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Abstract

FABP4 is a candidate gene for carcass and meat quality traits in livestock and poultry. How-

ever, the effects of FABP4 have not been examined in the Yanbian yellow cattle, an eco-

nomically important local cattle breed in China. In this study, we characterized single

nucleotide polymorphisms (SNPs) in FABP4 in this cattle breed and their associations with

meat quality traits. Six SNPs (referred to as SNP1–6) were identified in FABP4 by direct

sequencing and polymerase chain reaction-restriction fragment length polymorphism. The

six SNPs were significantly correlated with meat quality traits. In particular, the GG and GA

genotypes of SNP1 were significantly associated with water and fat contents and GG and

AA genotypes of SNP1 were significantly associated with protein contents (P < 0.05). The

fat content and marbling in heterozygous individuals at SNP2–6 were significantly higher

than those in wild-type or mutant individuals (P < 0.05), while protein content was signifi-

cantly higher in wild-type and mutant individuals than in heterozygous individuals (P < 0.05).

A gene expression analysis indicated that the lipid metabolism-related genes FABP4,

PPARγ, ANGPTL4, and LPL show similar expression patterns with respect to FABP4 geno-

types, with the highest levels in wild-type individuals and the lowest levels in mutants. In con-

clusion, FABP4 SNPs can be used for marker-assisted selection in Yanbian yellow cattle

breeding.

Introduction

In 1972, Ockner et al. [1] first discovered the fatty acid binding protein (FABP) family in a

study of the intestinal mucosa and other tissues in animals, and fatty acid binding protein 4

(FABP4 or A-FABP), a FABP family member, was discovered by Spiegelman et al. in 1983 [2].

Damon et al. [3] found that levels of the protein encoded by porcine FABP4 are positively

related to the fat cell count and lipid content. Yan Wei et al. [4] found that FABP4 c.246
+ 37A>G and c.348 + 298T>C in Chinese and New Zealand sheep populations are potential
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molecular markers for intramuscular fat content in Tibetan sheep. Li Xiaoling et al. [5] evalu-

ated the expression of A-FABP in the porcine heart, liver, spleen, lung, kidney, longissimus

dorsi, and leg muscle tissues by quantitative real-time polymerase chain reaction (qRT-PCR)

and found that levels A-FABP are the highest in the longissimus dorsi and leg muscle and low-

est in the lung. Another study has shown that FABP4-E1-51 (the 51st site of exon 1) deter-

mines the sebum thickness and intramuscular fat content of Luqin 3; the sebum thickness is

significantly greater for the CC and CT genotypes than the TT genotype, and the intramuscu-

lar fat content is significantly higher for the CC and TT genotypes than the CT genotype [6].

In the first exon of FABP4, a C!T mutation at position 51 significantly affects the intramuscu-

lar fat content in chicken [7]. The g.2834C>G polymorphism in FABP4 in Qinchuan cattle is

significantly correlated with meat quality traits and the eye muscle area [2], while g.7516G<C
in cattle is significantly related to marbling and the intramuscular fat content [8].

Based on these findings, FABP4 is a candidate gene associated with the meat quality charac-

teristics of livestock and poultry. Yanbian yellow cattle are mainly reared in the Yanbian area,

Jilin Province, China. It is one of the top five local cattle breeds in China, where it is a key pro-

tected and developing breed. This breed has excellent meat quality and substantial intramuscu-

lar fat deposition, and is therefore, indispensable for the beef cattle industry and for improving

meat varieties in China [9–11]. However, the genetic determinants of meat quality of this

breed are not well-characterized. We identified single nucleotide polymorphisms (SNPs) in

FABP4 of Yanbian yellow cattle by PCR-restriction fragment length polymorphism

(PCR-RFLP) and sequencing and evaluated the relationships between polymorphisms and

meat quality traits. In addition, qRT-PCR was used to compare expression levels of lipid

metabolism-related genes in cattle with different FABP4 genotypes. The results of our study

clarify the effects of variations in FABP4 on intramuscular lipid metabolism and provide a the-

oretical basis for breeding Yanbian yellow cattle with desirable meat quality traits.

Materials and methods

Test animals and sample collection

In total, 350 bulls of Yanbian yellow cattle were selected from the Yanbian Animal Husbandry

Development Group Co., Ltd. of Jilin Province. Animal care and experiments were in accor-

dance with the guidelines established by the Regulation for the Administration of Affairs Con-

cerning Experimental Animals (Ministry of Science and Technology, China, 2004) and the

study was approved by the Medical Ethics Committee, Affiliated Hospital of Yanbian Univer-

sity (Yanbian Hospital) (Approval ID: 201702). The cattle had free access to feed and fresh

water. All cattle were fattened under the same feeding conditions and management conditions

and slaughtered at 30 months of age. Feeding was stopped 24 h before slaughter, and a quiet

environment and adequate drinking water were provided. Animals were euthanized by electric

shock. Before slaughter, 25 mL of blood was collected from the jugular vein, anticoagulant was

added, and samples were stored separately at –80˚C. The 12th to 13th intercostal longissimus

dorsi muscle was collected and stored at –80˚C after vacuum packaging to determine meat

quality, and 3 g of longissimus dorsi muscle tissue was collected and immediately stored in liq-

uid nitrogen for total RNA extraction.

Determination of traits

Meat quality was evaluated based on the water content, fat content, protein content, thickness

of backfat, and marble pattern. The water content was determined by the direct drying

method. The intramuscular fat content was determined according to Sox’s extraction tech-

nique for a feed analysis and feed quality detection, as published by the Agricultural University
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of China. The protein content in beef was determined by the KN method [12]. After slaughter,

the thickness of subcutaneous fat in the longissimus dorsi (i.e., backfat thickness) was mea-

sured vertically using a helical micrometer. The transverse section of the longissimus dorsi was

observed, and the marbling grade was determined by referring to the rating map shown in Fig

1 [13].

Genomic DNA extraction, PCR amplification, sequencing, and PCR-RFLP

DNA samples of Yanbian yellow cattle were extracted according to the instructions provided

with the Blood Genomic DNA Extraction Kit (0.1–1 mL) (DP318; Tiangen Biochemical Tech-

nology Co., Ltd., Beijing, China) (S1 File). The purity and concentration of each genomic

DNA sample were detected using the NanoDrop 1000 spectrometer (Thermo Scientific, Wal-

tham, MA, USA).

A pair of primers (F: 50-ACCCCTATGATGCTATTCCACA-30 and R: 50-ATACGGTTCAC
ATTGAGAGA-30) was used to amplify the exon 3 of FABP4 based on the bovine genome

sequence (NCBI accession NC_007312.4) [14]. The final 565-bp amplicon was synthesized in a

20-μL PCR mixture containing 2 μL of DNA template, 0.5 μL of upstream and downstream

primers, 7 μL of ddH2O, and 10 μL of 2× Taq PCR master mix (TIANGEN). The cycling pro-

tocol consisted of denaturation for 5 min at 95˚C, followed by 30 cycles of 94˚C for 30 s,

annealing for 30 s at 55˚C, primer extension at 72˚C for 30 s, and a final extension at 72˚C for

10 min. The PCR products were detected by 1% agarose gel electrophoresis and sent to Sheng-

gong Biotechnology Co., Ltd. (Shanghai, China) for sequencing.

Six SNPs were found in the third exon of FABP4 by DNA sequencing, and SNP1 was found

at the NlaIII restriction site. Therefore, SNP1 was genotyped by PCR-RFLP and SNP2–6 were

analyzed based on the sequencing results. The PCR product (10 μL) was digested with NlaIII

(New England Biolabs (Beijing) Ltd., Beijing, China) for 2 h at 37˚C, and the reaction was

stopped by heating at 65˚C for 20 min. The digested products were detected by 1% agarose gel

electrophoresis.

Total RNA extraction and cDNA synthesis

Total RNA was extracted according to the instructions provided with the Eastep Super Total

RNA Extraction Kit (LS1040) of Pleuger Biological Products Co., Ltd. (Shanghai, China). RNA

was quantified at 260 nm by ultraviolet spectrophotometry. The A260/A280 values for all RNAs

ranged from 1.8 to 2.1. The integrity of RNA samples was detected by 1% agarose gel electro-

phoresis. The extracted RNA produced clear 28S and 18S rRNA bands during denaturing gel

electrophoresis. The 28S rRNA band was approximately twice as intense as the 18S rRNA

band. The total volume of the cDNA synthesis reaction was 20 μL, containing 4 μL of 5×

Fig 1. Grade map of marbling.

https://doi.org/10.1371/journal.pone.0234328.g001
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PrimeScript RT Master Mix, less than 500 ng of total RNA, and RNase-free ddH2O. The reac-

tion procedure included reverse transcription at 37˚C for 15 min, inactivation at 85˚C for 5 s,

and holding at 4˚C.

Expression analysis by qRT-PCR

The primers were designed with reference to the sequences of bovine FABP4
(NM_001114667.1), PPARγ (NM_181024), ANGPTL4 (NM_001046043.2), LPL, and GAPDH
(BC102589) in NCBI (Table 1), and GAPDH was selected as the internal reference [15]. PCR

was performed using the SYBR Premix Ex Taq II (Tli RNaseH Plus) Kit, following the manu-

facturer’s instructions. The reaction volume was 20 μL, including 10 μL of SYBR Premix Ex

Taq II (Tli RNaseH Plus) (2×), 0.8 μL each of forward and reverse primers (10 μM each), 2 μL

of cDNA, and 6.4 μL of RNase-free ddH2O. The reaction procedure was as follows: (1) pre-

denaturation at 95˚C for 30 s, 1 cycle; (2) PCR (analysis mode: quantitative) at 95˚C for 5 s and

60˚C for 30 s, 40 cycles; (3) melting (analysis mode: melting curve) at 95˚C for 5 s, 60˚C for 1

min, and 95˚C, 1 cycle; (4) cooling at 50˚C for 30 s, 1 cycle.

Statistical analysis

Genotype and allele frequencies were directly calculated for all SNPs from sequence align-

ments. Hardy–Weinberg disequilibrium (χ2), gene heterozygosity (He), and effective numbers

of alleles (Ne) were calculated according to previously described approaches [16,17]. The poly-

morphism information content (PIC) was calculated based on Botstein’s method [18].

One-way analysis of variance (ANOVA) was used to evaluate the associations of SNPs with

meat traits using SPSS 20. The data are shown as the means ± standard deviations; P< 0.05

was considered significant.

To determine the probability of recombination between FABP4 sites, SHEsis was used to

analyze linkage disequilibrium (LD; estimated by the parameter r2) [19]. The relative expres-

sion levels of lipid metabolism genes were calculated by the 2-ΔΔCT method, in which

ΔCT = CTtarget gene−CTinternal reference gene and ΔΔCT = ΔCTtest group−ΔCTcontrol group.

Results

Genetic variation in FABP4 in Yanbian yellow cattle

Gel electrophoresis results for genomic DNA obtained from the blood samples are shown in

S1 Fig. Amplification results for the FABP4 gene are shown in Fig 2. Based on a sequence anal-

ysis, we detected the following six SNPs in exon 3 (Figs 3–8): SNP1, g.3691G>A; SNP2,

Table 1. Primers for the analysis of FABP4 gene expression in Yanbian yellow cattle.

Gene Primer sequences (5’–3’) Product size Annealing temperature (˚C)

FABP4 F: CAGTGTAAATGGGGATGTGG 264 bp 60

R: CTCTCGTAAACTCTGGTAGC

PPARγ F: CCTTCACCACCGTTGACTTCTC 145 bp 60

R: GATACAGGCTCCACTTTGATTC

ANGPTL4 F: GATGGCTCCGTGGACTTTAACC 103 bp 60

R: GGATGTGATGCACCTTCTCCAG

LPL F: AGTGCCTGCTTGTTTGTG 286 bp 60

R: TATGCCCTTTCTGTTCCT

GAPDH F: ACCCAGAAGACTGTGGATGG 247 bp 60

R: ACGCCTGCTTCACCACCTTC

https://doi.org/10.1371/journal.pone.0234328.t001
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g.3496A>C; SNP3, g.3533A>T; SNP4, g.3711G>C; SNP5, g.3745T>C; and SNP6, g.3767T>C.

At SNP1, digestion of the 565-bp PCR fragment of FABP4 with NlaIII resulted in fragment

lengths of 469, 236, and 233 bp for genotype GA, 236 and 233 bp for genotype AA, and 469 bp

for genotype GG (Fig 9).

Based on analyses of genotype and allele frequencies (Table 2), we found that the six SNPs

in FABP4 exhibited intermediate levels of diversity (0.25 < PIC< 0.50). SNP1 was in Hardy–

Weinberg equilibrium. For SNP1, the GG genotype (68.57%) was the most frequent, followed

by GA (18.57%) and AA (12.86%). The allele frequencies were 0.7786 (G) and 0.2214 (A).

Homozygosity (Ho), heterozygosity (He), and the effective allele number (Ne) were 0.6522,

0.3448, and 1.5263, respectively. The AC genotype (48.57%) of SNP2 was the most frequent,

followed by AA (32.86%) and CC (18.57%). The allele frequencies were 0.5715 (A) and 0.4285

(C). The Ho, He, and Ne values for the locus were 00.5102, 0.4898, and 1.9600, respectively. The

AT genotype (47.14%) of SNP3 was the most frequent, followed by AA (35.72%) and TT

(17.14%). The allele frequencies were 5929 (A) and 0.4071 (T). The Ho, He, and Ne values were

0.5173, 0.4827, and 1.9331, respectively. The GG genotype (44.29%) of SNP4 was the most

Fig 2. Electrophoretic map of the amplification products of FABP4 in Yanbian yellow cattle.

https://doi.org/10.1371/journal.pone.0234328.g002

Fig 3. Sequencing map of the novel SNP1 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g003
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frequent, followed by GC (38.57%) and CC (17.14%). The allele frequencies were 0.6358 (G)

and 0.3642 (C). The Ho, He, and Ne values were 0.5369, 0.4631, and 1.8625, respectively. The

TT genotype (44.29%) of SNP5 was the most frequent, followed by TC (38.57%) and CC

(17.14%). The allele frequencies were 0.6358 (T) and 0.3642 (C). The Ho, He, and Ne values

were 00.5369, 0.4631, and 1.8625, respectively. The TC genotype (47.14%) of SNP6 was the

most frequent, followed by TT (35.72%) and CC (17.14%). The allele frequencies were 0.5929

(T) and 0.4071 (C). The Ho, He, and Ne values were 0.5173, 0.4827, and 1.9331, respectively.

Linkage disequilibrium analysis

For SNP2, SNP3, SNP4, SNP5, and SNP6 in FABP4, LD was analyzed using SHEsis. The results

of this analysis are summarized in Table 3 and Fig 10. Five of the SNPs were in strong LD, with

similar genetic effects (r2> 0.33). Among these, SNP3 and SNP6 as well as SNP4 and SNP5 were

in complete LD (r2 = 1). All marker information could be obtained by observing a single site.

Effect of FABP4 polymorphisms on meat quality

Associations between FABP4 polymorphisms and meat quality traits, including meat water

content, fat content, protein content, before-slaughter weight, body weight, and backfat

Fig 4. Sequencing map of the novel SNP2 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g004

Fig 5. Sequencing map of the novel SNP3 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g005
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thickness in Yanbian yellow cattle were evaluated (Table 4). The water content was signifi-

cantly higher for the GG genotype at SNP1 than for the GA and AA genotypes (P< 0.05). The

fat content was significantly higher for the GA genotype than for the GG and AA genotypes

(P< 0.05). The protein content was significantly higher for the GG and AA genotypes than for

the GA genotype (P< 0.05). The fat contents of heterozygous individuals at SNP2, SNP3,

SNP4, SNP5, and SNP6 were significantly higher than those of wild-type individuals and

mutants (P< 0.05). The protein contents of wild-type individuals and mutants were signifi-

cantly higher than those of heterozygous individuals (P< 0.05). The marbling pattern of het-

erozygous individuals was significantly superior to that of mutants (P< 0.05).

Expression of fat metabolism genes in Yanbian yellow cattle with different

FABP4 genotypes

Gel electrophoresis results for extracted RNA are shown in S2 Fig. FABP4, PPARγ, ANGPTL4,

and LPL encode key enzymes involved in fat synthesis and decomposition [20,21]. The main

function of LPL is to catalyze the hydrolysis of triglycerides to produce glycerol and free fatty

acids, thereby providing energy to tissues, or to re-esterify triglycerides for storage in adipose

Fig 6. Sequencing map of the novel SNP4 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g006

Fig 7. Sequencing map of the novel SNP5 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g007
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tissue [22,23]. PPARγ can induce the formation of small fat cells and regulate the expression of

LPL, FABP4, and other genes [24]. ANGPTL4 increases the triglyceride content and promotes

fat deposition by inhibiting the activity of LPL [25]. The expression levels of four lipid metabo-

lism genes for different FABP4 genotypes in Yanbian yellow cattle are summarized in Fig 11

and Table 5. The expression levels of FABP4 and LPL were significantly higher in individuals

with wild-type FABP4 than in heterozygous and homozygous mutants (P< 0.01). The expres-

sion levels of PPARγ were significantly higher in wild-type individuals than in mutants

(P< 0.05), and levels of ANGPTL4 were significantly higher in wild-type individuals than in

heterozygous and homozygous mutants (P< 0.05).

Fig 8. Sequencing map of the novel SNP6 in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g008

Fig 9. PCR-RFLP results for FABP4 (SNP1).

https://doi.org/10.1371/journal.pone.0234328.g009
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Discussion

Relationships between SNPs in FABP4 and meat quality traits in Yanbian

yellow cattle

Kenji et al. [26] found that the I74V locus of FABP4 in Japanese black cattle is significantly cor-

related with the palmitoleic acid and linoleic acid contents in intramuscular fat. Hengwei et al.

[27] found that g.2834C>G of FABP4 is significantly correlated with the eye muscle area and

intramuscular fat content, and g.4420A>G is significantly correlated with backfat thickness.

Cho et al. [28] found that g.220A>G (I74v) in exon 2 and g.348+303T>C in intron 3 of FABP4
are significantly correlated with fatty acid deposition and backfat thickness in cattle. In the cur-

rent study, there was no correlation between six SNPs in FABP4 and back fat thickness in Yan-

bian yellow cattle. This difference among studies could be explained by the difference in exons

examined. A previous study has shown that there is a significant correlation between the mar-

bling pattern and g.3631G>A in FABP4, and between g.3473A>T and carcass weight [14].

Another study has reported that g.3691G>A in FABP4 is significantly correlated with marbling

and the meat quality score in Korean cattle [29]. The corresponding SNP in our study, SNP1

(g.3691G>A), was not correlated with marbling, but was significantly correlated with water,

fat, and protein contents. The differences between studies may be explained by difference in

sample sizes or genetic background. Additionally, SNP2, SNP3, SNP4, SNP5, and SNP6 were

in LD and significantly influenced the fat and protein contents and marbling grade of Yanbian

yellow cattle. In conclusion, FABP4 is a candidate gene for improving beef quality traits in

Yanbian yellow cattle.

Table 2. Summary of genetic variation for different sites of FABP4 in Yanbian yellow cattle.

Site SNP1 SNP2 SNP3 SNP4 SNP5 SNP6

Allele frequency G-0.7786 A-0.5715 A-0.5929 G-0.6358 T-0.6358 T-0.5929

A-0.2214 C-0.4285 T-0.4071 C-0.3642 C-0.3642 C-0.4071

Genotype frequency GG-0.6857 AA-0.3286 AA-0.3572 GG-0.4429 TT-0.4429 TT-0.3572

GA-0.1857 AC-0.4857 AT-0.4714 GC-0.3857 TC-0.3857 TC-0.4714

AA-0.1286 CC-0.1857 TT-0.1714 CC-0.1714 CC-0.1714 CC-0.1714

χ2 48.9459 0.9959 1.0529 5.9235 5.9235 1.0529

Ho 0.6552 0.5102 0.5173 0.5369 0.5369 0.5173

He 0.3448 0.4898 0.4827 0.4631 0.4631 0.4827

Ne 1.5263 1.96 1.9331 1.8625 1.8625 1.9331

PIC 0.2854 0.3699 0.3662 0.3559 0.3559 0.3662

Ho: Homozygosity; He: Heterozygosity; Ne: Number of effective alleles. χ2: Test of conformance to Hardy–Weinberg equilibrium (P> 0.05 indicates a state of genetic

balance). χ20.05 = 5.991, χ20.01 = 9.210. PIC: polymorphism information content, evaluated by a chi squared test based on the observed and expected values.

https://doi.org/10.1371/journal.pone.0234328.t002

Table 3. Linkage disequilibrium in the FABP4 gene.

r2 SNP3 SNP4 SNP5 SNP6

SNP2 0.944 0.791 0.791 0.944

SNP3 ― 0.838 0.838 1.000

SNP4 ― ― 1.000 0.838

SNP5 ― ― ― 0.838

LD was computed for all possible combinations of five SNPs as r2 values.

https://doi.org/10.1371/journal.pone.0234328.t003
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Expression of fat metabolism genes in Yanbian yellow cattle with different

FABP4 genotypes

FABP4, PPARγ, ANGPTL4, and LPL are important lipid metabolism genes. LPL and PPARγ
had a positive regulatory effect on fat metabolism [30,31]. Chang et al. [11] showed that the

expression of ANGPTL4 in the bovine longissimus dorsi muscle is positively correlated with

the intramuscular fat content. FABP4 mRNA levels in Placental trophoblast cells increase in

response to a PPARγ agonist, indicating that PPARγ can increase the expression of FABP4
[32]. Xiao [33] found that the overexpression of FABP4 could promote lipid deposition, signif-

icantly increase PPARγ expression, and inhibit LPL expression.

In the longissimus dorsi muscle of Nanjiang yellow sheep, the levels of FABP4 were corre-

lated with the levels of PPARγ2 [34]. Additionally, the expression levels of four genes, FABP4,

PPARγ, ANGPTL4, and LPL, were the highest in individuals with wild-type FABP4 and lowest

in homozygous mutants. Consistent with these findings, in our study, the expression levels of

the four genes were significantly higher in individuals with wild-type FABP4 than in heterozy-

gous and/or homozygous mutants. This was a preliminary analysis of lipid metabolism genes

(i.e., FABP4, PPARγ, ANGPTL4, and LPL) with respect to genotypes at five SNPs in LD in

FABP4 in Yanbian yellow cattle. In the future, studies with larger sample sizes are needed to

evaluate associations between protein levels and the activity of intramuscular fat cells under

the same conditions to establish a concrete theoretical basis for the improvement of beef qual-

ity in Yanbian yellow cattle.

Conclusions

Six SNPs with moderate variation in Hardy-Weinberg equilibrium were found in exon 3 of

FABP4 in Yanbian yellow cattle. Among them, SNP1 was significantly correlated with the

Fig 10. Linkage disequilibrium of five SNPs in FABP4.

https://doi.org/10.1371/journal.pone.0234328.g010
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water, fat, and protein contents of Yanbian yellow cattle. SNP2, SNP3, SNP4, SNP5, and SNP6

were in LD, and SNP3 and SNP6, as well as SNP4 and SNP5, were in perfect LD (r2 = 1). At

Table 4. Correlation between SNPs in FABP4 and meat quality traits of Yanbian yellow cattle.

Site Moisture (%) Fat (%) Protein (%) Live weight before slaughter (kg) Carcass weight (kg) Backfat thickness (cm) Marbling (grade)

SNP1

GG 56.67±0.69a 13.14±1.65b 21.60±1.44a 559.00±18.10 315.90±11.53 1.30±0.13 3.00±0.71

GA 53.00±2.52b 26.00±6.11a 15.00±1.15b 600.00±47.25 327.00±28.75 1.50±0.50 3.00±0.58

AA 53.00±0.58b 14.00±2.08b 20.67±1.76a 606.67±28.48 336.00±29.14 1.60±0.40 2.50±0.76

SNP2

AA 55.60±1.47 13.75±1.25b 22.33±1.67a 564.00±36.55 318.40±23.81 1.50±0.27 3.00±0.41ab

AC 52.80±1.98 25.50±5.84a 15.25±1.31b 585.00±23.98 337.60±12.08 1.60±0.19 2.00±0.40b

CC 56.00±0.68 13.25±1.03b 22.75±1.89a 565.00±18.75 317.17±13.57 1.17±0.21 4.00±0.26a

SNP3

AA 54.67±1.52 13.20±1.11b 23.00±1.73a 581.67±34.68 322.00±19.77 1.58±0.24 2.67±0.88ab

AT 53.50±2.40 25.00±6.26a 14.67±0.33b 590.00±22.73 337.00±15.57 1.50±0.20 2.00±0.59b

TT 56.20±0.80 11.50±1.44b 21.67±2.19a 562.00±22.67 318.00±16.59 1.20±0.25 4.25±0.48a

SNP4

GG 54.57±1.29 13.33±0.92b 23.20±1.36a 582.86±29.34 324.29±16.87 1.57±0.20 2.50±0.65ab

GC 54.40±2.06 24.40±4.88a 15.75±1.11b 598.00±19.34 339.20±12.26 1.50±0.16 1.75±0.48b

CC 56.17±0.65 11.40±1.12b 22.75±1.89a 573.33±21.71 326.50±15.99 1.33±0.25 4.00±0.41a

SNP5

TT 54.29±1.34 13.17±0.91b 23.20±1.36a 590.00±30.47 328.86±18.06 1.64±0.21 2.20±0.58ab

TC 52.40±2.16 23.25±5.20a 15.50±1.19b 578.00±21.31 328.60±14.70 1.40±0.19 2.00±0.41b

CC 56.17±0.65 11.60±1.12b 21.25±1.03a 565.00±18.75 319.67±13.65 1.25±0.21 3.75±0.48a

SNP6

TT 54.80±1.85 13.75±1.25b 24.67±0.67a 572.00±40.79 314.40±22.36 1.50±0.27 2.33±0.88ab

TC 52.33±2.96 25.50±5.84a 16.00±1.53b 593.33±31.80 337.33±22.02 1.50±0.29 2.00±0.58b

CC 56.75±0.75 11.50±1.44b 23.00±1.73a 565.00±29.01 317.75±21.42 1.38±0.24 4.25±0.48a

Within a column, different lowercase letters indicate a significant difference (P< 0.05), while identical lowercase letters or a lack of superscript letters indicates a non-

significant difference (P> 0.05).

https://doi.org/10.1371/journal.pone.0234328.t004

Fig 11. Expression levels of lipid metabolism genes with respect to FABP4 genotype in Yanbian yellow cattle.

https://doi.org/10.1371/journal.pone.0234328.g011
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these five loci, the wild-type allele was dominant. These SNPs significantly affected the fat con-

tent, protein content, and marbling grade of Yanbian yellow cattle. Four lipid metabolism

genes, FABP4, PPARγ, ANGPTL4, and LPL, had similar expression patterns in animals with

different FABP4 genotypes, with the highest levels in wild-type individuals and the lowest lev-

els in mutant individuals. Based on these findings, FABP4 is a candidate gene affecting fat

metabolism in cattle, and the SNPs identified in this study can be used as molecular markers

for cattle breeding.

Supporting information

S1 Fig. Agarose gel electrophoresis.

(DOCX)

S2 Fig. Agarose gel electrophoresis of RNA.

(DOCX)

S3 Fig. Un-cropped images of electrophoretic map analyses shown in Fig 2.

(DOCX)

S4 Fig. Un-cropped images of electrophoretic map analyses shown in Fig 9.

(DOCX)

S5 Fig. Un-cropped images of electrophoretic map analyses shown in S1 Fig.

(DOCX)

S6 Fig. Un-cropped images of electrophoretic map analyses shown in S2 Fig.

(DOCX)

S1 File. Procedure for the Blood Genomic DNA Extraction Kit.

(DOC)

Acknowledgments

We would like to thank Dr. Lichun Zhang for help with statistical analyses. We would like to

thank Editage (www.editage.cn) for their assistance with English language editing.

Author Contributions

Conceptualization: Bao-zhen Yin, Jia-chen Fang.

Formal analysis: Chang Xu, Jing Shao.

Funding acquisition: Hong-yan Xu, Guang-jun Xia.

Investigation: Bao-zhen Yin, Jia-su Zhang, Luo-meng Zhang, Chang Xu, Jing Shao.

Table 5. Expression levels of FABP4, PPARγ, ANGPTL4, and LPL with respect to the FABP4 genotype.

Gene Wild-type Heterozygous Mutants

FABP4 3.69±0.73A 0.71±0.28B 0.57±0.21B

PPARγ 2.92±1.09a 1.38±0.32ab 0.40±0.18b

ANGPTL4 1.62±0.25a 0.83±0.10b 0.80±0.10b

LPL 3.49±0.68A 1.24±0.47B 0.30±0.12B

Values with different superscript letters (a, b) within the same row differ significantly at P < 0.05. Values with different superscript letters (A, B) within the same row

differ significantly at P< 0.01.

https://doi.org/10.1371/journal.pone.0234328.t005

PLOS ONE SNPs in FABP4 in Yanbian yellow cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0234328 June 24, 2020 12 / 14

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s003
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s004
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s005
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s006
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0234328.s007
http://www.editage.cn/
https://doi.org/10.1371/journal.pone.0234328.t005
https://doi.org/10.1371/journal.pone.0234328


Methodology: Bao-zhen Yin, Jia-chen Fang, Guang-jun Xia.

Resources: Hong-yan Xu, Guang-jun Xia.

Supervision: Jia-su Zhang, Luo-meng Zhang.

Visualization: Bao-zhen Yin.

Writing – original draft: Bao-zhen Yin.

Writing – review & editing: Bao-zhen Yin, Hong-yan Xu, Guang-jun Xia.

References
1. Ockner R K; Manning J A; Poppenhausen R B; et al. A binding protein for fatty acids in cytosol of intesti-

nal mucosa,liver,myocardium,and other tissues. Science. 1972, 177(4043):56. https://doi.org/10.1126/

science.177.4043.56 PMID: 5041774

2. Yu H.W. SNP detection of FABP3 and FABP4 genes and their correlation analysis with meat quality

traits of Qinchuan beef cattle. Shaanxi, Northwest agricultural and Forestry University. 2017.

3. Damon M; Louveau I; Lefaucheur L; et al. Number of intramuscular adipocytes and fatty acid binding

protein-4 content are significant indicators of intramuscular fat level in crossbred Large White x Duroc

pigs. Journal of Animal Science. 2006, 84(5):1083–1092. https://doi.org/10.2527/2006.8451083x

PMID: 16612010

4. Yan W.; Liu H.X.; Zhang C.; Han D.Y.; Zhu A.W.; Zhao X.T.; et al. Comparative analysis of genetic char-

acteristics of FABP4 gene in sheep populations of China and New Zealand. China Agricultural Science

and technology Herald. 2018, 20 (09): 40–48.

5. Li X.L.; Cui X.R.; Dou C.L.; Yu G.H.; Zhang T.R.; Sun J.H. Cloning and tissue differential expression of

pig A-FABP gene. Heilongjiang Animal Husbandry and veterinary. 2017 (15): 106–110.

6. Wang D.D.; Zhou Y.; Lei Q.X.; Han H.X.; Lin Y.S. Screening of molecular genetic markers for excellent

meat quality traits of luqin3 grouse. Chinese poultry. 2016, 38 (09): 10–14.

7. Luo G.F.; Chen J.L.; Wen J.; et al. Polymorphism analysis of chicken A-FABP gene and its correlation

with fat traits. Genetics. 2006, 28 (1): 39–42.

8. Michal J. J.; Zhang Z. W.; Gaskins C. T.; et al. The bovine fatty acid binding protein 4 gene is signifi-

cantly associated with marbling and subcutaneous fat depth in Wagyu x Limousin F2 crosses. Animal

Genetics. 2010, 37(4):400–402.

9. Yan C.G.; Wang Y.; Piao S.Z.; et al. Study on the quality characteristics of Yanbian Yellow Cattle and

beef. China Cattle Science. 2004, 30 (3): 5–7.

10. Tian W.N.; Li X.Z.; Xia G.J.; et al. Screening of differentially expressed genes in longissimus dorsi mus-

cle of Yanbian Yellow Cattle at different development stage. China Journal of animal husbandry. 2017,

53 (3): 40–44.

11. Xu C.; Song J.X.; Pang Z.; et al. Study on the relationship between the expression of ANGPTL4 gene

and intramuscular fat deposition in Yanbian Yellow Cattle. China Journal of animal husbandry. 2017

(10): 43–46.

12. Zhang L.Y. Feed analysis and feed quality detection technology. Beijing, China Agricultural University

Press. 2007.

13. Wang S.H. Molecular mechanism of castration induced growth and fat deposition changes in cattle by

gene chip. Beijing, Chinese academy of agricultural sciences. 2008.

14. Lee S.H.; van der Werf J. H. J.; et al. Genetic polymorphisms of the bovine Fatty acid binding protein 4

gene are significantly associated with marbling and carcass weight in Hanwoo (Korean Cattle). Animal

Genetics. 2010, 41(4):442–444. https://doi.org/10.1111/j.1365-2052.2010.02024.x PMID: 20331595

15. Li N. Expression of four lipid metabolism regulatory genes in Xinjiang brown cattle and their correlation

with adipose tissue biology. Xinjiang, Xinjiang Agricultural University, 2013.

16. Nei M.; Li W. H. Mathematical model for studying genetic variation in terms of restriction endonucle-

ases. Proceedings of the National Academy of Sciences of the United States of America. 1979, 76(10),

5269–5273. https://doi.org/10.1073/pnas.76.10.5269 PMID: 291943

17. Nei M.; Roychoudhury A. K. Sampling variances of heterozygosity and genetic distance. Genetics.

1974, 76(2), 379–390. PMID: 4822472

PLOS ONE SNPs in FABP4 in Yanbian yellow cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0234328 June 24, 2020 13 / 14

https://doi.org/10.1126/science.177.4043.56
https://doi.org/10.1126/science.177.4043.56
http://www.ncbi.nlm.nih.gov/pubmed/5041774
https://doi.org/10.2527/2006.8451083x
http://www.ncbi.nlm.nih.gov/pubmed/16612010
https://doi.org/10.1111/j.1365-2052.2010.02024.x
http://www.ncbi.nlm.nih.gov/pubmed/20331595
https://doi.org/10.1073/pnas.76.10.5269
http://www.ncbi.nlm.nih.gov/pubmed/291943
http://www.ncbi.nlm.nih.gov/pubmed/4822472
https://doi.org/10.1371/journal.pone.0234328


18. Botstein D.; White R. L.; Skolnick M.; Davis R. W. Construction of a genetic linkage map in man using

restriction fragment length polymorphisms. American Journal of Human Genetics. 1980, 32(3), 314–

331. PMID: 6247908

19. Yong Yong SHI; Lin HE. SHEsis, a powerful software platform for analyses of linkage disequilibrium,

haplotype construction, and genetic association at polymorphism loci. Cell Research. 2005, 15(2): 97–

98. https://doi.org/10.1038/sj.cr.7290272 PMID: 15740637

20. Ma Y.; li R.R.; Hou F.; et al. Research progress on expression regulation and function of ANGPTL4

gene. Journal of Chinese cattle science. 2009, 35 (6): 36–40.

21. Yang L.; Wang B.H.; Luo Y.L.; Wang Y.; Su L.; Zhao L.H.; et al. Effects of different feeding methods on

the expression of fat metabolism-related genes in fat tissue of sunit sheep. Food science: 1–11 (2018-

03-25)

22. WARNKE I; GORALCZYK R; FUHRER E; et al. Di-etary constituents reduce lipid accumulation in

murine C3H10 T1/2 adipocytes: a novel fluorescent method to quantify fat droplets. Nutrition & Metabo-

lism. 2011, 8 (1): 30.

23. WANG H; ECKEL R H. Lipoprotein lipase: from gene to obesity. American Journal of Physiology: Endo-

crinology and Metabolism. 2009, 297 (2): E271–E288.

24. Xu R.X.; Gao L.; Zhao W.L.; et al. The expression of FABP4 gene in the aletai sheep tail fat deposition

and metabolism model. Genetics. 2015, 37 (2): 174–182.

25. Dijk W; Schutte S; Aarts E O; et al. Regulation of angiopoietinlike 4 and lipoprotein lipase in human adi-

pose tissue. Journal of Clinical Lipidology. 2018, 12(3): 773–783. https://doi.org/10.1016/j.jacl.2018.02.

006 PMID: 29555209

26. Kenji O; Masaaki T; Shinji S; et al. Association between fatty acid compositions and genotypes of

FABP4 and LXR-alpha in Japanese Black cattle. Bmc Genetics. 2008, 9(1):84.

27. Yu H.W.; Gui L.S.; Hu Y.; Zan L.S. Correlation between SNP of FABP3 and FABP4 genes and meat

quality traits in Qinchuan beef cattle. Journal of northwest agricultural and Forestry University of science

and Technology (NATURAL SCIENCE EDITION). 2018, 46 (03): 1–7 + 15.

28. Cho S; Park T S; Yoon D H; et al. Identification of genetic polymorphisms in FABP3 and FABP4 and

putative association with back fat thickness in Korean native cattle. Bmb Reports. 2008, 41(1):29–34.

https://doi.org/10.5483/bmbrep.2008.41.1.029 PMID: 18304447

29. Shin S C; Heo J P; Chung E R. Genetic variants of the FABP4 gene are associated with marbling scores

and meat quality grades in Hanwoo (Korean cattle). Molecular Biology Reports. 2012, 39(5):5323.

https://doi.org/10.1007/s11033-011-1331-z PMID: 22179692

30. Wang X.M.; Ao R.G.L.; Wang C.J. Study on LPL gene and fat metabolism of longissimus dorsi muscle

of crossbred beef cattle. Heilongjiang Animal Husbandry and veterinary. 2018 (21): 100–102 + 261.

31. Wang X.M.; Ao R.G.L.; Wang C.J. PPARγ gene and fat metabolism in longissimus dorsi muscle of

crossbred beef cattle. Heilongjiang Animal Husbandry and veterinary. 2018 (15): 101–103 + 241–242.

32. Li Y.; Gu H. Effect of PPAR on FABP4 gene expression in placental syncytiotrophoblast. Chinese Jour-

nal of Obstetrics and Gynecology. 2012, 47(10): 726–729.

33. Tan X. Effect of FABP4 on fatty acid metabolism and mitochondrial function in 3T3-L1 adipocytes.

Shaanxi, Northwest agricultural and Forestry University of science and technology, 2014.

34. Jiang J. Isolation, identification, tissue expression and polymorphism detection of PPARγ and FABP

family genes in goats. Szechwan, Sichuan Agricultural University, 2012.

PLOS ONE SNPs in FABP4 in Yanbian yellow cattle

PLOS ONE | https://doi.org/10.1371/journal.pone.0234328 June 24, 2020 14 / 14

http://www.ncbi.nlm.nih.gov/pubmed/6247908
https://doi.org/10.1038/sj.cr.7290272
http://www.ncbi.nlm.nih.gov/pubmed/15740637
https://doi.org/10.1016/j.jacl.2018.02.006
https://doi.org/10.1016/j.jacl.2018.02.006
http://www.ncbi.nlm.nih.gov/pubmed/29555209
https://doi.org/10.5483/bmbrep.2008.41.1.029
http://www.ncbi.nlm.nih.gov/pubmed/18304447
https://doi.org/10.1007/s11033-011-1331-z
http://www.ncbi.nlm.nih.gov/pubmed/22179692
https://doi.org/10.1371/journal.pone.0234328

