Discussion

The choice to investigate effects of selection in Nellore cattle
was based on the importance of zebu breeds for being the
main source of beef raised in subtropical environments.
Genotyping on a high-density platform permitted genome-
wide coverage using available markers. In Holstein animals
genotyped for a panel of 50 000 SNPs, 702 regions were
identified (P <0.05; Qanbari et al. 2010). The analysis of

A genome-wide scan in Nellore cattle

more than 500 000 SNPs (with an average pairwise space
of 4.5 kb) in the present study may have influenced the
number of haplotype blocks formed resulting in a broader
coverage of the genome. This finer intermarker resolution
potentially allowed the identification of a larger number of
significant regions.

Many haplotypes with low frequency (up to 10%) were
observed (Fig. 2), and this may be a consequence of strong
bottlenecks, as discussed by Tajima (1989). Considerable
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Table 4 Results of whole genome extended haplotype homozygosity
test for selection signatures in Nellore cattle.

Tests on P-value P-value P-value
Chr blocks (n) <0.01 (n) <0.001 (n) <0.0001 (n)

1 10741 113 22 4
2 10510 105 7 1
3 9762 107 15 1
4 9417 107 10 0
5 8429 20 10 2
6 9644 125 13 3
7 8729 91 11 0
8 9483 92 14 2
9 8989 91 13 3
10 8060 86 10 0
11 8262 26 14 0
12 6349 66 8 2
13 6202 65 8 4
14 7108 78 10 0
15 6656 65 8 0
16 6631 85 9 1
17 5939 67 1 0
18 4615 36 2 0
19 4526 50 6 1
20 5746 76 14 2
21 5724 54 4 0
22 4405 41 2 0
23 4264 33 2 0
24 5162 69 15 0
25 3164 37 5 2
26 4286 38 5 1
27 3667 43 4 0
28 3774 48 5 2
29 3700 49 5 0
Total 19 3944 2103 252 31

bottleneck events were observed in the Nellore breed in the
last decades; for example, based on LD, it is estimated that
the Ne (effective population size) of the Nellore breed has
decreased from about 400 to less than 100 animals over the
last 100 generations (Villa-Angulo et al. 2009). In Brazil, a
decrease from 85 to 68 animals has been observed across
four generations between 1979 and 1998 (Faria et al.
2009).

Relative extended haplotype homozygosity analysis of
LEPR, SST, GH1 and FABP4 genes was significant. The
LEPR gene is associated with energy balance, fat deposition
and growth traits in Bos taurus animals (Guo et al. 2008).
The somatostatin (SST) gene, encoding a protein hormone
that negatively regulates GH1 (Martin & Millard 1986), has
been related to QTL for traits such as marbling, loin eye area
and subcutaneous fat thickness in Angus cattle (Morsci
et al. 2006). In addition, SNPs in this gene are associated
with height and length in Bos taurus (Gao et al. 2011). The
FABP4 gene plays an important role in lipid metabolism
and adipocyte homeostasis in cattle (Hoashi et al. 2008) and
is involved in lipid transport during lipolysis (Shen et al.
1999). Two polymorphisms in the FABP4 gene have been
associated with marbling and subcutaneous fat deposition
in Bos taurus animals (Michal et al. 2006).

Based on the candidate gene analysis, there was no
significance for immune system genes, probably because
these genes undergo natural selection or genetic drift based
on breed pedigree structure or are under balancing selection
(Porto-Neto et al. 2013). This fact prevents a rapid increase
in allele frequencies (Fay & Wu 2000) and is likely to render
these genes undetectable by the method used.

The distribution of the inferred selection signatures was
not uniform across the genome (Fig. 5), a finding that is
consistent with the hypothesis that traits controlled by
different regions are under artificial selection. Furthermore,
there are many different complex traits under natural and
artificial selection that are controlled by many genes and
interactions not evenly distributed across the genome.

The number of selection signatures (P <0.001) per
chromosome ranged from one (Chr17) to 22 (Chr1; Table 4
and Table S1). QTL related to reproductive traits were
identified on chromosomes 1, 3, 9, 20 and 24 in Holstein
cattle (Sahana et al. 2010), and 15 regions identified in the
present study overlapped with 11 of those loci. In addition,
SNPs located on chromosomes 3 and 8 have been associ-
ated with residual feed intake in a composite population of
Bos taurus and Bos indicus (Bolormaa et al. 2011).

Among the genes found in regions of selection signatures,
58 are involved in biological processes related to growth,
muscle and adipose tissue metabolism, reproduction or
immunity (Table S3). Some immune-related genes partici-
pate in the development and viability of follicles and oocytes
and in pregnancy maintenance in mammals.

The PTAFR (platelet-activating factor receptor) gene is
involved in regulation of granulosa cell alteration cycle in
bovine ovaries (Viergutz & Lohrke 2007). The PDGFB
(platelet-derived growth factor beta polypeptide) gene and its
receptors are expressed in the corpus luteum of rats and
inhibit secretion of steroids stimulated by luteinizing
hormone (LH; Taylor 2000). These genes have been
suggested to be involved in the migration and proliferation
of theca cells and in microvascularization of the luteal
parenchyma after the LH-dependent phase (Sleer & Taylor
2007). Their expression in the endometrium is associated
with recruitment of macrophages, which are important for
immune regulation, tissue remodeling, angiogenesis and
apoptosis during the postpartum period (Oliveira et al.
2010). The RPS6KAS5 (ribosomal protein S6 kinase, 90 kDa,
polypeptide 5) gene has been suggested to play a role in
reprogramming during the blastocyst stage of bovine
embryos obtained by nuclear transfer (Smith et al. 2005).
The PAX6 (paired box 6) gene is expressed in oocytes of adult
cows and is also a potential candidate associated with
oocyte viability and early embryo development (Dorji et al.
2012). The POLB [polymerase (DNA directed), beta] gene is
expressed after in vitro maturation of bovine oocytes
(Dalbies-Tran & Mermillod 2003), and this regulation is
mediated by estradiol, conferring viability on oocytes
(Murdoch & Van Kirk 2001).
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Figure 5 Genome-wide distribution of P-values for haplotypes with frequency >0.30 in Nellore cattle genome. Horizontal lines indicate significant

regions (P <0.001).

Considering the genetic gains observed in reproductive
traits, such as age at first calving, of Nellore cattle in Brazil
(Laureano et al. 2011), it is likely that the homozygosity
around these genes is a consequence of selection programs.
Further studies of reproductive traits should explore the
regions that harbor these genes.

This study also identified genes involved in the transport
and/or binding of calcium ions. Some of these genes have
been associated with economically important traits in beef
cattle. The CACNA1C (calcium channel, voltage-dependent, L
type, alpha 1C subunit) gene has been shown to be
significantly correlated with meat tenderness and juiciness
in Charolais cattle (Bernard etal. 2007). The CALMI1
[calmodulin 1 (phosphorylase kinase, delta)] gene was found
to be more expressed in adipose cells after induction of
adipogenesis (Tan et al. 2006) and also in the Psoas major
muscle when compared to the Flexor digitorum (Moreno-
Sanchez etal. 2010). Given that Nellore cattle are not
selected for meat tenderness, one possible explanation is
that these genes might exert pleiotropic effects on other
traits under selection in breeding programs, which could
explain the selection signatures identified. The COL8A1
(collagen, type VIII, alpha 1) gene was classified by DAVID as
related to muscle development and was previously found
under a significant selection sweep in Nellore cattle genome
(Utsunomiya et al. 2013). Therefore, these genes and their
metabolic pathways would be good candidates for studies
investigating meat quality in Nellore cattle.

The quantity and profiles of observed selection signatures
are a possible consequence of the effects that genetic
breeding programs have had on the genome of the Nellore
cattle. The identification of regions under artificial selection
pressure may guide searches for regions or groups of genes
that control traits of interest, such as meat quality and
reproduction. In a subsequent step, polymorphisms and
haplotypes related to selection signatures can be used in
association and validation studies involving different Nellore
subpopulations to permit the genomic selection of superior
animals with the genotyping of reduced SNP panels.
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