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Abstract
Growth traits are economically important characteristics for the genetic improvement of local cattle breeds. Genome-wide 
association studies (GWAS) provide valuable information to enhance the understanding on the genetics of complex traits. 
The aim of this study was to perform a GWAS to identify genomic regions and genes associated to birth weight, weaning 
weight adjusted for 240 days, 16 months, and 24 months weight in Romosinuano (ROMO) and Blanco Orejinegro (BON) 
cattle. A single-step genomic-BLUP was implemented using 596 BON and 569 ROMO individuals that were genotyped 
with an Illumina BovineSNP50 BeadChip. There were 25 regions of interest identified on different chromosomes, with 
few of them simultaneously associated with two or more growth traits and some were common to both breeds. The gene 
mapping allowed to find 173 annotations on these regions, from which 49 represent potential candidate genes with known 
growth-related functions in cattle and other species. Among the regions that were associated with several growth traits, that 
at 24 – 27 MB of BTA14, has important candidate genes such as LYPLA1, XKR4, TMEM68 and PLAG1. Another region 
of interest at 0.40–0.77 Mb of BTA23 was identified in both breeds, containing KHDRBS2 as a potential candidate gene 
influencing body weight. Future studies targeting these regions could provide more knowledge to uncover the genetic archi-
tecture underlying growth traits in BON and ROMO cattle. The genomic regions and genes identified in this study could be 
used to improve the prediction of genetic merit for growth traits in these creole cattle breeds.

Keywords  Colombian cattle breeds · Birth weight · Postnatal growth · Weaning weight · Single nucleotide polymorphism 
(SNP) · Quantitative trait loci (QTL)

Introduction

Growth traits are commonly used as a selection criterion 
for the genetic improvement of beef cattle, due to its asso-
ciation with beef production and slaughter age, which have 
great economic importance for farmers and the food industry 
(Barwick and Henzell, 2005; Doran et al., 2014). Growth 
traits regularly used for selection are those measurements of 
body weight that can be recorded from birth and throughout 
the life of the animal (Buzanskas et al., 2014). Generally, 
heritability and genetic correlation coefficients for growth 
traits are medium to high (Baldi et al., 2010; Gaviolli et al., 
2012; Ossa et al., 2014). Therefore, selection based on the 

genetic merit for these traits and applied over multiple gen-
erations has been effective to increase the postnatal growth 
in most beef cattle breeds (Bennett et al., 2008; MacNeil, 
2003; MacNeil et al., 1998). However, the genetic progress 
of such traits can be accelerated if DNA polymorphisms 
responsible of the genetic variation in birth weight and post-
natal growth are determined and included in the estimation 
of the animals genetic merit (Dekkers, 2012; Meuwissen 
et al., 2001; VanRaden, 2020).

In recent years, whole-genome sequencing technologies 
allowed the identification of a large number of variations 
in the animals DNA, mainly single nucleotide polymor-
phisms (SNP) (Zhang et al., 2012). Both the availability of 
high-throughput genotyping of SNPs, such as high-density 
micro-arrays (Matukumalli et al., 2009; Van Tassell et al., 
2008), and the improvement of statistical methods for 
genomic analysis (Nicolazzi et al., 2015) contributed to 
the development of a new methodology for searching can-
didate genes, known as genome-wide association studies 
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(GWAS) (Hayes and Goddard, 2010; Hirschhorn and Daly, 
2005; Zhang et al., 2012). In GWAS, the information of 
thousands of SNPs distributed uniformly throughout the 
genome is used, together with the animals’ phenotypes 
and pedigree information, to perform association analy-
sis and identify genes or regulatory elements involved in 
the control of traits of economic importance (Chan et al., 
2009; Goddard and Hayes, 2009). This methodology has 
become the method of choice to study the genetic mecha-
nisms that control the expression of complex quantitative 
traits (MacLeod et al., 2010; Zhang et al., 2012). Imputa-
tion of missing genotypes is important to join data from 
animals genotyped on different SNP panels, which might 
occur due to the availability of different technologies or for 
economic reasons (Druet et al., 2010). Procedures to infer 
or to impute SNPs from high density genotyping chips for 
animals that are genotyped with lower density chips have 
been developed (Piccoli et al., 2014).

In recent decades, Colombia has made substantial 
efforts on the conservation of its animal genetic resources 
to ensure the adaptability of livestock production systems 
(González et al., 2020; Jimenez et al., 2021). To promote 
the use of local cattle breeds in beef farms and to improve 
their growth traits, a genetic breeding program was set up. 
Currently, studies are being conducted on the applicability 
of genomic data to improve the accuracy of the selection 
process in Colombian creole cattle populations (Burgos-
Paz and Martinéz, 2019; Toro et al., 2020), and genome-
wide association studies (GWAS) provide valuable infor-
mation to enhance the understanding on the genetics of 
complex traits as growth, which could increase selection 
response to obtain animals with rapid growth at early ages 
(An et al., 2020; Igoshin et al., 2019; Seabury et al., 2017; 
Smith et al., 2019).

The objective of the present study was to perform a 
GWAS to identify genomic regions and genes that might 
affect birth weight, weaning weight, 16-month weight, and 
24-month weight in the Colombian creole cattle breeds 
Romosinuano (ROMO) and Blanco Orejinegro (BON).

Materials and methods

Animals and phenotypes  A genealogical database of 7078 
ROMO and 8255 BON individuals was used, including 4063 
ROMO and 3922 BON with productive records for one or 
more of the following traits: birth weight (BW), wean-
ing weight adjusted for 240 days of age (WW), weight at 
16 months (16mW), and weight at 24 months (24mW). Both 
genealogy and phenotypes were retrieved from the databases 
of the Colombian national animal germplasm bank. ROMO 
individuals were kept in the Turipaná research center located 
in the valley of the Sinú river in Cereté, Córdoba, Colombia 
(Caribbean region), with an average temperature of 27.5 °C, 

relative humidity of 83%, and an annual precipitation of 
1200 mm, distributed in a low precipitation season from 
December to March and another period of high precipita-
tion from April to November. ROMO cattle were fed with 
a mixture of Dichanthium aristatum (angleton grass), Meg-
athyrsus maximus (guinea grass) and Cynodon spp. (star-
grass). BON individuals were kept in the El Nus research 
center located in San Roque, Antioquia, Colombia (Andean 
region), with an annual average temperatures between 18 
and 24 °C and a bimodal rainfall regime. BON cattle were 
fed with a mixture of Brachiaria decumbens (signal grass), 
Brachiaria brizantha (palisade grass), and Cynodon plecto-
stachyus (giant star grass).

Genotyping and quality control  Blood (germplasm bank 
in vivo) and semen (germplasm bank in vitro) samples 
were collected, and DNA extraction was carried out in the 
molecular genetics’ laboratory of AGROSAVIA, employ-
ing a commercial kit (MoBio Laboratories Inc., CA, USA). 
The concentration (≥ 50 ng/ml) and integrity (ratio = 1.8) of 
the DNA was evaluated in a NanoDrop 2000®. A total of 
596 BON and 569 ROMO cattle were genotyped for 52784 
polymorphisms. This information was obtained from two 
different SNP panels of high density, the BovineSNP50K_v2 
(Illumina Inc., 2016), which includes 54609 SNPs and the 
BeadChip IlluminaSNP7K that includes 6909 SNP (Illumina 
Inc. 2016). The BovineSNP50K_v2 (50 K) was used for 
genotyping 866 animals, which had both phenotypes and 
genealogical information, while the IlluminaSNP7K (7 K) 
was used for genotyping 299 animals, mainly offspring with 
phenotypic information.

Quality control procedures were carried out with PLINK 
software v1.9 (Purcell et al., 2007) as follows. First, animals 
with > 10% missing genotypes or an SNP Mendelian error 
rate > 2% were removed. Then, SNPs with a call rate < 90%, 
a minor allele frequency < 1%, and a Hardy–Weinberg equi-
librium test P value < 0.01 were removed. After QC proce-
dures, 40,555 SNPs in BON and 40,421 SNPs in ROMO 
were available for GWAS.

Imputation of genotypes  Because two genotyping panels of 
different SNP density were employed, there were large frac-
tions of missing genotypes for individuals genotyped with 
the low-density chip (7 K) after combining both data sets. 
Therefore, genotypes of SNPs included in the high density 
chip (BovineSNP50_v2) were imputed for all animals geno-
typed with the low-density panel (IlluminaSNP7K), using 
the FImpute software (Sargolzaei et al., 2014).

Population structure  A principal component analysis (PCA) 
was used to examine the genetic structure of the two popula-
tions. The PCA was performed using a genomic identity-by-
state (IBS) relationship matrix.
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Model and computing  A single-step genomic association 
study (ssGWAS) was performed, which is an alternative 
approach for association analyses proposed by Wang et al. 
(2012), based on the method of single step genomic-BLUP 
(ssBLUP) (Aguilar et al., 2010; Misztal et al., 2013). The 
model considered additive genetic relationships between 
the individuals, combining pedigree and genomic infor-
mation into the H matrix (Aguilar et al., 2010; Legarra 
et al., 2009). The inverse of the matrix H is constructed by 
combining the inverse of the SNP-derived genomic matrix 
(G) and the pedigree numerator relationship matrix (A), 
as follows:

where A−1 22 is the inverse of the numerator relationship 
matrix for the genotyped individuals and G is a matrix of 
genomic relationships. The matrix G was constructed 
weighting each marker contribution by its expected variance, 
according to the methodology described by VanRaden 
(2008), with G = ZDZ', where D is a diagonal matrix with 
elements containing the inverse of the expected marker vari-
ance Dii =

1

m[2pi(1−pi)]
 and Z is the marker incidence matrix 

containing genotypes (0, 1 or 2) corrected by allele fre-
quency (VanRaden, 2008).

The H−1 matrix was replaced within the mixed model equa-
tion, and an animal model was implemented for each breed 
and trait including the fixed effects of sex, year, and season 
birth (rainy and dry) and the random effects of animal direct 
additive genetic, maternal additive genetic, maternal perma-
nent environment (only for BW and WW), and residual vari-
ance, which were all set in the following mixed linear model:

where Y is the vector of observations for the respective 
trait evaluated, 1 is all-ones vector, µ is the overall mean 
for the phenotypic records, β is a vector of fixed effects, X 
is the corresponding incidence matrix for the fixed effects, 
a is the vector of direct additive genetic effects assuming a
~N(0, Hσ2

a), where H represents the additive relationship 
matrix that combines pedigree and genomic information, 
Za is the incidence matrix for the animal additive genetic 
random effect and e is a vector of residual random effects 
with ~ N(0, Iσ2

e). The variance–covariance structure of the 
additive genetic effects was Var(animal) = H�2

a
 , where H is a 

matrix of additive genomic relationships among individuals 
built from SNPs data combined with pedigree data and �2

a
 is 

the additive genetic variance.
Variance components were estimated by REML based 

on all the individuals in the pedigree (Thompson and 

H−1
= A−1

+

[

0 0

0 G−1
− A−1

22

]

Y = 1� + X� + Zaa + e

Mäntysaari, 1999). All analyses for REML, BLUP, and 
ssGWAS were performed using the BLUPF90 software 
(Aguilar et al., 2011; Misztal et al., 2002). PREGSF90 and 
POSTGSF90 packages were used to perform the ssGWAS 
for each trait. Candidate regions associated with BW, WW, 
16mW, and 24mW in each breed were identified based on 
the amount of genetic variance explained by windows of 4 
adjacent SNPs evaluated across the entire bovine genome. 
After obtaining the genomic estimated breeding values 
(GEBVs), the SNP effects were estimated as:

where u ̂ is the vector of SNP marker effects, D is a diagonal 
matrix of weights of SNPs, Z is a matrix related to the geno-
types of each locus for each individual, and âg is the vector 
of GEBVs for animals with genotype (Wang et al., 2012). 
The percentage of genetic variance explained by windows 
of nth adjacent SNPs was calculated as:

where ai is the genetic value of the i-th genomic region that 
consists of 4 adjacent SNPs, �2

a
 is the total genetic variance, 

Zj is vector of gene content of the j-th SNP for all individu-
als, and ûj is marker effect of the j-th SNP within the i-th 
region. GWAS results were plotted with qqman package 
included in R to build Manhattan plots (Turner, 2014).

û = DZ�
[

ZDZ�
]−1

âg

Var(ai)

a2
a

x100% =

Var(
∑4

j=1
Zjûj)

𝜎2

a

× 100%

Fig. 1   PCA derived from the genomic identity-by-state (IBS) rela-
tionship matrix
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Gene mapping and in silico functional analyses  We selected 
the windows explaining the largest amount of genetic vari-
ance (≥ 0.15%) to find the surrounding genes within 500 kb. 
Based on the starting and ending coordinates of the win-
dows, gene annotations were obtained using the genome 
databanks National Center for Biotechnology Information 
(NCBI, 2019) and Ensembl Genome Browser (Ensembl, 
2019). The functional analysis of the mapped genes was 
conducted via the website of UniProt (2019) and GeneCards 
(2019) to verify the biological function of these genes and 
their possible relation to growth traits and when no informa-
tion was available for the Bos taurus genes, annotations from 
human, rat, or mouse orthologs were used to proceed with 
the in silico functional analyses. AnimalQTLdb (2019) was 
accessed to verify the previous QTL reported for growth 
traits in the regions of interest.

Results

The results of the PCA show that the first principal compo-
nent (PC) explains 8.44% of the total variation and clearly 
separates the BON breed (black) from the ROMO breed 
(blue), while the second PC explains only the 1.25% of the 
variance (Fig. 1). The spatial distribution of the animals 
assigned to each breed indicates that they are genetically 
close populations, which have a definite genetic structure, 
with little dispersion within each breed; this suggests that 
stratification within the evaluated populations is low.

In this study, the windows of 4 adjacent SNPs that 
accounted for more than 0.15% of the genetic variance were 
used to search for putative candidate genes (PCG), which are 
represented in Table 1 and Table 2. A total of 49 genomic 
regions were identified through ssGWAS, which explained 

Table 1   Genomic regions 
associated with BW, WW, 
16mW, and 24mW in ROMO 
cattle

a Window that consists of 4 continuous SNPs
b Positional and functional/putative candidate gene
c No PCG associated with the trait
d Regions that accounted for ≥ 0.15% of the genetic variance

QTL position Variance explained (%) SNP windowa PCGb

BTA QTL window (Mb) BW WW 16mW 24mW

2 04.13–04.24 0.16 MSTN
2 108.79–108.87 0.17 IGFBP2, IGFBP5
2 78.30–78.41 0.23 -c

3 87.81–87.90 0.16 MYSM1, TACSTD2, OMA1
4 20.40–20.51 0.3 0.25 TMEM106B
4 39.12–39.28 0.15 0.17 HGF, CACNA2D1
4 91.13–91.23 0.28 LEP, GRM8
5 02.10–02.19 0.15 TRHDE
5 06.46–06.55 0.17 CSRP2
5 10.51–10.66 0.17 Myf5, Myf6
5 18.00–18.08 0.41 0.43 0.45 KITLG, TMTC3
9 24.94–25.06 0.27 -
9 86.79–86.88 0.18 -
11 02.11–02.20 0.16 ENSBTAG00000011553
11 59.31–59.42 0.24 0.17 -
13 19.94–20.01 0.16 NPR1
13 22.06–22.21 0.15 PNR1
13 28.09–28.19 0.17 MCM10, UCMA
13 28.10–28.18 0.27 MCM10, UCMA
14 24.52–24.64 0.58 0.52 0.25 XKR4, TMEM68, PLAG1
15 10.51–10.70 0.15 -
19 14.92–15.06 0.2 Gas2L2
19 15.00–15.11 0.24 Gas2L2
23 00.40–00.76 0.15 0.24 0.21 KHDRBS2 (SLM1)
23 14.17–14.25 0.15 0.17 -
26 08.22–08.36 0.15 PRKG1
# Regions of interestd 5 8 12 11
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more than 0.15% of the genetic variance for one or more of 
the four growth traits analyzed in both BON and ROMO cattle.

The results of the ssGWAS are shown in Fig. 2 and in Fig. 3 
(Manhattan plots), where the proportion of genetic variance 
(%gVar) explained by windows of 4 adjacent SNPs is shown 
graphically for BW, WW, 16mW, and 24mW in ROMO and 
BON, respectively. In the Manhattan plots, the chromosomes 
are differentiated by colors, and the SNPs are represented by 
individual points, with a spatial distribution that depends on 
the %gVar explained by the 4-adjacent SNPs that make up each 
window (Y-axis) and the position that SNP occupies in pairs of 
bases (bp) within each chromosome (X-axis).

The details of the regions of interest identified in 
the ssGWAS are presented in Table 1 and Table 2. Five 
genomic regions that explain more than 0.15% of the gVar 
for BW in ROMO were located on BTA4, BTA5 and BTA26 
(Fig. 2a). Most of the 12 regions associated with BW in 

BON are located on BTA14 and some on BTA3 and BTA6 
(Fig. 3a). For WW, eight regions were found associated in 
ROMO, on BTA3, BTA4, BTA5, BTA11, BTA14, BTA15, 
and BTA23 (Fig. 2b), and four regions in BON, on BTA6, 
BTA14, BTA23, and BTA25 (Fig. 3b). Moreover, 12 regions 
across nine different chromosomes (BTA2, BTA4, BTA5, 
BTA9, BTA11, BTA13, BTA14, BTA19, and BTA23) were 
associated with 16mW in ROMO (Fig. 2c), and 6 regions 
were associated with this trait in BON, on BTA4, BTA11, 
BTA14, BTA20, and BTA23 (Fig. 3c). Finally, the ssGWAS 
showed 11 regions associated with 24mW in ROMO, on 
BTA2, BTA5, BTA9, BTA11, BTA13, BTA14, BTA19, 
and BTA23 (Fig. 2d), and 6 associated regions for this trait 
in BON on BTA5, BTA11, BTA16, BTA20, BTA25, and 
BTA27 (Fig. 3d).

Some genomic regions were simultaneously associ-
ated with two or more growth traits and in some cases 

Table 2   Genomic regions 
associated with BW, WW, 
16mW, and 24mW evaluated in 
BON cattle

a Window that consists of 4 continuous SNPs
b Positional and functional/putative candidate gene
c No PCG associated with the trait
d Regions that accounted for ≥ 0.15% of the genetic variance

QTL position Variance explained (%) SNP windowa PCGb

BTA QTL window (Mb) BW WW 16mW 24mW

3 79.48–79.58 0.19 LEPR
4 92.05–92.18 0.18 LEP, GRM8, PAX4
5 40.51–40.58 0.21 CNTN1
6 67.17–67.24 0.2 GABRA4, GABRA1
6 82.48–82.61 0.15 -c

11 20.78–20.90 0.15 -
11 70.83–71.09 0.15 SPDYA, PPP1CB, FOSL2
14 08.11–08.24 0.16 ZFAT, TG
14 11.74–11.85 0.16 TG
14 19.38–19.49 0.24 -
14 21.34–21.45 0.16 PRKDC, MCM4, SNAI2
14 21.66–21.87 0.22 -
14 23.82–23.95 0.15 SOX17, LYPLA1
14 26.45–26.54 0.18 -
14 26.71–26.84 0.18 PLAG1
14 26.87–26.95 0.26 PLAG1
14 27.23–27.32 0.36 0.22 0.17 PLAG1
14 43.90–44.03 0.2 PKIA
16 20.05–20.13 0.26 -
20 34.31–34.39 0.19 GHR
20 44.45–44.55 0.24 -
23 00.40–00.76 0.22 0.42 KHDRBS2 (SLM1)
25 03.62–03.70 0.16 MGRN1
25 40.41–40.55 0.17 -
27 21.47–21.58 0.16 SGCZ
# Regions of interestd 12 4 6 6
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were common to both breeds. Chromosomal regions with 
simultaneous effect for several traits were more frequent in 
ROMO (Table 1), for example, two regions in BTA4 were 
simultaneously associated with WW and 16mW. The first 
region (20.39–20.51 Mb) explains the 0.3% and 0.25% of 
the gVar of these two characteristics, respectively, and the 
second region (39.12–39.29 Mb) explains the 0.15% of the 
gVar of WW and the 0.17% of the gVar of 16mW. Also, a 
region on BTA5 (17.99–18.08 MB) had common effect on 
WW (0.43% gVar), 16mW (0.45% gVar), and 24mW (0.41% 
gVar). Likewise, a region on BTA11 (59.31–59.43 Mb) 
showed a common effect on WW (0.24% gVar) and 16mW 
(0.17% gVar), while that at 28.09–28.19 Mb of BTA13 
explained 0.17% gVar of 16mW and 0.27% gVar of 24mW.

Multiple regions associated with several growth traits were 
found in chromosome 14. Interestingly, eight regions associated 
with BW in BON were very close to each other at 19.3–27.3 Mb 
of BTA14. Another region at 27.23–27.33 Mb of BTA14 in 
BON showed an important effect on BW (0.37% gVar), WW 
(0.22% gVar), 16mW (0.15% gVar), and 24mW (0.1% gVar). 
Close to this location on BTA14 (24.52–24.65 Mb), but in 
ROMO, another region was highly associated with WW (0.57% 
gVar), 16mW (0.52% gVar), and 24mW (0.25% GVar) (Fig. 3).

A particularly interesting region at 0.44–0.77 MB of 
BTA23 was associated with the genetic variation of sev-
eral growth traits in both breeds. In ROMO, this region was 
associated with WW (0.15% gVar), 16mW (0.24 gVar), 
and 24mW (0.21% gVar) (Fig. 2). In BON, the same region 
showed a significant effect on WW (0.22% gVar), 16mW 
(0.42% gVar), and 24mW (0.10% gVar) (Fig. 3). Addition-
ally, the region at 14.17–14.25 MB of BTA23 was simul-
taneously associated with 16mW (0.15% gVar) and 24mW 
(0.16% gVar) but only in ROMO cattle.

After performing the gene mapping for all regions of inter-
est identified in both breeds (Fig. 2 and Fig. 3), a total of 173 
annotations were found, some of them with known functions, 
including 53 possible positional and functional candidate genes 
that have a function directly or indirectly related to the regula-
tion of growth in cattle and other species (Tables 1 and 2).

Discussion

These results are consistent with other genome-wide asso-
ciation studies, which have identified a common region on 
BTA14, between 20 and 30 Mb, containing SNPs associ-
ated with productive traits such as age at puberty in males 

and females, serum levels of insulin-like growth factor 
type I (IGF-I), weight at different ages, hip height, and 
deposition fat in Brahman cattle (B. indicus) and composite 
tropical breeds (Fortes et al., 2012; Hawken et al., 2012). 
This region on BTA14 was found to be associated with fat 
deposition phenotypes, evaluated after slaughter, in studies 
that included B. taurus cattle, B. indicus, composite tropi-
cal breeds, and cross-bred animals (B. indicus/B. taurus) 
(Bolormaa et al., 2011a, 2011b; Porto Neto et al., 2012). 
Other studies have found this same BTA14 region associated 
with height, size, and weight at different ages in popula-
tions of dairy cattle B. taurus (Karim et al., 2011; Littlejohn 
et al., 2011) and in a population of Japanese black cattle 
(Nishimura et al., 2012). Also, Lindholm-Perry et al. (2012a, 
2012b) and Snelling et al. (2011) have reported that SNPs 
in this region were associated with other important traits 
such as food intake, residual feed intake, and the average 
daily gain. This suggests that one or more mutations located 
between 20 to 30 MB in the BTA14 could have pleiotropic 
effects on different productive traits in cattle (Fortes et al., 
2013).

Most of the potential candidate genes found in 
BTA14 such as PLAG1 (14:25.00–25.05  MB), SNAI2 
(14:21.57–21.58 Mb), SOX17 (14:23.88–23.89 Mb), and 
LYPLA1 (14:23.65–23.67) are involved in replication pro-
cesses, differentiation, and cell function. Some polymor-
phisms in PLAG1 have been linked to growth, development, 
and carcass traits in different cattle breeds, suggesting its pos-
sible pleiotropic effect (An et al., 2019; Fortes et al., 2013; 
Hoshiba et al., 2013; Karim et al., 2011; Littlejohn et al., 
2011; Zhang et al., 2019). SNAI2 is involved in various devel-
opmental and physiological mechanisms (Hemavathy et al., 
2000), like the maturation of osteoblasts (Piva et al., 2011). 
SOX17 participates in endoderm and vascular development 
(Kanai-Azuma et al., 2002; Matsui et al., 2006) and plays an 
important role in fetal hematopoiesis (Nakajima-Takagi et al., 
2013). And finally, LYPLA1 could influence appetite and 
weight gain in livestock (Shanado et al., 2004) and the aver-
age daily feed intake in cattle (Lindholm-Perry et al. 2012a).

The region at 24.5–24.6 Mb of BTA14 was associated 
with three growth traits in ROMO cattle. Some important 
genes such as XKR4 (14:24.29–24.62 MB) and TMEM68 
(14:24.71–24.75 MB) have been mapped. Previous stud-
ies identified several SNPs in XKR4 associated with rump 
fat thickness in Australian and composite cattle (Bolormaa 
et al., 2011b; Porto Neto et al., 2012), suggesting a likely 
relationship of this gene with metabolism and fat deposition 
in livestock. Also, An et al. (2019) reported the XKR4 gene 
as a candidate gene associated with body measurement traits 
in Chinese Wagyu beef cattle. Lindholm-Perry et al. (2012a, 
2012b) identified five SNPs near TMEM68 and XKR4 genes 
that were strongly associated with variation in feed intake and 
weight gain.

Fig. 2   Manhattan plot of the genome-wide association study for BW 
(a), WW (b), 16mW (c), and 24mW (d) in ROMO breed. The X-axis 
represents the chromosomes (29 autosomal), and the Y-axis shows 
the proportion of genetic variance explained by windows of 4 adja-
cent SNPs for each growth trait in ROMO. The regions that explain a 
higher proportion of variance are highlighted in green
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Interesting regions associated with several growth traits in 
both breeds were observed on BTA23. For instance, that at 23: 
0.40–0.77 MB was associated with WW, 16mW, and 24mW, 
in both ROMO and BON cattle. This suggests that there is one 
or more conserved genes within or near this region that affect 
the expression of characteristics associated with growth in 
Colombian cattle breeds (Figs. 2 and 3). Moreover, the can-
didate gene SLM1 at 23: 0.18–0.86 Mb) encodes for a protein 
highly expressed in cardiac and skeletal muscle (Brown et al., 
1999). It has been shown that SLM1 regulates events mediated 
by integrin, including the migration and spread of myoblasts, 
and hypertrophic signaling in the myocardium (Robinson et al., 
2003). Previous studies in BON and ROMO (Martinez et al., 
2014) found several polymorphisms in BTA19 and BTA23 
associated with BW. Most of the regions identified in the pre-
sent study that were simultaneously associated with several 
growth traits or that were common for both breeds were iden-
tified in these two chromosomes, which might indicate their 
importance to explain the genetic and phenotypic variation of 
growth traits in Colombian cattle breeds.

A genomic region at 79.48 Mb of BTA3 was associated 
with BW in BON (Fig. 3a), containing two candidate genes, 
the leptin receptor (LEPR) and leptin receptor overlapping 
transcript (LEPROT). These genes play an important role 
in regulating body energy homeostasis and metabolism (de 
Luis Roman et al., 2006; Guo et al., 2008) and are involved 
in the control of the growth hormone (Belgareh-Touzé et al., 
2002), which may constitute a molecular link between nutri-
tional signals and the actions of GH in body growth and 
metabolism (Belgareh-Touzé et al., 2002; Touvier et al., 
2009; Wu et al., 2013). On the other hand, the region at 
87.8 Mb of BTA3 associated with WW in ROMO (Fig. 2b) 
has potential candidate genes such as TACSTD2 and OMA1. 
These genes are involved in postnatal growth and childhood 
fat mass in humans (Groom et al., 2012), and in lipid and 
glucose metabolism in both humans and mice, and have been 
linked to the phenotype of obesity (Head et al., 2009; Quirós 
et al., 2012). Some SNPs found near this region on BTA3 by 
Bolormaa et al. (2011a) were significantly associated with 
residual feed intake, average daily gain and metabolic body 
weight in beef cattle. In the GWAS carried out by Londoño-
Gil et al. (2021) in BON cattle, two regions on BTA1 and 
BTA3 had an effect on WW, daily weight gain between birth 
and weaning (DWG), yearling weight (YW), time to reach 
120 kg of live weight (T120), and time to reach 60% of 
adult weight (T60%). Like our study, they found a region on 

BTA3 associated with BW and WW. Differences with the 
associations found in our study could be due to the methods 
of analysis implemented and the reference populations used.

The region at 39.1 Mb of BTA4 associated with WW and 
16mW in ROMO contains the candidate gene HGF, which is 
one of the multifunctional cellular factors that regulates cell 
proliferation, cell motility, and morphogenesis in mammals 
(Asami et al., 1991; Schmidt et al., 1995). Cai et al. (2013) 
also found SNPs in HGF significantly associated with growth 
characteristics in Chinese cattle. Additionally, Yuan and Xu 
(2011) observed SNPs on the candidate gene CACNA2D1 
(4:38.33–38.86 Mb), which were associated with carcass and 
meat quality traits in cattle. On the other hand, two regions 
on BTA4 at 91.1 Mb and 92.0 Mb associated with BW in 
ROMO and with 16mW in BON, respectively, are located 
near the leptin gene (LEP), which is involved in the regula-
tion of energy metabolism affecting body weight, food intake, 
energy expenditure, and reproduction (Delavaud et al., 2002; 
Garcia et al., 2002; Lord et al., 1998; Woods, 1998).

The region at 17.9 Mb of BTA5 associated with WW, 
16mW, and 24mW in ROMO contains KITLG and TMTC3, 
which are involved in regulation of growth of oocytes in cat-
tle (Cho et al., 2008) and the development of myofibroblasts 
in the pulmonary alveoli and in the bronchial smooth muscle 
cells (Yun and Vu, 2012). Additionally, another region at 
10.5 Mb of BTA5 had a significant effect on BW in ROMO 
(Fig. 2a) and is located close to the myogenic factors MYF5 
and MYF6, which belong to a gene family of myogenic 
determination factors (MyoD) (Braun et al., 1990, 1989). 
The number of muscle fibers (myocytes) at birth appears to 
determine the maximal lean meat growth capacity in pigs 
and in cattle (Handel and Stickland, 1988, 1987). Mam-
malian myofiber formation is a strictly embryonic process, 
regulated by the MyoD gene family. Myf-5 and MyoD1 
are expressed during proliferation of myoblasts, myogenin 
is expressed during terminal differentiation, and myf-6 is 
mainly expressed during postnatal life (Olson, 1990; Rud-
nicki and Jaenisch, 1995; Weintraub et al., 1991). Several 
studies have reported QTL and SNPs in MYF5 associated 
with variation in skeletal muscle tissue development in pigs 
and cattle (Li et al., 2003; Robakowska-Hyzorek et al., 2010; 
Sarti et al., 2014). Therefore, MYF5 is being considered as 
a potential candidate gene for growth traits.

The UCMA gene, located in a region of BTA13 (28.09 Mb) 
associated with 16mW and 24mW in ROMO, is involved in the 
negative control of osteogenic differentiation of osteochondro-
genic precursor cells in peripheral zones of fetal cartilage and 
at the cartilage-bone interface (Surmann-Schmitt et al., 2008; 
Tagariello et al., 2008). Another region at 19.93 Mb of BTA13 
associated with 24mW in ROMO (Fig. 2d) contains PNR1, 
which regulates diverse biological processes (Bielenberg et al., 
2006), acting as coreceptor for some growth factors, such as 
vascular endothelial growth factor (Gu et al., 2003), hepatocyte 

Fig. 3   Manhattan plot of the genome-wide association study for BW 
(a), WW (b), 16mW (c), and 24mW (d) in BON breed. The X-axis 
represents the chromosomes (29 autosomal), and the Y-axis shows 
the proportion of genetic variance explained by windows of 4 adja-
cent SNPs for each growth traits in BON. The regions that explain a 
higher proportion of variance are highlighted in green
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growth factor (Sulpice et al., 2008), and platelet-derived growth 
factor (Banerjee et al., 2006), suggesting that PNR1 is a junc-
tion protein to growth factors that is involved in the regulation 
of growth and cell proliferation in different tissues (Evans et al., 
2011).

This study showed 49 DNA regions distributed on chromo-
somes 2, 3, 4, 5, 6, 9, 11, 13, 14, 15, 16, 19, 20, 23, 25, 26, and 
27 that were associated with growth traits in BON and ROMO 
cattle. These regions explained a high proportion of genetic 
variance for these traits (> 0.15%) and contain 50 potential 
candidate genes with known functions related to biological 
processes of growth in cattle and other animal species. Some 
of these genomic regions were simultaneously associated with 
two or more growth traits and in some cases were common 
to both breeds (on BTA14 and BTA23). Future studies tar-
geting these areas could provide more knowledge to uncover 
the genetic architecture underlying growth traits in BON an 
ROMO creole cattle. The genomic regions and genes identified 
in this study could be used to improve the prediction of genetic 
merit for growth traits in local cattle breeds, where there is a 
limitation of performance records and genealogical data.

Author contribution  All authors contributed to the study conception 
and design. Material preparation, data collection, and analysis were 
performed by all authors. The first draft of the manuscript was written 
by D.B., and all authors commented on previous versions of the manu-
script. All authors read and approved the final manuscript.

Funding  Open Access funding provided by Colombia Consortium This 
study received funding from Ministerio de Agricultura y Desarrollo 
Rural (MADR) of Colombia.

Data availability  Data supporting the conclusions of this article are 
included within the article. The datasets used and/or analyzed in our study 
are available from the corresponding author upon reasonable request.

Declarations 

Ethics approval  This study did not involve the manipulation of animals. 
The data was retrieved from production, genealogical, and genotype 
databases already obtained during previous studies.

Consent to participate  Not applicable.

Consent for publication  Not applicable.

Competing interests  The authors declare that have no relevant finan-
cial or non-financial interests to disclose. The manuscript does not 
contain clinical studies or patient data.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article’s Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article’s Creative Commons licence and your intended use is not 

permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Aguilar, I., Misztal, I., Johnson, D.L., Legarra, A., Tsuruta, S., Lawlor, T.J., 
2010. Hot topic: A unified approach to utilize phenotypic, full pedigree, 
and genomic information for genetic evaluation of Holstein final score. 
J. Dairy Sci. 93, 743–752. https://​doi.​org/​10.​3168/​jds.​2009-​2730

Aguilar, I., Misztal, I., Legarra, A., Tsuruta, S., 2011. Efficient compu-
tation of the genomic relationship matrix and other matrices used 
in single-step evaluation. J. Anim. Breed. Genet. 128, 422–8. 
https://​doi.​org/​10.​1111/j.​1439-​0388.​2010.​00912.x

An, B., Xia, J., Chang, T., Wang, X., Xu, L., Zhang, L., Gao, X., Chen, 
Y., Li, J., Gao, H., 2019. Genome-wide association study reveals 
candidate genes associated with body measurement traits in Chi-
nese Wagyu beef cattle. Anim. Genet. 50, 386–390. https://​doi.​
org/​10.​1111/​age.​12805

An, B., Xu, Lei, Xia, J., Wang, X., Miao, J., Chang, T., Song, M., Ni, J., 
Xu, Lingyang, Zhang, L., Li, J., Gao, H., 2020. Multiple associa-
tion analysis of loci and candidate genes that regulate body size 
at three growth stages in Simmental beef cattle. BMC Genet. 21. 
https://​doi.​org/​10.​1186/​s12863-​020-​0837-6

AnimalQTLdb, 2019. AnimalQTLdb [WWW Document]. URL 
http://​www.​anima​lgeno​me.​org/​cgi-​bin/​QTLdb/​index (accessed 
3.17.19).

Asami, O., Ihara, I., Shimidzu, N., Shimizu, S., Tomita, Y., Ichihara, 
A., Nakamura, T., 1991. Purification and characterization of 
hepatocyte growth factor from injured liver of carbon tetrachlo-
ride-treated rats. J. Biochem. 109, 8–13.

Baldi, F., Albuquerque, L.G., Alencar, M.M., 2010. Random regression 
models on Legendre polynomials to estimate genetic parameters 
for weights from birth to adult age in Canchim cattle. J. Anim. 
Breed. Genet. 127, 289–99. https://​doi.​org/​10.​1111/j.​1439-​0388.​
2010.​00853.x

Banerjee, S., Sengupta, K., Dhar, K., Mehta, S., D’Amore, P.A., Dhar, 
G., Banerjee, S.K., 2006. Breast cancer cells secreted platelet-
derived growth factor-induced motility of vascular smooth mus-
cle cells is mediated through neuropilin-1. Mol. Carcinog. 45, 
871–80. https://​doi.​org/​10.​1002/​mc.​20248

Barwick, S.A., Henzell, A.L., 2005. Development successes and issues 
for the future in deriving and applying selection indexes for beef 
breeding. Aust. J. Exp. Agric. 45, 923. https://​doi.​org/​10.​1071/​
EA050​68

Belgareh-Touzé, N., Avaro, S., Rouillé, Y., Hoflack, B., Haguenauer-
Tsapis, R., 2002. Yeast Vps55p, a functional homolog of human 
obesity receptor gene-related protein, is involved in late endo-
some to vacuole trafficking. Mol. Biol. Cell 13, 1694–708. 
https://​doi.​org/​10.​1091/​mbc.​01-​12-​0597

Bennett, G.L., Thallman, R.M., Snelling, W.M., Kuehn, L.A., 2008. 
Experimental selection for calving ease and postnatal growth in 
seven cattle populations. II. Phenotypic differences. J. Anim. Sci. 
86, 2103–14. https://​doi.​org/​10.​2527/​jas.​2007-​0768

Bielenberg, D.R., Pettaway, C.A., Takashima, S., Klagsbrun, M., 2006. 
Neuropilins in neoplasms: expression, regulation, and function. 
Exp. Cell Res. 312, 584–93. https://​doi.​org/​10.​1016/j.​yexcr.​2005.​
11.​024

Bolormaa, S., Hayes, B.J., Savin, K., Hawken, R., Barendse, W., 
Arthur, P.F., Herd, R.M., Goddard, M.E., 2011a. Genome-wide 
association studies for feedlot and growth traits in cattle. J. Anim. 
Sci. 89, 1684–1697. https://​doi.​org/​10.​2527/​jas.​2010-​3079

358   Page 10 of 14

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3168/jds.2009-2730
https://doi.org/10.1111/j.1439-0388.2010.00912.x
https://doi.org/10.1111/age.12805
https://doi.org/10.1111/age.12805
https://doi.org/10.1186/s12863-020-0837-6
http://www.animalgenome.org/cgi-bin/QTLdb/index
https://doi.org/10.1111/j.1439-0388.2010.00853.x
https://doi.org/10.1111/j.1439-0388.2010.00853.x
https://doi.org/10.1002/mc.20248
https://doi.org/10.1071/EA05068
https://doi.org/10.1071/EA05068
https://doi.org/10.1091/mbc.01-12-0597
https://doi.org/10.2527/jas.2007-0768
https://doi.org/10.1016/j.yexcr.2005.11.024
https://doi.org/10.1016/j.yexcr.2005.11.024
https://doi.org/10.2527/jas.2010-3079


Tropical Animal Health and Production (2023) 55:358

1 3

Bolormaa, S., Neto, L.R.P., Zhang, Y.D., Bunch, R.J., Harrison, B.E., 
Goddard, M.E., Barendse, W., 2011b. A genome-wide associa-
tion study of meat and carcass traits in Australian cattle. J. Anim. 
Sci. 89, 2297–309. https://​doi.​org/​10.​2527/​jas.​2010-​3138

Braun, T., Buschhausen-Denker, G., Bober, E., Tannich, E., Arnold, 
H.H., 1989. A novel human muscle factor related to but distinct 
from MyoD1 induces myogenic conversion in 10T1/2 fibroblasts. 
EMBO J. 8, 701–9.

Braun, T., Bober, E., Winter, B., Rosenthal, N., Arnold, H.H., 1990. 
Myf-6, a new member of the human gene family of myogenic 
determination factors: evidence for a gene cluster on chromo-
some 12. EMBO J. 9, 821–31.

Brown, S., McGrath, M.J., Ooms, L.M., Gurung, R., Maimone, M.M., 
Mitchell, C.A., 1999. Characterization of Two Isoforms of the 
Skeletal Muscle LIM Protein 1, SLIM1: localization of SLIM1 at 
focal adhesions and the isoform slimmer in the nucleus of myo-
blasts and cytoplasm of myotubes suggests distinct roles in the 
cytoskeleton and in nuclear. J. Biol. Chem. 274, 27083–27091. 
https://​doi.​org/​10.​1074/​jbc.​274.​38.​27083

Burgos-Paz, W., Martinéz, R., 2019. Selección genómica en razas bovi-
nas criollas: perspectivas para las poblaciones de Colombia, in: 
-FEAGAS, F.E. de A. de G.S., FIRC, F.I. de R.C.- (Eds.), Libro 
de Actas XII Congreso de La Federación Iberoamericana de 
Razas Criollas y Autóctonas Ciclo Internacional De Conferencias 
Dr. Jorge De Alba. VERACRUZ, MÉXICO, p. 215.

Buzanskas, M.E., Grossi, D. a, Ventura, R. V, Schenkel, F.S., Sar-
golzaei, M., Meirelles, S.L.C., Mokry, F.B., Higa, R.H., Mudadu, 
M. a, da Silva, M.V.G.B., Niciura, S.C.M., Júnior, R. a a T., 
Alencar, M.M., Regitano, L.C. a, Munari, D.P., 2014. Genome-
wide association for growth traits in Canchim beef cattle. PLoS 
One 9, e94802. https://​doi.​org/​10.​1371/​journ​al.​pone.​00948​02

Cai, H., Lan, X., Li, A., Zhou, Y., Sun, J., Lei, C., Zhang, C., Chen, 
H., 2013. SNPs of bovine HGF gene and their association with 
growth traits in Nanyang cattle. Res. Vet. Sci. 95, 483–8. https://​
doi.​org/​10.​1016/j.​rvsc.​2013.​04.​007

Chan, E.K.F., Hawken, R., Reverter, A., 2009. The combined effect of 
SNP-marker and phenotype attributes in genome-wide associa-
tion studies. Anim. Genet. 40, 149–56. https://​doi.​org/​10.​1111/j.​
1365-​2052.​2008.​01816.x

Cho, J.-H., Itoh, T., Sendai, Y., Hoshi, H., 2008. Fibroblast growth 
factor 7 stimulates in vitro growth of oocytes originating from 
bovine early antral follicles. Mol. Reprod. Dev. 75, 1736–43. 
https://​doi.​org/​10.​1002/​mrd.​20912

de Luis Roman, D., de la Fuente, R.A., Sagrado, M.G., Izaola, O., 
Vicente, R.C., 2006. Leptin receptor Lys656Asn polymorphism 
is associated with decreased leptin response and weight loss sec-
ondary to a lifestyle modification in obese patients. Arch. Med. 
Res. 37, 854–9. https://​doi.​org/​10.​1016/j.​arcmed.​2006.​03.​009

Dekkers, J.C.M., 2012. Application of genomics tools to animal breed-
ing. Curr. Genomics 13, 207–12. https://​doi.​org/​10.​2174/​13892​
02128​00543​057

Delavaud, C., Ferlay, A., Faulconnier, Y., Bocquier, F., Kann, G., 
Chilliard, Y., 2002. Plasma leptin concentration in adult cat-
tle: effects of breed, adiposity, feeding level, and meal intake. J. 
Anim. Sci. 80, 1317–1328. /2002.8051317x

Doran, A.G., Berry, D.P., Creevey, C.J., 2014. Whole genome association 
study identifies regions of the bovine genome and biological pathways 
involved in carcass trait performance in Holstein-Friesian cattle. BMC 
Genomics 15, 837. https://​doi.​org/​10.​1186/​1471-​2164-​15-​837

Druet, T., Schrooten, C., & de Roos, a P. W. (2010). Imputation of 
genotypes from different single nucleotide polymorphism panels 
in dairy cattle. Journal of Dairy Science, 93(11), 5443–5454. 
https://​doi.​org/​10.​3168/​jds.​2010-​3255

Ensembl, 2019. Ensembl Genome Browser [WWW Document]. URL 
http://​www.​ensem​bl.​org/​index. html (accessed 3.17.19).

Evans, I.M., Yamaji, M., Britton, G., Pellet-Many, C., Lockie, C., 
Zachary, I.C., Frankel, P., 2011. Neuropilin-1 signaling through 
p130Cas tyrosine phosphorylation is essential for growth factor-
dependent migration of glioma and endothelial cells. Mol. Cell. 
Biol. 31, 1174–85. https://​doi.​org/​10.​1128/​MCB.​00903-​10

Fortes, M.R.S., Lehnert, S.A., Bolormaa, S., Reich, C., Fordyce, 
G., Corbet, N.J., Whan, V., Hawken, R.J., Reverter, A., 2012. 
Finding genes for economically important traits: Brahman cat-
tle puberty. Anim. Prod. Sci. 52, 143. https://​doi.​org/​10.​1071/​
AN111​65

Fortes, M.R.S., Kemper, K., Sasazaki, S., Reverter, A., Pryce, J.E., 
Barendse, W., Bunch, R., McCulloch, R., Harrison, B., Bolor-
maa, S., Zhang, Y.D., Hawken, R.J., Goddard, M.E., Lehnert, 
S.A., 2013. Evidence for pleiotropism and recent selection in 
the PLAG1 region in Australian Beef cattle. Anim. Genet. 44, 
636–47. https://​doi.​org/​10.​1111/​age.​12075

Garcia, M.R., Amstalden, M., Williams, S.W., Stanko, R.L., Morri-
son, C.D., Keisler, D.H., Nizielski, S.E., Williams, G.L., 2002. 
Serum leptin and its adipose gene expression during pubertal 
development, the estrous cycle, and different seasons in cattle. 
J. Anim. Sci. 80, 2158–2167. /2002.8082158x

Gaviolli, V.R.N., Buzanskas, M.E., Cruz, V.A.R., Savegnago, R.P., 
Munari, D.P., Freitas, A.R., Alencar, M.M., 2012. Genetic associa-
tions between weight at maturity and maturation rate with ages and 
weights at first and second calving in Canchim beef cattle. J. Appl. 
Genet. 53, 331–5. https://​doi.​org/​10.​1007/​s13353-​012-​0100-6

GeneCards, 2019. GenesCards Human Gene Database [WWW Docu-
ment]. Weizmann Inst. Sci. URL http://​www.​genec​ards.​org/ 
(accessed 3.17.19).

Goddard, M.E., Hayes, B.J., 2009. Mapping genes for complex traits 
in domestic animals and their use in breeding programmes. Nat 
Rev Genet 10. https://​doi.​org/​10.​1038/​nrg25​75

González, C., Jiménez, H.R., Rugeles, L.A., Bejarano, D.H., 2020. 
Banco de germoplasma animal para la alimentación y la agri-
cultura, Kemampuan Koneksi Matematis (Tinjauan Terhadap 
Pendekatan Pembelajaran Savi). Mosquera (Cundinamarca). 
https://​doi.​org/​10.​21930/​agros​avia.​broch​ure.​74040​81

Groom, A., Potter, C., Swan, D.C., Fatemifar, G., Evans, D.M., Ring, 
S.M., Turcot, V., Pearce, M.S., Embleton, N.D., Smith, G.D., 
Mathers, J.C., Relton, C.L., 2012. Postnatal growth and DNA 
methylation are associated with differential gene expression 
of the TACSTD2 gene and childhood fat mass. Diabetes 61, 
391–400. https://​doi.​org/​10.​2337/​db11-​1039

Gu, C., Rodriguez, E.R., Reimert, D. V, Shu, T., Fritzsch, B., Rich-
ards, L.J., Kolodkin, A.L., Ginty, D.D., 2003. Neuropilin-1 
conveys semaphorin and VEGF signaling during neural and 
cardiovascular development. Dev. Cell 5, 45–57.

Guo, Y., Chen, H., Lan, X., Zhang, B., Pan, C., Zhang, L., Zhang, 
C., Zhao, M., 2008. Novel SNPs of the bovine LEPR gene 
and their association with growth traits. Biochem. Genet. 46, 
828–34. https://​doi.​org/​10.​1007/​s10528-​008-​9197-z

Handel, S.E., Stickland, N.C., 1987. Muscle cellularity and birth 
weight. Anim. Sci. 44, 311–317. https://​doi.​org/​10.​1017/​S0003​
35610​00186​87

Handel, S.E., Stickland, N.C., 1988. Catch-up growth in pigs: a 
relationship with muscle cellularity. Anim. Sci. 47, 291–295. 
https://​doi.​org/​10.​1017/​S0003​35610​00033​8X

Hawken, R.J., Zhang, Y.D., Fortes, M.R.S., Collis, E., Barris, W.C., 
Corbet, N.J., Williams, P.J., Fordyce, G., Holroyd, R.G., Walk-
ley, J.R.W., Barendse, W., Johnston, D.J., Prayaga, K.C., Tier, 
B., Reverter, A., Lehnert, S.A., 2012. Genome-wide association 
studies of female reproduction in tropically adapted beef cattle. J. 
Anim. Sci. 90, 1398–410. https://​doi.​org/​10.​2527/​jas.​2011-​4410

Hayes, B., Goddard, M., 2010. Genome-wide association and genomic 
selection in animal breeding. Genome / Natl. Res. Counc. Canada 

Page 11 of 14    358

https://doi.org/10.2527/jas.2010-3138
https://doi.org/10.1074/jbc.274.38.27083
https://doi.org/10.1371/journal.pone.0094802
https://doi.org/10.1016/j.rvsc.2013.04.007
https://doi.org/10.1016/j.rvsc.2013.04.007
https://doi.org/10.1111/j.1365-2052.2008.01816.x
https://doi.org/10.1111/j.1365-2052.2008.01816.x
https://doi.org/10.1002/mrd.20912
https://doi.org/10.1016/j.arcmed.2006.03.009
https://doi.org/10.2174/138920212800543057
https://doi.org/10.2174/138920212800543057
https://doi.org/10.1186/1471-2164-15-837
https://doi.org/10.3168/jds.2010-3255
http://www.ensembl.org/index
https://doi.org/10.1128/MCB.00903-10
https://doi.org/10.1071/AN11165
https://doi.org/10.1071/AN11165
https://doi.org/10.1111/age.12075
https://doi.org/10.1007/s13353-012-0100-6
http://www.genecards.org/
https://doi.org/10.1038/nrg2575
https://doi.org/10.21930/agrosavia.brochure.7404081
https://doi.org/10.2337/db11-1039
https://doi.org/10.1007/s10528-008-9197-z
https://doi.org/10.1017/S0003356100018687
https://doi.org/10.1017/S0003356100018687
https://doi.org/10.1017/S000335610000338X
https://doi.org/10.2527/jas.2011-4410


Tropical Animal Health and Production (2023) 55:358

1 3

= Génome / Cons. Natl. Rech. Canada 53, 876–83. https://​doi.​
org/​10.​1139/​G10-​076

Head, B., Griparic, L., Amiri, M., Gandre-Babbe, S., van der Bliek, 
A.M., 2009. Inducible proteolytic inactivation of OPA1 mediated 
by the OMA1 protease in mammalian cells. J. Cell Biol. 187, 
959–66. https://​doi.​org/​10.​1083/​jcb.​20090​6083

Hemavathy, K., Guru, S.C., Harris, J., Chen, J.D., Ip, Y.T., 2000. 
Human Slug is a repressor that localizes to sites of active tran-
scription. Mol. Cell. Biol. 20, 5087–95.

Hirschhorn, J.N., Daly, M.J., 2005. Genome-wide association studies 
for common diseases and complex traits. Nat. Rev. Genet. 6, 
95–108. https://​doi.​org/​10.​1038/​nrg15​21

Hoshiba, H., Setoguchi, K., Watanabe, T., Kinoshita, A., Mizoshita, 
K., Sugimoto, Y., Takasuga, A., 2013. Comparison of the effects 
explained by variations in the bovine PLAG1 and NCAPG genes 
on daily body weight gain, linear skeletal measurements and 
carcass traits in Japanese Black steers from a progeny testing 
program. Anim. Sci. J. = Nihon chikusan Gakkaihō 84, 529–34. 
https://​doi.​org/​10.​1111/​asj.​12033

Igoshin, A. V., Yudin, N.S., Belonogova, N.M., Larkin, D.M., 2019. 
Genome‐wide association study for body weight in cattle popu-
lations from Siberia. Anim. Genet. 50, 250–253. https://​doi.​org/​
10.​1111/​age.​12786

Illumina Inc., 2016. BovineSNP50 Genotyping BeadChip [WWW 
Document]. http://​www.​illum​ina.​com/​docum​ents/​produ​cts/​datas​
heets/​datas​heet_​bovine_​snp50.​pdf.

Jimenez, H.R., Bejarano, D.H., Velazquez, J.H., Neira, E., Rugeles, L.A., 
Gonzalez, C., 2021. Current status of the Animal Germplasm Bank 
in Colombia: organization and management. Lat. Am. Arch. Anim. 
Prod. 29, 151–162. https://​doi.​org/​10.​53588/​ALPA.​293408

Kanai-Azuma, M., Kanai, Y., Gad, J.M., Tajima, Y., Taya, C., Kuroh-
maru, M., Sanai, Y., Yonekawa, H., Yazaki, K., Tam, P.P.L., 
Hayashi, Y., 2002. Depletion of definitive gut endoderm in 
Sox17-null mutant mice. Development 129, 2367–2379.

Karim, L., Takeda, H., Lin, L., Druet, T., Arias, J.A.C., Baurain, D., 
Cambisano, N., Davis, S.R., Farnir, F., Grisart, B., Harris, B.L., 
Keehan, M.D., Littlejohn, M.D., Spelman, R.J., Georges, M., 
Coppieters, W., 2011. Variants modulating the expression of a 
chromosome domain encompassing PLAG1 influence bovine 
stature. Nat. Genet. 43, 405–13. https://​doi.​org/​10.​1038/​ng.​814

Legarra, A., Aguilar, I., Misztal, I., 2009. A relationship matrix includ-
ing full pedigree and genomic information. J. Dairy Sci. 92, 
4656–4663. https://​doi.​org/​10.​3168/​jds.​2009-​2061

Li, C., Basarab, J., Snelling, W. M., Benkel, B., Murdoch, B., Hansen, 
C., Moore, S. S., 2003. Assessment of positional candidate genes 
5 and 1 for growth on bovine chromosome 5 in commercial lines 
of. J. Anim. Sci. 82, 1–7. /2004.8211

Lindholm-Perry, A.K., Kuehn, L.A., Smith, T.P.L., Ferrell, C.L., Jen-
kins, T.G., Freetly, H.C., Snelling, W.M., 2012a. A region on 
BTA14 that includes the positional candidate genes LYPLA1, 
XKR4 and TMEM68 is associated with feed intake and growth 
phenotypes in cattle(1). Anim. Genet. 43, 216–9. https://​doi.​org/​
10.​1111/j.​1365-​2052.​2011.​02232.x

Lindholm-Perry, A.K., Kuehn, L.A., Snelling, W.M., Smith, T.P.L., 
Ferrell, C.L., Jenkins, T.G., King, D.A., Shackelford, S.D., 
Wheeler, T.L., Freetly, H.C., 2012b. Genetic markers on BTA14 
predictive for residual feed intake in beef steers and their effects 
on carcass and meat quality traits. Anim. Genet. 43, 599–603. 
https://​doi.​org/​10.​1111/j.​1365-​2052.​2011.​02307.x

Littlejohn, M., Grala, T., Sanders, K., Walker, C., Waghorn, G., Mac-
donald, K., Coppieters, W., Georges, M., Spelman, R., Hillerton, 
E., Davis, S., Snell, R., 2011. Genetic variation in PLAG1 asso-
ciates with early life body weight and peripubertal weight and 
growth in Bos taurus. Anim. Genet. 43, 591–4. https://​doi.​org/​
10.​1111/j.​1365-​2052.​2011.​02293.x

Londoño-Gil, M., Rincon, J.C., Lopez-Herrera, A., Gonzalez-Herrera, 
L.G., 2021. Genome-wide association study for growth traits in 
blanco orejinero (bon) cattle from colombia. Livest. Sci., 243, 1-9.

Lord, G.M., Matarese, G., Howard, J.K., Baker, R.J., Bloom, S.R., 
Lechler, R.I., 1998. Leptin modulates the T-cell immune 
response and reverses starvation-induced immunosuppression. 
Nature 394, 897–902.

MacLeod, I.M., Hayes, B.J., Savin, K.W., Chamberlain, a. J., McPart-
lan, H.C., Goddard, M.E., 2010. Power of a genome scan to 
detect and locate quantitative trait loci in cattle using dense 
single nucleotide polymorphisms. J. Anim. Breed. Genet. 127, 
133–142. https://​doi.​org/​10.​1111/j.​1439-​0388.​2009.​00831.x

MacNeil, M.D., 2003. Genetic evaluation of an index of birth weight 
and yearling weight to improve efficiency of beef production. J. 
Anim. Sci. 81, 2425–33.

MacNeil, M.D., Urick, J.J., Snelling, W.M., 1998. Comparison of selec-
tion by independent culling levels for below-average birth weight 
and high yearling weight with mass selection for high yearling 
weight in line 1 Hereford cattle. J. Anim. Sci. 76, 458–67.

Martínez, R., Gómez, Y., Rocha, J.F., 2014. Genome-wide association 
study on growth traits in Colombian creole breeds and cross-
breeds with Zebu cattle. Genet. Mol. Res. 13: 6420-6432.

Matsui, T., Kanai-Azuma, M., Hara, K., Matoba, S., Hiramatsu, R., 
Kawakami, H., Kurohmaru, M., Koopman, P., Kanai, Y., 2006. 
Redundant roles of Sox17 and Sox18 in postnatal angiogenesis in 
mice. J. Cell Sci. 119, 3513–26. https://​doi.​org/​10.​1242/​jcs.​03081

Matukumalli, L.K., Lawley, C.T., Schnabel, R.D., Taylor, J.F., Allan, 
M.F., Heaton, M.P., O’Connell, J., Moore, S.S., Smith, T.P.L., 
Sonstegard, T.S., Van Tassell, C.P., 2009. Development and char-
acterization of a high density SNP genotyping assay for cattle. 
PLoS One 4, e5350. https://​doi.​org/​10.​1371/​journ​al.​pone.​00053​50

Meuwissen, T.H.E., Hayes, B.J., Goddard, M.E., 2001. Prediction 
of total genetic value using genome-wide dense marker maps. 
Genetics 157, 1819–1829. 11290733

Misztal, I., Aggrey, S.E., Muir, W.M., 2013. Experiences with a single-
step genome evaluation. Poult. Sci. 92, 2530–4. https://​doi.​org/​
10.​3382/​ps.​2012-​02739

Misztal, I., Tsuruta, S., Strabel, T., Auvray, B., Druet, T., Lee, D.H., 
2002. BLUPF90 and related programs (BGF90), in: Proceedings 
of the 7th World Congress on Genetics Applied to Livestock 
Production. Montpellier: INRA, pp. 21–22.

Nakajima-Takagi, Y., Osawa, M., Oshima, M., Takagi, H., Miyagi, S., 
Endoh, M., Endo, T.A., Takayama, N., Eto, K., Toyoda, T., Koseki, 
H., Nakauchi, H., Iwama, A., 2013. Role of SOX17 in hematopoietic 
development from human embryonic stem cells. Blood 121, 447–58. 
https://​doi.​org/​10.​1182/​blood-​2012-​05-​431403

NCBI, 2019. National Center for Biotechnology Information [WWW Doc-
ument]. URL http://​www.​ncbi.​nlm.​nih.​gov/​snp (accessed 3.17.19).

Nicolazzi, E.L., Biffani, S., Biscarini, F., Orozco Ter Wengel, P., 
Caprera, A., Nazzicari, N., Stella, A., 2015. Software solutions 
for the livestock genomics SNP array revolution. Anim. Genet. 
46, 343–353. https://​doi.​org/​10.​1111/​age.​12295

Nishimura, S., Watanabe, T., Mizoshita, K., Tatsuda, K., Fujita, T., 
Watanabe, N., Sugimoto, Y., Takasuga, A., 2012. Genome-
wide association study identified three major QTL for carcass 
weight including the PLAG1-CHCHD7 QTN for stature in Japa-
nese Black cattle. BMC Genet. 13, 40. https://​doi.​org/​10.​1186/​
1471-​2156-​13-​40

Olson, E.N., 1990. MyoD family: a paradigm for development? Genes 
Dev 4, 1454–1461.

Ossa, G.A., Narváez, H.J., Noriega, J.G., Pérez, J.E., Vergara, O., 2014. 
Parámetros y tendencias genéticas para características de crec-
imiento en una población de ganado criollo Romosinuano. Livest. 
Res. Rural Dev. 26, http://​www.​lrrd.​org/​lrrd26/​10/​ossa2​6191.​html.

Piccoli, M. L., Braccini, J., Cardoso, F. F., Sargolzaei, M., Larmer, 
S. G., & Schenkel, F. S. (2014). Accuracy of genome-wide 

358   Page 12 of 14

https://doi.org/10.1139/G10-076
https://doi.org/10.1139/G10-076
https://doi.org/10.1083/jcb.200906083
https://doi.org/10.1038/nrg1521
https://doi.org/10.1111/asj.12033
https://doi.org/10.1111/age.12786
https://doi.org/10.1111/age.12786
http://www.illumina.com/documents/products/datasheets/datasheet_bovine_snp50.pdf
http://www.illumina.com/documents/products/datasheets/datasheet_bovine_snp50.pdf
https://doi.org/10.53588/ALPA.293408
https://doi.org/10.1038/ng.814
https://doi.org/10.3168/jds.2009-2061
https://doi.org/10.1111/j.1365-2052.2011.02232.x
https://doi.org/10.1111/j.1365-2052.2011.02232.x
https://doi.org/10.1111/j.1365-2052.2011.02307.x
https://doi.org/10.1111/j.1365-2052.2011.02293.x
https://doi.org/10.1111/j.1365-2052.2011.02293.x
https://doi.org/10.1111/j.1439-0388.2009.00831.x
https://doi.org/10.1242/jcs.03081
https://doi.org/10.1371/journal.pone.0005350
https://doi.org/10.3382/ps.2012-02739
https://doi.org/10.3382/ps.2012-02739
https://doi.org/10.1182/blood-2012-05-431403
http://www.ncbi.nlm.nih.gov/snp
https://doi.org/10.1111/age.12295
https://doi.org/10.1186/1471-2156-13-40
https://doi.org/10.1186/1471-2156-13-40
http://www.lrrd.org/lrrd26/10/ossa26191.html


Tropical Animal Health and Production (2023) 55:358

1 3

imputation in Braford and Hereford beef cattle. BMC Genet-
ics, 15(1), 1275. https://​doi.​org/​10.​1186/​s12863-​014-​0157-9

Piva, R., Manferdini, C., Lambertini, E., Torreggiani, E., Penolazzi, 
L., Gambari, R., Pastore, A., Pelucchi, S., Gabusi, E., Piacen-
tini, A., Filardo, G., Facchini, A., Lisignoli, G., 2011. Slug 
contributes to the regulation of CXCL12 expression in human 
osteoblasts. Exp. Cell Res. 317, 1159–68. https://​doi.​org/​10.​
1016/j.​yexcr.​2010.​12.​011

Porto Neto, L.R., Bunch, R.J., Harrison, B.E., Barendse, W., 2012. 
Variation in the XKR4 gene was significantly associated with 
subcutaneous rump fat thickness in indicine and composite 
cattle. Anim. Genet. 43, 785–9. https://​doi.​org/​10.​1111/j.​1365-​
2052.​2012.​02330.x

Purcell, S., Neale, B., Todd-Brown, K., Thomas, L., Ferreira, M.A.R., 
Bender, D., Maller, J., Sklar, P., de Bakker, P.I.W., Daly, M.J., 
Sham, P.C., 2007. PLINK: a tool set for whole-genome asso-
ciation and population-based linkage analyses. Am. J. Hum. 
Genet. 81, 559–75. https://​doi.​org/​10.​1086/​519795

Quirós, P.M., Ramsay, A.J., Sala, D., Fernández-Vizarra, E., Rodríguez, 
F., Peinado, J.R., Fernández-García, M.S., Vega, J.A., Enríquez, 
J.A., Zorzano, A., López-Otín, C., 2012. Loss of mitochondrial 
protease OMA1 alters processing of the GTPase OPA1 and 
causes obesity and defective thermogenesis in mice. EMBO J. 
31, 2117–33. https://​doi.​org/​10.​1038/​emboj.​2012.​70

Robakowska-Hyzorek, D., Oprza̧dek, J., Zelazowska, B., Olbromski, 
R., Zwierzchowski, L., 2010. Effect of the g.-723G→T polymor-
phism in the bovine Myogenic factor 5 (Myf5) gene promoter 
region on gene transcript level in the longissimus dorsi muscle 
and on meat traits of polish Holstein-Friesian cattle. Biochem. 
Genet. 48, 450–464. https://​doi.​org/​10.​1007/​s10528-​009-​9328-1

Robinson, P.A., Brown, S., Grath, M.J.M.C., Coghill, I.D., Gurung, R., 
Mitchell, C.A., Paul, A., Brown, S., Meagan, J., Coghill, I.D., 
Gurung, R., Mitchell, C.A., 2003. Skeletal muscle LIM protein 
1 regulates integrin- mediated myoblast adhesion , spreading , 
and migration. Am. J. Physiol. 284, 681–695. https://​doi.​org/​10.​
1152/​ajpce​ll.​00370.​2002

Rudnicki, M.A., Jaenisch, R., 1995. The MyoD family of transcription 
factors and skeletal myogenesis. BioEssays 17, 203–209. https://​
doi.​org/​10.​1002/​bies.​95017​0306

Sargolzaei, M., Chesnais, J.P., Schenkel, F.S., 2014. A new approach 
for efficient genotype imputation using information from 
relatives. BMC Genomics 15, 478. https://​doi.​org/​10.​1186/​
1471-​2164-​15-​478

Sarti, F.M., Lasagna, E., Ceccobelli, S., Di Lorenzo, P., Filippini, F., 
Sbarra, F., Giontella, A., Pieramati, C., Panella, F., 2014. Influ-
ence of single nucleotide polymorphisms in the myostatin and 
myogenic factor 5 muscle growth-related genes on the perfor-
mance traits of Marchigiana beef cattle. J. Anim. Sci. 92, 3804–
10. https://​doi.​org/​10.​2527/​jas.​2014-​7669

Schmidt, C., Bladt, F., Goedecke, S., Brinkmann, V., Zschiesche, W., 
Sharpe, M., Gherardi, E., Birchmeier, C., 1995. Scatter factor/
hepatocyte growth factor is essential for liver development. 
Nature 373, 699–702. https://​doi.​org/​10.​1038/​37369​9a0

Seabury, C.M., Oldeschulte, D.L., Saatchi, M., Beever, J.E., Decker, 
J.E., Halley, Y.A., Bhattarai, E.K., Molaei, M., Freetly, H.C., 
Hansen, S.L., Yampara-Iquise, H., Johnson, K.A., Kerley, M.S., 
Kim, J.W., Loy, D.D., Marques, E., Neibergs, H.L., Schnabel, 
R.D., Shike, D.W., Spangler, M.L., Weaber, R.L., Garrick, D.J., 
Taylor, J.F., 2017. Genome-wide association study for feed effi-
ciency and growth traits in U.S. beef cattle. BMC Genomics 18. 
https://​doi.​org/​10.​1186/​s12864-​017-​3754-y

Shanado, Y., Kometani, M., Uchiyama, H., Koizumi, S., Teno, N., 
2004. Lysophospholipase I identified as a ghrelin deacylation 
enzyme in rat stomach. Biochem. Biophys. Res. Commun. 325, 
1487–94. https://​doi.​org/​10.​1016/j.​bbrc.​2004.​10.​193

Smith, J.L., Wilson, M.L., Nilson, S.M., Rowan, T.N., Oldeschulte, 
D.L., Schnabel, R.D., Decker, J.E., Seabury, C.M., 2019. 
Genome-wide association and genotype by environment inter-
actions for growth traits in U.S. Gelbvieh cattle. BMC Genomics 
20. https://​doi.​org/​10.​1186/​s12864-​019-​6231-y

Snelling, W.M., Allan, M.F., Keele, J.W., Kuehn, L.A., Thallman, 
R.M., Bennett, G.L., Ferrell, C.L., Jenkins, T.G., Freetly, H.C., 
Nielsen, M.K., Rolfe, K.M., 2011. Partial-genome evaluation of 
postweaning feed intake and efficiency of crossbred beef cattle. 
J. Anim. Sci. 89, 1731–41. https://​doi.​org/​10.​2527/​jas.​2010-​3526

Sulpice, E., Plouët, J., Bergé, M., Allanic, D., Tobelem, G., Merkulova-
Rainon, T., 2008. Neuropilin-1 and neuropilin-2 act as corecep-
tors, potentiating proangiogenic activity. Blood 111, 2036–45. 
https://​doi.​org/​10.​1182/​blood-​2007-​04-​084269

Surmann-Schmitt, C., Dietz, U., Kireva, T., Adam, N., Park, J., Tagariello, 
A., Onnerfjord, P., Heinegård, D., Schlötzer-Schrehardt, U., Deutz-
mann, R., von der Mark, K., Stock, M., 2008. Ucma, a novel secreted 
cartilage-specific protein with implications in osteogenesis. J. Biol. 
Chem. 283, 7082–93. https://​doi.​org/​10.​1074/​jbc.​M7027​92200

Tagariello, A., Luther, J., Streiter, M., Didt-Koziel, L., Wuelling, M., 
Surmann-Schmitt, C., Stock, M., Adam, N., Vortkamp, A., Win-
terpacht, A., 2008. Ucma--A novel secreted factor represents a 
highly specific marker for distal chondrocytes. Matrix Biol. 27, 
3–11. https://​doi.​org/​10.​1016/j.​matbio.​2007.​07.​004

Thompson, R., Mäntysaari, E., 1999. Prospects for Statistical Methods 
in Dairy Cattle Breeding. Interbull Bull 20, 70–79.

Toro, E.J.R., Paz, W.O.B., Elzo, M.A., Sarmiento, R.A.M., Cerón-
Muñoz, M.F., 2020. Genetic parameters and trends for growth 
traits in Blanco Orejinegro cattle. Transl. Anim. Sci. 4, 1–9. 
https://​doi.​org/​10.​1093/​TAS/​TXAA1​74

Touvier, T., Conte-Auriol, F., Briand, O., Cudejko, C., Paumelle, R., 
Caron, S., Baugé, E., Rouillé, Y., Salles, J.-P., Staels, B., Bail-
leul, B., 2009. LEPROT and LEPROTL1 cooperatively decrease 
hepatic growth hormone action in mice. J. Clin. Invest. 119, 
3830–8. https://​doi.​org/​10.​1172/​JCI34​997

Turner, S.D., 2014. qqman: an R package for visualizing GWAS results 
using Q-Q and manhattan plots, bioRxiv. Cold Spring Harbor 
Labs Journals. https://​doi.​org/​10.​1101/​005165

UniProt, 2019. UniProt [WWW Document]. URL http://​www.​unipr​ot.​
org/ (accessed 3.17.19).

Van Tassell, C.P., Smith, T.P.L., Matukumalli, L.K., Taylor, J.F., Schna-
bel, R.D., Lawley, C.T., Haudenschild, C.D., Moore, S.S., Warren, 
W.C., Sonstegard, T.S., 2008. SNP discovery and allele frequency 
estimation by deep sequencing of reduced representation librar-
ies. Nat. Methods 5, 247–52. https://​doi.​org/​10.​1038/​nmeth.​1185

VanRaden, P.M., 2008. Efficient Methods to Compute Genomic Pre-
dictions. J. Dairy Sci. 91, 4414–4423. https://​doi.​org/​10.​3168/​
jds.​2007-​0980

VanRaden, P.M., 2020. Symposium review: How to implement genomic 
selection. J. Dairy Sci. 103, 5291–5301. https://​doi.​org/​10.​3168/​JDS.​
2019-​17684

Wang, H., Misztal, I., Aguilar, I., Legarra, A., Muir, W.M., 2012. 
Genome-wide association mapping including phenotypes from 
relatives without genotypes. Genet. Res. (Camb). 94, 73–83. 
https://​doi.​org/​10.​1017/​S0016​67231​20002​74

Weintraub, H., Davis, R., Tapscott, S., Thayer, M., Krause, M., Ben-
ezra, R., Blackwell, T.K., Turner, D., Rupp, R., Hollenberg, S., 
1991. The myoD gene family: nodal point during specification 
of the muscle cell lineage. Science 251, 761–6.

Woods, S.C., 1998. Signals That Regulate Food Intake and Energy Home-
ostasis. Science (80-. ). 280, 1378–1383. https://​doi.​org/​10.​1126/​
scien​ce.​280.​5368.​1378

Wu, S., Grunwald, T., Kharitonenkov, A., Dam, J., Jockers, R., De Luca, F., 
2013. Increased expression of fibroblast growth factor 21 (FGF21) 
during chronic undernutrition causes growth hormone insensitivity 
in chondrocytes by inducing leptin receptor overlapping transcript 

Page 13 of 14    358

https://doi.org/10.1186/s12863-014-0157-9
https://doi.org/10.1016/j.yexcr.2010.12.011
https://doi.org/10.1016/j.yexcr.2010.12.011
https://doi.org/10.1111/j.1365-2052.2012.02330.x
https://doi.org/10.1111/j.1365-2052.2012.02330.x
https://doi.org/10.1086/519795
https://doi.org/10.1038/emboj.2012.70
https://doi.org/10.1007/s10528-009-9328-1
https://doi.org/10.1152/ajpcell.00370.2002
https://doi.org/10.1152/ajpcell.00370.2002
https://doi.org/10.1002/bies.950170306
https://doi.org/10.1002/bies.950170306
https://doi.org/10.1186/1471-2164-15-478
https://doi.org/10.1186/1471-2164-15-478
https://doi.org/10.2527/jas.2014-7669
https://doi.org/10.1038/373699a0
https://doi.org/10.1186/s12864-017-3754-y
https://doi.org/10.1016/j.bbrc.2004.10.193
https://doi.org/10.1186/s12864-019-6231-y
https://doi.org/10.2527/jas.2010-3526
https://doi.org/10.1182/blood-2007-04-084269
https://doi.org/10.1074/jbc.M702792200
https://doi.org/10.1016/j.matbio.2007.07.004
https://doi.org/10.1093/TAS/TXAA174
https://doi.org/10.1172/JCI34997
https://doi.org/10.1101/005165
http://www.uniprot.org/
http://www.uniprot.org/
https://doi.org/10.1038/nmeth.1185
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/jds.2007-0980
https://doi.org/10.3168/JDS.2019-17684
https://doi.org/10.3168/JDS.2019-17684
https://doi.org/10.1017/S0016672312000274
https://doi.org/10.1126/science.280.5368.1378
https://doi.org/10.1126/science.280.5368.1378


Tropical Animal Health and Production (2023) 55:358

1 3

(LEPROT) and leptin receptor overlapping transcript-like 1 (LE. 
J. Biol. Chem. 288, 27375–83. https://​doi.​org/​10.​1074/​jbc.​M113.​
462218

Yuan, Z.R., Xu, S.Z., 2011. Novel SNPs of the bovine CACNA2D1 gene 
and their association with carcass and meat quality traits. Mol. Biol. 
Rep. 38, 365–70. https://​doi.​org/​10.​1007/​s11033-​010-​0117-z

Yun, E.J., Vu, T.H., 2012. mSmile is necessary for bronchial smooth 
muscle and alveolar myofibroblast development. Anat. Rec. 
(Hoboken). 295, 167–76. https://​doi.​org/​10.​1002/​ar.​21475

Zhang, H., Wang, Z., Wang, S., Li, H., 2012. Progress of genome wide 
association study in domestic animals. J. Anim. Sci. Biotechnol. 
3, 26. https://​doi.​org/​10.​1186/​2049-​1891-3-​26

Zhang, R., Miao, J., Song, Y., Zhang, W., Xu, L., Chen, Y., Zhang, L., 
Gao, H., Zhu, B., Li, J., Gao, X., 2019. Genome-wide association 
study identifies the PLAG1-OXR1 region on BTA14 for carcass 

meat yield in cattle. Physiol. Genomics 51, 137–144. https://​doi.​
org/​10.​1152/​physi​olgen​omics.​00112.​2018

Zimin, A. V, Delcher, A.L., Florea, L., Kelley, D.R., Schatz, M.C., 
Puiu, D., Hanrahan, F., Pertea, G., Van Tassell, C.P., Sonstegard, 
T.S., Marçais, G., Roberts, M., Subramanian, P., Yorke, J.A., 
Salzberg, S.L., 2009. A whole-genome assembly of the domestic 
cow, Bos taurus. Genome Biol. 10, R42. https://​doi.​org/​10.​1186/​
gb-​2009-​10-4-​r42

Publisher's Note  Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

358   Page 14 of 14

https://doi.org/10.1074/jbc.M113.462218
https://doi.org/10.1074/jbc.M113.462218
https://doi.org/10.1007/s11033-010-0117-z
https://doi.org/10.1002/ar.21475
https://doi.org/10.1186/2049-1891-3-26
https://doi.org/10.1152/physiolgenomics.00112.2018
https://doi.org/10.1152/physiolgenomics.00112.2018
https://doi.org/10.1186/gb-2009-10-4-r42
https://doi.org/10.1186/gb-2009-10-4-r42

	Genome-wide association study for growth traits in Blanco Orejinegro and Romosinuano cattle
	Abstract
	Introduction
	Materials and methods

	Results
	Discussion
	References




