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a  b  s  t  r  a  c  t

The  aim  of  this study  was  to determine  the  extent  (r2) of  linkage  disequilibrium  (LD)  in
the  genome  of  Nellore  cattle,  and  to examine  associations  between  single  nucleotide  poly-
morphisms  (SNP)  and  age  at first  calving  (AFC)  and early  pregnancy  (EP)  using  a  panel  of
high-density  SNPs  and data  from  1182  Nellore  females.  A  total  of 13  contemporary  groups
(CG)  were  used  consisting  of  farm,  season,  and  year  of  birth.  For  genome-wide  association
analysis,  SNPs  with  a  minor  allele  frequency  (MAF)  <0.05  and  animals  with  a call  rate  <0.90
were  excluded,  totaling  431,885  SNPs.  For  statistical  analysis,  a linear  model  was  used  for
AFC and  a  threshold  model  for EP.  To  estimate  the  significance  of  the  associations  for  the  two
traits, the  model  included  the  categorical  fixed effects  of CG,  SNPs,  and  sire.  In  addition,  the
polygenic  effect  was  included  in  the analysis.  The  additive  effects  and  dominance  deviations
of Bonferroni-adjusted  significant  SNPs  for AFC  and  EP  were  estimated  using  orthogonal
contrasts.  The  average  estimate  of  r2 for  all autosomes  was  0.18  at a distance  of  4.8  kb  and  the
mean  MAF  was  0.25  ±  0.13.  The  LD  decreased  as  the  distance  between  markers  increased:

0.35  (1  kb)  to  0.12  (100  kb).  Eleven  significant  associations  were  detected  in  seven  different
chromosomes.  Seven  SNPs  were  associated  with  AFC  and  four  were  associated  with  EP.
Three SNPs  were  significant  for  both  traits.  The  identification  of  SNPs  associated  with  AFC
and EP  may  contribute  for  selecting  sexually  precocious  animals.
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. Introduction

The major focus of Zebu breeding programs are traits
elated to reproductive efficiency, such as sexual pre-
ocity. Developing bio-economic models, several authors
oncluded that reproductive traits are economically more
mportant than growth traits (Brumatti et al., 2011; Krupa
t al., 2005; Wolfova et al., 2005). In this respect, studies
ave shown that an increase in productivity (kg live weight
old/hectare/year) can be achieved with a reduction in the
laughter age of heifers, associated with an earlier age of
eifers at first breeding (Beretta et al., 2001, 2002a,b; Pötter
t al., 1998, 2000).

Age at first calving (AFC) and early pregnancy (EP) are
elated to the efficiency and profitability of beef produc-
ion. Although AFC is easily obtained and is observed early
uring the animal’s life, some breeders delay the start of
he breeding season by predetermining a specific weight
nd/or age, impairing the identification of precocious ani-
als and reducing genetic variability in this trait (Dias et al.,

004a). In addition, the fact that only animals that calve are
ncluded in the analyses and the low heritability estimates
Boligon et al., 2010; Dias et al., 2004b; Grossi et al., 2009;

ercadante et al., 2000; Pereira et al., 2000, 2005; Regatieri
t al., 2012) result in a poor response to selection.

In an attempt to overcome the difficulties encoun-
ered when AFC is used as a selection criterion, EP has
een employed in genetic breeding programs. According
o Shiotsuki et al. (2009), EP is defined by the observation
f a heifer that conceived and calved after she had been
xposed to a bull during the breeding season. This defi-
ition results in a binary response of the trait (success or

ailure), a fact that permits the inclusion of data from all
emales in the analyses. In addition, this trait has greater
eritabilities (0.50–0.73) for heifers exposed to bulls for the
rst time between 14 and 18 months of age (Boligon and
lbuquerque, 2011; Eler et al., 2002, 2004; Silva et al., 2005;
an Melis et al., 2010), thus permitting a rapid response to
election.

Reproductive traits have quantitative genetic variation
nd the expression is influenced by some genes or a series
f genes (quantitative trait loci, QTL). According to Höglund
t al. (2009), the identification of a QTL for female repro-
uctive traits can increase the response to selection. These
enes can be identified based on the linkage disequilibrium
LD), which is calculated as the squared correlation of allele
requencies (r2) at a given locus (Hayes, 2009). Molecu-
ar markers, called single nucleotide polymorphisms (SNP),
re commonly used for the detection of QTL due to the ease
f genotyping and the fact that these polymorphisms are
resent throughout the genome (Hayes et al., 2006).

The 50k SNP panels have been used in beef cattle to
etermine associations of SNPs with reproductive traits.
hang et al. (2010) reported associations between several
NPs and age at puberty in Brahman females. Similarly,
awken et al. (2012), working with Brahman Tropical
omposite cattle, observed associations of SNPs with post-

artum anestrus interval and the occurrence of postpartum
vulation before weaning. Using part of the data from the
tudy of Hawken et al. (2012), Fortes et al. (2012) identified
NPs and chromosome regions that are directly associated
on Science 177 (2017) 88–96 89

with age at puberty of females and scrotal circumference in
bulls. There have been some studies related to reproductive
traits in zebu cattle such as: genome-wide association stud-
ies using 777k SNP panels (Irano et al., 2016; Nascimento
et al., 2015; Costa et al., 2015), candidate gene/SNP studies
(Fortes et al., 2013a,b), and combinations of methodologies
(SNP association and gene expression; Fortes et al., 2014).
The use of these technologies is being developed especially
in tropical regions due to the importance of female perfor-
mance in beef production profitability.

Genome-wide association studies using high-density
panels are still scarce in zebu cattle. The objective of the
present study, therefore, was to identify regions of LD in
the bovine genome, and determine the presence of genetic
markers that are associated with age at first calving and
early pregnancy in Nellore cattle.

2. Materials and methods

A total of 1182 records of Nellore females born in 2007
and 2008 from 131 sires, which belonged to Agropecuária
Jacarezinho Ltda. (Valparaíso, São Paulo − Brazil), were
used. Genomic DNA was extracted from hair follicles
obtained from the tail switch of females using the phe-
nol/chloroform/isoamyl alcohol method (Sambrook and
Fristch, 1989). Genotyping was performed using the high-
density BovineHD BeadChip (Illumina, San Diego, CA, USA
− 777,962 SNPs) according to the Illumina Infinium

®
II

Assay Multi-Sample protocol in a HiScanTMSQ System. The
consistency of the genomic data was  confirmed using the
Genome Studio program. Bovine autosomes (BTA, n = 29)
were considered for analysis and the genotypes were
defined as AA and BB (homozygous), AB (heterozygous),
and NA (not identified). The sex chromosome was  not
included in the analysis.

A total of 824 and 11,389 markers were excluded due to
an unknown genome position and low mean cluster inten-
sity (AB, AA or BB mean <0.3), respectively. In addition,
21,709 markers present on the sex chromosomes were also
eliminated. Only markers with a minor allele frequency
(MAF) >0.05 were considered for analysis. In addition, only
markers with excess heterozygosity <0.30 were analyzed
and animals with a call rate <0.90 were excluded.

The LD between two SNPs was calculated based on the
r2 measure (Hill and Robertson, 1968) as follows:

r2 = (freq.AB ∗ freq.ab − freq.Ab ∗ freq.aB)2

(freq.A ∗ freq.a ∗ freq.B ∗ freq.b)

Where freq.A, freq.a, freq.B and freq.b are the frequencies
of alleles A, a, B and b, respectively, and freq.AB, freq.ab,
freq.aB and freq.Ab are the frequencies of haplotypes AB,
ab, aB and Ab, respectively, in the population. If the two
loci are independent, the expected frequency of geno-
type AB (freq.AB) is calculated as the product between
freq.A and freq.B. A freq.AB that is greater or less than the

expected value indicates that these two loci tend to seg-
regate together and are in LD. The measure of LD (r2) was
calculated for all pairs of SNP markers of each chromosome
using the SnppldHD program (Sargolzaei, M.,  University
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of Guelph, Canada), and the pedigree data were used to
construct the relationship matrix.

The following two traits were studied: AFC defined as
the age of the female at the time of first calving, and EP
defined as a result (2) of a heifer conceiving and calving at
less than 31 months of age or as failure (1) of a heifer to calve
or calve at more than 31 months of age after breeding at
14–16 months of age. Thirteen contemporary groups (CG)
were formed, with an average number of 90 animals per
group for AFC and EP. The CG were defined by farm, year,
and season of birth. For AFC, records outside the interval of
the mean of the CG ± 3 standard deviations were excluded.
For EP, CG without phenotypic variability were eliminated.

Age at first calving ranged from 748 to 1,253 days, with
a mean of 1049 ± 139.8 days. The percentage of precocious
(success) and non-precocious (failure) females was  29.31%
and 70.69%, respectively. A normal distribution and linear
model were assumed for AFC. The PROC MIXED procedure
and Fisher-Snedecor (F-distribution) test were used to esti-
mate the significance of the associations and SNP effects in
the SAS software (SAS Institute, Cary NC, USA). A binomial
distribution and nonlinear model were assumed for EP. The
PROC GENMOD procedure and chi-squared test were used
for the association studies.

To estimate the significance of the associations (P-value)
for the two traits, genotypes AA, AB and BB were defined as
0, 1 and 2, respectively, and the model included the CG and
genotypes as categorical fixed effects. The polygenic effect
was also included in the analysis to account for residual
genetic variance not explained by the SNP. The model can
be written as:

y = Xb + Zu + Wg  + e,

where y is the vector of phenotypes; X is an incidence
matrix of systematic effects; b is the vector of systematic
effects; Z is an incidence matrix of polygenic effects; u is a
random vector of polygenic effects of all individuals in the
pedigree; W is a matrix (n x p) consisting of the genotypes
of p SNP markers for each animal n; g is a random vector of
SNP effects; e is a vector of residual effects.

Bonferroni correction was applied to maintain the error
rate at a level of 5%, and a significance threshold (p-value)
for significant associations of less than 1.16 × 10−7 was
adopted. The additive effects and dominance deviations
of Bonferroni-adjusted significant SNPs were tested using
PROC GLM procedure of the SAS software (SAS Institute,
Cary NC, USA) and orthogonal contrasts. A Manhattan plot
was constructed for greater visualization of the peaks of
SNPs that were significantly associated with the traits stud-
ied. For this purpose, −log10(P-value) was plotted as a
function of the position of the SNPs on each chromosome.

The false discovery rate (FDR) was estimated using the
following equation (Benjamini and Hochberg, 1995):

FDR = nP/k
Where n is the total number of SNPs included in the asso-
ciation study, P is the level of significance (�) used, and k is
the number of SNPs significantly associated with the trait
at the � level used.
ion Science 177 (2017) 88–96

A subjective criterion based on the peaks of signifi-
cant SNPs identified in the Manhattan plots was used to
determine regions containing potential QTL. According to
Sahana et al. (2010), a given region of a chromosome can
be defined as a QTL when it contains many SNPs that are
significantly associated with one or more traits. Therefore,
a region harboring significant SNPs (-log10(p) > 3.5) con-
centrated at a specific position of the chromosome was
defined as a region containing potential QTL. Significant
SNPs found isolated in a given region of the chromosome
were excluded from the definition of QTL region due to the
greater risk of being false positive.

3. Results and discussion

3.1. Linkage disequilibrium

A total of 431,885 (≈55.51%) SNPs passed the exclusion
criteria and were used in the final analyses. This subset of
markers comprised 115,511.954 Mb  of the genome. The
mean distance between markers was 4.8 ± 2.9 kb. A total of
8,732,131 synthetic SNP pairs (combination of SNP pairs on
the same chromosome) were analyzed for all autosomes.
The chromosomes varied in size, with BTA25 being the
smallest chromosome (42.8 Mb)  and BTA1 being the largest
chromosome (158.2 Mb;  Table 1).

The average r2 for all autosomes was 0.18 (range:
0.003–0.24; Table 1). This extent of LD was  less than
that reported by McKay et al. (2007) for Nellore cattle
(0.06–0.69 depending on the chromosome) using 2670
SNPs. Silva et al. (2010) obtained an average LD similar to
that observed in the present study (r2 = 0.21) for Gyr sires
using a 50k chip.

There are few studies investigating LD in Bos indicus.
The present study was performed using part of the animals
used by Espigolan et al. (2013) and the results were very
similar to that previously reported. According to the liter-
ature, r2 values for taurine animals are generally greater
than those obtained for Zebu animals. McKay et al. (2007)
obtained an average r2 of 0.37 and 0.56 for Bos indicus and
Bos taurus,  respectively. This difference can be explained
by the inverse relationship between population size and
LD. A reduction in the Bos taurus population was observed
after domestication (Goddard and Hayes, 2009) and after
the intense selection applied to some breeds. Sargolzaei
et al. (2008), using a 10k chip for genotyping Holstein cat-
tle, found an average r2 that was greater than that observed
in the present study (0.31). Using a 50k chip, Lu et al.
(2012) reported greater mean r2 values (for distances of
up to 30 kb) for Bos Taurus (0.29 and 0.22 for Angus and
Charolais cattle, respectively) but, for Bos taurus x Bos tau-
rus crossbred animals, a similar value was observed to that
in the present study (0.21). In the research of Espigolan et al.
(2013), however, there was  a r2 (0.17) that was  similar to
that in the present research using another sample of Nelore
animals.

The mean MAF  in the present study was 0.25 ± 0.13.

This mean MAF  was similar to that reported by Khatkar
et al. (2008) for Holstein-Friesian cattle (0.286 ± 0.0013).
The MAF  in the present study was also similar to those
reported by Matukumalli et al. (2009) for taurine breeds
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Table  1
Summary of the SNPs analyzed and average linkage disequilibrium (r2) between adjacent synthetic markers obtained for each chromosome (BTA).

BTA aSize (Mb) bSNP (n) cMean distance ± SD (kb) dMean r2 ± SD fMedian r2 eMean MAF  ± SD

1 158.2 27,129 4.9 ± 2.9 0.13 ± 0.23 0.017 0.25 ± 0.13
2  136.8 22,898 4.9 ± 2.9 0.19 ± 0.25 0.077 0.25 ± 0.13
3  121.4 22,023 4.9 ± 2.9 0.20 ± 0.25 0.085 0.25 ± 0.13
4  120.6 19,723 4.9 ± 2.9 0.19 ± 0.25 0.074 0.25 ± 0.13
5  121.1 19,353 4.9 ± 2.9 0.21 ± 0.27 0.093 0.26 ± 0.13
6  119.4 22,784 4.9 ± 2.9 0.20 ± 0.25 0.086 0.26 ± 0.13
7  112.6 19,537 4.9 ± 2.9 0.20 ± 0.26 0.081 0.25 ± 0.13
8  113.3 21,406 5.0 ± 2.9 0.21 ± 0.26 0.102 0.26 ± 0.13
9  105.6 19,848 4.9 ± 2.9 0.20 ± 0.26 0.083 0.26 ± 0.13
10  104.3 16,711 4.8 ± 2.9 0.18 ± 0.25 0.065 0.25 ± 0.13
11  107.2 17,809 4.8 ± 2.9 0.19 ± 0.26 0.071 0.25 ± 0.13
12  91.1 14,866 4.9 ± 2.9 0.19 ± 0.25 0.076 0.25 ± 0.13
13  84.2 13,824 5.0 ± 2.9 0.20 ± 0.25 0.085 0.25 ± 0.13
14  83.9 16,198 5.0 ± 2.9 0.19 ± 0.24 0.081 0.26 ± 0.13
15  85.2 14,238 4.9 ± 2.9 0.19 ± 0.25 0.073 0.25 ± 0.13
16  81.7 14,242 4.9 ± 2.9 0.24 ± 0.18 0.077 0.25 ± 0.13
17  75.1 14,014 4.9 ± 2.9 0.20 ± 0.26 0.072 0.24 ± 0.13
18  65.9 11,125 4.8 ± 2.9 0.16 ± 0.23 0.055 0.25 ± 0.13
19  64.0 9689 4.9 ± 2.9 0.21 ± 0.26 0.090 0.24 ± 0.13
20  71.9 12,240 4.8 ± 2.9 0.18 ± 0.25 0.069 0.25 ± 0.13
21  71.6 12,356 4.9 ± 2.9 0.18 ± 0.24 0.068 0.25 ± 0.13
22  61.3 10,100 4.8 ± 2.9 0.17 ± 0.24 0.067 0.25 ± 0.13
23  52.5 9054 4.9 ± 2.9 0.17 ± 0.24 0.061 0.26 ± 0.13
24  62.3 10,899 4.9 ± 2.9 0.17 ± 0.24 0.060 0.25 ± 0.13
25  42.8 7315 4.9 ± 2.9 0.17 ± 0.23 0.063 0.24 ± 0.13
26  51.6 9219 4.8 ± 2.9 0.16 ± 0.23 0.062 0.24 ± 0.13
27  45.4 7651 4.9 ± 2.9 0.10 ± 0.18 0.024 0.25 ± 0.13
28  46.2 7547 4.8 ± 2.9 0.03 ± 0.08 0.004 0.26 ± 0.13
29  51.2 8087 4.9 ± 2.9 0.003 ± 0.02 0.001 0.24 ± 0.13

SNP: Single nucleotide polymorphism; MAF: Minor allele frequency; SD: Standard deviation.
a Size of the chromosome.
b Number of SNPs analyzed per chromosome.
c Mean distance between SNPs analyzed.
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Table 2
Measures of linkage disequilibrium (r2) according to distance interval.

Distance (kb) Mean r2 ± SD Median r2

0–0.99 0.35 ± 0.34 0.22
1  − 1.99 0.34 ± 0.31 0.20
2  − 2.99 0.32 ± 0.30 0.19
3  − 3.99 0.31 ± 0.30 0.18
4  − 4.99 0.30 ± 0.29 0.16
5  − 9.99 0.28 ± 0.28 0.14
10 − 19.99 0.24 ± 0.26 0.11
20 − 29.99 0.21 ± 0.25 0.09
30 − 39.99 0.18 ± 0.23 0.07
40 − 49.99 0.17 ± 0.22 0.06
50 − 59.99 0.15 ± 0.21 0.06
60 − 69.99 0.14 ± 0.20 0.06
70 − 79.99 0.13 ± 0.20 0.05
80 − 89.99 0.13 ± 0.19 0.04
d Measures of linkage disequilibrium (r2) per chromosome.
e Measures of linkage disequilibrium (r2) per chromosome.
f Mean MAF  per chromosome.

uch as Charolais (0.26), Holstein (0.26) and Angus (0.25)
attle, but was  greater than those reported for the Zebu
reeds such as Brahman (0.18), Gyr (0.19) and Nellore
0.19). The MAF  in the study of Espigolan et al. (2013) was
imilar to that in the present study for the Nellore breed
0.25).

A high percentage of SNPs (58%) had an MAF  that was
reater than 0.2 (Fig. 1). Chromosomes 2, 7, 11, 12, 17, 25,
6, and 29 had a large proportion of SNPS with a MAF  < 0.10,
hereas this proportion was less for chromosomes 1, 5, 6,

, 9, 23, and 28.
To determine the decrease in LD with increasing physi-

al distance between markers, the SNPs were classified into
istance intervals. Using this approach, an average r2 value
as estimated for each distance class per autosome (Fig. 2)

nd for the whole genome (Table 2).
A reduction in LD was observed with increasing physical

istance between markers as expected (Fig. 2). Moderate r2

alues (0.21–0.35) were obtained for distances of less than
0 kb. When the distance between markers increased from
0 to 100 kb, r2 values decreased (0.12–0.18).

The reduction in LD with increasing physical distance

etween markers can be explained by the fact that the
ecombination rate is less at short distances and the lev-
ls of LD are, therefore, greater. Similar results have been
eported by Espigolan et al. (2013) where r2 values of
90  − 100 0.12 ± 0.19 0.04

SD: Standard deviation.

0.34–0.20 were observed at distances of 0–30 kb in Nel-
lore animals, and this decreased to 0.18–0.11 at distances
of 30–100 kb. A reduction in LD with increasing distance
between markers has also been reported by De Roos et al.

(2008) for different breeds (Holstein-Friesian, Jersey and
Angus). In that previous study, r2 values decreased from
0.22 to 0.35 (distances of up to 40 kb) to 0.14–0.16 (dis-
tances of 80–100 kb). Similar results were observed by Lu
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Fig. 1. Mean proportion of SNPs (%) according to minor allele frequency (MAF) class for bovine chromosomes (BTA) 1–29.

f distanc
Fig. 2. Average linkage disequilibrium (r2) as a function o

et al. (2012) where there was a reduction in average LD
from 0.29 to 0.19 (Angus), from 0.22 to 0.12 (Charolais) and
from 0.21 to 0.11 (Bos taurus x Bos taurus crossbreed) when
the distance increased from 030 kb to 70–100 kb. In con-

trast to the present study, a greater LD (r2 = 0.58) has been
described by Sargolzaei et al. (2008) for distances between
SNPs of up to 100 kb in Holstein cattle. Only at distances of
e between markers for bovine chromosomes (BTA) 1–29.

100 kb to 1 Mb  was there a reduction in the extent of LD
(r2 = 0.15–0.02).

3.2. Association studies
The SNPs significantly associated to AFC and EP at a
level of significance of 5%, 1% and 0.1% were detected on
all chromosomes (Table 3). The number of significant SNPs
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Table  3
Number of significant SNPs (N), mean P-values (in parentheses) and false
discovery rate at three levels of significance (�).

Significance (�) AFC EP

N FDR (%) N FDR (%)

5% 35.750 (0.022) 60 43.926 (0.021) 49
1% 9.594 (0.004) 45 12.951 (0.004) 33
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0.10% 1.630 (0.0004) 27 2.349 (0.0004) 18

FC: Age at first calving; EP: Early pregnancy; FDR: False discovery rate.

t the 5% level corresponds to approximately 8.3% (AFC)
nd 10.2% (EP) of all SNPs used in the association studies.
his number of significant SNPs per chromosome was  sim-
lar (6.8%) to that reported by Zhang et al. (2010) where
ge at puberty was analyzed in Brahman cattle (P < 0.05)
sing the Bovine SNP50 BeadChip. Fortes et al. (2011) used
he same chip and observed that 5.8% (Tropical Composite)
nd 6.7% (Brahman) of SNPs were significant (P < 0.05) for
2 traits, including age at puberty.

The false-positive rate was greater for AFC than for EP.
 greater FDR has been described by Pryce et al. (2010)

or pregnancy in the first 42 days after breeding in Holstein
attle at a significance level of 0.1% (FDR = 53%). At the same
evel, Hawken et al. (2012) reported FDR for age at puberty
f Brahman animals (FDR = 26%) similar to findings in the
resent study.

A large number of SNPs significantly associated with
he traits indicated regions potentially containing QTL for
FC and EP. For AFC (Fig. 3), 18 chromosomes exhibited
NPs with a significant effect (Chromosomes 2–11, 16, 17,
9–26), according to the subjective criterion used for the
etection of regions potentially containing QTL. The most
pparent peaks indicating potential QTL were found on
hromosomes 4 (from 21.1 to 21.4 Mb), 17 with two peaks
from 19.1 to 25.6 Mb  and from 58.3 to 67.9 Mb), and 19
from 58.7 to 61.7 Mb).

For EP (Fig. 4), 18 chromosomes also exhibited peaks
f significant SNPs (Chromosomes 2–11, 14, 16, 17, 19,
0, 23–26), using the same subjective criterion. The most
pparent SNPs were found on chromosomes 6 (from 86.4
o 89.4 Mb  and from 99.8 to 108.8 Mb), 8 (from 57.7 to 58.4

b and from 104.0 to 105.8 Mb), 17 with two peaks (from
9.1 to 25.6 Mb and from 65.7 to 71.8 Mb), and 19 (from
8.7 to 61.7 Mb).

After Bonferroni correction for multiple tests (p-value
hreshold = 1.16 × 10−7), seven chromosomes (Fig. 3 and 4)
xhibited SNPs that were significantly associated with AFC
7 SNPs) and EP (four SNPs; Table 4).

Three SNPs (BovineHD0100003126,
ovineHD2100019377, and BovineHD2200012994)

ocated on chromosomes BTA1, BTA21 and BTA22
Fig. 3 and 4) significantly influenced both traits.
hromosome BTA21 contained two SNPs related
o EP. The greatest significance detected for the
wo traits (P-value = 4.27 × 10−18 for AFC and P-
alue = 3.45 × 10−17 for EP) was observed for the same SNP

BovineHD0100003126), located on chromosome BTA1.

Using the MapViewer − Build 6.1 (NCBI, 2013) program
or cattle, the SNPs for AFC and EP that were significant at
he Bonferroni-adjusted significance level were found to
on Science 177 (2017) 88–96 93

be close to various known genes (Table 4). The distance
of the SNP until the beginning or until the end of the gene,
according to the position of the polymorphism on the chro-
mosome, is given in base pairs. A distance of zero indicates
that the SNP is located within the region of the gene. The
SNPs close to seven genes were detected in the genome,
with three of these genes being shared by the two traits.

Among the genes located closest to the significant SNPs
after Bonferroni correction, the APP gene encodes a cell sur-
face receptor and transmembrane precursor in the central
nervous system of humans (Venkataramani et al., 2010).
The LOC100140224 has a role in the reproductive system, it
functions in germ cell development in mice (Krotz et al.,
2009). Other genes that are also involved in the central
nervous and reproductive systems have been found to be
associated with puberty and fertility traits by Fortes et al.
(2011, 2012) and Hawken et al. (2012) in Brahman and
Tropical Composite cattle.

Some of the genes identified are involved with specific
functions in the organism. The TMEM17 gene is involved in
the formation of cilia, structures found in many cells of the
organism, with a special role in sperm. Sperm cells with
cilia malformation reduce the fertility rates. The identifi-
cation of a gene related to cilia formation indicates that
pregnancy success may  be related to male fertility.

The LOC785475 gene is involved in cell development. In
humans, this gene is found in the pseudoautosomal region
of the sex chromosomes and it has been suggested to be
associated with male infertility (McElreavey and Fellous,
1999). Other genes have a role in the formation of nucle-
osomes (LOC526064) and histone methylation (SETD3),
processes that are related to DNA metabolism. Interest-
ingly, the SETD3 gene was  emphasized in this previous
study. This finding suggests that this gene influences many
other genes that may  be packaged by modified histones
and may  have the expression suppressed. The epigenet-
ics considerably affects the phenotype of reproductive
traits in cattle, as demonstrated by Funston and Summers
(2013). Further studies using chromatin immunoprecipita-
tion are needed to identify whether these regions can aid
the genetic evaluations.

The ARFGEF3 gene is related to bone cells physiology.
Other growth-related genes that influence reproductive
traits have been identified by Hawken et al. (2012), Fortes
et al. (2013a,b) and Costa et al. (2015). However, with
the sequencing of genomes it became evident that genes
have multiple functions and can function in different,
still unknown metabolic pathways. An example is the
sheep FECB gene which is associated with ovulation rate.
This gene was  first described to be involved in bone
development (Drouilhet et al., 2009) and its function in
reproduction was  discovered later. Thus, studies on the
functions of genes are important to elucidate the role of
specific genes in the development of the organism. More-
over, there is an association between bone turnover and
menarche in girls (Eastell, 2005). These findings, in humans,
corroborate findings in the present study related to the

ARFGEF3 gene and also previous and similar research with
cattle and sheep.

It is interesting to note that other genome-wide studies
using part of the animals of the present study (Irano et al.,
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Fig. 3. Manhattan plot for age at first calving; −Log10(p-value) is plotted as a function of SNPs per chromosome.

Fig. 4. Manhattan plot for early pregnancy; −Log10(P-value) is plotted as a function of SNPs per chromosome.

Table 4
SNPs and genes closest to the SNPs that were associated with age at first calving (AFC) and early pregnancy (EP) after Bonferroni correction (P-
value = 1.16 × 10−7).

Trait SNP BTA Position (bp) P-value Gene Distance (bp)

AFC BovineHD0100003126 1 9816619 4.27 × 10−18 APP 0
BovineHD0400002732 4 8853684 3.20 × 10−8 LOC100140224 8642
BovineHD0600002088 6 8937501 5.75 × 10−8 LOC526064 112370
BovineHD1100017335 11 60860824 8.97 × 10−8 TMEM17 73913
BovineHD1700018953 17 65795029 1.06 × 10−7 LOC100848089 54197
BovineHD2100019377 21 66082472 4.28 × 10−8 SETD3 0
BovineHD2200012994 22 44861196 3.58 × 10−9 ARHGEF3 0

EP  BovineHD0100003126 1 9816619 3.45 × 10−17 APP 0
BovineHD2100011237 21 38863958 1.30 × 10−8 LOC785745 587632
BovineHD2100019377 21 66082472 3.17 × 10−8 SETD3 0

96 

e chrom
BovineHD2200012994 22 448611

SNP: Single nucleotide polymorphism; Position: Position of the SNP on th
2016; Costa et al., 2015), using the same breed (Nascimento
et al., 2015) and other beef cattle breeds (Akanno et al.,
2015; Fortes et al., 2013a,b; Hawken et al., 2012; Fortes
et al., 2012, 2011) didn’t elucidate the same genomic
1.93 × 10−9 ARHGEF3 0

osome.
regions/genes/significant SNPs for related reproductive
traits (or even the same trait). Magalhães et al. (2016) ana-
lyzing meat quality traits in cattle had similar findings.
Many hypothesis could arise from the present and previ-
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Table  5
Additive effects and dominance deviations of Bonferroni-adjusted significant SNPs for age at first calving (AFC) and early pregnancy (EP).

Trait SNP Additive genetic effect (days) P-value Dominance deviation P-value Polymorphism

AFC BovineHD0100003126 15.74 ± 9.32 0.09 −22.46 ± 10.91 0.04 A/G
BovineHD0400002732 25.07 ± 19.97 0.21 −30.09 ± 21.14 0.16 T/C
BovineHD0600002088 4.77 ± 13.15 0.72 +33.28 ± 15.55 0.03 T/C
BovineHD1100017335 25.06 ± 20.98 0.23 −34.18 ± 23.48 0.15 T/C
BovineHD1700018953 −2.36 ± 9.06 0.90 +21.46 ± 20.03 0.28 T/G
BovineHD2100019377 −13.44 ± 6.28 0.03 −32.98 ± 9.44 0.0005 A/G
BovineHD2200012994 15.08 ± 6.52 0.02 −20.16 ± 9.54 0.04 A/C

EP  BovineHD0100003126 −0.08 ± 0.03 0.002 0.09 ± 0.03 0.03 A/G
BovineHD2100011237 0.01 ± 0.02 0.69 0.12 ± 0.03 <0.0001 A/G
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BovineHD2100019377 0.04 ± 0.02 

BovineHD2200012994 −0.048 ± 0.02 

NP: Single nucleotide polymorphism.

us results. The SNP significance could be affected by breed,
NP coverage, linkage disequilibrium, allelic frequency, and
umber of animals genotyped; but an important effect of
tatistical methodology and SNP treatment (windows of
NPs, SNP-by-SNP) also exists.

The additive effects and dominance deviations (Table 5)
f Bonferroni-adjusted significant SNPs for AFC and EP were
stimated using orthogonal contrasts. The magnitudes of
dditive effects (Table 5), expressed as units of the traits,
epresent the average change expected for the substitu-
ion of one allele for another. For example, Nellore females
aving the favorable allele at SNP BovineHD0400002732
ould be expected to be on average 25 days younger at first

alving, which represents more than one estrous cycle.
The SNPs BovineHD2100019377 and

ovineHD0100003126 indicated there was an addi-
ive effect for AFC and EP, respectively, whereas SNP
ovineHD2200012994 located on chromosome 22, indi-
ated a significant effect for the two traits. These markers
ould be used in selection programs designed to reduce
he AFC or to increase EP in heifers.

. Conclusions

The average extent of linkage disequilibrium estimated
n Nellore cattle indicate that the SNP chip is an effec-
ive technology to identify QTL regions across the genome.
he SNPs were associated with age at first calving and
arly pregnancy, with some of the SNPs being significant
or both traits. Candidate genes were indicated for fur-
her fine-mapping studies that would result in a greater
nderstanding of the physiology aspects of these traits. The
dditive effects indicated the possibility of using these SNPs
n marker-assisted selection as sexual precocity indicator
raits in Nellore cattle.
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