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ABSTRACT

FABP4 is a protein primarily expressed in adipocytes and macrophages that plays a key role in fatty
acid trafficking and lipid hydrolysis. FABP4 gene polymorphisms have been associated with meat
quality traits in cattle, mostly in Asian breeds under feedlot conditions. The objectives of this work
were to characterize FABP4 genetic variation in several worldwide cattle breeds and evaluate
possible genotype effects on fat content in a pasture-fed crossbred (Angus-Hereford-Limousin)
population. We re-sequenced 43 unrelated animals from nine cattle breeds (Angus, Brahman,
Creole, Hereford, Holstein, Limousin, Nelore, Shorthorn, and Wagyu) and obtained 22 single
nucleotide polymorphisms (SNPs) over 3,164 bp, including four novel polymorphisms. Haplotypes
and linkage disequilibrium analyses showed a high variability. Five SNPs were selected to perform
validation and association studies in our crossbred population. Four SNPs showed well-balanced
allele frequencies (minor frequency > 0.159), and three showed no significant deviations from
Hardy-Weinberg proportions. SNPs showed significant effects on backfat thickness and fatty acid
composition (P < 0.05). The protein structure of one of the missense SNPs was analyzed to
elucidate its possible effect on fat content in our studied population. Our results revealed a
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possible blockage of the fatty acid binding site by the missense mutation.

Fat deposition has been reported as one of the most
economically important traits in livestock. Variations
in fat concentration contribute to several meat proper-
ties (1), affecting its quality and value. Intramuscular
fat (IMF) and subcutaneous fat (backfat) are two of
the main fat depots in livestock. IMF content and com-
position are significantly associated with the sensory
and nutritional properties of beef (2), partly because
of the effect of mono-unsaturated fatty acids (MUFAs),
especially oleic acid, on the melting point, which influ-
ences beef flavor and tenderness (3). Fatty acid compo-
sition also has substantial implications for human
health, since saturated fatty acids (SFA) are considered
to cause harmful cardiovascular effects (4). On the other
hand, MUFAs reduce the circulating concentration of
LDL-cholesterol (5). Nowadays, much of the genetic
basis that regulates fat deposition is well known, hence
genetic control of this process may be possible through
favorable alleles in key positions of the genes involved in
the pathway (6). Fatty acid binding protein 4 (FABP4,
Chromosome 14), also known as ALBP, is a functional

and positional candidate gene for IMF, carcass weight,
and fatty acid composition in beef cattle (7, 8). The pro-
tein encoded by this gene is a cytoplasmic protein that
binds long-chain fatty acids and other hydrophobic
ligands. It plays many roles such as uptake, transport,
and hydrolysis, and is expressed primarily in adipocytes
(9). The uptake of fatty acids is essential to trigger pre-
adipocyte differentiation and terminal differentiation-
related gene expression since these fatty acids act as
signal molecules (10). FABP4 also participates in lipid
hydrolysis by interacting with hormone-sensitive lipase
(LIPE, HSL) (11).

The FABP4 gene has been largely studied over the
last few years. It has been shown to present SNP associa-
tions with marbling, subcutaneous fat depth and fatty
acid composition, mostly in Asian breeds under feedlot
conditions (7, 8, 12-16). However, these results may not
be necessarily comparable with studies performed under
other feeding conditions, such as pasture. In this sense,
different specific metabolic pathways governed by dif-
ferent genes may be activated by these two feeding
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conditions. Furthermore, much of the beef exported
around the world is produced on pasture-based systems,
as is the case of Argentina, Brazil, New Zealand,
Paraguay, and Uruguay, among other countries (17).

All these features make FABP4 an important
candidate gene for meat quality. Thus, the aims of this
study were to characterize the variability of this gene
across several cattle breeds with different meat quality,
validate some of the genetic variants in a pasture-fed
crossbred (Angus-Hereford-Limousin) population and
evaluate their association with IMF, backfat thickness
(BT), and fatty acid composition. Results should help
improve meat quality by complementing other methods
of genetic improvement.

Material and methods
Animal samples and DNA extraction

Two groups of samples were collected for this study.
The first group comprised blood samples from 43
unrelated purebred animals (Angus, 5; Brahman, 5;
Creole, 5; Hereford, 5; Holstein, 5; Limousin, 4; Nelore,
4; Shorthorn, 5; Wagyu, 5). It was used to characterize
FABP4 genetic variation among the different breeds
and get an overview of the polymorphism distribution.
The second group comprised 260 steers (15-29
month-old), born between 2006 and 2010, and was used
to perform population analyses, including SNP
validation and association studies. This group of ani-
mals had been previously used to evaluate crossbreeding
systems under pasture grazing with strategic supple-
mentation at the Experimental Station of the National
Institute of Agricultural Technology (INTA, Balcarce,
Argentina). Steers included: purebred Angus (A,
n =44) and Hereford (H, n = 26) steers, their cross-
breeds F1 and F2 (1/2A1/2H, n = 95), their reciprocal
backcrosses (%4A1/4H and %H1/4A, n = 54), and steers
produced by mating Limousin (L) sires to F1 crossbred
cows (1/2L1/4A1/4H, n=41) (Table S1). In total,
54 sires were used, including 17 A (1-16 steers), 18 H
(1-11 steers), 8 AH (1-7 steers), 8 HA (1-7 steers),
and 4L (1-34 steers). L sires were mated only with
F1-1/2A1/2H cows and some of the A and H sires
were mated with more than one genetic group every
year. The animals grazed sown pasture (predominantly
Lolium  multiflorum, Dactylis glomerata, Bromus
catarthicus, Trifolium repens, and Trifolium pratense)
and were slaughtered in eight groups. Then, meat blocks
were taken from the 13th rib to perform association
studies. The decision to sample this experimental
population instead of other commercial populations
was based on the availability of reliable information in

terms of phenotypic data, management, and genetic
background of the animals.

DNA was isolated from blood lymphocytes using
Wizard Genomic DNA purification kit (Promega,
Madison, WI, USA) following the supplier’s instruc-
tions, and from meat samples as previously described
by Giovambattista et al. (18).

Resequencing study of the bovine FABP4 gene

Four pairs of primers were designed according to the
sequence available at GenBank (Gene ID: 281759,
AC_000171.1) to amplify the coding regions of the gene
by PCR in the 43 unrelated samples (Table S2). Ampli-
fication products were purified with polyethylene glycol
8000 and sequenced in an automatic DNA sequencer
MegaBACE 1000 (GE Healthcare, USA), using DYE-
namic ET Terminator Kit (GE Healthcare). Raw
sequences were edited using Sequence Analyser (GE
Healthcare) and genetic variations were identified by
direct comparison with the bovine reference sequence.

SNP selection and genotyping

Five SNPs (rs110652478, rs110757796, rs110383592,
rs111014258, and rs41729173) presenting variation in
A, H, L, or close breeds were selected from the re-
sequencing study and/or previous reports to perform
association studies in our pasture-fed crossbred
population (N =260). SNP rs41729173, a non-coding
variant, was located approximately 1500 bp downstream
of the re-sequenced region, but had been previously
shown to affect meat quality in another L-crossbred
population (19). Therefore, despite this SNP was absent
in the re-sequencing study, it was considered for geno-
typing. The other four variants had been shown to affect
meat quality in Asian breeds under feedlot conditions
(12-14, 16, 20); as a result, we considered them in order
to test these effects on our European population under
pasture feeding.

Genotyping of the 260 samples was performed by
Neogen genotyping service (USA, www.neogen.com)
using the Sequenom platform (www.sequenom.com).

Meat quality measurement

Fatty acid content was measured in blocks of meat
obtained from the 260 animals of the crossbred popu-
lation. These blocks, corresponding to the Longissimus
dorsi muscle (13th rib) were extracted from the carcass
24 hours after slaughter. Prior to slaughter, animal
weight and BT were measured. Ultrasound measure-
ments of BT were made between the 12th and 13th ribs
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with an ultrasound Aquila Pro Vet (Esaote, Genoa,
Italy), with a 3.5 MHz linear transducer and a guide of
silicones that adapted the transducer to the curvature
of the back of the animal using vegetable oil as coupling
agent. IMF and fatty acid composition were then
measured as described by Goszczynski et al. (21). The
measured fatty acids were: myristic acid (C14:0);, myr-
istoleic acid (C14:1), palmitic acid (C16:0), palmitoleic
acid (Cl16:1), stearic acid (C18:0), oleic acid (C18:1
cis-9), linoleic acid (C18:2 cis-9,12), total SFA, total
MUFA, and proportion between omega-6 and omega-
3 fatty acids (Q26/Q23). C20:0 and other long-chain fatty
acids were not included in the analysis since their per-
centages were lower than 0.5%. The means, standard
deviations, and minimum and maximum values of all
these measurements are presented in Table S3.

Statistical analysis and association with meat
quality

Allele frequencies, Hardy-Weinberg equilibrium
(HWE), unbiased expected (h.) and observed (h,)
heterozygosity, haplotypes, and linkage disequilibrium
(LD) among SNPs were estimated and visualized on
HAPLOVIEW v4.2 (22).

The association of genotypes with BT, IMF, and fatty
acid composition was evaluated using mixed models. BT
and IMF were analyzed using the following model:

Yijkl = ,U+ GGJ + SGk —l—aZli + dZZ, +ﬁW, +Sl
+ eijkl

where Yjj; is observed value of the phenotypic variable,
u is intercept, GG,; is fixed effect of the i™ genetic group,
SGy is fixed effect of the k™ slaughter group, a is addi-
tive effect for the SNP, Z1,is incidence variable for the
additive effect (0 for one of the homozygous genotypes,
1 for the heterozygous genotype, and 2 for the alterna-
tive homozygous one), d is dominant effect for the SNP,
Z2; is incidence variable for the dominance effect (0 for
both of the homozygous genotypes and 1 for the hetero-
zygous genotype), SW; is animal weight covariate for
the i'™ animal, S; is random effect of the 1" sire, and €kl
is random error. The same single trait model was used
for fatty acid composition variables, but using ether
extract instead of animal weight as covariate.

All statistical analyses were performed using the
MIXED procedure of SAS® software. After all the
individual SNP-trait-tests were performed, the false dis-
covery rate (FDR) for multiple comparisons was con-
trolled through the Benjamini and Hochberg method
(23). When the additive or dominance effects of the
SNP were statistically significant (P < 0.05), the substi-
tution effect (a) was calculated considering the
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frequencies of the major and minor alleles (p and g,
respectively), with the following equation (24):

a=a+d(q—p)

The variance explained by the SNP (a%,,) was also
estimated for each SNP-trait test as follows:

osyp = 100(RMS — FMS) /RMS

where RMS is the residual of the reduced model (SNP
effect excluded) and FMS is the residual of the full
model (SNP effect included).

Structural modeling

In order to analyze the effects of the missense SNPs on
the protein structure, 3D modeling studies were
performed using HHpred (25). The protein structure of
bovine FABP4 was predicted according to a high resol-
ution model of the human FABP4 protein (3q6]_A) avail-
able at the Protein Data Bank (PDB) (E-value = 4E-53).
In addition, the protein structure was also predicted
considering the human protein P2, a fatty acid-binding
protein expressed in vertebrate peripheral nerve myelin,
as template. Additionally, the effects of synonymous
variations were analyzed through changes in the codon
frequencies according to data available at the Codon
Usage Database (http://www.kazusa.or.jp/codon/cgi-bin/
showcodon.cgi?species=9913).

Results
Resequencing study

The re-sequencing study showed 22 single nucleotide
variants, including four novel SNPs (Table 1). Two of
these novel SNPs (ss1751108600 and ss1751108601)
were located in the promoter region of the gene. The
first was detected in Angus and the other in the Zebuine
breeds (Nelore and Brahman). The third novel SNP,
$s1751108602, was detected in the 5 UTR region in
Creole, Limousin, and Nelore. The fourth,
ss1751108603, was detected in the 3> UTR region in
Angus and Holstein.

The eighteen remaining variants had already been
reported in the database and showed a wide distribution
among breeds. Interestingly, all these SNPs showed gen-
etic variability in Taurine cattle. Only two missense and
two synonymous variants were detected, as most of the
SNPs were located in non-coding (11) and intronic (7)
regions. Of the 22 mutations detected in this work, 6
were in the promoter region, 1 in the 5 UTR, 4 in cod-
ing regions, 3 in the 3° UTR, and 8 in intronic regions.
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Table 1. Genetic variants detected in the bovine FABP4 gene by resequencing samples from nine different cattle breeds.
Monomorphicbreeds
SNP ID Region Type Monomorphic breeds (AA) (BB) Polymorphic breeds
ss1751108600  Promoter Noncoding Brahman, Creole, Hereford, Holstein, - Angus
Limousin, Shorthorn, Wagyu
rs133198078 Promoter Noncoding Holstein Brahman, Limousin,  Angus, Creole, Hereford, Nelore,
Shorthorn Wagyu
rs132781285 Promoter Insertion -/G - - Angus, Creole Hereford,
Shorthorn, Wagyu
551751108601  Promoter Noncoding Angus, Creole, Hereford, Holstein, Brahman, Nelore -
Limousin, Shorthorn, Wagyu
rs110055647 Promoter Noncoding Holstein Limousin Angus, Creole, Hereford
rs109682576 Promoter Noncoding Holstein Limousin Angus, Creole, Hereford
51751108602  UTRS’ Noncoding Angus, Brahman, Hereford, Holstein Creole, Limousin, Nelore, Wagyu
Shorthorn
rs382376907 Intron 1 Noncoding Brahman, Creole, Holstein, Nelore, - Angus, Hereford, Limousin
Wagyu
rs109316505 Intron 1 Noncoding Brahman, Wagyu, Nelore Limousin Angus, Creole, Hereford, Holstein
rs110757796 Exon 2 Missense (I/V) Brahman, Nelore, Creole, Limousin - Angus, Hereford, Holstein,
Wagyu
rs134173517 Intron 2 Noncoding Creole, Holstein, Wagyu - Brahman, Hereford, Limousin
rs109014985 Intron 2 Noncoding Limousin, Wagyu Creole Brahman, Hereford, Holstein
rs110652478 Exon 3 Missense (V/M)  Creole, Hereford, Limousin, Brahman - Holstein, Wagyu
rs110383592 Exon 3- Splicing Synonymous Holstein, Wagyu Creole, Hereford Brahman, Limousin
Region
rs109388335 Intron 3 Noncoding Brahman Creole, Limousin, Hereford, Holstein
Wagyu
rs109346428 Intron 3 Noncoding Creole, Wagyu Limousin, Brahman Hereford, Holstein
rs111014258 Intron 3 Noncoding Nelore, Brahman Holstein, Shorthorn, Angus, Creole, Hereford,
Wagyu Limousin
rs110370032 Exon 4 Synonymous Nelore, Limousin, Shorthorn - Angus, Brahman, Creole,
Hereford, Holstein, Wagyu
rs109077068 UTR3’ Noncoding Angus, Creole, Holstein, Nelore, - Brahman, Hereford, Limousin,
Shorthorn Wagyu
51751108603  UTR3’ Noncoding Brahman, Creole, Hereford, Limousin, - Angus, Holstein
Nelore, Shorthorn, Wagyu
rs110266999 UTR3’ Noncoding Nelore, Shorthorn, Wagyu - Angus, Brahman, Creole,
Hereford, Holstein, Limousin
rs109593774 Downstream Noncoding Holstein, Nelore, Shorthorn, Wagyu Brahman Angus, Creole, Hereford,

Limousin

Note: Novel SNPs are indicated in bold. Association studies were then conducted with the underlined SNPs.

Twelve of the variants were transitions, nine were trans-
versions, and one was an INDEL (single insertion).

The haplotypes and LD studies showed high varia-
bility. Several haplotypes with frequencies varying from
0.08 to 0.765 and six small linkage blocks were observed.
These blocks were mostly composed of two SNPs and
were quite dispersed along the gene (Fig. 1).

Statistical analysis

SNP rs110652478, a missense mutation (V/M) that
showed variability in Holstein samples of the re-sequen-
cing study, turned out to be monomorphic in the pure
Angus group and showed low variability in the 75%
Angus group (minor allele frequency, MAF = 0.05).
The remaining SNPs showed well-balanced allele
frequencies (MAF > 0.159) across populations (Table 2).

According to the HWE test, three of the
SNPs (rs41729173, rs111014258, and rs110383592)
showed no significant deviations from the theoretical
proportions. On the other hand, rs110652478 and
rs110757796 showed significant deviations in the whole

population and the 1/2A1/2H group, respectively
(Table 3). Excepting rs110652478, h. ranged from
0.271 (rs41729173 in A) to 0.499 (rs110757796 in
1/2A1/2H), and h, ranged from 0.273 (rs41729173 in
A) to 0.600 (rs111014258 and rs110383592 in % A1/4H).

Four of the five analyzed SNPs were part of a linkage
block, which was represented by five haplotypes. The
haplotype frequencies ranged from 0.04 to 0.37, and
three of them constituted more than 85% of the haplo-
types (Fig. 2). The LD study showed that SNPs
rs111014258 and rs110383592 were completely linked
within our population.

Association study

When analyzed individually, four of the SNPs showed
significant associations with different quality traits,
namely, SNP rs41729173 with MUFA (P =0.043);
rs110383592 with Cl4:1 (P=0.037), Q6/Q3
(P=0.011), and BT (P =0.040); rs111014258 was
completely linked to rs110383592, thus sharing its
effects; and rs110757796 significantly affected Cl4:1
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Figure 1. Haplotypes and LD in the FABP4 gene estimated from 43 unrelated samples belonging to nine different cattle breeds.
Blocks are indicated with thick lines and r2 values are shown inside the boxes.

(P =0.035) and BT (P = 0.011) (Table 4). No significant effects remained significant when the FDR for multiple
effects were observed for SNP rs110652478. Despite the =~ comparisons was controlled, as none of them reached
associations obtained in this first approach, none of the  the significance threshold corresponding to 48 tests.

Table 2. Allele frequencies for SNPs rs110652478, rs110757796, rs110383592, rs111014258, and rs41729173 in each group and the
whole population (global).

Population
Locus A H 3%AVaH %H%A 1hAV2H V5LVaAVaH Global
rs41729173
C 84.09 59.62 7143 70.83 71.05 68.75 71.79
G 15.91 40.38 28.57 29.17 28.95 31.25 28.21
rs111014258
C 63.64 26.92 40.00 41.67 40.86 30.49 41.67
T 36.36 73.08 60.00 58.33 59.14 69.51 5833
rs110383592
C 63.64 26.92 40.00 41.67 40.96 30.49 41.70
G 36.36 73.08 60.00 58.33 59.04 69.51 5830
rs110652478
A - 23.08 5.00 14.58 13.68 25.61 13.27
G 100.00 76.92 95.00 85.42 86.32 74.39 86.73
rs110757796
A 31.82 74.00 58.33 58.33 54.26 65.00 54.86
G 68.18 26.00 41.67 41.67 45.74 35.00 45.14
N 44 26 30 24 95 41 260

Note: N: sample size; A: Angus; H: Hereford; 34A1/4H: 75% Angus steers; 3%H1/4A: 75% Hereford steers; 1/2A1/2H: 50% Angus 50% Hereford steers; 1/2L1/4A1/4H:
Limousin-crossbred steers.
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Table 3. Unbiased expected heterozygosity (he), observed heterozygosity (ho), and Hardy-Weinberg equilibrium p-value (HWE
p-value) for rs110652478, rs110757796, rs110383592, rs111014258, and rs41729173 in each group and the whole population (global).
A H 3%AYaH YHYVaA
SNP he ho HWE p-value he he HWE p-value he h, HWE p-value he h, HWE p-value
rs41729173 0.27 0.27 1.00 0.49 0.50 1.00 0.42 0.50 0.38 0.42 0.33 0.34
rs111014258 0.47 0.41 0.51 0.40 0.38 1.00 0.49 0.60 0.26 0.50 0.42 0.67
rs110383592 0.47 0.41 0.52 0.40 0.38 1.00 0.49 0.60 0.26 0.50 0.42 0.67
rs110652478 - - - 0.36 0.15 0.01* 0.10 0.03 0.05 0.25 0.12 0.04*
rs110757796 0.44 0.32 0.08 0.39 0.36 0.64 0.49 0.50 1.00 0.50 0.33 0.20
2AY2H YaLVaAVaH Global
he ho HWE p-value he he HWE p-value he h, HWE p-value
rs41729173 0.41 0.43 0.80 0.43 0.52 0.27 0.41 0.42 0.85
rs111014258 0.49 0.47 0.83 043 0.46 0.72 0.49 0.46 0.93
rs110383592 0.49 0.47 1.00 0.43 0.46 0.72 0.49 0.46 0.94
rs110652478 0.24 0.06 <0.01* 0.39 0.12 <0.01* 0.23 0.07 <0.01*
rs110757796 0.50 0.36 0.05 0.46 0.40 0.49 0.50 0.37 0.08

Structural analysis

In this work, rs110757796 affected myristoleic acid con-
tent. As this SNP had been reported to affect fatty acid
composition in Asian cattle by acting specifically on pal-
mitic and palmitoleic acid contents (12, 14), we decided
to predict and analyze the possible structural effects of
this mutation to provide a reasonable explanation for

moin
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Figure 2. Haplotypes and LD for SNPs rs110652478,
rs110757796, rs110383592, rs111014258, and rs41729173 of
the bovine FABP4 gene estimated with the solid spine of LD
method in an Angus-Hereford-Limousin crossbred population
(N =260). Blocks are indicated with thick lines and r2 values
are shown inside the boxes.

these associations. The tertiary structure of the bovine
FABP4 protein was predicted from a high resolution
model of human FABP4 (3q6l_A). The tool “compute
hydrogen bonds” of the software Swiss-PdbViewer,
which considers distance, angle, and atom type, was
used to compare interactions among residues of the
structures. SNP rs110757796 (Ile74Val) involved
residues whose side chains were oriented towards the
surface of the protein. This SNP caused small displace-
ments in the proximity of the mutated site, which in
turn caused a rearrangement of the hydrogen bonds
among residues Thr75, Pro76, Asp77, Asp78, and
Arg79 (Fig. S1). In humans, this zone is involved in
the interaction with the hydrophobic tail of the ligand
through residue 76. Interestingly, the amino acid change
also seemed to block the binding site to the carboxyl
group of the ligand by bringing the side chains of
Argl27 and Tyr129 together and allowing the formation
of a hydrogen bond between them (Fig. S1). These two
residues are responsible for the stabilization of the polar
group of the ligand through hydrogen bonds and
were now forming hydrogen bonds with each other.
However, this blockade was not observed when periph-
eral membrane protein P2 from human myelin was
considered as template for the study. This protein
showed the highest score (528.0) in the alignment of
HMM profiles provided by the application.

Discussion

In the re-sequencing study, twenty-two mutations were
detected, which resulted in one SNP every 144 bp over a
total of 3,164 bp analyzed. When B. taurus and B. indi-
cus were evaluated separately, the diversity rates were
one SNP every 151 bp for the Taurine group and one
SNP every 452 bp for the Zebuine group. Seven of the
22 SNPs (32%) were shared by both groups. A few years
ago, results from The Bovine Hapmap Consortium (26)
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Table 4. Genotype association with meat quality traits in an Angus-Hereford-Limousin crossbred population.

SNP/Trait Least square means Dominance effect Additive effect Substitution effect 02,
rs41729173 CC (N=130) CG (N=109) GG (N=18)

MUFA 47.727 £0.289 47.969 +0.291 48.9734+0.591 —0.381£0.381 (P=0319) 0.623 £ 0.306 (P = 0.043) (C>G) 0.789  0.056
rs110383592 GG (N =91) GC (N =120) CC (N=48)

C14:1 0.509 £0.029  0.557 £0.027  0.468 4 0.041 0.069 + 0.033 (P =0.037) 0.020 & 0.024 (P = 0.400) (G>C) 0.009 0.860
06/03 3.0334+0.135 284340128  3.391+0.191 —0.369 4 0.144 (P =0.011) 0.179 4 0.108 (P = 0.099) (G>C) 0240  5.193
BT 6.852+0.157  6.869 +0.145  7.416 +0.227 —0.265 £ 0.185 (P =0.154) 0.282 £ 0.136 (P = 0.040) (G>Q) 0.326 1.082
15110757796  AA (N =93) AG (N =96) GG (N=168)

C14:1 0.504 +£0.028  0.569 £0.029  0.496 &+ 0.035 0.069 £ 0.032 (P =0.035) 0.004 £ 0.021 (P = 0.846) (A>G) —0.003 0.474
BT 6.841+0.153  6.801+0.154 7458 £0.194 —0.348 £0.183 (P =0.059) 0.308 £ 0.121 (P =0.011) (A>G) 0.342 2.859

Note: N, number of samples; BT, Back fat thickness (mm); C14:1, myristoleic acid content (percentage of total fatty acids); MUFA, total monounsaturated fatty
acids content (percentage of total fatty acids); 06/Q3, ratio of omega-6 /omega-3 fatty acids. SNP rs110757796 (missense- exon 2) was later analyzed through

structural modeling to identify possible causes for the observed effects.

showed one SNP every 714 bp for Angus and Holstein,
and one SNP every 285 bp for Brahman. Our rates of
variability were much higher for the Taurine group,
but lower for the Zebuine group. These results agree
with those reported by Cho et al. (20), who detected a
total of 15 SNPs in the FABP4 gene in Korean cattle.

High variability was also reflected in the haplotypes
and LD analyses, which showed small blocks dispersed
along the gene. This may be due to the different
historical and geographical origins of the Taurine and
Zebuine breeds included in the study or to the high
degree of polymorphism in this gene.

The high level of variability observed in FABP4 was
similar to that detected by our group in the bovine LIPE
gene (21), which encodes an enzyme that interacts with
FABP4 in lipid hydrolysis, using the same sample panel.
Currently, the SNPdb has more than 95 million poly-
morphisms for B. taurus, but two thirds of them are
yet to be validated and only 11189 show frequency data.
These figures remark the importance of performing
re-sequencing and SNP validation studies in different
cattle breeds. In this sense, the present work allowed
the validation of five SNPs in an A-H-L crossbred
population fed on pasture.

None of the associations with meat quality traits
remained significant after the FDR for multiple compari-
sons was controlled. However, if we consider individual
evaluations, our results are partially consistent with pre-
vious reports by other authors. Michal et al. associated
SNP rs41729173 (downstream region) with marbling
and subcutaneous fat in F2 Wagyu-Limousin crosses
(19). Instead, in our population this SNP was associated
with total MUFA content. It is worth mentioning that
the GG genotype, which was different from the other
two, was composed of only 18 animals; therefore, this
result should be interpreted with caution. In our study,
SNP rs110757796 was associated with BT, as reported
by Cho et al. (20). However, instead of the associations
with palmitoleic and palmitic acid contents reported by
Hoashi et al. (12) and Narukami et al. (14), respectively,
we detected an association with myristoleic acid content.

The fact that the heterozygous AG genotype showed
higher accumulation is noteworthy and may be explained
by different scenarios. One of them may be related with
the presence of sufficient binding capability to saturate
uptake (provided by allele A) and, at the same time,
limit intracellular trafficking destined to processing or
releasing the fatty acid (provided by allele G). SNP
rs110652478, which was associated with marbling in
Korean and Japanese cattle by other authors, behaved dif-
ferently in our study, as it had no significant effects on the
evaluated traits. The association of rs110383592 with mar-
bling reported by Barendse et al. (7) and Hoashi et al. (12)
was not observed in our sample, but significant effects
were observed on myristoleic acid content, omega-6/
omega-3 proportion, and BT. Interestingly, this SNP
was linked to rs111014258, which had been previously
associated with BT in Korean cattle by Cho et al. (20). Dif-
ferences between previous reports and our results may be
due to racial and environmental differences among popu-
lations, experimental designs and definition, and evalu-
ation of the variables employed. In this sense, most of
the previous studies were performed under feedlot con-
ditions (14, 20); thus, results are not necessarily compara-
ble with those obtained from pasture-based systems. For
instance, different diets may activate specific metabolic
pathways governed by different genes. Despite partial dif-
ferences with previous reports, the results obtained here
provide additional information about the impact of
FABP4 polymorphisms on fatty acid content of meat from
pasture-based systems, particularly when most of the
exported beef around the world is produced on pasture.
Although several associations have been previously
reported in other breeds, none of them involved bioin-
formatic studies to support such associations. The
present study and two others reports (12, 14) have
found that SNP rs110757796 affected fat content. Since
this mutation caused an amino acid change (I74 V) in
the ligand binding domain of the protein, it was ana-
lyzed through structural modeling to provide a func-
tional explanation to the associations. Results showed
that SNP rs110757796 may affect the side chain of
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Argl27, which plays a key role by binding to the car-
boxylic group of the ligand via hydrogen bonds (27).
When the side chain is displaced, the affinity for pal-
mitic acid and other ligands may be affected, especially
if Argl27 and Tyr129 form hydrogen bonds with each
other, hindering ligand stabilization. Changes in the
affinity for certain ligands may alter their transport
within the cell, thereby increasing or decreasing their
concentration in tissues. A precise view of the interac-
tion between the residues and a molecule of palmitic
acid can be observed in model 2HNX available at
PDB. Since this finding is consistent with the results
obtained by Hoashi et al. (12) and Narukami et al.
(14), who reported associations of this SNP with palmi-
toleic and palmitic acid contents, respectively, the bioin-
formatic analyses performed in this study may help
explain these results. For instance, Hoashi et al. (12)
observed that variant V/V (GG genotype) exhibited a
lower palmitoleic acid content than variant I/I (AA
genotype), suggesting a decrease in the binding capa-
bility of adipocytes for this particular fatty acid, thus
lowering uptake and accumulation in muscle adipocytes
of Black Japanese cattle. On the other hand, the results
obtained in our work showed that variant V/V had
higher subcutaneous fat thickness than the other two
genotypes. Considering that muscle and subcutaneous
fat are different tissues, several scenarios may be pro-
posed to explain this effect, since different mechanisms,
processes and needs may be operating on these tissues.
One of such scenarios may be related with diminished
intra-cellular trafficking for processing or releasing fatty
acids. Additionally, as European cattle breeds tend to
deposit fat in subcutaneous tissues first, uptake may
not be affected as much as the other processes due to
spontaneous diffusion of fatty acids in the cytoplasm.
According to our results, FABP4 may also be involved
in the content regulation of myristoleic acid, which
has been suggested for treatment of prostate cancer
due to its cytotoxic and effective cell death inducer
activity (28), and the omega-6/omega-3 ratio, which is
related to the pathogenesis of many diseases, including
cardiovascular disease, cancer, and inflammatory and
autoimmune diseases (29).

As shown in the present work, structural modeling
may provide partial explanations, or at least additional
information, about the effects of certain missense muta-
tions on an organism, helping to identify desirable or
inconvenient mutations according to breeding prefer-
ences. This applies for most metabolic pathways regulat-
ing economically important traits such as meat quality,
puberty and growth. Herein, our results indicate that
the effect of rs110757796 on meat quality traits may
be due to a blockage of the ligand binding site of the

protein. Although this kind of analysis greatly depends
on the availability of previous knowledge about the pro-
tein domains and key-residues, it did not represent an
obstacle here, as FABP4 is a very-well studied protein
given its importance in fat metabolism.

Conclusions

FABP4 is a highly polymorphic gene. Some polymorph-
isms may be responsible for changes in meat quality
traits, as significant genotype effects were observed in
the individual SNP-trait tests, although none of the
associations remained significant after adjusting
p-values for multiple comparisons. The effects observed
here and in other works may be partially explained by
structural modifications in key spots of the protein.
SNPs should be evaluated in independent populations
with in vitro and in vivo analyses to explain the mechan-
isms by which these polymorphisms would be involved
in meat fat content and composition.
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