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Abstract. One of the 11 members in the family of 1-acylglycerol-3-phosphate-O- acyltransferases (AGPATS),
AGPAT®, is responsible for the second step in the biosynthesis of triacylglycerol in eukaryotes. The AGPAT6 gene
is highly expressed in brown adipose tissue, mammary gland epithelial cells and many other tissues. In this study,
the PCR-restriction fragment length polymorphism technique was applied to detect sites of polymorphism in the
bovine AGPAT6 gene, and two single nucleotide polymorphisms (SNPs) were detected in the exon 1 and exon 12.
Thirty-three traits associated with the meat quality and the carcass were also measured in Chinese Simmental-
cross steers. The association between the two SNPs and the traits was then analyzed. The polymorphism site
EX1_303T > C was significantly associated with the omasum weight, liver weight, pH value of the beef (carcass),
fat coverage rate of the carcass, fat color score, kidney weight and back fat thickness. The polymorphism site
EX12_299G > A was significantly associated with bone net weight, forehoof weight, hind feet weight, the fat
coverage rate of the carcass, the head and heart weight and the marbling score. Thus, the polymorphisms in the
AGPAT6 gene might be important genetic factors that influence the carcass yield and meat quality of beef cattle
and may be useful markers of meat quality traits in future marker-assisted selection programs for the breeding

and production of beef cattle.

1 Introduction

In eukaryotes, the two major pathways for the biosynthesis of
triacylglycerol (TG) are the monoacyglycerol and the glyc-
erol phosphate pathways. The glycerol phosphate pathway
is the primary pathway used in most cell types (Takeuchi
and Reue, 2009; Ye et al., 2005), and 1-acylglycerol-3-
phosphate-O-acyltransferase (AGPAT), known as lysophos-
phatidic acid acyltransferase (LPAAT), is the crucial enzyme
in the biosynthesis of TG for the second step of this path-
way (Wendel et al., 2013). AGPAT transfers an additional
fatty acid to the lysophosphatidic acid (LPA) at the sn-2
position of the glycerol backbone to produce phosphatidic
acid (PA) (Prasad et al., 2011). Eleven members of the
AGPAT family have been described, and each member is
encoded by a different gene (Eberhardt et al., 1997; Le-
ung, 2001; Aguado and Campbell, 1998; Beigneux et al.,

2006; Agarwal et al., 2006, 2007; Agarwal and Garg, 2010;
Sukumaran et al., 2009). The sequence homology indicates
that AGPAT6 is one of 11 AGPAT isoforms (Nagle et al.,
2008). However, the current study indicates that AGPAT6
is a novel microsomal glycerol-3-phosphate acyltransferase
(GPAT), renamed GPAT4 (Chen et al., 2008). GPAT is the
rate-limiting enzyme for the synthesis of TG and catalyzes
the first step in its de novo synthesis (Chen et al., 2008; Gi-
meno and Cao, 2008; Gonzalez-Baro et al., 2007).

A study in mice showed that the AGPAT6 gene is highly
expressed in brown adipose tissue, mammary gland epithe-
lial cells and many other tissues and encodes the essential
enzyme for the synthesis of milk fat (Beigneux et al., 2006;
Liebisch et al., 2004). An AGPAT6 deficiency in mice re-
sulted in resistance to diet-induced and genetic forms of obe-
sity (Chen et al., 2008). Previous studies of AGPAT6 have pri-
marily targeted milk quality and demonstrated that AGPAT6
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Table 1. Number of records, mean and standard deviations for traits
included in the association analyses.

Trait N Mean SD
Carcass weight (kg) 378 256.03 38.49
Dressing percentage (%) 378 52.09 2.38
Net weight of bone (kg) 378 20.16 3.11
Hand weight (kg) 378 23.55 242
Forehoof weight (kg) 378 5.92 0.69
Hind feet weight (kg) 378 3.50 1.03
Tare weight (kg) 378 42.36 6.26
Rumen, reticulum and 378 7.53 0.94
abomasum weight (kg)

Omasum weight (kg) 378 3.96 0.69
Heart weight (kg) 378 1.81 0.35
Liver weight (kg) 378 5.88 1.11
Lung and wind 378 3.13 0.48
pipe weight (kg)

Kidney weight (kg) 378 1.17 0.20
Kidney fat weight (kg) 378 4.63 2.82
Testis weight (kg) 378 0.67 0.15
Genital fat weight (kg) 378 0.89 0.35
Spleen weight (kg) 378 0.85 0.18
Oxtail weight (kg) 378 1.35 0.25
pH value of beef 378 6.26 0.52
pH value after acid mature 378 5.57 0.34
Carcass length (cm) 378 139.86 8.11
Carcass depth (cm) 378 64.47 3.27

Carcass brisket depth (cm) 378 65.33 3.63

Hind legs circumference (cm) 378 48.94 3.79
Hind legs width (cm) 378 44.63 2.65
Hind legs length (cm) 378 80.32  4.13
Thigh meat thickness (cm) 378 17.90 1.69
Thickness of loin (cm) 378 6.84 0.91
Back fat thickness (cm) 378 0.95 0.63
Fat coverage rate 378 48.16 21.58
of carcass (%)

Marbling score 378 5.38 0.71
Rib eye area 378 79.15 1274
Muscle color score 378 5.61 1.07
Fat color score 378 2.72 0.97

is significantly associated with milk yield and the protein and
fat contents in milk (He et al., 2011). However, based on the
regulatory effects of the AGPAT6 gene on the content of TG
in adipose tissues and the liver, the AGPAT6 gene should be
able to influence the meat quality and carcass traits of cattle.

Therefore, the objectives of this study were to detect SNPs
of the AGPAT6 gene and to investigate the effects of SNPs on
the meat quality and carcass traits in a population of Chinese
Simmental-cross steers. The results of this study will pro-
vide useful evidence for the marker-assisted selection for the
purebreeding and crossbreeding of beef cattle as well as for
the preservation of important genetic resources in beef cattle.
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2 Materials and methods

2.1 Ethics statement

The animal experiments were conducted in strict accordance
with the guide for the care and use of laboratory animals pre-
pared by the Jilin University Animal Care and Use committee
(Permit number: SYXK (Ji) 2008-0010/0011). All standard-
ized carcass and meat quality determinations were performed
at the Chinese Academy of Agricultural Sciences Meat Lab-
oratory.

2.2 Materials

The blood samples were obtained from 378 Chinese
Simmental-cross steers (28 months old) that were provided
by the Inner Mongolian Baolongshan cattle farm. Addi-
tionally, the cattle were randomly selected from two differ-
ent Simmental-cross cattle populations. The blood samples
(10mL) were collected from the jugular veins with antico-
agulant (acid citrate dextrose, ACD). The genomic DNA was
isolated from the leukocytes with a DNA extraction kit (Tian-
gen, Beijing, China) following standard procedures, and the
DNA was stored at —80°.

2.3 Traits analyzed

The carcasses were stored in a refrigerated room between 0
and 4° for 24 h. All carcass and meat traits were measured
based on criterion GB/T17238-2008 for the cutting standards
of fresh and chilled beef in China (the Standards Press of
China).

The final body weight and percentage of intramuscular fat
(ultrasound determination) were recorded before slaughter.
We recorded the traits listed below at the slaughterhouse.
The yield grades for the carcasses were based on 13 carcass
traits, and the quality grades for the meat were based on 6
meat quality traits. The carcass weight was the weight after
the removal of all internal organs, the head and the inedi-
ble portions of the tail and legs. The carcass yield was cal-
culated as follows: (hot-carcass weight x 100)/final weight.
The weight of the kidney fat is expressed as both an abso-
lute value and a percentage of the hot-carcass weight. The re-
ported muscle pH (pH-STAR; Matthaus, Berlin, Germany) is
the average of five measurements from five random positions
on the freshly cut side of the first steak 24 h postmortem.
The reported back fat thickness (measured with a caliper) is
the average of two measurements. The degree of marbling is
expressed as a percentage of the visible fat area on the to-
tal area of a steak that was sampled from the longissimus
thoracis muscle (between the ninth and the tenth vertebrae).
The rib eye area was measured with a plastic grid and is ex-
pressed as the cross-sectional area of the longissimus thoracis
muscle between the tenth and eleventh ribs. The meat color
(measured with an OPTO-STAR colorimeter) was assessed
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Table 2. The restriction enzyme as well as digestion reaction system of each SNP.

Polymorphism site 10 x buffer DNA Enzyme ddH;O  Total Temperature Time
EX1_303T >C (BstNI) 2uL  10pL 05uL  7.5uL  20pL 60° 0.5h
EX12_299G > A (Hhal) 2uL  10pL 0.5uL  7.5puL  20pL 37° 4h

on the rib eye (between the tenth and the eleventh ribs) af-
ter 1 h of blooming at 4°, and the mean value of three color
measurements is reported. The fatty-acid composition was
measured with the boron fluoride methanol method accord-
ing to Mongziois et al. (2007) The analysis was performed in
accordance with the ISO 5509 (2000) norms and the AOAC
procedures, and the results are expressed as grams per 100 g
fresh tissue. Additionally, the bone, mesenteric fat, omen-
tal fat, carcass length, carcass depth, hind leg circumference,
hind leg width, thigh meat thickness, fat coverage rate and fat
color score were recorded at the slaughterhouse. To ensure
the accuracy of weighing, the weighing of all samples fol-
lowed the same standard, and every part was weighed by two
researchers together. The number of records and the means
of the analyzed traits are shown in Table 1.

2.4 Primer and PCR amplification

The primers were designed based on the published sequence
of the bovine AGPAT6 gene (Ensembl accession number:
ENSBTAGO00000005730) with the program Primer Premier
5, and two pairs of PCRs were designed to amplify the
bovine AGPAT6 gene. The gene primer sequences are as fol-
lows: EX1-forward: TGGCAATGACAGACCTTCAGGAC,
EX1-reverse: CAGGAGGCTGACAATCAGGCTGT; EX12-
forward: CACCTTGTGTCCCTTTCCGC, EXI12-reverse:
AGAACAGCACTCCCCTAGCCCT. PCR was performed in
a total volume of 25uL of the following mixture: 100 ng
bovine genomic DNA, 0.2uM of each primer, 12.5pL
2 x PCR Master Mix and ddH,O. The PCR reaction system
for the two SNPs was first incubated at 95°for 5 min, fol-
lowed by 30 cycles at 95 °for 30s, 61° for 45s and 72° for
45 s, with a final extension step at 72° for 10 min.

2.5 SNP detection and genotyping

The PCR-restriction fragment length polymorphism (PCR-
RFLP) technique was used to detect the polymorphisms of
AGPAT6. The restriction enzyme digestion was performed
in a total volume of 20 L, and the restriction enzyme and
the digestion reaction system of each SNP are presented in
Table 2. The RFLP products for the SNPs of the AGPAT6
gene exon were detected by electrophoresis in a 4 % agarose
gel stained with ethidium bromide. The homozygotes were
sequenced on an ABI PRISM 3100 genetic analyzer (Applied
Biosystems, Foster City, CA, US) using dye terminators. The
Basic Local Alignment Search Tool (BLAST) was used to
assemble the sequences.
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2.6 Statistical analyses

The allelic and genotypic frequencies of SNPS on the AG-
PAT6 gene were calculated for the Simmental-cross steers
and analyzed with tests of significance. The Hardy—Weinberg
equilibrium of the polymorphism sites was determined with
chi-squared (x2) tests using the SPSS statistical software
package. The associations between the AGPAT6 gene poly-
morphisms and the meat quality traits or carcass traits were
analyzed using two-way ANOVAs in SPSS 13.0 for Win-
dows according to the following model:

Yijr = u+ysi +m;j+eijk,

where Y;j is the observed value of the kth individual from
the Simmental-cross breed of the genotype j in the ith year-
season; u is the least-square mean of the observed values;
ys; is the effective value of the ith year-season; m; is the
effective value of genotype j; and e; j is the random residual
effect corresponding to the observed value.

3 Results

3.1 PCR amplification

The genomiDNA samples were harvested from 378
Simmental-cross cattle and amplified by two primers for the
AGPAT6 gene. The PCR-amplified products conformed to
the target fragments with good specificity and were directly
analyzed using PCR-RFLP.

3.2 RFLP analysis and sequencing of different
genotypes

The DNA sequencing and PCR-RFLP methods were used to
detect variations in the bovine AGPAT6 gene. Two polymor-
phisms were identified: one in exon 1 and one in exon 12. A
T/C substitution was found at position 303 bp of the AGPAT6
gene exon 1, and it held four BstNI endonuclease restric-
tion sites. Hence 411 bp PCR products digested with BstNI
showed four bands (139, 102, 61 and 48 bp) for the T allele
and four bands (163, 139, 61 and 48 bp) for the C allele, and
indicated TT, TC and CC genotypes. And a G/A substitution
was found at position 299 bp of the AGPAT6 gene exon 12,
and it held two Hhal endonuclease restriction sites. Hence,
239 bp PCR products digested with Hhal showed two bands
(119 and 58 bp) for the GG genotype and three bands (177,
119 and 58 bp) for the AG genotype. The results are shown
in Fig. 1.
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Figure 1. Sequencing and PCR-RFLP analysis of bovine AGPAT6 gene. (a) Sequencing maps of EX1_303T > C mutation position. (b) Se-
quencing maps of EX12_299G > A mutation position. (¢) PCR-RFLP gel electrophoresis of EX1_303T > C mutation. (d) PCR-RFLP gel

electrophoresis of EX12_299G > A mutation.

Table 3. Allele frequency and genotype frequency of the polymorphisms of the AGPAT6 gene.

SNP location Number Allele frequency Genotype frequency
EX1_303T>C 358 C(0.8254) T(0.1746) CC (0.6788) TT (0.0279) TC (0.2933)
EX12_299G>A 378 G (0.9444) A (0.0556) GG (0.8889) AG (0.1111)  AA (0.00)

3.3 Genetic diversity of AGPAT6 gene in Chinese
Simmental-cross cattle populations

Table 3 shows the allele and genotype frequencies for the
polymorphisms of the AGPAT6 gene. The frequency of allele
C was 0.825 at the EX1_303T > C polymorphism site, and
the frequency of allele G was 0.889 at the EX12_299G > A
polymorphism site. The x? tests for the Hardy—Weinberg
equilibrium of the two SNPs showed that the two SNPs of
the AGPAT6 gene were in equilibrium.

3.4 Association of AGPAT6 polymorphisms with the
carcass and meat quality traits

The statistical analyses revealed significant associations be-
tween the meat quality or the carcass traits and the SNPs in
exons 1 and 12. The statistical results are shown below.

For cattle with the EX1_303T > C polymorphism site of
the AGPAT6 gene, the individuals with the C-bearing geno-
types (C-allele homozygotes or CT heterozygotes) had sig-
nificantly lower liver weights, pH values of beef (carcass), fat
coverage rates of carcasses and fat color scores than the TT
genotype individuals. And the C-allele homozygotes showed
higher kidney weight and back fat thickness than CT het-
erozygotes. Additionally, the omasum weight was the high-
est in the T-allele homozygotes, intermediate in the C-allele
homozygotes and lowest in the CT heterozygotes (Table 4,
p <0.05).
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For cattle with the EX12_299G > A polymorphism site,
the individuals with the AG genotype showed higher bone
net weight, forehoof weight, hind feet weight and a higher
fat coverage rate of the carcass than the individuals with
the GG genotype. Furthermore, AG genotype individuals
showed lower head and heart weights and marbling scores
than GG genotype individuals (Table 4, p <0.05).

4 Discussion

The cattle industry has primarily focused on optimizing the
fat content of milk as well as the tenderness and flavor of
meat. Several factors affect the production of these prod-
ucts, including the genetic background, management, nutri-
tion and processing of cattle.

According to its sequence homology, AGPAT6 is one of
the AGPAT isoforms (Nagle et al., 2008; Song et al., 2013).
However, the identification of the GPAT activity of AGPAT6
showed that AGPAT6 is a novel microsomal GPAT (Chen et
al., 2008). Moreover, the amino acid sequence of AGPATG6 is
similar to both the AGPAT and GPAT sequences (Beigneux
et al., 2006). GPAT and AGPAT catalyze the first and the sec-
ond steps in the de novo synthesis of TG, respectively; in
mammals, TG is the primary form of energy storage. Stud-
ies of mice have shown that AGPAT6 was highly expressed
in brown adipose tissue and significantly affected the synthe-
sis of TG in the brown adipose tissue and mammary gland

www.arch-anim-breed.net/59/301/2016/
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Table 4. Assosiation of SNPs with carcass and meat quality traits in Simmental-cross steer.

Genotypes (EX1_303T>C)

Genotypes (EX12_299G > A)

Traits TT cc TC AG GG

N MEAN SE N MEAN SE N MEAN SE N MEAN SE N MEAN SE
NWB (k) 10 2138 076 243 2050 016 105 2039 023 42 21.37° 037 336 20.53 0.4
HWI (ke) 10 2342 042 243 2374 009 105 2363 0.3 42 2346° 020 336 2387° 007
FW (kg) 10 587 013 243 592 003 105 587 004 42 613 006 336 591° 002
HFW (ke) 10 386 001 243 38 002 105 381 004 42 3978 006 336 3.82° 002
HW2 (ke) 10 168 006 243 175 001 105 177 002 42 170° 003 336 176" 001
OW (k) 10 4342 016 243 4178 003 105 398 005 42 418 008 336 412 003
LW (ko) 10 600° 017 243 5650 004 105 561> 005 42 578 009 336 564 003
KWke) 10 108 005 243 114 001 105 L11° 001 42 111 002 33 114 001
KEW (ke) 10 316 047 243 405 010 105 392 015 42 403 024 33 405  0.09
GFW (kg) 10 104 010 243 095 002 105 092 003 42 091 005 336 096 002
CL(em) 10 14219 1.68 243 14144 035 105 14210 052 42 14203 081 336 141.88 0.30
TL(em) 10 638 018 243 670 004 105 667 006 42 679 009 336 668 003
BFT (cm) 10 080 012 243 0842 003 105 075° 004 42 086 006 336 079  0.02
REA (cm?) 10 7544 320 243 7796 068 105 77.15 099 42 7913 158 336 7780  0.58
pH 10 64138 010 243 642> 002 105 633 003 42 646 005 336 638 002
FCR (%) 10 44118 310 243 4151° 065 105 43.11° 096 42 4566° 147 336 4214 0.54
MBS 10 562 019 243 548 004 105 556 006 42 531° 009 33 551° 003
MCS 10 550 031 243 542 006 105 553 009 42 538 015 336 549 005
FCS 10 318 025 243 29° 005 105 286" 008 42 298 012 336 292 004

305

Significance of difference from each other: the trait means with different letters in the same column show extremely significant differences (P <0.05). SE: standard error; NWB: net
weight of bone; HW1: hand weight; FW: forehoof weight; HFW: hind feet weight; HW2: heart weight; OW: omasum weight; LW: liver weight; KW: kidney weight; KFW: kidney
fat weight; GFW: genital fat weight; CL: carcass length; TL: thickness of loin; BFT: back fat thickness; REA: rib eye area; pH: pH value of beef (carcasses); FCR: fat coverage rate

of carcass; MBS: marbling score; MCS: muscle color score; FCS: fat color score.

epithelial cells. Additionally, the protein subcellular location
showed that AGPAT6 was expressed within the endoplasmic
reticulum (Beigneux et al., 2006). The absence of AGPAT6
resulted in poor mammary gland development and inade-
quate diglyceride and TG contents in milk (Littlejohn et al.,
2014). In HEK293 cells, the overexpression of AGPAT6 in-
creased the contents of both LPA and PA, as determined by
13C; labeling and mass spectrometry (Chen et al., 2008). In
contrast, the LPA and PA contents decreased by 80 and 64 %,
respectively, when AGPAT6 was knocked out in mouse mam-
mary gland membranes (Vergnes et al., 2006).

Several SNPs in the AGPAT6 gene were also identified in
other species. In Holstein cattle, two SNPs, which were sig-
nificantly associated with milk yield and fat content, were
identified in intron 3 of AGPAT6. An SNP that was signifi-
cantly associated with milk yield and the protein and fat con-
tents was also identified in intron 2. A C>G mutation was
detected in exon 4 of the dairy goat AGPAT6 gene, and this
mutation also resulted in a significant difference in milk yield
and the protein and fat contents.

In the present study, the AGPAT6 gene EX1 _303T>C
SNP was significantly associated with the meat quality and
carcass traits. The omasum was heaviest in the T-allele ho-
mozygotes, followed by the C-allele homozygotes and the
CT heterozygotes, whose omasa were lightest. The C-allele
homozygotes and CT-allele heterozygotes both had lower
liver weights, beef pH values (carcass), carcass fat coverage
rates and fat color scores than T-allele homozygotes. Addi-
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tionally, the CC genotype was significantly associated with a
high kidney weight and high back fat thickness.

The associations between the AGPAT6 gene
EX12_299G>A SNP and the meat quality and carcass
traits in the Simmental-cross steers were also analyzed. The
AG genotype had higher bone, forehoof and hind feet net
weights and higher fat coverage rates of the carcasses than
the other genotypes. Conversely, the head and heart weights
and marbling scores of the AG genotype were lower than
those of the other genotypes.

The omasum, liver, kidney and heart are the edible parts of
the body; a heavier weight is better. The bone, forehoof, hind
feet and the head of fattening steer are the inedible parts; a
lighter weight is better. The fat coverage rate of the carcass,
back fat thickness and the marbling score influence the flavor
and taste of beef. Higher values here are better for the breed-
ing and production of beef cattle. In this study, the tested
SNPs were associated with the fat coverage rate of the car-
cass, fat color score, back fat thickness and marbling score.
These traits were associated with the lipin metabolism. Pre-
vious studies found that changes in AGPAT6 expression lev-
els influenced the TG content and that the SNPs had signifi-
cant effects on fat contents. The results showed that AGPAT6
might be influenced by lipin metabolism.

Therefore, this study contributed to the evaluation of AG-
PATG6 as a genetic marker for Simmental-cross steer breeding
strategies, although further studies are required to determine

Arch. Anim. Breed., 59, 301-307, 2016
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whether AGPAT6 is a candidate gene to enhance traits of eco-
nomic interest in beef cattle.
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