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Abstract. The objective of this study was to determine the association of single nucleotide polymor-
phisms (SNPs) in selected candidate genes with fattening performance traits in a commercial cattle herd. Fifteen
SNPs in 12 candidate genes (LEP, FABP4, DGAT1, TG, IGF1, IGF1R, MYF5, LGB, CAPN1, CAST, GHR, and
OLR1) were evaluated in 296 purebred Holstein–Friesian bulls using PCR-RFLP (polymerase chain reaction –
restriction fragment length polymorphism). Associations between each segregating SNP and genetic merit for
fattening performance were quantified using linear mixed models. Traits included in the study were fattening pe-
riod, final weight, dry matter intake, feed conversion rate, and average daily weight gain. Apart from the general
determination of the above-mentioned traits, each trait was evaluated based on the fattening periods between five
selected target body weights (W1 = 100 kg, W2= 200 kg, W3= 300 kg, W4= 400 kg, W5= 450 kg). All mark-
ers with the exception of CAPN1 530, IGF1R, TG, and DGAT1 were associated with at least one of the traits.
Furthermore, novel associations were observed for LEP×GHR, IGF1×LEP, FABP4 3691×FABP4 2834, and
FAP4 3533×LEP interactions. The results of this study confirm some previously reported associations. More-
over, novel associations have been identified, which may be incorporated into breeding programs to improve
fattening performance.

1 Introduction

Several methods of evaluating fattening performance have
been presented over the past few decades. In cattle fattening
farms, techno-economic performance optimization is imper-
ative for reaching an adequate profitability, whether in calf-
to-finish or fattening farms. Prior knowledge regarding the
commercial targets allows for the determination of objectives
such as slaughter weight, weight gain, feed consumption, and
meat quality. Improved breeding methods as well as the ap-
plication of biotechnology have advanced the efficiency of
cattle production (Pfuhl et al., 2007). Achieving satisfactory
fattening performance and profitability are affected by breed
of the animals, season, initial weight, concentrate level, sex,
penned cattle population, and housing type; and in addition to
this, they are closely associated with optimal slaughter ages

and final weights, which vary widely among cattle breeds
(Koknaroglu et al., 2005; Alberti et al., 2008). Apart from
these environmental factors, the genotypic structure of the
animals is another decisive constituent of an efficient fatten-
ing performance evaluation in cattle production, which ne-
cessitates a long generation interval.

Recently, many pieces of evidence have been presented
that show that fattening performance and carcass traits are
rather influenced by a number of candidate genes in vari-
ous cattle breeds (Oprzadek and Flisikowski, 2003; Maj et
al., 2004; Curi et al., 2005a). The bovine leptin gene (LEP;
GenBank accession number: AF536174.1), which is located
on chromosome 4, regulates food intake and whole-body en-
ergy metabolism (Nkrumah et al., 2005; Banos et al., 2008).
In addition, this gene is also involved in the regulation of
body weight and growth traits (Lusk, 2007; Kulig and Kmiec,
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2009), dry matter intake (Banos et al., 2008), and therefore
it may be considered as one of the most effective biological
markers reflecting body fatness (Oprzadek and Flisikowski,
2003; Shin and Chung, 2007a; Corva et al., 2009). Similar
to the LEP, the bovine fatty acid binding protein 4 (FABP4)
gene plays an important role in lipid metabolism associated
with changes in lipid hydrolysis and intracellular fatty acid
(Casas et al., 2003). FABP4 is a functional and positional
candidate gene for fat synthesis in cattle (Shin and Chung,
2007a; Fortes et al., 2009). Bovine chromosome 14 (BTA14),
where FABP4 is located, is widely known to harbor quanti-
tative trait loci (QTL) associated with fat-related traits such
as milk fat percentage (Grisart et al., 2002), back fat thick-
ness (Moore et al., 2003), and marbling (Ardicli et al.,
2017b). The other important markers that have been mapped
to BTA14 are diacylglycerol-O-acyltransferase 1 (DGAT1)
and thyroglobulin (TG). DGAT1 (GenBank accession num-
ber: AY065621) has been shown to be commonly associated
with milk components and intramuscular fat content (Gris-
art et al., 2002; Hradecka et al., 2008; Curi et al., 2011).
TG (GenBank accession number: X05380) is a glycoprotein
precursor and the molecular regulator for the thyroid hor-
mones. This gene has been demonstrated to be associated
with lipid metabolism and meat production traits in various
cattle breeds (Barendse et al., 2004; Burrell et al., 2004; Shin
and Chung, 2007b).

Bovine chromosome 5 (BTA5) harbors QTLs that in-
fluence milk production (Kalm et al., 1998), reproduction
(Kirkpatrick et al., 2000), and growth and carcass traits
(Stone et al., 1999; Casas et al., 2000; Li et al., 2004). In
this genomic region, the location of some of the QTLs ap-
proaches the position of the insulin-like growth factor (IGF1)
and myogenic factor 5 (MYF5) genes that play fundamental
roles in regulation of growth and development (Machado et
al., 2003; Kisacova et al., 2009). IGF1 (GenBank accession
number: AF210383) has been shown to be a strong candidate
gene for growth rate and meat production traits (Machado
et al., 2003; Li et al., 2004; Curi et al., 2005a; Siadkowska
et al., 2006) owing to its key role in regulation of cell pro-
liferation (Siadkowska et al., 2006). In addition to IGF1,
its associated receptor IGF1R (GenBank accession number:
U33122), plays an important role in the regulation of the
metabolism and physiology of mammalian growth (Curi et
al., 2005a). MYF5 (GenBank Accession number: M95684),
which is a member of the muscle regulatory factors (MRF)
gene family, was determined as a muscle-specific factor and
its expression was associated with myoblast lineage. Poly-
morphisms in this gene have been reported to be effective
on growth traits in cattle (Chung and Kim, 2005; Zhang et
al., 2007). The bovine oxidized low-density lipoprotein re-
ceptor 1 (OLR1) gene was mapped in the interval of 106 to
108 cM (centimorgan) on BTA 5 (Khatib et al., 2006). Sev-
eral studies with dairy cattle had shown significant effects
of the OLR1 marker on milk production traits (Khatib et al.,
2006; Komisarek and Dorynek, 2009). On the other hand,

the in vivo physiological role of OLR1 in metabolism was
reported by Murase et al. (2000) and Vinsky et al. (2013).

The beta-lactoglobulin (LGB) gene, situated on bovine
chromosome 11, encodes the main protein of whey (Tam-
basco et al., 2003). LGB (GenBank accession number:
X14710) locus plays a key role in the evaluation of the milk
production potential, and in addition this gene can also be as-
sociated with other loci that have a direct influence on growth
(Curi et al., 2005b).

The activity of the calpain–calpastatin proteolytic system
is closely related to meat quality through postmortem ten-
derization and is characterized by three components includ-
ing µ-calpain, m-calpain, and calpastatin, which is a spe-
cific endogenous protease inhibitor of calpains (Curi et al.,
2009). In addition to this, µ-calpain and calpastatin are en-
coded by the µ-calpain (CAPN1; GenBank accession num-
ber: AF252504) and calpastatin (CAST; GenBank acces-
sion number: AF117813) genes, located on bovine chromo-
somes 29 and 7, respectively (Corva et al., 2007; Curi et al.,
2009).

Growth hormone receptor gene (GHR), mapped to bovine
chromosome 20, encodes growth hormone (GH), also known
as somatotrophin, which stimulates important physiological
processes involving growth and metabolism in cattle (Di Sta-
sio et al., 2005; Sherman et al., 2008).

Over the last few decades, beef production in Turkey has
become one of the most important activities in terms of gen-
erating wealth and employment for the country. In 2017,
a total of 1 126 403 t of red meat was produced from
10 811 442 animals in Turkey. This production originated
from 3 602 115 cattle, 5 134 338 sheep, 2 068 866 goats, and
6123 water buffaloes. The most significant part of this pro-
duction derived from beef with a total of 987 482 t (93.16 %
of total; Turkish Statistical Institute, 2018). However, the cur-
rent production needs to be more efficient to supply internal
demands. Increased demand and insufficient production have
resulted in high meat prices. Thus, Turkish ministries have al-
lowed for the importation of living animals and carcasses to
regulate supply and demand but the importation has not been
effective in lowering price increases (Ustuner et al., 2017).
In Turkey, there is a strong need for novel and analytical
breeding strategies, including methods for genome-assisted
prediction of quantitative traits. These strategies may help
with maintaining or increasing production and help Turkey
become a self-sufficient country with respect to beef produc-
tion. In many countries, meat production originates from two
sources: production from herds that are exclusively based
on specific beef breeds and production from a combination
of dairy or meat products. Cattle farms in Turkey gener-
ally produce dairy and dual-purpose breeds, and the num-
ber of specific beef breeds is rather limited. In this respect,
the most common cattle raised in Turkey (43.84 %) is the
Holstein breed, with 6 989 126 purebreds and crosses. Con-
sidering 15 943 586 total cattle count, the Holstein breed has
a significant impact not only on the dairy cattle but also on
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Turkish beef production (Turkish Statistical Institute, 2018).
Therefore, evaluating the potential of Holstein meat should
be considered to increase beef production in the country.

Holstein cattle, which exhibit excellent dairy-type charac-
teristics, carry a potential for covering the shortage in meat
production by means of genetic variability for beef traits and
therefore the dual capacity of the Holstein breed is used in
several countries for improvement of beef production (Calo
et al., 1973). However, there is limited information about
the associations between the genotypic structure and growth
of fattening performance traits in Holsteins. Therefore, the
main purpose of this paper is to obtain a detailed perspec-
tive on the effects of 15 polymorphisms at the selected candi-
date genes LEP, FABP4, DGAT1, TG, IGF1, IGF1R, MYF5,
LGB, CAPN1, CAST, GHR, and OLR1 on fattening perfor-
mance in Holstein bulls. In addition, the combined effects of
these markers were evaluated with respect to genotypic inter-
actions.

2 Materials and methods

2.1 Animals, management, and determination of
fattening performance

The animals used in this study were recorded for the Pedi-
gree Project of the Turkish Ministry of Food, Agriculture
and Livestock, and Cattle Breeders Association. Ethical ap-
proval for this study was granted by the Uludag Univer-
sity local Research Ethics Committee (approval number:
2017-05/06). A total of 296 Holstein–Friesian bulls that
were randomly selected from a commercial herd (with a
herd size of 10 000 cattle) and raised on the same farm lo-
cated in the south Marmara region of Turkey (40◦18′06.0′′ N,
27◦56′28.5′′ E) were used in the present study. Maximum
and minimum ambient air temperatures (◦C) recorded in the
sheds during the period of the study were 16.83± 2.20 and
7.43±1.10◦C in spring, 27.23±1.12 and 17.27±2.11◦C in
summer, 19.87± 1.21 and 11.14± 2.42◦C in autumn, and
9.66± 1.10 and 3.11± 0.51◦C in winter. Relative humid-
ity percentages (%) were 57.12± 2.55%, 67.54± 2.11%,
54.23± 2.12%, and 64.71± 1.22% in the same seasons, re-
spectively.

All animals were housed and managed according to the
farm procedures of animal care in aa semi-open free-stall
barn (10 bulls in a paddock, 12 m2 per animal) with straw
as bedding. The fattening period was initiated after 2 weeks
of adaptation. All animals were weighed monthly by a preci-
sion scale (100 g sensitivity) and were fed ad libitum with the
same diets including grower and finisher rations, which con-
tained corn, potato and tomato pomace silage, barley straw,
barley butter, pasta, corn, corn gluten meal, corn bran, sugar-
beet pulp, soybean meal, sunflower meal, vitamin and min-
eral premix, limestone, and salt. The grower ration contained
13.80 % of crude protein and 10.20 MJ kg−1 of metaboliz-
able energy on a dry matter basis and the finisher ration con-

tained 10.30 % of crude protein and 11.50 MJ kg−1 of en-
ergy on a dry matter basis. All animals were provided with
the same feeding practices throughout the entire experimen-
tal period.

At the end of the finishing period, the animals were slaugh-
tered at a commercial slaughter facility according to standard
practices. Mean slaughter age was 487.30± 2.95 days. Af-
ter 1–2 h of transportation and with no access to feed (wa-
ter was available) for approximately 24 h after arrival, final
weights (FW) were recorded immediately before slaughter.

In order to evaluate the data for fattening performance, the
variables FW, fattening period (FP), and average daily weight
gain (ADWG) for each animal were determined. Dry mat-
ter intake (DMI) was measured daily and the ADWG was
calculated for the interval between the two weight measure-
ments. The feed conversion rate (FCR) was calculated, di-
viding the total amount of food consumed (based on DMI)
between the weighing days to the total weight gain (Mundan
et al., 2012). In this study, apart from the general determina-
tion of the FP, DMI, FCR, and ADWG, each trait was evalu-
ated based on the fattening periods between five selected tar-
get body weights (W1= 100 kg, W2= 200 kg, W3= 300 kg,
W4= 400 kg, W5= 450 kg) and days to reach (DTR) these
targets were compared. In this respect, the impact of geno-
types on each fattening performance trait based on different
periods (W1–W2, W2–W3, W3–W4, and W4–W5) was also
evaluated.

2.2 Candidate gene marker selection

The markers were selected from different sources as follows:
(a) SNPs from genes that belonged to QTL mapping studies
(http://www.animalgenome.org/QTLdb/cattle.html, last ac-
cess: 18 January 2019) with respect to fattening performance,
lipid metabolism, and appetite regulation; (b) SNPs in genes
previously associated with meat production and quality or
milk quality traits (which are potential molecular markers for
both meat and milk quality and growth); (c) Databases such
as dbSNP (http://www.ncbi.nlm.nih.gov/projects/SNP/, last
access: 18 January 2019) and Ensembl (http://www.ensembl.
org, last access: 18 January 2019) were used for confirmation
and information of each marker.

2.3 Genomic DNA isolation and genotyping

Genomic DNA was purified from 4 mL blood samples ob-
tained from the vena jugularis of each bull according to
previously described phenol–chloroform method (Green and
Sambrook, 2012). The concentration range (ng µL−1) and
the ratio 260/280 were measured with a spectrophotome-
ter (NanoDrop 2000c, Thermo Scientific, Wilmington, DE,
USA) to evaluate DNA amount and purity, respectively.

Genotyping of the SNPs in the selected candidate genes
was performed by PCR-RFLP (polymerase chain reaction
– restriction fragment length polymorphism). Primer se-
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quences and PCR conditions for amplification are shown
in Table 1. The primer sequences were checked for speci-
ficity by conducting BLAST searches of the NCBI Gen-
Bank database. PCR reaction mixtures consisted of 1 µL
(0.025 µM) of forward and reverse primers, 1 µL of dNTPs
(2.5 mM), 5 µL of MgSO4, 2.5 units of Taq DNA polymerase
(Biomatik, Cambridge, Canada), 5 µL 10× reaction buffer
(Fisher Biotech, Pittsburgh, PA), 3 µL of purified DNA, and
33.5 µL autoclaved Milli-Q water, obtained from a water pu-
rification system (Millipore, Bedford, MA, USA), to make a
volume up to 50 µL. The DNA amplification reactions were
performed in two thermal cyclers (Palm Cycler GC1-96, Cor-
bett Research, Australia, and MyGenie 96 thermal block,
Bioneer Corporation, South Korea). Amplification products
were observed on a 2 % agarose gel (migration for 1 h at
100 V) using 5 µL of PCR product and 2 µL of loading buffer.
Following PCR process, 15 µL of the amplified product with
each SNP was digested with 15 units of the correspond-
ing restriction enzyme (shown in Table 1). Restriction en-
zymes were purchased from MBI Fermentas (Canada) or
Biomatik (Cambridge, Canada). These reactions were incu-
bated at 37 ◦C for 16 h. The samples were applied into the
3 % agarose gel (Sigma-Aldrich, Steinheim, Germany) with
1×TBE buffer for electrophoretic separation. Ethidium bro-
mide (1 µg mL−1) was used as an intercalated reagent and
electrophoresis ran at a maximum voltage of 90 V per 1 h.
DNA fragments were visualized with UV transillumination
(DNR-Minilumi, DNR Bio-Imaging Systems, Israel). To de-
termine the size of fragments we applied a DNA ladder (100–
1000 bp, Biomatik).

2.4 Statistical analysis

The allelic and genotypic distribution presented in this paper
were calculated for all SNPs by the standard procedure (Fal-
coner and Mackay, 1996). The Hardy–Weinberg equilibrium
(HWE) was tested for all alleles by using the POPGENE
software v1.32 (Yeh et al., 2000). The population genetic in-
dexes including gene homozygosity (Ho), gene heterozygos-
ity (He), effective allele numbers (Ne), and polymorphism
information content (PIC) were calculated, on the basis of
allele frequencies, by using the following formulas as de-
scribed by Botstein et al. (1980):

Ho=
n∑
i=1

P 2
i , (1)

He= 1−
n∑
i=1

P 2
i , (2)

Ne= 1/
n∑
i=1

P 2
i , (3)

PIC= 1−

(
n∑
i=1

P 2
i

)
−

n−1∑
i=1

n∑
j=i+1

2P 2
i P

2
j , (4)

where Pi is the frequency of the ith allele and n is the number
of alleles.

Statistical analyses were performed on records of fat-
tening performance traits, including FW, DMI, FCR, and
ADWG in purebred Holstein bulls (n= 296). In order
to evaluate the individual gene effects and interactions
on different fattening periods, five target body weights
(W1= 100 kg, W2= 200 kg, W3= 300 kg, W4= 400 kg,
W5= 450 kg) were selected. The proportionate adjustment
of two weights (if necessary), depending upon their distance
from the standard age, was estimated by linear interpolation
method from the nearest weigh days.

The Minitab software (Minitab, Pennsylvania, USA,
v17.1.0) was used to analyze the relationship between the
individual or combined genotypes and performance traits in
cattle. All analyses were done in two steps: initially, mark-
ers were evaluated using the significance of genotype effects
for each trait; and afterwards, the interactions between the
mentioned loci (two- and three-way interactions) were added
to the model and tested for significance. For the association
studies, the traits of interest were analyzed using the gen-
eral linear model (GLM) procedure and an appropriate sta-
tistical model was selected according to coefficient of deter-
mination (R2) to compare the explanatory power of models
with different numbers of predictors. The statistical model
included effects of age (days) and season (spring, summer,
autumn, and winter) at the corresponding target weights (as
mentioned above) and genotype. Age (days) was added to
the model as a covariate, while season was added as a fixed
effect. The mixed model selected was

Yijklm = µ+βAi + Sj +Gk + Il + eijklm, (5)

where Yijklm is the phenotypic observations; µ is the overall
mean; βAi is the regression effect of age; Sj is the fixed ef-
fect of season; Gk is the fixed effect of genotypes; Il is the
fixed effect of the genotypic interactions; and eijklm is ran-
dom error.

The sire effect was not included in the model since the
number of genotyped bulls that were progenies of the same
sire was very small, as indicated by Curi et al. (2006).
In interaction analyses, genotypes with very low frequency
were not included in the analysis in order to avoid unre-
liable results or confounding the influence of genotype ef-
fects on traits of interest. Taken together, the least square
mean (LSM) estimates with standard errors (SE) for geno-
types and fattening performance traits were used. For all sta-
tistical comparisons, a probability level of P < 0.05 was ac-
cepted as statistically significant. When significant associa-
tions were identified, mean values were submitted for post
hoc comparison by the Tukey test.

Additive effects and dominance deviation were also calcu-
lated using a reparameterized model as demonstrated by Fal-
coner and Mackay (1996). In this respect, the additive effect
was estimated as the difference between the means of two ho-
mozygous divided by two (a), whereas the dominance effect
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was calculated as the deviation of the heterozygote from the
mean of the two homozygotes (d). The degree of dominance
was evaluated according to d/a.

3 Results

3.1 Allelic and genotypic distributions and population
genetic indices

Table 2 shows the genotypic and allelic frequencies for the
15 markers studied in Holstein bulls. Two alleles and three
genotypes in each SNP were observed except for the OLR1
(CC genotype was not present). The minor allele frequen-
cies (MAF) ranged from 0.12 to 0.49. With respect to the TG
and CAPN1 530 polymorphisms, the frequencies of C (0.88)
and G (0.83) alleles, respectively, were remarkably high in
the current study. The frequency of heterozygous genotypes
was quite high (≥ 0.65) in DGAT1, IGF1, LGB, and OLR1
markers. Concerning LEP, TG, and CAPN1 530 markers, the
number of animals with the reference homozygote genotype
was rather high (> 200 individuals) compared to heterozy-
gotes and homozygotes for the variant allele in the popula-
tion studied. It is worth noting that the frequency of heterozy-
gous genotype was considerably low (< 0.20) at the LEP and
TG markers only.

Hardy–Weinberg equilibrium (HWE) of SNPs is shown in
Table 3. The distributions of genotypes were in agreement
with HWE within IGF1R, CAPN1 V530I, and CAST S20T,
whereas deviations from HWE were observed for all remain-
ing markers (P < 0.05). The values of four population ge-
netic indices (gene homozygosity, Ho; gene heterozygos-
ity, He; effective allele number, Ne; and polymorphism in-
formation content, PIC) to evaluate the genetic diversity in
the present Holstein population are also presented in Ta-
ble 3. Ho was higher than 0.50 for all the markers studied.
He values ranging from 0.2112 to 0.4998 were observed,
whereas values of Ne approached 2.00 (ranging from 1.2677
to 1.9992) in the chi-square statistics. All values of PIC
were above 0.10 and below 0.40 in the present study. The
TG C422T and CAPN1 V530I showed the low frequency of
the alleles T (0.12) and A (0.17), respectively, resulting in
low genetic variabilities in He, Ne, and PIC compared to the
other SNPs showing relatively high values of population ge-
netic indices. In this context, the highest He value (0.4998)
was observed for the DGAT1 marker. The results indicated
that FABP4 2834, FABP4 3533, DGAT1, IGF1, LGB, and
CAST markers were characterized by high values of Ne (>
0.95). Moreover, same markers also exhibited relatively high
values of PIC in this study.

3.2 Marker associations

Levels of significance are reported in Table 4 for the effects
of polymorphisms at the LEP, FABP4, DGAT1, TG, IGF1,
IGF1R, MYF5, LGB, CAPN1, CAST, GHR, and OLR1 genes

on fattening performance traits in Holstein bulls. The asso-
ciation analysis revealed that all markers tested, with the ex-
ceptions of CAPN1 530, IGF1R, TG, and DGAT1, showed
associations (at least one significant association) with re-
spect to fattening performance, comprising 36 significant as-
sociations (P < 0.05, P < 0.01, P < 0.001). The LSM and
their respective SE obtained for the mentioned traits estab-
lished are presented in Tables 5–7, whereas contributions
of gene action, estimated as additive and dominance ef-
fects, are shown in Table 8. Results indicated that the marker
FABP4 3691 was significantly associated with DTRW3 (P <
0.05). Moreover, 2834 polymorphism at the same gene was
effective in the W2–W3 interval with respect to FP and
ADWG (P < 0.05). FABP4 3533 marker affected W1–W2
DDMI, TDDMI, W4–W5 FCR, and W4–W5 ADWG at dif-
ferent levels of significance. CAPN1 316 was highly associ-
ated with DTRW4, FW, TFCR, and TADWG, while CAST
was associated with W2–W3 DMI and FCR (P < 0.05). Re-
garding the association analyses, the effectiveness of LEP
and GHR markers are well demonstrated; and in this respect,
these two markers seem to be strong candidates for vari-
ous fattening performance traits in both evaluation of target-
weight intervals and overall perspective, thereby affecting six
and nine traits, respectively. Concerning IGF1, significant ef-
fects were observed for daily and total DMI (P < 0.05) and
TFCR (P < 0.01). MYF5 and OLR1 markers were associ-
ated with W4–W5 DDMI and W3–W4 FCR, respectively;
whereas LGB was significantly effective on FP and ADWG
in the W2–W3 interval and TDDMI (P < 0.05). There was
no association between any of the tested SNPs with DTRW1,
W1–W2 FP, W3–W4 FP, W1–W2 DMI, W3–W4 DMI, W4–
W5 DMI, W2–W3 DDMI, and W3–W4 DDMI, nor was
there any association with variation in W1–W2 FCR, W1–
W2 ADWG, or W3–W4 ADWG (individual effects of the
markers).

3.3 Genotypic interactions

The results of interaction analyses are reported in Tables 9
and 10. According to the results of analyses, significant as-
sociations were as follows:

a. LEP×GHR with DTRW2 (P < 0.001), W1–W2 FP
(P < 0.01), W1–W2 DMI (P < 0.01), W1–W2 FCR
(P < 0.001), W4–W5 FCR (P < 0.05), TFCR (P <
0.05), and W4–W5 ADWG (P < 0.05);

b. IGF1×LEP with DTRW2 (P < 0.001), DTRW3 (P <
0.01), DTRW4 (P < 0.001), W3–W4 FP (P < 0.001),
W4–W5 FCR (P < 0.01), W4–W5 ADWG (P < 0.01),
and TADWG (P < 0.001);

c. FABP4 3691×FABP4 2834 with TFCR (P < 0.05);

d. FABP4 3533×LEP with DTRW4 (P < 0.01).
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Table 2. Allele and genotype frequencies for the 15 markers in the total sample of animals (n= 296).

Marker Allele frequency Genotype frequency∗

LEP C T CC CT TT

0.22 0.78 0.145 (43) 0.152 (45) 0.703 (208)
FABP4 3691 A G AA GA GG

0.25 0.75 0.038 (11) 0.422 (125) 0.540 (160)
FABP4 2834 C G CC GC GG

0.42 0.58 0.108 (32) 0.625 (185) 0.267 (79)
FABP4 3533 A T AA TA TT

0.45 0.55 0.141 (42) 0.608 (180) 0.251 (74)
DGAT1 A K AA KA KK

0.49 0.51 0.148 (44) 0.676 (200) 0.176 (52)
TG C T CC CT TT

0.88 0.12 0.804 (238) 0.155 (46) 0.040 (12)
IGF1 C T CC CT TT

0.44 0.56 0.111 (33) 0.655 (194) 0.234 (69)
IGF1R A B AA AB BB

0.65 0.35 0.449 (133) 0.409 (121) 0.142 (42)
MYF5 A G AA GA GG

0.28 0.72 0.034 (10) 0.483 (143) 0.483 (143)
LGB A B AA AB BB

0.44 0.56 0.122 (36) 0.645 (191) 0.233 (69)
CAPN1 316 C G CC GC GG

0.29 0.71 0.061 (18) 0.462 (137) 0.477 (141)
CAPN1 530 A G AA GA GG

0.17 0.83 0.034 (10) 0.273 (81) 0.693 (205)
CAST C G CC GC GG

0.57 0.43 0.304 (90) 0.527 (156) 0.169 (50)
GHR A G AA GA GG

0.78 0.22 0.662 (196) 0.229 (68) 0.109 (32)
OLR1 A C AA AC CC

0.62 0.38 0.236 (70) 0.764 (226) 0 (0)

∗ The number of animals per genotype is presented in parentheses.

Associations of LEP×MYF5 with TFCR; LEP×OLR1 with
W4–W5 FP, TDMI, and W3–W4 ADWG; IGF1×DGAT1
with DTRW5 were found to be statistically significant (P <
0.05). However, these interactions were not considered be-
cause of the extremely unbalanced genotypic subsets (data
not shown) in order to prevent unreliable results and they will
not be discussed further.

4 Discussion

4.1 General perspectives

In the current study, several genes were selected based on
their biological functions to be evaluated for association
between polymorphisms and fattening performance. These
genes were chosen because they have been shown to be in-
volved in the regulation of appetite, lipid metabolism, or
growth. Moreover, the effects of some functional candidate
gene markers for milk production (e.g., LGB and OLR1) or
meat quality (e.g., CAPN1 and CAST) were tested for fatten-

ing performance traits because of their potential influence on
growth and lipid metabolism as indicated by previous stud-
ies (Miquel et al., 2009; Fonseca et al., 2015). Impact of
the selected genes seemed most likely to be related with an-
imal body weight, weight gain, and feed efficiency, which
are the crucial constituents of fattening performance evalua-
tion (Sherman et al., 2008). SNPs within the LEP, FABP4,
DGAT1, TG, IGF1, IGF1R, MYF5, LGB, CAPN1, CAST,
GHR, and OLR1 genes were examined for their effects on
these traits in Holstein cattle. In the current study, we hypoth-
esized that individual or combined effects of the genotypes at
the selected genes may be effective on performance traits at
different periods of animal growth and fattening. In this re-
spect, the distinctive aspect of the evaluation presented in this
paper, when compared to other cattle fattening performance
studies, is the determination of genotype effects on reaching
selected target body weights and the comparison of the traits
among the intervals between them (see Sect. 2). Postnatal
growth and fattening performance are under the polygenic in-
heritance. Genetic background of the animals, the existence
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Table 3. Genetic diversity at the selected genes in the total sample of animals (n= 296).

Marker χ2 (HWE) P (HWE) Ho He Ne PIC

LEP 92.452 0.000∗∗∗ 0.6568 0.3432 1.5225 0.2843
FABP4 3691 5.098 0.023∗ 0.6249 0.3751 1.6000 0.3047
FABP4 2834 23.594 0.000∗∗∗ 0.5128 0.4872 1.9501 0.3685
FABP4 3533 15.740 0.001∗∗∗ 0.5050 0.4950 1.9802 0.3725
DGAT1 36.746 0.000∗∗∗ 0.5002 0.4998 1.9992 0.3749
TG 19.207 0.000∗∗∗ 0.7888 0.2112 1.2677 0.1889
IGF1 32.331 0.000∗∗∗ 0.5072 0.4928 1.9716 0.3714
IGF1R 2.791 0.094 0.5450 0.4550 1.8349 0.3515
MYF5 13.132 0.001∗∗∗ 0.5968 0.4032 1.6756 0.3219
LGB 27.858 0.000∗∗∗ 0.5072 0.4928 1.9716 0.3714
CAPN1 316 4.182 0.041∗ 0.5882 0.4118 1.7001 0.3270
CAPN1 530 0.323 0.569 0.7178 0.2822 1.3931 0.2424
CAST 1.606 0.205 0.5098 0.4902 1.9616 0.3701
GHR 33.621 0.000∗∗∗ 0.6568 0.3432 1.5225 0.2843
OLR1 112.861 0.000∗∗∗ 0.5288 0.4712 1.8911 0.3602

χ2 (HWE) – Hardy–Weinberg equilibrium χ2 value; Ho – gene homozygosity; He – gene heterozygosity;
Ne – effective allele number; PIC – polymorphism information content. ∗ P < 0.05, ∗∗∗ P < 0.001: not
consistent with equilibrium.

of genotype× environment interactions, and linkage phase
in the case of linked genes make the evaluation of perfor-
mance traits much more complex (Pintos and Corva, 2011).
The strong emphasis on genotypic effects expressed at dif-
ferent stages of an animal’s life should be considered based
on molecular aspects. For example, there is experimental ev-
idence of a role for the calpain–calpastatin system in muscle
cell migration and differentiation at early stages of develop-
ment (Dedieu et al., 2004; Moyen et al., 2004; Barnoy et al.,
2005). Another example is that, the concentration of leptin
can be involved in food consumption, energy expenditure,
and adipose tissue development (Buchanan et al., 2002; Lag-
onigro et al., 2003), which are fairly variable over different
time periods of growth. On the other hand, it is well known
that the genetic and phenotypic correlations among weights
at different ages exist (Miquel et al., 2009). Taken altogether,
evaluation of genetic marker effects with respect to differ-
ent stages of development and fattening may provide novel
aspects to fattening performance in livestock.

4.2 Genetic variability and population genetic indices

The present results showed a deviation from HWE for all
the markers, except IGF1R, CAPN1 530, and CAST. Possi-
ble explanations for SNPs that showed deviation from HWE
may be through population substructure. In this context, this
disequilibrium might be due to the typical structure of dairy
cow breeds, such as Holstein–Friesian, under intense selec-
tion that use artificial insemination with a few sires produc-
ing a large number of daughters. On the other hand, indirect
selection for these loci from the selection for milk produc-
tion should be considered when evaluating the Holstein breed
(Lacorte et al., 2006). As pointed out by several authors, the

markers that have MAF below 5 % should be excluded from
association analyses to draw reliable conclusions (Bongiorni
et al., 2012). Nevertheless, the highest frequency observed
for the most common allele was 0.88 (TG marker); and ac-
cordingly, all the markers used in the current study can be
evaluated as polymorphic loci. In genetic studies, popula-
tion genetic indices (Ho, He, Ne, and PIC) play an impor-
tant role in the assessment of population structure defined
by genetic variation in a particular gene or genes. The lev-
els of He may indicate clues in breeding characteristics of
population; to give an example, the decrease in He can be
caused as a result of eventual inbreeding. Besides, Ne ex-
presses the effectiveness of loci allele impact in populations
(Trakovicka et al., 2013). PIC values are the most com-
mon indices to determine the extent of the polymorphism
of a marker. In this sense, the usefulness of a marker in
segregation analysis is directly related to its level of poly-
morphism (Machado et al., 2010). PIC value classes are
PIC> 0.50 (high polymorphism), 0.25<PIC< 0.50 (mod-
erate polymorphism), and PIC< 0.25 (low polymorphism) as
suggested by Botstein et al. (1980). According to these crite-
ria, the great majority of markers genotyped in the present
population might be considered moderately polymorphic.
However, regarding TG and CAPN1 530 markers, low values
of indices were observed as follows: He< 0.30, Ne< 1.40,
and PIC values of < 0.25. On the other hand, concerning
FABP4 3533, DGAT1, IGF1, and CAST markers, He values
approached 0.50, whereas Ne values approached 2.00 in this
study. The reason for the above-mentioned results is directly
related to allele frequency distributions, which are known to
vary between breeds and even between different populations
of the same breed (Carvalho et al., 2012).
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Table 8. Estimates of additive and dominance effects of the markers showing significant associations in the present study.

Trait Corresponding Additive Dominant Overall
markers effect1,2 effect1,3 P value1,4

DTRW2 LEP −8.67∗∗∗ −2.43 0.001
DTRW3 LEP −7.32 8.09∗∗ 0.008

FABP4 3691 −18.44 −16.76∗ 0.037
GHR 6.75 6.31∗ 0.034

DTRW4 CAPN1 316 −13.36 −33.04∗∗ 0.005
DTRW5 LEP −10.91∗∗ 5.77 0.006
W2–W3 FP FABP4 2834 −4.37∗ −0.02 0.015

LGB 3.45 2.47∗ 0.047
GHR 2.88 3.52∗∗ 0.006

W4–W5 FP GHR −3.45 9.25∗ 0.019
FW CAPN1 316 21.66 18.13∗∗ 0.003
W2–W3 DMI CAST −13.89 16.67∗ 0.042

GHR 17.23 15.66∗∗ 0.006
TDMI LEP −26.01 159.00∗ 0.018

IGF1 55.50 −94.51∗ 0.020
GHR 155.20∗∗∗ −40.50 0.000

W1–W2 DDMI FABP4 3533 0.13 −0.12∗∗ 0.004
W4–W5 DDMI MYF5 0.01 0.39∗ 0.034

GHR 0.16 −0.48∗ 0.040
TDDMI LEP −0.71∗∗∗ −0.12 0.000

FABP4 3533 −0.14 −0.28∗ 0.011
IGF1 0.14 −0.19∗ 0.020
LGB −0.19 −0.26∗ 0.012

W2–W3 FCR CAST −0.16 0.18∗ 0.023
GHR 0.21 0.22∗∗ 0.004

W3–W4 FCR OLR15 – – 0.024
W4–W5 FCR FABP4 3533 −0.06 −0.77∗ 0.031
TFCR LEP −0.18 0.19∗ 0.048

IGF1 −0.42 0.30∗∗ 0.004
CAPN1 316 −0.62 −0.56∗∗∗ 0.001

W2–W3 ADWG FABP4 2834 0.05∗ −0.01 0.019
LGB −0.04∗ −0.02 0.036
GHR −0.04 −0.03∗∗ 0.009

W4–W5 ADWG FABP4 3533 0.03 0.13∗ 0.019
GHR 0.06 −0.13∗ 0.047

TADWG CAPN1 316 0.05 0.04∗∗ 0.007

W1 – 100 kg, W2 – 200 kg, W3 – 300 kg, W4 – 400 kg, W5 – 450 kg body weight; DTR – days to
reach; FP – fattening period; FW – final weight; DMI – dry matter intake; TDMI – total dry matter
intake throughout the entire experimental period; DDMI – daily dry matter intake; TDDMI – total
daily dry matter intake throughout the entire experimental period; FCR – feed conversion rate; TFCR
– total feed conversion rate throughout the entire experimental period; ADWG – average daily weight
gain; TADG – total average daily weight gain throughout the entire experimental period. 1 Least
squares means for each genotype are shown in Tables 5–7. 2 Additive effect is estimated as the
difference between the two homozygous means divided by 2 (Falconer and Mackay, 1996).
3 Dominance effect is estimated as the nonadditive genetic effects or the deviation of the heterozygote
from the mean of the two homozygotes (Falconer and Mackay, 1996). 4 Overall P value for marker as
a fixed genotype effect. 5 Only two genotypes were observed for OLR1 marker, accordingly, additive
and dominance effect could not be estimated. ∗ P < 0.05, ∗∗ P < 0.01, ∗∗∗ P < 0.001.

4.3 Individual marker effects on trait means

Results of this study show that SNP associations with cattle
fattening performance traits, such as DMI, FCR, and ADWG,
can be complex. This estimated complexity of fattening per-
formance illustrates how SNP associations could differ when
the target weights and stages of growth and fattening differ.

To the knowledge of the authors, this is the first detailed re-
port of associations between genotypic properties and fatten-
ing performance of Holsteins. The raw phenotypic data used
for this study included 204 879 records (including daily feed
consumption records of the individual animals). Genotypic
analyses indicated that LEP A80V may be a potential marker
for growth and fattening performance evaluation in cattle. In
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Table 10. Least-square means and standard errors for the significant associations of genotypic interactions (FABP4 3691×FABP4 2834 and
FAP4 3533×LEP) with related traits (n= 296).

FABP4 3691×FABP4 2834∗ FAP4 3533×LEP∗∗

Genotype n TFCR Genotype n DTRW4

AACC 3 9.27± 1.31ab AACC 5 406.15± 44.70b

AAGC 4 8.26± 0.67b AACT 5 423.82± 38.01ab

AAGG 4 10.83± 0.59a AATT 32 453.33± 25.92ab

GACC 7 9.41± 0.61ab TACC 26 471.35± 24.01a

GAGC 84 9.41± 0.31ab TACT 25 454.24± 29.22ab

GAGG 34 9.59± 0.37ab TATT 129 422.16± 20.91ab

GGCC 22 9.51± 0.45ab TTCC 12 426.54± 32.72ab

GGGC 97 9.26± 0.29ab TTCT 15 438.63± 33.74ab

GGGG 41 9.79± 0.35ab TTTT 47 465.82± 24.12a

TFCR – total feed conversion rate throughout the entire experimental period (dry matter basis);
DTRW4 – days to reach 400 kg body weight. a,b Different superscripts within a column indicate
significant difference. ∗ P < 0.05, ∗∗ P < 0.01.

this context, animals with the TT genotype reached the tar-
get body weights of 200, 300, and 450 kg faster than alterna-
tive genotypes. Further, and more important, these animals
reached the mentioned body weights with significantly lower
TDMI and TDDMI (P < 0.05 and P < 0.001, respectively).
This situation was substantiated by the evaluation of FCR
values, since the TT animals had −0.36 and −0.37 kg kg−1

lower TFCR compared to CC and heterozygous animals, re-
spectively. It is well known that, LEP gene encodes a protein
hormone secreted from white adipose tissue that is involved
in feed intake, appetite modulation, and energy metabolism,
which may indicate its role in the growth processes (Kulig
and Kmiec, 2009). Moreover, this gene exhibits a potent reg-
ulation through central and peripheral pathways and might
affect body weight. Kulig and Kmiec (2009) reported that
A80V polymorphism significantly affected the body weight
at 210 days of age (P ≤ 0.01) and the average daily gain be-
tween three and 210 days of age (P ≤ 0.05) in Limousin
breed with T as a desirable allele. Similarly, Nkrumah et
al. (2006) indicated that the CC homozygous beef steers were
characterized by a significantly lower daily gain compared
with the heterozygous and TT animals. On the contrary,
Ardicli et al. (2017a) reported that there was no significant
association between the LEP A80V marker and fattening per-
formance traits in Simmental bulls. Taken together, this study
demonstrated that LEP A80V polymorphism may be highly
associated with growth and fattening performance traits in
Holsteins and TT genotype might contribute to faster growth
(according to DTR target body weights) and improved FCR
in Holstein cattle. Although LEP A80V is known as a famous
candidate marker, knowledge about its associations with fat-
tening performance is rather limited and the studies were
mostly conducted on milk production traits. Therefore, fur-
ther research on associations between the LEP and growth, or

fattening traits in cattle, is necessary and may provide valu-
able contributions to selection programs.

BTA14 has been widely studied and the results indicated
that it harbors many QTLs associated with fat metabolism.
Several genetic markers associated with economically im-
portant traits, such as FABP4, DGAT1, and TG, are localized
on this genomic region. FABP4 is a leading candidate gene
with an impact on lipid synthesis, feed intake, and growth
(Yan et al., 2018). In the current study, polymorphisms in the
FABP4 gene were significantly associated with performance
traits expressed at different stages of fattening in Holsteins.
In this respect, FABP4 3691 was significantly associated with
DTRW3 and animals with the AA genotype were character-
ized by decreased growth (P < 0.05). AA animals reached
the 300 kg body weight +35.20 and +36.88 days slower
compared to GA and GG animals, respectively. In addition,
the FABP4 2834 marker affected the FP and ADWG in the
W2–W3 period (200–300 kg target body weights). Animals
with the GG genotype exhibited higher ADWG (+0.09 and
+0.05 kg day−1) and lower FP (−8.74 and−4.35 days) com-
pared to CC and GC animals, respectively. The variation of
another SNP in FABP4, g.3533T>A, was significantly as-
sociated with DDMI in the W1–W2 period (P < 0.01) and
TDDMI (P < 0.05). The TT animals exhibited higher W1–
W2 DDMI but lower TDDMI compared to alternative geno-
type carriers. Moreover, heterozygous genotype was associ-
ated with the lowest FCR but the highest ADWG values in
the W4–W5 period. Even though it has been reported that
FABP4 plays an important role in cattle based on biologi-
cal properties, especially fatness traits (Shin et al., 2012), it
has not been securely suggested for the impact of variation
on growth or fattening performance traits. Here, we present
a probability of relationship between FABP4 gene polymor-
phisms and cattle growth. To the best of our knowledge,
no previously reported studies have detected such associa-
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tions between FABP4 genotypes and the above-mentioned
performance traits, and hence the present results may pro-
vide novel aspects to this genomic region. Similar to the
FABP4 gene, DGAT1 and TG were located on BTA14, re-
sponsible for large effects on several economically important
traits (Marques et al., 2008, 2009; Lee et al., 2013). However,
there was no association between the polymorphisms of these
genes and any of the phenotypic traits evaluated in the current
study. Ardicli et al. (2017a) have indicated the same result,
given that the DGAT1 K232A is not an effective marker on
fattening performance traits in Simmental bulls. The K232A
and the C422T SNPs of the DGAT1 and TG genes, respec-
tively, have been shown to be associated with adjusted fat
thickness, meat tenderness (Tait et al., 2014), and marbling
(Burrell et al., 2004; Shin and Chung, 2007b). Neverthe-
less, adequate studies on the association of these markers
with growth and fattening traits have not been widely per-
formed, and thus further analyses in various breeds of cattle
are needed to test possible relationships and to observe novel
associations.

IGF1 and its corresponding receptor IGF1R encode the
hormones that are of basic constituents in the somatotrophic
axis, and thus these genes play a key role in the regulation
of the mammalian metabolism (Curi et al., 2005a). In this
study, significant associations between IGF1 C472T poly-
morphism and feed intake were observed. The TT genotype
was characterized by the highest TDMI and TDDMI but the
lowest TFCR. In this context, animals with the TT geno-
type had +0.32 and +0.27 kg day−1 higher values of TD-
DMI, while, −0.51 and −0.42 kg kg−1 lower TFCR com-
pared to those with CT and CC genotypes. These findings
agree in part with those reported by Siadkowska et al. (2006)
who observed significant associations between the same ge-
netic marker and feed intake or feed conversion for growth.
These researchers suggested that animals carrying geno-
type BB (nucleotide CC) consumed less dry matter, crude
protein, and energy per 1 kg body live weight gain than those
of alternative genotypes. On the other hand, previous stud-
ies performed by Ge et al. (2001) and Curi et al. (2005a)
have shown that IGF1 C472T polymorphism (also known
as IGF1/SnaBI) has significant effects on live weight and
weight gain. However, these associations were not substanti-
ated in the present study. For IGF1R G404T polymorphism,
also known as IGFIR/TaqI, there was no significant associ-
ation between the SNP and any of the performance traits in
this study. Moody et al. (1996) and Curi et al. (2005a) in-
dicated that this polymorphism is not very useful in studies
on the identification of QTL in cattle, due to unbalanced al-
lele frequencies. Moreover, Switonski (2002) suggested that
BTA21, where the IGF1R is located, is not one of the most
interesting for the localization of loci related to growth and
carcass composition in beef cattle. These statements are in
line with those obtained in the present study and are also con-
firmed for Holstein bulls.

A mutation of A/G in the intron 2 region of the MYF5 gene
has been reported to be associated with the various growth
traits including weight at 12 months and ADWG (Chung
and Kim, 2005); preweaning average daily gain and aver-
age daily gain on feed (Li et al., 2004); withers height and
height at hip cross (Zhang et al., 2007). Here, we only re-
port an association of the MYF5 genotypes with W4–W5
DDMI (P < 0.05). In this respect, heterozygous animals had
+0.39 and+0.38 kg day−1 higher DDMI values compared to
AA and GG animals, respectively. Extensive investigations
have provided the detection of several polymorphisms in the
MYF5 gene in cattle. However, association analyses mostly
revealed inconsistent results in different breeds or failed to
demonstrate any relationship to production traits. Genotype–
phenotype associations of the same genes in different lines or
breeds may provide variable results because of their genetic
constitutions. Moreover, evaluating the existence of interac-
tions such as epistasis, pleiotropy, and genetic linkage should
be taken into account when considering different combina-
tions of the polymorphisms (Carvalho et al., 2012). The SNP
studied here is located in an intron region, and thus it does
not alter the amino acid sequence of the protein. However,
introns have been shown to affect transcriptional efficiency
(Zhang et al., 2007) and play an important role in gene reg-
ulation. Accordingly, there is still a need for further genetic
studies about the MYF5 effects on growth and fattening per-
formance.

The polymorphism located in a coding region of the LGB
gene (exon IV) showed significant associations with respect
to FP and ADWG in the W2-W3 period and TDDMI (P <
0.05). AA animals were characterized by the lowest values of
W2–W3 FP, while the highest values of W2–W3 ADWG and
TDDMI compared to alternative genotype carriers. The re-
sults obtained in the present study differ from those reported
by Curi et al. (2005b) who did not observe any significant
association between LGB genotypes and growth or carcass
traits. One possible explanation of the lack of a significant
association in their study may be through the genetic con-
stitution of experimental animals and unbalanced genotypic
frequencies (AA genotype frequency was very low). On the
other hand, Tambasco et al. (2003) reported that, LGB×GH
interaction was significantly effective on ADWG from wean-
ing to yearling (P < 0.05). The LGB gene has been reported
to be an important factor in the evaluation of the milk pro-
duction and quality traits. Moreover, this gene indicates a
maternal ability in beef cattle and therefore represents a po-
tential candidate gene for growth traits (Curi et al., 2005b).
The effects of milk protein polymorphisms on growth or fat-
tening traits have been limitedly investigated. To our knowl-
edge, this is the first study indicating a possible connection
between LGB/HaeIII polymorphism and performance traits
including DMI, and partially ADWG and FP. These find-
ings may be useful to achieve novel aspects in evaluation of
potential genetic markers with respect to livestock selection
programs.
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In the current study, CAPN1 and CAST markers
showed significant associations with performance traits.
CAPN1 G316A affected the DTRW4, FW, TFCR, and
TADWG, while CAST was effective on DMI and FCR in
the W2–W3 period. As pointed out by several authors, these
genes are considered strong functional candidates for meat
quality (Smith et al., 2000; Corva et al., 2007; Cheong et al.,
2008; Bonilla et al., 2010; Curi et al., 2010). Moreover, there
is fair evidence for an association between the telomeric end
of BTA29, where the CAPN1 is located, and performance
traits including weaning weight, carcass weight, and feed ef-
ficiency (Casas et al., 2003; Miquel et al., 2009; Pintos and
Corva, 2011). The present results demonstrated an associa-
tion between the GG genotype of the CAPN1 G316A marker
and FW and TADWG (P < 0.01), which can be evaluated
as a strong dominance. At slaughter, animals carrying this
genotype was+43.30 kg heavier than those animals with CC
genotype. Moreover, GG animals had+0.08 kg day−1 higher
ADWG compared to CC animals. These findings agree in
part with those reported by Miquel et al. (2009) and Pintos
and Corva (2011). Previous studies by some members of our
study group have also shown that there is a strong associ-
ation between CAPN1 G316A marker and FW, given that
the G is the favorable allele (Ardicli et al., 2017a, c). It is
worth noting that allele C of this marker has been associ-
ated with more tender meat in several studies (Corva et al.,
2007; Gill et al., 2009; Miquel et al., 2009). It is well known
that the genetic and phenotypic correlations among weights
at different ages are positive, and thus it is possible that meat
tenderness shows an association with FW, and that selection
for this marker may lead to changes in both traits and also
in ADWG (Miquel et al., 2009). On the other hand, the ob-
served results can be the consequence of an effect of tightly
linked genes through calpain–calpastatin system. Concern-
ing also the effect of CAST marker, it seems that both markers
may be involved in some way in growth regulation. If so, as
suggested by Pintos and Corva (2011), selection for growth
rate and body size in many beef cattle breeds could explain,
at least partially, the reported allele frequencies (frequency
of G allele is highly dominant over C) in markers such as
CAPN1 G316A. Here, we present that a similar implementa-
tion may be considered for Holsteins.

The present study clearly demonstrated that the
GHR S555G polymorphism is a strong candidate marker
that influences performance traits in Holstein breed. Nine
phenotypic traits including DTRW3, W2–W3 FP, W2–W3
DMI, W2–W3 FCR, W2–W3 ADWG, W4–W5 FP, W4–W5
DDMI, W4–W5 ADWG, and TDMI were significantly
affected by this polymorphism at different levels of signifi-
cance (Table 4). Results indicated that AA animals reached
the 300 kg target body weight (DTRW3) faster than alterna-
tive genotype carriers (∼ 13 days). Moreover, these animals
had the highest values for TDMI and W2–W3 ADWG.
Heterozygous animals were characterized by a longer FP
at both W2–W3 and W4–W5 periods and a higher FCR

value in the W2–W3 period. On the other hand, animals
with the GG genotype had higher DMI in the W2–W3,
DDMI and ADWG in the W4–W5 compared to AA, and
heterozygous animals. These findings suggest that it is
important to consider the marker effects on different stages
of animal growth. In other words, genes may mediate their
effects on metabolism as the cattle grow. However, Ardicli
et al. (2017a) reported that GHR S555G polymorphism
was not associated with any of the fattening performance
traits in Simmental bulls. In the literature, there is limited
information about the association of the GHR S555G marker
with fattening performance traits and present results suggest
that focusing on this genomic region may be useful in
improving these traits.

The association analysis involving the OLR1 g.8232C>A
(also denoted as C223A) polymorphism genotypes and pro-
duction traits only considered genotypes AA and AC since
the CC genotype was not present in this study. Results
revealed that there was a significant association between
this marker and W3–W4 FCR. Heterozygous animals had
+0.57 kg kg−1 higher values of FCR in the W3–W4 period
compared to AA animals. The OLR1 gene plays a key role
in low-density lipoprotein degradation as well as in glucose
and lipid metabolism in liver (Khatib et al., 2006). As sug-
gested by Fonseca et al. (2015), this effect is important for
weaning weight adjusted to 210 days of age with which they
observed a significant association (P < 0.05). One possible
connection between the OLR1 marker and FCR may be due
to metabolism-related properties as mentioned above.

In the evaluation of a genetic basis for quantitative traits, it
is important to consider how genotypic interactions influence
the phenotypic variations. The substitution of amino acids
by SNPs may change protein structures, resulting in altered
mRNA translation and protein synthesis mechanisms. This
situation can influence the functional significance of the cor-
responding genes (Ardicli et al., 2017b). Broad genetic di-
versity in livestock provides the opportunity for the selection
of animals with superior performance in specific desirable
traits (Williams, 2005). Thus, molecular marker information
and evaluation of highly effective SNPs can be of great use
for identification of animals with high genetic value for com-
plex traits, such as fattening performance, and the selection
process can be conducted on younger animals, even before
birth.

4.4 Combined effects of markers

Association analyses have routinely considered each locus
separately in most QTL studies, and therefore these stud-
ies do not account for interaction between different loci.
As suggested by Tambasco et al. (2003), interactions be-
tween marker loci should be more carefully investigated as
such interactions may account for differences in genotype re-
sponses across populations and genetic backgrounds. Here,
we present some novel genetic associations with respect to

Arch. Anim. Breed., 62, 9–32, 2019 www.arch-anim-breed.net/62/9/2019/



S. Ardicli et al.: Comprehensive assessment of candidate genes 29

combined effects of the markers selected. In this sense, the
present study indicates that LEP×GHR and IGF1×LEP in-
teractions have significant effects on performance traits. Re-
garding the LEP×GHR interaction, CCAA was character-
ized as an unfavorable genotype with the highest values of
DTRW2, W1–W2 FCR, W4–W5 FCR, and TFCR. More-
over, the CCCC genotype of IGF1×LEP was also associ-
ated with the unfavorable effects including the highest val-
ues of DTRW2, DTRW3, DTRW4, W3–W4 FP, and W4–
W5 FCR, and the lowest TADWG (Table 9). Selecting an-
imals with these genotypes may have an inadequate im-
pact to commercial farms. Animals with the AAGC geno-
type of the FABP4 3691×FABP4 2834 exhibited signifi-
cantly lower means (8.26± 0.67) for TFCR compared to
alternative genotypes. In addition, animals with the AACC
genotype of the FAP4 3533×LEP reached the 400 kg tar-
get body weight faster than the other genotypes (Table 10).
The above-mentioned genes are known to be the regulators of
lipid metabolism, and hence interactions between them may
provide useful clues for understanding the molecular mecha-
nisms behind cattle fattening performance.

5 Conclusions

An extensive genetic evaluation of fattening performance
was performed in Holstein bulls. The results of this study
suggest that polymorphisms at the LEP, FABP4, IGF1,
MYF5, LGB, CAPN1, CAST, GHR, and OLR1 genes influ-
ence economically important traits, such as final weight, dry
matter intake, feed conversion rate, and average daily gains.
The results also demonstrate that SNP associations may dif-
fer when the target weights and stages of growth or fatten-
ing differ. Here, it should also be noted that genotypic inter-
actions may provide valuable information about the evalu-
ation of fattening performance traits. In this respect, novel
associations were observed for analyses carried out with
LEP×GHR, IGF1×LEP, FABP4 3691×FABP4 2834, and
FAP4 3533×LEP interactions. Selecting animals with the
favorable SNP genotypes may result in production of animals
with higher fattening performance and meat yield. Most of
these selected polymorphisms are located in exonic regions
and they cause amino acid alterations. FABP4 g.2834C>G
and g.3533T>A, which are located on introns 1 and 2, re-
spectively, do not change the amino acid sequence of the pro-
tein but it is possible that they influence gene splicing, bind-
ing of regulatory proteins during transcription, mRNA stabil-
ity, or even translation. On the other hand, epigenetic factors
should be considered when evaluating complex genotypic in-
terventions such as the genetic basis of growth and fattening
traits. As more molecular-based knowledge is available on
gene function, it may become apparent how these SNPs are
contributing to variation in these traits, especially at differ-
ent stages of an animal’s growth. Another important point is
that effects of these markers should be verified in other cattle

populations to confirm the present associations before they
can be applied to marker-assisted selection. Consequently, if
the results of this study are confirmed, application of these
markers in assisted selection will improve breeding decisions
and have the capability to evaluate traits that are difficult to
measure, such as fattening performance.
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