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Simple Summary: In this study, we conducted a comprehensive investigation of the fatty acid 

composition in Ningxiang pigs using a genome-wide association study. Our findings unveiled a 

combination of previously reported and novel candidate genes associated with saturated fatty acids 

(SFAs), monounsaturated fatty acids (MUFAs), and polyunsaturated fatty acids (PUFAs) in 

Ningxiang pigs. Notably, we identified significant SNPs that are closely linked to specific fatty acids, 

and some of these genes exhibited a substantial explained phenotypic variance. These noteworthy 

discoveries have the potential to significantly improve meat quality and fat deposition in Ningxiang 

pigs through targeted breeding approaches. Our research contributes valuable insights into the 

intricate composition of fatty acids, thus offering practical implications for elevating meat quality, 

and ultimately benefiting both the pig industry and consumers. The significance of this study is 

underscored by its potential to drive positive changes in society by promoting healthier and 

superior-quality pork products. 

Abstract: Ningxiang pigs exhibit a diverse array of fatty acids, making them an intriguing model 

for exploring the genetic underpinnings of Fatty acid metabolism. In this study, we conducted a 

genome-wide association study using a dataset comprising 50,697 SNPs and samples from over 600 

Ningxiang pigs. Our investigation yielded novel candidate genes linked to five saturated fatty acids 

(SFAs), four monounsaturated fatty acids (MUFAs), and five polyunsaturated fatty acids (PUFAs). 

Remarkably, 37, 21, and 16 SNPs showed significant associations with SFAs, MUFAs, and PUFAs, 

respectively. Notably, ALGA0047587, H3GA0046208, DRGA0016063, and ALGA0031262 

demonstrated substantial phenotypic variance (≥ 30%) in Arachidic acid (C20:0), Elaidic Acid 

(C18:1n-9(t)), and Arachidonic acid (C20:4n-6), respectively. Several significant SNPs were 

positioned proximally to previously reported genes. In total, we identified 11, 6, and 5 candidate 

genes associated with SFAs, MUFAs, and PUFAs, respectively. These findings hold great promise 

for advancing breeding strategies aimed at optimizing meat quality and enhancing lipid metabolism 

within the intramuscular fat (IMF) of Ningxiang pigs. 
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1. Introduction 

The Ningxiang pig, a renowned local pig breed in China, enjoys popularity in the market due to 

its exceptional flavor and taste. As an obese-type pig, research has shown that it outperforms breeds 

with a high lean meat rate in terms of intra-muscular fat (IMF) [1,2]. Moreover, a comparative 

investigation of the meat flavor between Ningxiang pigs and Duroc pigs demonstrated that the 

former displayed a more abundant and elevated level of volatile flavor compounds in contrast to the 

latter [3]. By utilizing Ningxiang pigs as the female parent in hybrid combinations, the meat quality 

and flavor of Duroc pigs can be effectively enhanced [4]. Consequently, owing to their exceptional 

germplasm traits, Ningxiang pigs have become one of the most significant breeding resources. 

Pork flavor and nutritional value are closely associated with its IMF content and fatty acid 

composition. And fatty acid plays a critical role as fat-soluble flavor precursors in pork [5,6]. Previous 

studies have reported that carbonyl groups in fats undergo dehydration and cyclization, resulting in 

the production of meat-flavored lactone compounds. These compounds can generate flavor 

substances through double-bond cleavage [7]. The type and content of fatty acid, as well as the 

oxidation method, can influence meat flavor. Certain fatty acids have a significant impact on the 

formation of volatile flavor compounds. For instance, linoleic acid, linolenic acid, and arachidonic 

acid are positively correlated with the production of volatile flavor compounds [8,9]. Additionally, 

eicosapentaenoic acid (C20:5n-3, EPA) and docosahexaenoic acid (C22:6n-3, DHA) can suppress the 

sour and bitter taste in mutton while enhancing its fresh and sweet taste [10]. Monounsaturated fatty 

acids (MUFAs) can markedly affect meat color [11], particularly C18:1, which is resistant to oxidation 

and contributes to favorable tenderness and flavor in beef [12,13]. Moreover, the type and content of 

fatty acid in meat diets can impact human health. For example, linoleic acid aids in slowing down 

the progression of atherosclerosis [14]. Furthermore, the ratios of n-3, n-6, and other polyunsaturated 

fatty acids (PUFA) are closely related to human diseases such as cardiovascular disease, depression, 

as well as growth and development [15–17]. In summary, the fatty acid profile of pork serves as one 

of the crucial evaluation criteria for meat quality. 

Genome-wide association studies (GWAS) can efficiently and accurately identify candidate 

genes related to target traits using SNPs as genetic molecular markers. In recent years, researchers 

have discovered numerous candidate genes associated with porcine IMF deposition and fatty acid 

composition through GWAS. Wang et al. [18] conducted GWAS research on the meat quality traits 

of 453 Lulai black pigs, identified 43 SNP loci significantly associated with IMF. These loci were 

annotated using the Ensembl database, resulting in the identification of 42 candidate genes related to 

fat deposition. Viterbo et al. [19] performed GWAS analysis on the fatty acid composition of 480 

purebred Duroc pigs, identifying 25, 29, and 16 SNP loci significantly associated with stearic acid, 

oleic acid, and SFA, respectively. Zhang et al. [20] conducted association analysis on 33 fatty acid 

metabolic traits in five pig populations, identifying 865 SNPs. In addition to confirming the seven 

previously reported QTL regions with strong associations, they also revealed four new QTL regions. 

The genetic factors contributing to the fatty acid composition of Ningxiang pigs remain unknown. 

This study aims to examine significant candidate genes for specific fatty acid compositions and 

explore potential biological pathways by conducting GWAS on the fatty acid composition of 

Ningxiang pigs. 

2. Materials and Methods 

2.1. Collecting Longissimus Dorsi Samples 

Longissimus dorsi samples (taken from the 6th to 12th ribs) were collected from 691 Ningxiang 

pigs that were slaughtered at a predetermined age (180 ± 5 days age) from the Ningxiang Chu 

Weixiang Slaughterhouse and Meat Processing, LLC (Hunan Province, China). A sample of 
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approximately 2 * 2 cubic centimeters in size was quickly taken and stored in a self-sealing bag with 

dry ice for IMF measurement. Additionally, the samples used for DNA extraction were 

simultaneously stored in a liquid nitrogen tank. 

2.2. Determining Intramuscular Fat and Fatty Acids 

In this study, we used the Soxhlet extraction to measure the IMF contents of 691 muscle 

according to the standard "Meat and Meat Products - Determination of Free Fat Content" (GB/T 

9695.1-2008). The composition of fatty acids was determined by gas chromatography, with specific 

operations detailed below: Firstly, accurately weigh 0.5 g of sample powder dried to a constant 

weight and place it in a 10 mL centrifuge tube. Add 2 mL of a benzene and petroleum ether mixture 

(1:1 by volume), wrap it in tin foil, and let it stand in a dark place for 24 hours. Then add 2 mL of a 

0.4 mol/L KOH methanol solution for methylation. Shake well and let stand for 15 minutes. Add 

double-distilled water to 10 mL and centrifuge at 10,000 rpm for 10 minutes to obtain 100 µL of the 

supernatant. A gas chromatograph (Agilent 7890A, Shimadzu, Japan) was used to determine the 

content of medium- to long-chain fatty acids. The GC analysis conditions were: the chromatographic 

column was an SP-2560 (100 m × 0.25 mm, 0.20 µm) capillary column with high-purity nitrogen as 

the carrier gas. The heating program was as follows: initial temperature of 140 ℃, maintained for 5 

minutes, increased to 240 ℃ at 4 ℃/min; sample inlet temperature of 260 ℃; FID detector temperature 

of 260 ℃; split ratio of 100:1; and injection volume of 1 µL. A total of 25 substances were detected 

(Table S1), and only those presented in more than 80% of individuals (N ≥ 533) were retained (Table 

1). 

2.3. DNA Extraction, Genotyping and Quality Control 

2.3.1. DNA Extraction, Genotyping 

Genomic DNA was extracted from muscle tissue using standard phenol-chloroform method, 

and the DNA was dissolved in TE buffer. The concentration and purity of DNA samples were 

measured using the Nanodrop 2000 spectrophotometer. The samples with A260/280 ratio between 

1.7~2.0 were genotyped using the GeneSeek Genomic Profiling (GGP) version 2 Porcine 50K SNP 

chip (Neogen Corporation, Lincoln, NE, USA), which comprises 50,697 SNP loci. 

2.3.2. Quality Control and Genotype Imputation 

Firstly, SNPs located on the sex chromosome and unknown or duplicate locations were 

removed. To decrease the missing genotype rate, Beagle 5.1 software [21] was employed to impute 

the remaining 38,817 SNPs. And then, quality control was conducted using PLINK v1.9 [22] with the 

following criterion: (1) SNP call rate ≥ 90%; (2) minor allele frequency (MAF) ≥ 1%; (3) Hardy-

Weinberg Equilibrium (HWE) testing p-value ≥ 10-6. After quality control, 11,806 and 395 loci were 

removed due to genotype missing rate, MAF, and HWE, respectively. Finally, 691 individuals and 

25,809 SNPs remained for subsequent analysis (Figure 1). 

 

Figure 1. Distribution plot of SNPs after quality control. 
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2.4. Population stratification 

To mitigate the risk of concealed population stratification leading to spurious results in the 

GWAS, we conducted principal component analysis (PCA) using imputed genotypes with PLINK 

v1.9 (command: --pca). As depicted in Figure 2a, the population exhibited significant population 

stratification, necessitating the incorporation of the first principal components (PCs) for correction. 

 

Figure 2. Principal component analysis. (a) is the visualization of the first three PC values shows the 

population has a population stratification; (b) is screen plot of the first 10 PC values, and decreasing 

trends indicate the first five PCs are appropriate to correct the population stratification. 

2.5. Genome-wide association study 

The association between SNPs and fatty acids was examined using the BLINK model (Bayesian-

information and Linkage-disequilibrium Iteratively Nested Keyway) by GAPIT 3.0 package [23]. 

BLINK, an enhanced version of FarmCPU, enhances statistical power by relaxing the assumption of 

even distribution of trait-related genes across the genome, and incorporates Bayesian information 

content (BIC) in fixed-effect models to improve computational efficiency [24]. The model integrates 

equations (1), (2), and (3) based on the BIC strategy, iteratively calculating and excluding all pseudo 

quantitative trait nucleotides (QTNs) to identify significant loci. 

𝑦 = 𝑋𝑎 + 𝑍𝑏 + 𝑒                           (1) 𝑦 = 𝑋𝑎 + 𝑍𝑏 + 𝑄𝑝 + 𝑒                     (2) 𝑦 = 𝑋𝑎 + 𝑄𝑝 + 𝑒                           (3) 

Where y is a vector of phenotypic data, a is the vector of fixed effect, including IMF content and 

the first five PCs; b is a vector of marker effect; and p is the effect of pseudo QTNs. X, Z, and Q are 

the incidence matrices correspoding to a, b, and p, respectively. And e is the vector of residual errors. 

The BLINK model use equation (1) to define pseudo QTNs as a covariate for equation (2). The SNP 

obtained from equation (2) determines the information of QTNs based on LD, and then employs 

equation (3) to perform accuracy detection of QTNs using the BIC strategy. The false discovery rate 

(FDR) method of multiple testing, as described by Benjamini-Hochberg, was utilized to measure the 

statistical significance of association studies at a genome-wide level. The cut-off threshold for 

considering SNPs as significant was set at FDR ≤ 0.1. The explained phenotypic variance (PVE) was 

calculated as follows [25]: 

𝑃𝑉𝐸 =  ଶఈమெ஺ி(ଵିெ஺ி)ଶఈమெ஺ி(ଵିெ஺ி)ା(௦௘(ఈమ)ଶே×ெ஺ி(ଵିெ஺ி)      (4) 

Where MAF is the minior allele frequency for SNP, 𝛼ଶ is the effect of SNP marker, and N is the 

sample size. 𝑠𝑒(𝛼ଶ) is the standard error of 𝛼ଶ. 
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2.6. Estimation of Hertability and Genetic correlation 

The hertability (h2) calculated by following formula (5) which completed by HIBLUP [26]: 

ℎଶ = ఙమೌఙమೌାఙ೐మ       (5) 

Where 𝜎௔ଶ and 𝜎௘ଶ are the additive genetic variance and the residual variance, respectively. The 

phenotypic and genetic correlation (rp and rg) between IMF and FAs were estimated using HIBLUP 

software [26]. 

𝑟௉ =  ஼ை௏ುೣ೤ටఙುೣమ ×ఙು೤మ ;  𝑟 =  ஼ை௏ಸೣ೤ටఙಸೣమ ×ఙಸ೤మ       (6) 

Where 𝐶𝑂𝑉௉ೣ ೤ and 𝐶𝑂𝑉 ೣ೤ represent the phenotypic and genetic covariance, respectively. 𝜎௉ଶ 

and 𝜎 ଶீ are the phenotypic and genetic vanriance, respectively. 

2.7. Identificaiton of Candidate Genes 

Candidate genes were identified according to their physical positions and functions based on 

the Sus scrofa 10.2 reference genome assembly. The SNP-containing or nearest annotated genes for 

each potential SNP were obtained from Sus scrofa (10.2) gtf file (http://ftp.ensembl.org/pub/release-

80/gtf/sus_scrofa/Sus_scrofa.Sscrofa10.2.80.gtf.gz) and taken as candidate genes. 

2.8. Functional Enrichment analysis 

The g:profier website [27] was used to Gene Ontology (GO) and Kyoto Encyclopedia of Genes 

and Genomes (KEGG) enrichment analysis. Choosing Tailor-made algorithm for multiple testing 

correstion (adjust p value < 0.05). 

3. Results 

3.1. Descriptions Statistics of IMF and fatty acids composition 

The statistical analysis results of IMF and 25 fatty acids are presented in Table S1. The IMF 

content in the longissimus dorsi of Ningxiang pigs was determined to be 3.65%. The overall fatty acid 

distribution revealed the highest proportion of MUFA at 41.88%, followed by SFA at 39.35%, and the 

lowest was PUFA (12.78%). Eleven fatty acids were removed due to a sample size below 553 

individuals (< 80%), such as C22:6n-3, C17:1, and C15:0. And the remaining 14 fatty acids, IMF were 

used to following analysis (Table 1). Among these fatty acids, Oleic acid (C18:1n-9(c)) exhibited the 

highest content (40.28%), while Elaidic Acid (C18:1n-9(t)) had the lowest content (0.11%). 

Table 1. Detailed information on 25 fatty acids present in IMF of the longissimus dorsi of Ningxiang 

pigs. 

Fatty acid N Relative Content (± Sd) (%) h2 (± Sd) 

IMF 

(Intramuscular Fat) 
691 3.65 (± 1.00) 0.72 (± 0.02) 

SFA 

(Saturated fatty acid) 
691 39.35 (± 10.01) 0.61 (± 0.04) 

C14:0 

(Myristic acid) 
649 1.42 (± 0.24) 0.80 (± 0.03) 

C16:0 

(Palmitic acid) 
651 26.38 (± 1.46) 0.76 (± 0.03) 

C17:0 

(Margaric acid) 
645 0.15 (± 0.03) 0.45 (± 0.08) 

C18:0 651 13.42 (± 1.62) 0.89 (± 0.02) 
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(Stearic acid) 

C20:0 

(Arachidic acid) 
649 0.21 (± 0.05) 0.87 (± 0.04) 

MUFA 

(Monounsaturated fat acid) 
691 41.88 (± 10.92) 0.84 (± 0.02) 

C16:1 

(Palmitoleic Acid) 
650 3.28 (± 1.03) 0.87 (± 0.03) 

C18:1n-9(t) 

(Elaidic Acid) 
627 0.11 (± 0.03) 0.37 (± 0.09) 

C18:1n-9(c) 

(Oleic acid) 
651 40.28 (± 3.13) 0.74 (± 0.03) 

C20:1 

(Eicosenoic acid) 
650 0.80 (± 0.29) 0.78 (± 0.03) 

PUFA 

(Polyunsaturated fatty acid) 
691 12.78 (± 4.80) 0.60 (± 0.03) 

C18:2n-6(c) 

(Linoleic acid) 
651 10.12 (± 2.57) 0.61 (± 0.03) 

C18:3n-3 

(α-Linolenic acid: ALA) 
572 0.36 (± 0.19) 0.63 (± 0.08) 

C20:2 

(Eicosa-11,14-dienoic acid) 
649 0.33 (± 0.08) 0.67 (± 0.05) 

C20:3n-6 

(Dihomo-γ-linolenic acid) 
647 0.38 (± 0.14) 0.88 (± 0.03) 

C20:4n-6 

(Arachidonic acid) 
649 2.42 (± 1.00) 0.55 (± 0.05) 

N represents the number of individuals with this fatty acid detected in the sample population; relative content 

represents the mean value of the content, and Sd represents standard deviation; h2: heritability. 

3.2. Estimation of Genetic parameter 

The results of the correlation analysis between fatty acids and IMF are presented in Figure 3a, b. 

In phenotypic correlation analysis, the majority of fatty acids exhibited a significantly correlation with 

IMF (p < 0.001), except SFA, C20:0, and C18:3n-3 (p > 0.05). SFA demonstrated significantly positive 

correlated with MUFA and PUFA (p < 0.001) but showed negative correlations with four MUFAs and 

five PUFAs (p < 0.05). Furthermore, SFA, MUFA, and PUFA were significantly positively correlated 

with five SFAs, four MUFAs, and five PUFAs, respectively (p < 0.05). Regarding the genetic 

correlation analysis, C16:1 had the highest correlation with IMF (rg = 0.64), SFA was negatively 

correlated with most MUFAs and PUFAs, expect C16:1 and C18:1n-9(t). All fatty acids belonged to 

moderate to high heritability (0.37 ~ 0.89), of these fatty acids, C17:0 and C18:1n-9(t) demonstrated 

relatively low heritability estimates at 0.45 and 0.37, respectively, while most other fatty acids 

exhibited heritability estimates above 0.6. Notably, C18:0 exhibited the highest heritability estimate 

of 0.89 (Table 1). 
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Figure 3. Correlations among IMF and 14 fatty acids in longissimus dorsi of Ningxiang pigs. “***” 

represents p-value < 0.001, “**” represents p-value < 0.01, “*” represents p-value < 0.05. (a) is the 

phenotypic correlation; (b) is the genetic correlation. 

3.3. Genome-wide assciation study results for fatty acids 

After quality control, 25,809 SNPs for 691 Ningxiang pigs were retained for GWAS. In total, 74 

genome-wide level SNPs were identified for 14 FAs in this study. 

3.3.1. SFA 

In this study, 37 genome-wide level significant SNPs were identified for 5 SFAs (C14:0, C16:0, 

C17:0, C18:0, and C20:0), C20:0 had the most loci, which were located on SSC2, SSC3, SSC4, SSC5, 

SSC7, SSC8, SSC13, SSC14, and SSC16, respectively (Figure 4a to 4e). Moreove, some loci were with 

large explained phenopic variance, such as ALGA0047587 (89.85%), ASGA0059505 (11.39%), and 

DRGA0011206 (6.85%) (Table 1). 
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Figure 4. Manhattan plot for five SFAs (C14:0, C16:0, C17:0, C18:0, and C20:0). The x-axis represents 

the chromosomes, and y-axis represnts the -log10 (p_value). The green line is genome-wide level 

threshold, the green dashed line is chromosome-level threshold. 

3.3.2. MUFA 

The Manhattan plots showed 21 genome-wide level significant loci were identified on 12 

chromosomes (SSC1, SSC2, SSC3, SSC4, SSC5, SSC7, SSC9, SSC11, SSC13, SSC14, SSC16, and SSC17) 

for four MUFAs (Figure 5a to 5d). H3GA0046208 explained the largeset phenopic variance (45.24%) 

for C18:1n-9(t) (Table 1). 
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Figure 5. Manhattan plot for four MUFAs (C16:1, C18:1n-9(c), C18:1n-9(t), and C20:1). The x-axis 

represents the chromosomes, and y-axis represnts the -log10 (p_value). The green line is genome-

wide level threshold, the green dashed line is chromosome-level threshold. 

3.3.3. PUFA 

The Manhattan plots showed that 16 genome-wide level significant loci on 7 chromosomes 

(SSC1, SSC2, SSC5, SSC8, SSC9, SSC13, and SSC16) were identified for five PUFAs (Figure 6a to 6e). 

Preprints (www.preprints.org)  |  NOT PEER-REVIEWED  |  Posted: 28 July 2023                   doi:10.20944/preprints202307.2033.v1

https://doi.org/10.20944/preprints202307.2033.v1


 10 

 

 

Figure 6. Manhattan plot for five PUFAs (C18:2n-6(c), C18:3n-3, C20:2, C20:3n-6, and C20:4n-6). The 

x-axis represents the chromosomes, and y-axis represnts the -log10 (p_value). The green line is 

genome-wide level threshold, the green dashed line is chromosome-level threshold. 

3.4. Identification of candidate genes 

Four hundred and fifty-three genes were identified within a 500 kb region upstream and 

downstream of the significant SNPs. For SFAs, there were 354 genes were found in 1 Mb genomic 

regions, and 40 genes close to 37 loci, of which 11 (WU_10.2_3_116903421, ASGA0074106, 

WU_10.2_4_119395133, M1GA0024654, WU_10.2_3_142168876, ALGA0010606, 

WU_10.2_11_3591593, ALGA0080940, H3GA0041501, MARC0054269, and WU_10.2_16_59778879) 

were located within 11 genes (ALK, MFAP3, CEPT1, NPEPPS, ENSSSCG00000008655, SWI5, CDK8, 
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AVPI1, ALOX5, ITGA1, and SLIT3), respectively. For MUFAs, 6 SNPs (ALGA0015731, 

ASGA0064960, H3GA0025990, H3GA0046208, WU_10.2_5_13180559, and ASGA0031521) were the 

intragenic variants. As for PUFAs, 19 genes were identified in 16 SNP loci. 

Table 2. Genome-wide significant SNPs loci for SFAs, MUFAs and PUFAs in Ningxiang pigs. 

Fatty 

acid 
SNP CHR POS (bp) MAF 1 

p-

value 

PVE 

(%) 2 

Candidate 

gene 3 

Location 

(bp) 4 

SFA 

C14:0 

WU_10.2_3_116903

421 
3 

116,903,42

1 
0.10 

2.15 × 

10-7 
2.98 ALK Within 

H3GA0053711 10 19,975,279 0.39 
1.10 × 

10-7 
4.21 HNRNPU (-) 46,502 

ASGA0074106 16 75,024,639 0.20 
1.43 × 

10-6 
6.30 MFAP3 Within 

C16:0 

ALGA0020228 3 
102,155,06

0 
0.27 

3.04 × 

10-8 
0.96 CAMKMT (-) 67,527 

WU_10.2_4_119395

133 
4 

119,395,13

3 
0.20 

7.24 × 

10-7 
0.71 CEPT1 Within 

ASGA0027821 6 20,665,813 0.08 
1.66 × 

10-6 
1.87 --- --- 

MARC0001638 9 20,050,249 0.38 
3.49 × 

10-9 
1.54 --- --- 

M1GA0024654 12 23,711,351 0.25 
2.83 × 

10-8 
1.49 NPEPPS Within 

ASGA0053936 12 28,196,313 0.10 
9.35 × 

10-7 
2.46 CA10 (-) 73,699 

ALGA0071522 13 
101,058,81

6 
0.48 

1.60 × 

10-7 
0.92 

P2RY1 / 

RAP2B 

(+) 24,652 

/ (-) 

272,878 

C17:0 

WU_10.2_3_142168

876 
3 

142,168,87

6 
0.22 

3.47 × 

10-7 
1.63 

ENSSSCG000

00008655 
Within 

WU_10.2_4_896932

48 
4 89,693,248 0.13 

1.09 × 

10-6 
0.98 ATP1B1 / DPT 

(-) 142,688 

/ (+) 

276,076 

ALGA0040777 7 41,624,144 0.44 
2.75 × 

10-8 
1.06 

ENSSSCG000

00027922 
(-) 6,957 

WU_10.2_12_76448

39 
12 7,644,839 0.02 

1.40 × 

10-7 
5.94 SDK2 (-) 101,272 

ASGA0059505 13 
191,280,77

1 
0.01 

4.53 × 

10-8 
11.39 

ENSSSCG000

00012009 
(+) 96,319 

ASGA0097154 16 38,383,883 0.35 
1.23 × 

10-6 
0.74 

MIER3 / 

GPBP1 

(-) 92,572 / 

(+) 147,193 

C18:0 

ALGA0010606 1 
302,716,68

7 
0.02 

1.05 × 

10-8 
5.30 SWI5 Within 

WU_10.2_11_35915

93 
11 3,591,593 0.45 

1.78 × 

10-7 
0.96 CDK8 Within 

DRGA0011206 11 45,910,375 0.02 
5.51 × 

10-8 
6.85 KLHL1 (-) 344,156 

WU_10.2_14_10622

9446 
14 

106,229,44

6 
0.09 

5.06 × 

10-12 
6.06 

DKK1 / 

PRKG1 

(+) 111,773 

/ (-) 24,033 

ALGA0080940 14 
118,552,42

1 
0.30 

3.94 × 

10-9 
1.79 AVPI1 Within 
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C20:0 

WU_10.2_2_194593

16 
2 19,459,316 0.01 

3.53 × 

10-10 
0.50 U5 / EXT2 

(+) 53,530 

/ (-) 

248,965 

MARC0046666 2 99,366,616 0.10 
1.11 × 

10-6 
0.04 MEF2C (+) 481,344 

WU_10.2_3_134741

15 
3 13,474,115 0.17 

9.65 × 

10-7 
0.03 SNORA79 (-) 6,713 

ALGA0025658 4 75,387,791 0.03 
1.21 × 

10-8 
2.18 ARMC1 (+) 213,167 

DRGA0005776 5 46,748,561 0.01 
9.76 × 

10-18 
0 IPO8 (-) 37,690 

H3GA0016783 5 71,996,403 0.36 
9.65 × 

10-16 
0.12 

IL17RA / 

CECR2 

(+) 216,815 

/ (-) 1,304 

WU_10.2_5_102656

712 
5 

102,656,71

2 
0.01 

1.17 × 

10-6 
0.19 --- --- 

WU_10.2_7_664160

3 
7 6,641,603 0.06 

1.79 × 

10-6 
0.04 OFCC1 (+) 394,140 

MARC0077077 7 90,165,851 0.03 
1.22 × 

10-8 
0.02 U4 (-) 483,532 

ALGA0047587 8 36,220,598 0.01 
1.33 × 

10-17 
89.85 --- --- 

ALGA0049475 8 58,905,523 0.02 
1.57 × 

10-9 
0.38 

TMEM165 / 

REST 

(+) 136,496 

/ (-) 65,988 

WU_10.2_13_79543

10 
13 7,954,310 0.02 

1.07 × 

10-6 
0.13 EFHB / PP2D1 

(+) 156,176 

/ (-) 17,027 

H3GA0041501 14 98,921,568 0.37 
4.07 × 

10-7 
0.02 ALOX5 Within 

MARC0054269 16 33,826,642 0.45 
5.43 × 

10-9 
0.04 ITGA1 Within 

WU_10.2_16_59778

879 
16 59,778,879 0.12 

3.17 × 

10-14 
0.48 SLIT3 Within 

ASGA0073724 16 65,860,356 0.38 
1.45 × 

10-10 
0.06 --- --- 

MUFA 

C16:1 

ALGA0004246 1 80,989,471 0.19 
1.47 × 

10-6 
8.55 PREP (+) 97,088 

MARC0099145 11 7,302,533 0.26 
3.19 × 

10-7 
2.20 

ALOX5AP / 

MEDAG 

(+) 14,970 

/ (-) 94,001 

ALGA0081341 14 
127,218,92

5 
0.42 

5.58 × 

10-7 
2.81 U6 (+) 142,743 

C18:1n

-9(c) 

ALGA0015731 2 
132,199,27

8 
0.37 

6.33 × 

10-7 
0.67 PRDM6 Within 

WU_10.2_7_113985

448 
7 

113,985,44

8 
0.337 

1.41 × 

10-6 
1.67 FLRT2 (-) 371,757 

ASGA0064960 14 77,566,009 0.34 
9.97 × 

10-7 
0.41 RUFY2 Within 

C18:1n

-9(t) 

H3GA0012422 4 31,763,547 0.02 
4.00 × 

10-8 
0.73 RSPO2 (-) 39,304 

DIAS0004691 7 29,798,220 0.02 
5.20 × 

10-8 
1.37 

RXRB / 

COL11A2 

(+) 30,602 

/ (-) 98 

ASGA0033619 7 52,577,418 0.02 
9.68 × 

10-7 
0.52 

MCM3 / 

PAQR8 

(+) 22,826 

/ (-) 58,073 
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H3GA0025990 9 2,779,787 0.01 
4.13 × 

10-10 
2.69 SYT9 Within 

ALGA0079386 14 91,261,955 0.29 
6.50 × 

10-7 
0.26 

NRG3 / 

SNORA31 

(+) 153,379 

/ (-) 56,774 

H3GA0046208 16 22,351,887 0.01 
1.46 × 

10-11 
45.24 CAPSL Within 

DRGA0016063 16 32,872,449 0.04 
1.06 × 

10-13 
31.52 ISL1 (+) 313,447 

C20:1 

ASGA0004095 1 
113,473,89

0 
0.24 

4.76 × 

10-7 
0.79 

ENSSSCG000

00004527 
(-) 459,563 

ASGA0085560 3 26,316,304 0.36 
2.27 × 

10-8 
1.43 GP2 /GPR139 

(+) 23,724 

/ 

(-)218,640 

WU_10.2_5_131805

59 
5 13,180,559 0.38 

2.03 × 

10-9 
0.85 CRY1 Within 

ASGA0031521 7 17,152,543 0.02 
7.91 × 

10-9 
6.73 CDKAL1 Within 

7_134762912 7 
134,762,91

2 
0.26 

6.37 × 

10-11 
1.67 SCARNA6 (+) 112,451 

ALGA0111031 8 41,395,488 0.25 
1.91 × 

10-6 
2.27 USP46 (-) 246,632 

ASGA0059943 13 
210,282,75

8 
0.10 

4.97 × 

10-7 
0.82 

CLDN14 / 

SIM2 

(+) 125,384 

/ (-) 

157,224 

H3GA0047778 17 7,610,059 0.03 
1.62 × 

10-7 
3.49 --- --- 

PUFA 

C18:2n

-6(c) 

ALGA0015731 2 
132,199,27

8 
0.37 

1.99 × 

10-7 
2.10 CEP120 Within 

WU_10.2_5_241539

21 
5 24,153,921 0.02 

1.45 × 

10-11 
18.22 

RDH16 / 

NDUFA4L2 

(+) 14,897 

/ (-) 8,844 

ASGA0085192 16 76,899,854 0.05 
5.47 × 

10-7 
6.33 

ENSSSCG000

00017077 
(+) 100,159 

C18:3n

-3 

MARC0014875 5 26,784,432 0.01 
1.52 × 

10-9 
21.92 SLC16A7 Within 

ALGA0111381 9 14,991,770 0.02 
6.15 × 

10-8 
5.51 ssc-mir-708 (-) 128,707 

DRGA0009320 9 37,972,729 0.08 
3.28 × 

10-9 
16.44 

ENSSSCG000

00014993 
Within 

ASGA0060681 14 5,504,363 0.42 
8.41 × 

10-7 
1.53 SNORA25 (+) 236,965 

C20:2 ALGA0004743 1 96,303,394 0.08 
4.70 × 

10-7 
10.78 

ENSSSCG000

00022379 
(-) 50,039 

C20:3n

-6 

WU_10.2_2_717396

9 
2 7,173,969 0.23 

6.35 × 

10-10 
2.14 

FLRT1 / 

OTUB1 

(+) 76,045 

/ (-) 30,744 

WU_10.2_2_963003

4 
2 9,630,034 0.19 

6.76 × 

10-7 
2.15 SDHAF2 Within 

ALGA0106081 2 12,459,648 0.18 
7.40 × 

10-8 
1.62 

ENSSSCG000

00022943 
(+) 6,189 

ASGA0039809 8 
130,628,61

7 
0.18 

1.18 × 

10-9 
1.84 EIF4E Within 
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ALGA0115480 13 
187,857,35

0 
0.11 

1.14 × 

10-7 
1.57 ROBO2 (+) 5,756 

C20:4n

-6 

ALGA0031262 5 23,686,043 0.01 
2.71 × 

10-16 
31.76 PTGES3 Within 

WU_10.2_9_425299

52 
9 42,529,952 0.02 

2.28 × 

10-10 
7.56 C11orf87 / U1 

(+) 440,896 

/ (-) 52,775 

WU_10.2_13_19417

6619 
13 

194,176,61

9 
0.22 

1.73 × 

10-6 
1.20 U6 (+) 137,764 

1 MAF: minor allelic frequency; 2 PVE: explained phenotype variance; 3 Genes name include official symbol name 

and ENSEMBL_ID; 4 (-) / (+) represent the significant loci located upstream / downstream of the nearest gene. 

3.5. Functional Enrichment of Candidata Genes 

The GO and KEGG enrichment analysis was performed using g:profier website for all fatty acids 

traits. The functional genes were significant enriched in 262 GO terms (p_adj < 0.05) (see Appendix 

Materials). The top 10 molecular function were binding and so on. And the top 10 cellular component 

were cellular anatomical entity (GO:0110165), membrane-bounded organelle (GO:0043227) and so 

on. There were some GO terms associated with lipid and fatty acid metabolism in biological process 

(Figure 7a), such as fatty acid biosynthetic process (GO:0006633), unsaturated fatty acid metabolic 

process(GO:0033559), lipid biosynthetic process (GO:0008610), and lipid metabolic process 

(GO:0006629). In this study, annoted genes were significantly enriched in 12 KEGG pathways, such 

as Metabolic pathways (KEGG:01100), Inflammatory bowel disease (KEGG:05321), and Th17 cell 

differentiation (KEGG:04659) (Figure 7b). These KEGG pathways can be categorized into three 

groups on the KEGG website: Metabolism, Organismal Systems, and Human Diseases 

(https://www.kegg.jp/kegg/pathway.html). 
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Figure 7. Gene functional enrichment analysis. (a) shows the top 10 enrichment in molecular function 

and cellular component and 10 bological processes associated with fatty acid and lipid metabolism. 

(b) shows the result of 12 KEGG enrichment, which can be divided into three categories on the kegg 

website (Metabolism, Organismal Systems, and Human Diseases). 

4. Discussion 

4.1. Phenotypic and genetic Correlations  

In this study, a total of 25 fatty acids species were detected in the longissimus dorsi of Ningxiang 

pigs, with 14 species commonly found in the population. The SFA is the most abundant among them, 

while the MUFA relative content is the highest. According to research, the distribution pattern of 

fatty acid in various varieties of pork is quite similar. However, Jiang et al. [30] analyzed the fatty 

acid composition in three types of adipose tissues (dorsal subcutaneous adipose tissue, abdominal 

subcutaneous adipose tissue, and perirenal adipose tissue), revealing significant differences in the 

fatty acid profiles among the three adipose tissue types, which were also influenced by gender. 

Interestingly, DHA was not found in the longissimus dorsi and backfat of various pig populations, 

including Chinese regional and foreign pig breeds [31,32]. Nevertheless, in other studies examining 

the fatty acid profile of Ningxiang pigs, DHA was detected in different tissues of Ningxiang pigs 
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[30,33,34]. DHA, belonging to the Omega-3 family alongside ALA and EPA [35], is a crucial PUFA 

for human health. It is directly associated with brain development, physical well-being, and is an 

essential nutrient integral to human life [36]. It is expected that among the longissimus dorsi of 

Ningxiang pig, both Linoleic acid (h2 = 0.88) and Eicosa-11,14-dienoic acid (h2 = 0.63) from the Omega-

3 family exhibit high heritability, which is a rare phenomenon [37,38]. Further research has revealed 

that the dietary n-6/n-3 ratio can significantly impact the overall health of consumers [39]. To ensure 

the safety and health of pork products, pig industry breeders and researchers have long sought to 

enhance the PUFA content and distribution in pork [40–43]. Simultaneously, studies have found that 

the main characteristic aroma of Ningxiang pork is derived from alcohols, aldehydes, and ketones, 

with the abundance of flavor substances significantly higher than that of lean pork breeds [3]. Fatty 

acids, as the primary substrate of lipid oxidation, could be the reason for the characteristic aroma of 

Ningxiang pork. 

As an important indicator pork quality, the IMF has consistently garnered significant attention. 

Numerous studies have also provided evidence for the impact of IMF on meat quality [44,45]. In 

recent years, the hypothesis that IMF deposition in muscle is impacted by fatty acid structure was 

verified [19,46–48]. By conducting correlation analysis between IMF and various fatty acid 

components in the longissimus dorsi of Ningxiang pigs (Figure 3), it was observed that IMF exhibits 

a notably low correlation with SFA. Furthermore, IMF exhibited a significant positive correlation 

with MUFA and a significant negative correlation with polyunsaturated PUFA. Particularly, a high 

genetic correlation is evident between linoleic acid and fat deposition, surpassing that of palmitic 

acid and oleic acid, which have a higher relative content [11]. Realini et al. [49] investigated the 

relationship between IMF deposition and fatty acid composition in New Zealand sheep, yielding 

results consistent with our study, revealing a negative correlation between MUFA and IMF 

deposition, a positive correlation between PUFA and IMF deposition, and a correlation coefficient of 

-0.72 between linoleic acid and IMF deposition. This phenomenon might be attributed to the 

endogenous synthesis rate and desaturation sequence of SFA. Consequently, the distinctive fatty acid 

characteristics found in Ningxiang pork not only cater to the health requirements of consumers but 

also provide high-quality pork products. 

4.2. Candidate genes for fatty acid composition 

Currently, the molecular mechanisms underlying fat deposition continue to be a worthy subject. 

Fat deposition not only directly impacts the growth, development, and meat production traits of 

animals but also holds valuable implications for addressing human diseases. Ningxiang pigs, as an 

excellent model for obesity research, so more and more genes, regulatory factors, and metabolic 

pathways related to fat deposition in Ningxiang pigs have been identified [50–52]. In this study, we 

performed a comprehensive GWAS focusing on 14 fatty acids in the longissimus dorsi of Ningxiang 

pigs, and a majority of them exhibiting significant correlations with IMF content. 

A total of 40 genes were identified from 37 significant loci associated with Saturated fat, which 

included hnRNPU [53,54], CEPT1 [55], ATP1B1 [56], DPT [57], DKK1 [58,59], PRKG1 [60–63], EXT2 

[64], MEF2C [65,66], IL17RA [67], ITGA1 [68,69] and ALOX5 [70]. Among these, heteronuclear 

Heterogeneous ribonucleoprotein particles (hnRNPs) represent a group of proteins with diverse 

functions, playing pivotal roles in RNA biogenesis, cellular localization, and transport [71–73]. 

Specifically, heteronuclear Heterogeneous ribonucleoprotein particle U (hnRNP U) is involved in the 

Blnc1/hnRNPU/EBF2 Heterogeneous ribonucleoprotein particle complex, thus promoting the 

expression of brown adipocyte genes [53]. Additionally, Dickkopf WNT signaling pathway inhibitor 

1 (DKK1) can regulate placental lipid metabolism through the WNT signaling pathway [58], as well 

as through ERK-PPAR γ- The CD36 axis enhances the ability of liver cells to uptake fatty acids [59]. 

Moreover, Extracellular glycosyltransferase 2 (EXT2) appears to be closely associated with fatty acid 

binding protein 4 and participates in lipid metabolism activities [74]. Surprisingly, Muscle cell 

enhancer factor 2C (MEF2C) not only plays a crucial regulatory role in skeletal muscle cells but also 

exerts significant regulatory effects on adipose tissue deposition [65], brown fat development [75], 

and muscular atrophy obesity [76] For instance, in Meishan pigs, MEF2C has been found to form a 
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cascade with miR222/SCD5, thereby regulating fatty acid metabolism [66]. Research has 

demonstrated that the signal of extracellular matrix (ECM) deposition induced by a High-Fat Diet is 

transmitted to adipocytes through the upregulation of integrin subunit α1 (ITGA1) and integrin 

subunit α7 (ITGA7), leading to the activation of the FAK-JNK/ERK1/2 signaling pathway in cells, 

which ultimately promotes adipogenesis in white adipose tissue [68]. Coincidentally, Arachidonic 

acid 5-nenenebb lipoxygenase (ALOX5) and its partner Arachidonic acid 5-lipoxygenase activator 

protein (ALOX5AP) are genes near C20:0 and C16:1 index significant correlation sites, respectively. 

ALOX5 and ALOX5AP are both involved in the browning of white adipose tissue through lipotoxin 

A4 [77] Furthermore, after ALOX5 knockout, the ability of adipogenic differentiation in mice is 

significantly increased [70]. In Ossabaw pig epicardial adipose tissue, ALOX5 is positively correlated 

with n-3 PUFAs [78]. 

Twenty five genes were annotated in the upstream and downstream regions of 21 loci related to 

Monounsaturated fatty acid. Among them, genes such as ALOX5AP [77], MEDAG [70], ISL1 [79], 

RXRB [80], CRY1 [81], and CDKAL1 [82,83] have been found to be related to lipid synthesis and 

metabolism. Interestingly, MEDAG and ALOX5AP belong to two genes upstream and downstream 

of the MARC0099145 locus. Additionally, MEDAG is involved in fat metabolism, playing a crucial 

role in back fat deposition in most Western pig breeds [84]. The study identified Retinol-X receptor 

β, the RXRB gene, as a powerful candidate gene due to its influence on the lipogenic activity of 

retinoic acid (bioactive vitamin A9). In the liver, the activation of RXRB leads to increased expression 

of stearyl CoA desaturation (SCD) and CD36 fatty acid transferase [80]. RXRB shows a negative 

correlation with PUFA, which is basically consistent with the results of this study and that of Black 

Iberian pig [85]. The Cryptochrome gene 1 (CRY1) is a member of the Circadian clock gene family 

and plays a vital role in adipocyte biology. CRY1 is regulated by the classic Wnt/β-catenin signaling 

pathway, which influences fat differentiation [86], Moreover, CRY1 contains two different interaction 

regions that regulate its degradation to achieve diurnal blood glucose control [87], further affecting 

conditions such as obesity [81,88]. 

Nineteen genes were annotated in the upstream and downstream regions of 16 loci related to 

PUFAs. Genes such as NDUFA4L2 [89], SLC16A7 [90], OTUB1 [91], EIF4E [92], and ROBO2 [93] were 

found to be associated with lipid synthesis and metabolism. Mitochondrial complex related protein 

2 (NDUFA4L2) regulates obesity in rats through the PPAR signaling pathway and energy metabolism 

pathway [89], but mitochondrial dysfunction can cause an increase in NDUFA4L2 expression, 

leading to lipid accumulation in renal cells [94]. In addition, Solute carrier family 16 member 7 

(SLC16A7), a 16 member of the plasmid family, is a key candidate gene related to the content of TG 

in chicken muscle tissue. In the way of IMF deposition in chicken Muscle cell, SLC16A7 can induce 

de novo adipogenesis [90]. Surprisingly, ssc-mir-708 is associated with fatty acids here, but mir-708 

is currently only reported in the regulation of cardiomyocyte proliferation [95]. Finally, the eukaryotic 

translation initiation factor 4E (EIF4E) enhances the translation of various messenger RNAs involved 

in lipid metabolism processing and storage pathways, leading to weight gain after a high-fat diet [92]. 

These genes may influence the fatty acid composition. The majority of Ningxiang pigs exhibit 

medium to high heritability of fatty acids, indicating that candidate genes are likely to impact the 

fatty acid composition in the longissimus dorsi. Therefore, the candidate genes related to fatty acids 

identified in this study can be considered for enhancing the fatty acid composition of imported or 

commercial pig meat, thereby improving the meat quality of commercial pigs. 

5. Conclusions 

This genome-wide association study identified 74 genome-wide level SNPs associated with 14 

fatty acids in longissimus dorsi. Some of SNPs were located within or near to reported genes, but some 

were novel for fatty acid compositions. Totally, 22 genes such as hnRNPU, ALOX5AP, and 

NDUFA4L2 can be used as candidate genes for fatty acid compositions in Ningxiang pigs. Our 

findings will be helpful to understanding the genetic basis of fatty acid compositions and providing 

new targets for further breeding of pigs. 
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Supplementary Materials: The following supporting information can be downloaded at: 

www.mdpi.com/xxx/s1, Table S1: Detailed information on 25 fatty acids present in IMF of the longissimus dorsi 

of Ningxiang pigs; Appendix Material: GO and KEGG enrichment analysis. 
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