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ARTICLE INFO ABSTRACT

Keywords: The aim of this work was to identify genomic regions and genes in association with the navel length, coat and
Inference Bayesian scrotal circumference traits of Canchim breed of cattle, using genome-wide association studies (GWAS). Imputed
GWAS data from single nucleotide polymorphism type markers were used, with accuracy greater than 95%. The
l;;gmorphisms analyses of genome-wide association were conducted by the Bayes B method, implemented in the GenSel pro-

gram. Non-overlapping windows that explained at least 0.19% of the additive genetic variance were considered
as significant, this value corresponds five times the expected for 1 Mb size windows. GWAS indicated 31 regions
in association with navel length, one coat region, and four SC-related regions. In these regions, 4 quantitative
loci (QTLs) related to navel length and 5 with SC were identified, as for the coat, the QTLs detected did not
present previously described relation with this trait. Among the candidate genes in the associated regions, 7
genes were cited in previous studies, with biological functions related to navel length, one for coat and three for
SC. The candidate genes TMEM176A and TMEM176AB, which are orthologous in humans, are in association
with navel's trait and compose the Androgen Induced 1 cluster. The identification of genes and QTLs, with a
function related to the studied traits, previously described in the literature, reinforces the evidence that the
found regions are associated with navel length, coat and SC. This information may contribute to the under-
standing of the genetic architecture involved with of these traits, to guiding genetic validation studies, gene
introgression and contribute to include information concerning molecular markers in genetic evaluation of
animal improvement programs.

1. Introduction parameters associated with the economically important phenotypic

traits, like reproductive performance, navel length and coat. However,

Canchim bulls (5/8 Charolais and 3/8 Zebu), introduced into
mating systems for increased meat production, might provide an ad-
ditional in carcass weight upon slaughter, compared to other beef cattle
breeds (Tupy et al., 2006). The Canchim breed also has excellent meat
quality, and is well suited to the tropical environmental conditions
(Buzanskas et al., 2014; Mokry et al., 2013). Quantitative genetic re-
search has already been conducted on this breed to evaluate the genetic
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the specific chromosomal regions or genes responsible for the variations
of these traits still need to be analyzed (Barichello et al., 2010; Bignardi
et al., 2011; Buzanskas et al., 2014).

Genome-wide association studies (GWAS) have been used in beef
cattle to evaluate markers of single nucleotide polymorphisms (SNP),
which are associated with the manifestation of quantitative characters.
The information obtained from these markers explain the phenotypic
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variations partly, thereby improving the accuracy of animal selection
for directed mating, resulting in an increased genetic gain under a
higher selection pressure (Cantor et al., 2010; Santana et al., 2014).

Phenotypes associated with adaptation and functionality, such as
coat and navel length are among the traits of interest for herd im-
provement. Animals with a navel surpassing the hock line are more
susceptible to foreskin prolapse and pathologies, due to increased
contact with grass. Therefore, it is suitable to eliminate animals with
such navel traits from productive establishments. Coat traits are linked
to the breed and aspects of adaptation. For instance, cattle with short
and clear hair are preferable for husbandry in tropical regions. It is
important that both these phenotypes, viz, navel length and coat traits,
be considered while selecting livestock breeds for particular environ-
ments (Ortega et al., 2007; Windeyer et al., 2014).

Scrotal circumference (SC) is directly related to the reproductive
performance in bulls and sexual precocity in their female progeny, and
thus is another character that economically affects the breeding of beef
cattle (Fordyce et al., 2014; Utsunomiya et al., 2014).

The objective of this study was to detect chromosomal regions and
genes associated with the navel length, coat and scrotal circumference
traits of Canchim breed of cattle, using the Bayesian methods applied to
GWAS. The results of this study may to contribute to the genetic im-
provement of the Canchim breed.

2. Material and methods
2.1. Deregressing estimated breeding values

Deregressed estimated breeding values (dEBV) of 1106 animals
were used to evaluate navel length, coat and SC traits, following the
methodology proposed by Garrick et al. (2009). The dEBVs were cor-
rected to the animal age effect (linear and quadratic as covariates) and
contemporary groups formed by the combination of year of birth, birth
season, herd, gender and genetic group. This information was obtained
from the database of the Embrapa-Geneplus Genetic Improvement
Program for the Canchim breed of cattle.

2.2. Genotyping data

To genotype the animals, blood samples were collected in 4.5 mL
Vacutainer® tubes with K3-EDTA, and were then processed to obtain
leucocytes. Semen samples were obtained from the bulls, which genetic
evaluation tests showed to have representative calves. DNA was ex-
tracted following the method described by Regitano and Coutinho
(2001). The samples were genotyped by Illumina technology service
providers.

The genotypic data of the studied animals came from the Embrapa
Beef Cattle (EBC) and Embrapa Southeast Livestock (ESL) databases.
The first of the three datasets from EBC included data from 462 in-
dividuals, which were genotyped using the Illumina BovineSNP50 v2
BeadChip® (50 K). The second dataset, consisting of data from 169 in-
dividuals, was genotyped using the GeneSeek Genomic Profiler HD®
(80k), and the third dataset, consisting of data from 13 individuals, was
genotyped using the BovineHD BeadChip® (HD). A total of 548 of the
644 individuals genotyped, were from the Canchim breed, and 96 were
from the genetic group MA (Charolais bull progeny derived from
mating with % Canchim + %4 Zebu dams; on average 65.6% Charolaise
and 34.4% Zebu).

All genotypes in the EBC database belong to animals that partici-
pated in the Canchim Performance Evaluation Tests (CPET) carried out
between 2011 and 2014 by the Brazilian Association of Canchim
Breeders (ABCCAN) and the Geneplus/Embrapa Program.

Information from the ESL genomic database on 57 animals, off-
spring of 49 bulls, presenting a calculated Estimated Progeny Difference
(EPD), was used. These animals were genotyped on the BovineHD
BeadChip® (HD) platform, and included 30 females (21 Canchim and 9
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MA) and 27 males (11 Canchim and 16 MA).

2.3. Quality control and imputation

Only single nucleotide polymorphisms (SNP) with known genomic
coordinates from autosomal chromosomes were considered as quality
controls for the genomic data. At this stage, each data set was analyzed
separately. The following exclusion criteria and thresholds were used:
genotypes with Genotype Calling Scores below 50%, samples and SNPs
with call rates below 95%, minimum allele frequency (MAF) of 5% of
samples with heterozygosis > 75%, and the P-value for the chi-square
test for Hardy-Weinberg equilibrium < 0.000001. Additionally, the
SNPs located in the same genomic coordinates with the lowest MAF and
the SNP pairs with correlation values above 0.98 and lowest MAF were
excluded. The defined exclusion criteria and thresholds were applied
using scripts in the statistical software R v.3.1.3 (R Development Core
Team, 2013), using the package snpStats v1.16.0 (Clayton, 2012).

Imputation was performed using the FImpute software v.2.2.
(Sargolzaei et al., 2014), following the method described by Santiago
et al. (2017). After imputation, the genomic data underwent a new
quality control check and only the markers with accuracy above 95%,
MAF above 5% and P-value < 0.000001 for the chi-square test for
Hardy-Weinberg equilibrium were retained for further analyses. SNPs
with lower MAF values among the highly correlated pairs of SNPs
(> 0.98) were also excluded.

2.4. Genome Wide Association Study (GWAS)

GWAS was conducted on the Linux operating system, using the
Bayes B method from the GenSel v.1.14 software (Fernando and
Garrick, 2008), which uses a Monte Carlo simulation via Markov chains
to estimate the effect of the markers.

The genotypes and the dEBV data were simultaneously analyzed,
and only the animals for which both the information was available were
used in the study. Thus, 697 animals (each with genotype and dEBV
information) remained after quality control checks, and were analyzed
for navel length, coat and SC traits.

The Markov chains included 50,000 iterations, of which the first
10,000 were discarded in the burn-in. Estimates of marker effects were
sampled after every four iterations. Therefore, the a posteriori dis-
tribution of the marker effects was inferred from 10,000 of total
iterations. The value of m (proportion of the markers to have a zero
effect) used a priori in Bayes B was obtained through the Bayes Crnt
methodology, using the a priori values of 0.5 (Habier et al., 2011). The
model used was described by Kizilkaya et al. (2010):

k
Ei:l zia;0; + eji

Where y is a vector of dEBVs; k is the total number of markers; z; is the
vector of genotypes of the fitted SNP;, coded — 10, 0 and 10 (codifi-
cation required by the GenSel software) for genotypes AA, AB and BB,
respectively; a; is the vector of allelic substitution for SNP; assumed a
zero effect with probability 5 or a non-zero effect with probability 1-;
J; indicates if SNP i is included in (6; = 1) or excluded (6; = 0) from the
analyses; and e is the vector of residuals effects of animals ji.
Windows with multiple markers capture a large part of the variance
within the chromosomal regions (Saatchi et al., 2012). Therefore, genes
and genomic regions that are candidate associated with length navel,
coat and SC were identified using windows of size 1 Mb (1 million base
pairs) non-overlapping (2521 windows) assuming an equal contribution
for genetic variance (Schurink et al., 2012). The effect of the variance
explained by each window was estimated using the GenSel software.
The proportion of the estimated additive genetic variance expected
for a specific window was calculated according to Onteru et al. (2013),
where 100% / 2521 resulted in 0.039%. Thus, windows that explained
at least 0.19% of the genetic variance, which is five times higher than

Vi =
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expected (0.039% *5 = 0.19%), were considered as regions associated
with the quantitative trait loci (QTLs). The effect of the markers was
standardized according to suggested by Sollero et al. (2014).

2.5. Functional enrichment

The significant windows detected by GWAS were assessed using the
CattleQTLdb database (Hu et al., 2006) to recognize loci affecting pre-
viously described quantitative traits in cattle. These regions were also
looked up in the BioMart tool (Ensembl Release 89) (Kinsella et al.,
2011) using the annotation of the bovine genome UMD3.1 to find out
the candidate genes. Available literature was searched to find out the
previously described associations between the studied characteristics
and the genes detected by GWAS.

The detected genes were subjected to a functional analysis, using
the software DAVID Bioinformatics Resources 6.8 (Dennis et al., 2003)
with the objective of classifying the genes into functional categories.
Information on the orthologous genes of humans was also included in
this search, due to the superior genome annotation ability of human
genome.

3. Results

GWAS pointed out 31 regions associated with navel length, one
region associated with coat and four regions associated with SC traits
(Supplementary Fig. S1). Due to the high number of regions identified
by the genomic analysis for navel length only the 10 most significant
regions were used in the functional analysis (Supplementary Material,
Table S1).

The search for QTLs in the CattleQTLdb database showed 111 QTLs —
68 for navel length, 4 for coat and 39 for SC traits (available in the
Supplementary Material, Table S2). Out of the 111 QTLs identified, the
QTLs whose association with the studied characteristics has been de-
scribed by previous researches are listed in Table 1.

The most promising genomic regions associated with navel length
were located on chromosome 5. No specific loci for navel length were
identified in the CattleQTLdb database, but QTLs for correlated traits,
namely, coat coloration and reproductive traits, were identified. The
QTLs identified for SC trait were associated with reproduction in males
and females. In addition, QTLs unrelated to pelage characteristics, but
related to milk production, body size and shear force were detected in
the windows associated with coat characteristics.

Upon referring the Ensembl database to identify significant regions,
88 genes associated with navel length, two with coat, and 37 with SC
traits were identified (Supplementary Material, Table S3). These can-
didate genes were searched for in the available literature. References of
eleven genes were found in connection with biological functions related
to the selected traits; seven for navel length, one for coat and three for
SC traits. These genes are listed in Table 2.

The genes TMEM176A and TMEM176B are likely candidates for

Table 1

Accession number of quantitative traits loci positioned in chromosome regions that
showed association with length navel and scrotal circumference, and then have any re-
lationship described by previous researches with the traits studied.

Traits QTLs" BTA” Accession number®
Navel Coat coloring 5 37341
Fertility rate 5 62357
Scrotal Circumference  Daughter pregnancy rate 8 43818
Calving ease 8 43825
Inseminations per 12 15276
conception
sperm counts 1 65823

@ Quantitative trait loci.
b Bovine Chromosome.
¢ Accession number at the Cattle QTLdb.
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association with navel length, are orthologous in humans, and con-
stitute the Androgen Induced 1 cluster (AIG1, Id: GO:0005525). No re-
lationships were identified between the candidate genes and the clus-
ters for coat and SC traits.

4. Discussion

The fertility-rate related QTL, present in one of the regions asso-
ciated with the navel length phenotype, is associated with bovine re-
production, corroborating findings that highlight the importance of
navel length for reproductive aspects in bulls (Windeyer et al., 2014).
This is due to the hereditary factors that predispose animals with
elongated and pendulous navels to experience preputial prolapse
(Koury Filho et al., 2003).

The prepuce is a part of the external genitalia of bulls, is composed
externally of skin and internally of muscles, preputial cavities and se-
cretory glands. The prepuce becomes susceptible to diseases when it is
elongated, thereby hindering or disabling intercourse and causing loss
of libido in the animals. These problems lead to low reproductive effi-
ciency of the herd and to economic losses (Koury Filho et al., 2003;
Rabelo et al., 2012).

Based on the previously established relationship between lengths of
the navel and prepuce the NOS3 gene, considered a likely candidate for
association with navel traits, was identified in the dermal microvascular
endothelial cells of the neonatal prepuce. These cells are involved in
various physiological and pathological processes of the skin, among
which are the activities linked with immunity, tissue aging and angio-
genesis during healing (Cha et al., 2005; McGowan et al., 2002).

Problems created by elongated navels affect mostly bulls, since they
are more susceptible to diseases caused by contact of the navel with the
grass. In addition, elongated navels, because of their connection with
the prepuce, may alter the reproductive performances of the bulls.
However, the high correlation between the navel phenotype in bulls
and dams (0.80) suggests that selecting for navel lengths in heifers af-
fects the navel lengths of bulls (Koury Filho et al., 2003).

The genes IGSF5 and DDX25, in chromosomal regions associated
with navel length, were also related to reproductive aspects. Gene ex-
pression studies using rats identified the gene IGSF5 as being associated
with infertility. It is expressed in the mesonephron and is necessary for
the formation of the sperm producing seminiferous tubules in the testes
(Gitton et al., 2002).

The gene DDX25 is present in the testicular cells of rodents and its
expression is essential for the fertility of mice. However, the metabolic
pathways involved in the expression of this gene remain largely un-
explored (Tsai-Morris et al., 2007).

Navel length and coat are important physical traits influencing the
adaptation of cattle to the temperate climate and prevailing pasture
regime in Brazil. Therefore, knowledge of the common genomic regions
that affect the expression of these phenotypes can be used to improve
both traits simultaneously (Corbet et al., 2007). GWAS detected a QTL
on chromosome 5 which is related to the coat phenotype. Porto-Neto
et al. (2014) reported in the Brahman breed of cattle close association
between the two characters, navel length and coat, both coded for
genes located on chromosome 5.

The gene WIFI, likely associated with the traits of the navel, was
detected in the expression analysis and is related with the amount of fur
in rats. This gene is present in BTA 5 and interacts with bone mor-
phogenetic proteins involved in forming and determining the size of
hair follicles (Sharov et al., 2006).

The genes TMEM176A and TMEM176B are expressed in cells asso-
ciated with the immune system. Defects in the transcription of these
genes increase the incidences of skin inflammation, such as psoriasis, in
humans (Drujont et al., 2016).

The expression of the PKIB gene detected in genome-wide associa-
tion studies in bovines, has been related to the aspects of adaptation in
tropical regions, since it was not identified in individuals from any



A.R. da Silva Romero et al.

Table 2
Candidate genes with biological functions associated with the traits studied.
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Gene Phenotype Chromosome Function Gene name

IGSF5 Navel 1 Reproduction immunoglobulin superfamily member 5
NOS3 Navel 4 Foreskin nitric oxide synthase 3
TMEM176A Navel 4 Skin transmembrane protein 176A
TMEM176B Navel 4 Skin transmembrane protein 176B
WIF1 Navel 5 coat WNT inhibitory factor 1
PKIB Navel 9 Adaptation Proteina kinase

DDX25 Navel 29 Reproduction DEAD-box helicase 25
NTNG1 Coat 3 Coat Netrin G1

BRCA2 SC 12 Reproduction DNA repair associated
LOXL1 SC 21 Reproduction lysyl oxidase like 1

GZMB SC 21 Reproduction granzyme B

other region. This difference in expression was attributed to the re-
gional differences in selective pressures influencing mammalian sur-
vival (Amorim et al., 2015; Chung et al., 2009).

Available literature did not report any corresponding quantitative
loci for the region that was pointed out by GWAS to be associated with
coat traits. However, this region may be considered for QTL analysis to
detect the presence of the NTNG1 gene, which has been associated with
coat traits in this and other studies; there is, therefore, a need to carry
out further studies on this region. The candidate gene NTNGI was
confirmed as differentially important for influencing the smoothness or
curliness of sheep's coat (Kang et al., 2013). Coat morphology is im-
portant for the adaptation of the animal to the environment, because it
affects heat exchange between the body and the environment by in-
fluencing thermal insulation, efficiency of evaporative thermolysis
(thermoregulation that ensures heat loss in the animals) and associated
thermoregulatory characteristics. The size and number of the sweat
glands are among the thermoregulatory attributes associated with coat
and are of particular importance in warm environments for short and
smooth haired animals (Barnabe, 1975; Li et al., 2014; Nicolau et al.,
2004).

Bovine coat traits are related to the incidences of tick infestations,
since animals that undergo either heat- or cold-stress, have a reduced
resistance caused by the release of adrenocorticotrophic hormone
(ACTH). It is important to highlight that ACTH also triggers reactions
that alter or inhibit the secretion of gonadotrophic hormones, causing
infertility or low reproductive efficiency (Tsuma et al., 1997).

The QTLs and genes that influence the pregnancy rate in the female
progeny ease of delivery and chances of conception following in-
semination were detected in the regions likely associated with the SC
traits. These results corroborate the findings from previous studies that
establish the relationship between SC characteristics and reproductive
traits in females. The correlation between the SC traits and the amount
of sperm produced further establishes the association of these char-
acteristics with the reproductive capacity of bulls, thereby corrobor-
ating the results obtained in this study (Silva et al., 2001).

There are controversies in the selection of heifers through the results
obtained by breeding on bulls. However, correlation studies between
scrotal circumference and reproductive traits in offspring provided sa-
tisfactory estimates. These results show the possibility of considering SC
traits as an indicator of desirable reproductive traits in females
(daughters). For example, the age of puberty showed a correlation of
— 0.70 with SC characteristics. This negative correlation is desirable; it
indicates that the bigger the SC of the bulls, the lower will be the age at
which their daughters will enter puberty (Santana et al., 2014).

BRCAZ2 is one of the genes present in the regions pointed out by
GWAS for possible association with SC traits and mutations in this gene
are connected with the development of breast, ovary and prostate
cancers in humans (Fortuny et al., 2008).

The gene LOXL1 encodes a protein involved in the formation of
elastic fibers, and is important to understand mechanisms related to
pelvic organ prolapse. Mutations in this gene cause vaginal descent and
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prolapse of the uterus, bladder and rectum by lowering the pelvic floor
musculature in rats and primates (Consonni et al., 2012). In bulls,
mutations in this gene were found to be associated with decreased
testicular protrusion (including perineal protrusion), under-developed
scrotal morphology, reduced anogenital distance, poorly palpable or
nonpalpable testicles and reduced sperm concentration. Previous re-
searchers have linked the gene LOXL1I to fertility in rats (Wood et al.,
2009).

The candidate gene GZMB is associated with successful pregnancy
in rats. Changes in this gene have been reported to cause low fertility by
making implantation of the embryo in the uterus difficult (Nuno-Ayala
et al., 2012). The expression of the GZMB gene was also detected in the
equine endometrium and its importance in establishing pregnancy was
recognized (Tachibana et al., 2013).

The relationships between the candidate genes (associated with
navel length, coat and SC traits) in the gene networks and the gene
clusters were investigated. For this search, were used orthologous genes
mapped in humans. Human genome information was used because
humans are the only mammalian species with the best annotated
genome (Monaco et al., 2015).

The genes TMEM176A and TMEM176B are likely candidates for
association with navel length traits, are orthologous in humans and
constitute the Androgen Induced 1 cluster (AIG1, Id: GO:0005525).
Genes belonging to this cluster have been related with prostate cancer
because of their important role in regulating apoptosis and maintaining
the cell cycle (Levina et al., 2015). The absence of any detected re-
lationship between the genes identified for coat- and SC traits with the
gene clusters is probably because these genes act independently.

5. Conclusions

Loci and candidate genes previously described in the literature were
detected in this study through GWAS analyses, with a function related
to the studied traits. It contributes to reinforcing the signs of association
with length navel, coat and scrotal circumference. This knowledge may
contribute to the understanding of the genetic architecture involved in
the expression of these traits.

Furthermore, our results can act to collaborating to direct future
genetic validation studies, gene introgression and contribute to include
information concerning molecular markers in genetic evaluation of
animal improvement programs.
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