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Abstract

Background: Single nucleotide polymorphisms (SNPs) are the well-known molecular 
markers in genetics and breeding studies applied to veterinary sciences and livestock pro-
duction. Advancement of next generation sequencing (NGS) provides a high-throughput 
means of potential putative SNP discovery. The aim of the study was to identify the puta-
tive genetic variants in gluteus medius muscle transcriptome of Polish Landrace pigs.

Methods. RNA-seq based NGS experiment was performed on Polish Landrace pigs fed 
with omega-6 and omega-3 polyunsaturated fatty acids (and normal diets. Isolation of 
total RNA from gluteus medius muscle was performed PUFAs dietary of Polish Landrace 
pigs. The RNA-seq libraries were constructed by mRNA enrichment, mRNA fragmenta-
tion, second strand cDNA synthesis, adaptor ligation, size selection and PCR amplifica-
tion using the illumina TruSeq RNA Sample Prep Kit v2 (Illumina, San Diego CA, USA), 
followed by NGS sequencing on MiSeq illumina platform. The quality control of raw 
RNA-seq data was performed using the Trimmomatic and FastQC tools. High QC paired-
end RNA-seq data of gluteus medius muscle transcriptome were mapped to the reference 
genome Sus scrofa v.10.2. Finally, the SNPs discovery was performed using GATK and  
SAMtools bioinformatics SNPs caller tools.

Results: The Fastq RNA-seq data generated from two pooled paired-end libraries (151bp) 
of gluteus medius muscle tissue of Polish Landrace pigs were submitted to NCBI SRA da-
tabase (https://www.ncbi.nlm.nih.gov/sra). Study identified a total of 50.5 million paired-
end reads (32.5 million low PUFAs dietary group and 18 million reads high PUFAs dietary 
group) of gluteus medius muscle transcriptome of Polish Landrace pigs. SNP discovery 
identified a total of 35436 homozygous and 28644 heterozygous cSNPs in gluteus medius 
muscle transcriptomes representing both dietary groups of Polish Landrace pig. Moreover, 
a total of 25187 and 5488 cSNP were identified as synonymous SNPs, and 18005 and 4780 
cSNP were identified as nonsynonymous SNPs. Finally, single nucleotide variation (SNV) 
representing substitutions of all four possibilities (A,T,G,C) were identified ranging 2935 
to 3227 SNVs (high PUFAs) and 3528 to 3882 SNVs (low PUFAs) for the heterozygous 
cSNPs and 2712 to 4058 (high PUFAs) and 4169 to 5692 SNVs (low PUFAs) for the hetero-
zygous SNPs in gluteus medius muscle transcriptomes of Polish Landrace pigs.

Conclusions. Study concluded that identification of cSNPs dataset representing the glu-
teus medius muscle transcriptome of Polish Landrace pigs fed with a control diet (low) and 
pigs fed with a PUFAs diet (high) may be helpful to develop a new set of genetic markers 
specific to Polish Landrace pig breed. Such cSNP markers eventually can be utilized in 
genome-wide association studies (GWAS) and to finally implement on marker assisted 
selection (MAS) and genomics selection (GS) program in active breeding population of 
Polish Landrace pigs in Poland.

Keywords: Single nucleotide variations; SNPs; genetic markers; RNA-seq; illumina; 
paired-end read; GATK; SAMtools; mapping; bioinformatics; NGS; transcriptome; gluteus 
medius muscle; Landrace; pig; Omega-6 and omega-3 polyunsaturated fatty acids.
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Background

With the rapid advancement in high-throughput (HT) next-generation 
genome sequencing (NGS), numerous studies were performed in last 
decade, to discovery the de novo and reference-based Single nucleotide 
polymorphisms (SNPs) discovery in cattle and pig domesticated animals  
[1-9]. The SNPs are generally the single nucleotide variations (SNVs) 
caused either by transitions (C/T or G/A) or transversions (C/G, C/A, 
or T/A, T/G), in the same position between individual genomic DNA 
sequences [10-11]. In transcriptome analysis studies, SNP is the domi-
nant type of DNA markers for genetic variation studies of any genomes 
[12-13], representing intergenic region (regions between genes), coding 
region of genes (exons), or non-coding regions of genes (introns, 5’UTR, 
3’UTR, or exon-intron splicing sites) [14]. SNPs in the coding region  
(cSNPs) can be categorized into two types: synonymous cSNPs (affecting 
coding region) and nonsynonymous cSNPs (affecting protein sequence). 
It has been proved that considerable effects on protein function and gene 
expression can be caused by the both synonymous and nonsynonymous 
cSNPs, particularly at the regulatory coding regions. That is why, cSNP as 
a genetic marker has great potential in genetics and breeding studies in 
veterinary sciences [3-4]. Due to the high density, scalability and genome-
wide distribution, SNPs are considered as ideal genetic markers to charac-
terize the genetic resources and functional genes associated with econom-
ic traits [15]. In animal genetics for instance, SNPs have been widely used 
to identify the trait-associated variation within the domesticated animals 
[7-9], and based on allele-specific assays and to discover genes linked to 
complex genetic traits in human [16-17].

The availability of NGS technologies also provides a convenient ap-
proach to discover all SNPs and obtain relevant information on genomic 
position and genotyping in a single step. Data from reliable large-scale 
sequencing, especially in domesticated animals could improve the cost-
effectiveness and efficiency of detection of abundant SNPs. In NGS stud-
ies, several methods have been used for initial SNPs discovery in a high-
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throughput manner, such as whole-genome sequencing, exome capture, 
RNA sequencing, methylated DNA sequencing, and restriction enzyme 
(RE) digestion [18-19]. In our study, we utilized the transcriptome se-
quencing using the RNA-seq NGS method. This method has become one 
of the most effective HT-NGS technique with high accuracy and cost-ef-
fective to discover wide range of novel genomics information including 
SNPs variations. The potential advantages to carry out SNP analysis using 
RNA-seq data includes i) identification of thousands of cSNPs and the 
expression levels of functional genes with sequence variations at a rea-
sonable cost; ii) the location of variations in coding regions associated 
with the economic trait of domesticated animal’s traits can be identified 
and the phenotypes can be predicted according to genotypes [20]. More-
over, RNA-seq is also a capable to perform the transcriptome studies such 
as gene characterization, gene expression quantification as well as post 
translational process analysis [21]. In this presented paper, we have per-
formed the transcriptome sequencing of the gluteus medius muscle of Pol-
ish Landrace pigs and utilized the MiSeq illumina NGS platform known 
for its good sequencing coverage, read quality and SNP detection [3-4]. 

Results

Raw RNA-seq data of high PUFAs and low PUFAs dietary group: Based 
on the two pooled total RNA samples (high PUFAs and low PUFAs di-
etary groups) of gluteus medius muscle of Polish Landrace pigs, TruSeq-
type libraries were paired-end sequenced using the Illumina MiSeq ge-
nomic sequencing device. The obtained raw RNA-seq data in the form 
of two .fastq format representing high PUFAs and low PUFAs dietary 
group of Polish Landrace pigs were submitted to NCBI SRA database  
(https://www.ncbi.nlm.nih.gov/sra).

Transcriptome mapping of gluteus medius muscle of Polish Landrace 
pig to reference genome: Transcriptome sequencing of two pooled sam-
ples of gluteus medius muscle of Polish Landrace pigs were performed by 
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Illumina MiSeq™ NGS platform and paired-end read lengths of 151bp were 
sequenced. For each pooled sample of high PUFAs and low PUFAs dietary 
group of Polish Landrace pigs, the processed fastq data were mapped to 
the Sus scrofa genome in version 10.2 (https://may2017.archive.ensem-
bl.org/Sus_scrofa/Info/Index). A summary of the paired-end fragments 
counts of gluteus medius muscle transcriptome of Polish Landrace pigs is 
shown in Table 1. A total of 50 million paired-end reads were identified. 
Obtained results showed paired-end fragments as well as mapping reads 
were as much as twice higher in the low PUFAs dietary group (32.5 mil-
lion reads) in comparison to high PUFAs dietary group (approximately 
18 million reads) of Polish Landrace pig. However, proportion of counted 
(63-68%) and uncounted (32-37%) fragments were equally distribut-
ed in both high and low PUFAs dietary groups of Polish Landrace pigs  
(Table 1).

Table 1. �Paired-end fragments count and read count of gluteus medius muscle tran-
scriptome of Polish Landrace pigs

Mapping parameters

High PUFAs group Low PUFAs group

Paired-end 
fragments % Paired-end 

fragments %

Counted fragments 5,743,574 64.08 10,296,956 63.24

Uncounted fragments 3,219,000 35.92 5,985,140 36.76

Total fragments 8,962,574 100.00 16,282,096 100.00

Reads mapped in pairs 11,487,148 64.08 20,593,912 63.24

Reads mapped in broken 
pairs

593,513 3.31 990,620 3.04

Reads not mapped 5,844,487 32.60 10,979,660 33.72

Total 17,925,148 100.00 32,564,192 100.00

Moreover, a detailed mapping statistics of gluteus medius muscle tran-
scriptome of Polish Landrace pig is analyzed and presented in Table  2. 
Results revealed that gluteus medius muscle transcriptome of Polish 
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Landrace pig was successfully mapped to the Exon-exon and Exon-intron 
boundaries, total exon, total intron and total genes of the sus scrofa refer-
ence genome (Table 2). 

Table 2. �Detailed mapping statistics of the gluteus medius muscle transcriptome 
of Polish Landrace pig

RNA 
pools 

groups

High PUFAs group Low PUFAs group

Mapped
% of 
total 

mapped

Uniquely 
mapped

Non-
specifically 

mapped
Mapped

% of 
total 

mapped

Uniquely 
mapped

Non-
specifically 

mapped

Exon-
-exon

3,286,851 57.23 3,124,464 162,387 5,913,311 57.43 5,626,532 286,779

Exon-
-in-
tron

44,592 0.78 40,728 3,864 81,644 0.79 73,646 7,998

Total 
exon

5,511,985 95.97 5,139,879 372,106 9,868,048 95.83 9,228,075 639,973

Total 
intron

231,589 4.03 203,143 28,446 428,908 4.17 379,343 49,565

Total 
genes

5,743,574 100.00 5,343,022 400,552 10,296,956 100.00 9,607,418 689,538

Data filtration using Microsoft Excel and SNP discoveries: The pro-
cessed paired-end reads of 151bp were assembled into contigs to the ref-
erence sus scrofa genome using the GATK [29] and SAMtools [30] pipe-
lines to detect the novel cSNP in gluteus medius muscle transcriptome of 
Polish Landrace pigs. The detailed obtained results are presented in two 
supplementary tables `) and further summarized in Table 3. The obtained 
identified cSNPs results were classified into two types, the first one was 
homozygous type cSNP (cSNPs that were presented between PUFAs di-
etary groups but not between two alleles of an individual dietary group 
of Polish Landrace pig), and heterozygous types cSNP (cSNPs that were 
presented between two alleles of an individual PUFUs dietary group of 
Polish Landrace pig). As shown in Table 3, the number of heterozygous 
cSNPs were lower (12965 and 15679, respectively) than homozygous 
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(14439 and 20997, respectively) in gluteus medius muscle transcriptomes 
of both dietary groups of Polish Landrace pig. Similarly, the identified 
synonymous and nonsynonymous SNPs were higher in the homozygous 
(synonymous: 10488, 14699 and nonsynonymous: 2251, 3237, respec-
tively) than in heterozygous (synonymous: 8213, 9792 and nonsynony-
mous: 2138, 2642, respectively). Furthermore, single nucleotide variation 
(SNV) representing substitutions of all four possibilities (A,T,G,C) were 
ranged from 2935 to 3227 SNVs (high PUFAs) and 3528 to 3882 SNVs  
(low PUFAs) for the heterozygous cSNPs and 2712 to 4058 (high PUFAs) 
and 4169 to 5692 SNVs (low PUFAs) for the heterozygous SNPs in gluteus 
medius muscle transcriptomes of Polish Landrace pigs (Table 3).

Table 3. �Summary of SNP discoveries statistics based on the large dataset results 
illustrated in supplementary files sTable S1 and sTable S2

cSNPs 
category cSNPs statistics

Identified cSNPs  
in high PUFAs group 

(sTable S1)

Identified cSNPs  
in low PUFAs group  

(sTable S2)

Homozygous 
cSNPs

Insertion 829 1216

Deletion 616 924

SNV 12994 18857

Total homozygous cSNP 14439 20997

cSNP changing coding 
region (synonymous SNPs) 10488 14699

cSNP changing amino acid 
(nonsynonymous SNPs) 2251 3237

SNV: T,G,C>A 2963 4324

SNV: A,T,G>C 3930 5692

SNV: A,T,C>G 4058 5629

SNV: A,G,C>T 2712 4169
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cSNPs 
category cSNPs statistics

Identified cSNPs  
in high PUFAs group 

(sTable S1)

Identified cSNPs  
in low PUFAs group  

(sTable S2)

Heterozygous 
cSNPs

Insertion 428 609

Deletion 371 551

SNV 12166 14519

Total heterozygous cSNP 12965 15679

cSNP changing coding re-
gion (synonymous SNPs) 8213 9792

cSNP changing amino acid 
(nonsynonymous SNPs) 2138 2642

SNV: T,G,C>A 3120 3782

SNV: A,T,G>C 3227 3703

SNV: A,T,C>G 2935 3528

SNV: A,G,C>T 3147 3882

Discussions

The objective of presented study was to investigate the porcine muscle 
transcriptome and to explore the genetic variability in terms of SNPs/
SNVs in the Polish Landrace pigs fed with omega-6 and omega-3 fatty 
acid. Our results provide novel cSNP transcriptomic data (https://www.
ncbi.nlm.nih.gov/sra) of Polish Landrace breed to explain the regulatory 
mechanisms of the muscle tissue’s biological response to increased con-
centration of omega-6 and omega-3 fatty acids (PUFAs) diets [22]. Recent 
studies have reported that consumption of PUFAs and other fatty acids 
diets were genetically regulated the growth performance and immune 
system in pigs [23]. In our study, the mapping results identified a total of 
50.5 million paired-end reads (18 million in high PUFAs and 32.5 mil-
lion low PUFAs group) in gluteus medius muscle transcriptome of Polish 
Landrace pig and were successfully mapped to the Exon-exon and Exon-

Table 3. Summary of SNP discoveries statistics (continuation)
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intron boundaries, total exon, total intron and total genes of the sus scrofa 
reference genome. A recent DNA-seq based study on the domestic Nero 
Siciliano male pig in Brazil [24], a total of 346.8 million paired reads were 
identified and after quality control 99.03% of the reads were successfully 
mapped to the reference genome. In this paper, we have identified large 
set of both homozygous and heterozygous cSNP dataset that were regu-
lated in the both high PUFAs (12965 and 15679, respectively) and low 
PUFAs (14439 and 20997, respectively) dietary groups of Polish Landrace 
pigs. Study on a male domestic Nero Siciliano pig in Brazil compared to 
the last pig reference genome Sus scrofa11.1, identified over 11 million 
SNPs, and a total of 6,747 genetic variants at a rate of 1 variant every ~276 
bases, and among these variants 1,132 were novel to the dbSNP151 da-
tabase [24]. Among the strengths of the present study is that the scale of 
RNA-seq based NGS analysis allowed the cSNP/cSNV discovery in Polish 
Landrace, However, the limitation of lack of causal mutations within the 
coding region as well as animal acid substitutions should be considered in 
the interpretation of most of the finding results.

Conclusions

In our study, we have identified two cSNPs dataset representing the glute-
us medius muscle transcriptome of Polish Landrace pigs fed with a control 
diet (low) and pigs fed with a PUFAs diet (high). Identification of cSNPs 
in gluteus medius muscle may be helpful to develop a set of candidate ge-
netic markers specific to Polish Landrace pig breed, which eventually can 
be utilized in genome-wide association studies (GWAS), and to finally im-
plement on marker assisted selection (MAS) and genomics selection (GS) 
program in active breeding population of Polish Landrace pigs in Poland.
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Materials and Methods

Animals: The gluteus medius muscle samples of Polish Landrace pigs for 
RNA-seq based NGS experiment were selected based on fatty acid profiles 
in order to compare muscle transcriptomes characterized by low (control 
groups) and high (PUFAs enriched diet groups) omega-6/omega-3 fatty 
acids ratio in Polish Landrace pigs. The threshold value of < 7 for low and 
> 7 for high omega-6/omega-3 fatty acids ratio was used in this study 
[22]. After slaughtering the gluteus medius muscle tissues were collected 
at the Institute IGHZ, Jastrzębiec and were frozen in liquid nitrogen and 
stored at − 80 °C for further RNA extraction. The number of samples used 
in RNA-seq based NGS experiment were 6 each for high and low PUFAs 
group of Polish Landrace purebred. 

RNA extraction: Total RNA was extracted from 20-30 mg of gluteus me-
dius muscle of Polish Landrace purebred pigs. The total RNAs (n=12) 
were isolated by a guanidine protocol as described by Chomczynski and 
Sachi et al. [25] using RNeasy Lipid Tissue Mini Kit (Qiagen, Hilden, Ger-
many) following the manufacturer’s instructions and treated with DNA-
free DNA Removal kit (Invitrogen, Life Technologies, CA, USA) to re-
move DNA contamination. The concentration and purity of RNA samples 
were assessed by Qubit (Life Technologies, CA, USA). RNA purity was 
estimated with the NanoPhotometer® spectrophotometer (IMPLEN, CA, 
USA) and integrity was evaluated by the RNA Nano 6000 Assay Kit of the 
Agilent Bioanalyzer 2100 system (Agilent Technologies, CA, USA). The 
high quality extracts (RIN ≥ 8) were used for cDNA libraries synthesis. 

Library construction and transcriptome sequencing: The construction 
of cDNA libraries was performed following mRNA enrichment, mRNA 
fragmentation, second strand cDNA synthesis, adaptor ligation, size se-
lection and PCR amplification using illumina TruSeq RNA Sample Prep 
Kit v2 (Illumina, San Diego CA, USA) protocol according to the manufac-
turer’s recommendations. Briefly, 1µg of total RNA was used as an input 
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for poly(A) selection for enrichment of messenger RNA (mRNA). The 
purified extracts of mRNA were pooled together within each group and 
equal amount of mRNA were used to ensure the most robust transcrip-
tome. The synthesis of libraries for each dietary group experimental group 
combination were prepared in duplicate (technical replicates) represented 
as two for control (normal diet) groups and two for experimental (PUFAs 
diet) groups. The pooled cDNA libraries were loaded onto the flow cell 
channels of Illumina MiSeq platform to proceed the NGS sequencing of 
gluteus medius muscle transcriptome using standard Illumina sequenc-
ing kit protocols according to the manufacturer’s recommendations. The 
RNA-seq experiment yielded the paired-end sequencing reads of 151bp.

Preprocessing of the RNA-seq data: After NGS sequencing, two RNA-
seq raw data were obtained. Illumina pipeline were used for image ac-
quisition and base-calling. Raw reads were first filtered and discarded for 
mistaken base calling. Raw reads were then processed by adaptor trim-
ming and removing of low-quality bases. Very short reads (less than 20 
nt) were also dropped. The preprocessing of the raw RNA-seq data was 
performed using Trimmomatic tool [26] and included trimming of adap-
tor sequences and read filtering based on Illumina quality score (QS) after 
cleaning and correcting the abundance of contaminating sequences, av-
erage read length, GC content, presence of adaptors or overrepresented 
k-mers. To ensure reliability of the resulting data, its characteristics were 
inspected using FastQC tool [27]. Finally, RNA-seq data were achieved 
as a FastQ files type containing processed raw reads with high quality  
score [28]. 

Transcriptome mapping and SNP detection: The raw RNA-seq reads 
imported from Illumina were uploaded into CLC Genomics workbench  
v. 6.0 (CLC Bio, Aarhus, Denmark). The reference genome Sus scrofa 
v.10.2 was downloaded from pig reference genome assembly website re-
sources (https://www.ensembl.org/Sus_scrofa/Info/Index) and RNA-seq 
reads of 151bp in lengths were mapped onto the reference genome. Sub-
sequently, were applied to perform the. After read alignment, SNP detec-

https://www.ensembl.org/Sus_scrofa/Info/Index
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tion was performed using GATK [29] and SAMtools [30] filter parameters 
(read depth no less than 10, quality score no less than 20, consecutive 
single base errors no more than 3 in 35bp, FS 20.0 window 25) and Only 
SNPs after sequential depth standardization with quality value > 2 were 
retained. 
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