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Objective: Fatty acid composition is one of the most important meat quality traits because
it can contribute to functional, sensorial, and nutritional factors. In this study, quantitative
trait locus (QTL) analyses for fatty acid composition traits were investigated in thigh and
breast meat of Korean native chicken (KNC).

Methods: In total, 18 fatty acid composition traits were investigated from each meat sample
using 83 parents, and 595 F, chicks of 20 week old. Genotype assessment was performed using
171 informative DNA markers on 26 autosomes. The KNC linkage map was constructed by
CRI-MAP software, which calculated genetic distances, with map orders between markers.
The half-sib and full-sib QTL analyses were performed using GridQTL and SOLAR programs,
respectively.

Results: In total, 30 QTLs (12 in the thigh and 18 in the breast meat) were detected by the
half-sib analysis and 7 QTLs (3 in the thigh and 4 in the breast meat) were identified by the
full-sib analysis.

Conclusion: With further verification of the QTL regions using additional markers and
positional candidate gene studies, these results can provide valuable information for deter-
mining causative mutations affecting the fatty acid composition of KNC meat. Moreover,
these findings may aid in the selection of birds with favorable fatty acid composition traits.

Keywords: Fatty Acid Composition; Korean Native Chicken; Quantitative Trait Locus;
Candidate Gene

INTRODUCTION

The conservation of indigenous animals is highly valuable, and can have a positive impact on
the revitalization of the domestic livestock industry. One of the reasons is that these animals
can be used as genetic resources for the establishment of new animal production in the future.
Several countries have invested enormous efforts to preserve and manage their indigenous
genetic resources, and the relevant information is registered in the Domestic Animal Di-
versity Information System (DAD-IS).

According to an Food and Agriculture Organization of the United Nations (UN-FAO),
the trend in meat consumption has changed from pork to poultry meat in recent years;
poultry meat is recognized as a healthy, lean meat, as well as a cheap and high-quality pro-
tein source. Therefore, the poultry meat industry has grown globally at a high rate. Asian
countries are leading the world in terms of poultry production; the global poultry meat
production in 2016 was an estimated 116,208 million tons, 39,498 million tons of which
were produced by Asian countries. Chicken meat has the largest market share in the poultry
industry, and the native chicken market has mainly increased in Asian countries such as
China, Japan, Taiwan, and Thailand [1-4].
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In Korea, the consumption of native chicken meat has been
also increasing along with the poultry industry. Korean con-
sumers prefer Korean native chicken (KNC) meat because it
has a unique taste and texture compared to commercial broiler
meat [5]. Fatty acid composition is one of the factors that con-
tributes to meat quality and flavor; various flavor characteristics
are generated by volatile fatty acids that are degraded through
oxidation during cooking. Therefore, fatty acid composition
can directly affect the meat flavor for consumers, and is an
important trait for meat production [6]. Moreover, several
unsaturated fatty acids have been investigated as taste-active
compounds in the meat [7].

To date, various genetic studies have been conducted on
the fatty acid composition of meat. Several association studies
were performed between candidate genes and fatty acid com-
position traits, mainly in cattle and pigs. Based on the accession
date of September, 2017, 983 quantitative trait loci (QTL) were
investigated that were associated with the ‘fatty acid content’
trait in cattle, and 5,513 QTL regions were associated with the
‘fat composition’ trait in pigs (Animal QT Database). However,
to our knowledge, except for a limited number of genetic
studies, there has been no QTL research on the fatty acid
composition of chicken meat. This may be because the meat
composition of monogastric animals such as chickens is mainly
affected by environmental factors, such as feed, which nor-
mally produces more pronounced effects than the genetic
effects. In addition, the fat content (%) of the meat also affects
the fatty acid composition, but chicken meat contains lower
fat content than other meats [8].

Therefore, this study was conducted to identify QTL re-
gions that affect the fatty acid composition of chicken meat.
In addition, the genetic basis of fatty acid composition that
affects the unique taste of the KNC meat, including flavor, was
investigated in this study.

MATERIALS AND METHODS

Experimental animals

In total, 83 F, (15 sires and 68 dams) and 595 F, KNCs were
used for this study. They were composed of 68 half-sib families
and 15 full-sib families. In order to consist of families, three
sires were mated with 14 or 15 dams in each line, and 595
progenies were produced by artificial insemination. All the
bird specimens were provided from National Institute of
Animal Science (NIAS), Republic of Korea, and raised under
the same environmental conditions until 20 weeks of age. The
blood samples from each bird were collected for DNA extrac-
tion [9]. This animal experiment strictly followed “The Guide
for Care and Use of Laboratory Animals” published by the
Institutional Animal Care and Use Committee of the NIAS
(2012-C-037) in Korea.
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Genotype analysis and linkage map construction

In total, 171 DNA markers (132 microsatellites and 39 single
nucleotide polymorphisms [SNPs]) across the 26 autosomes
were used in this study. The microsatellite markers were geno-
types using Genetic Analyzer 3130xl (Applied Biosystems,
Foster City, CA, USA) and SNP markers were genotyped by
polymerase chain reaction-restriction fragment length poly-
morphism and Fluidigm Genotyping Technology (Fluidigm,
South San Francisco, CA, USA). The order of genetic markers
and genetic map distances were determined using CRI-MAP
software version 2.4 [10]. The total map length of autosomal
chromosome was 3,019.3 cM and the average genetic map
distance between markers was 17.5 cM [11].

Phenotype analysis

The thigh and breast meats of each bird were used in this
study. Lipid extraction for fatty acid analysis was performed
by the Folch method [12]. The fatty acid composition (%) was
analyzed using a gas chromatography (HP 7890A, Agilent
Technologies, Wilmington, DE, USA).

Statistical and quantitative trait locus analyses

Prior to conduct QTL mapping, normal distribution of the
phenotype data were validated. If putative outliers were de-
tected, they were excluded based on normality ascertainment
using Ryan-Joiner (RJ) method implemented in Minitab soft-
ware (Minitab, State College, PA, USA). The R] score >0.99
was employed for the ascertainment of normality. Several
fatty acid composition related traits showed significant devi-
ation from normality. Therefore, they were transformed with
natural logarithm or square root to eliminate their skewness.
A general linear model was carried out using the Minitab
software (version 14, Minitab Inc., USA) to identify factors
affecting phenotypic variation. Estimation of heritabilities and
genetic correlations were conducted by ASReml-R package
[13].

QTL analysis was performed using two different approaches:
half-sib QTL analysis and full-sib QTL analysis. Phenotypic
records used for half-sib QTL mapping were pre-adjusted
for fixed effects of sex, batch, line, and carcass weight. A half-
sib QTL analysis was conducted with GridQTL program using
paternal half-sib families [14]. The conditional probability of
alternative QTL genotypes of given marker genotypes was
computed at 1-cM intervals within and across the half-sib
pedigrees. The pre-adjusted phenotypic data of offspring were
then regressed onto the probability of QTL genotype to access
the significant effect of allele substitution using the following
equation:

V= maax+e; (Model 1)

Where, y; was the phenotypic record of the jth bird, origi-
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nating from the ith sire; m, was the average effect for the ith
half-sib family; a; was the allelic substitution effect for a pu-
tative QTL within the ith sire; x; was the conditional probability
for jth individual that could transmit a given allele from the
ith sire; e; was the residual. Chromosome-wide significance
thresholds (i.e., 1% for significant threshold, 5% for sugges-
tive threshold) were established by 1,000 permutations [15].
A variance component QTL mapping was performed with
SOLAR program using full-sib families [16]. First, the identical-
by-decent (IBD) matrix was computed based on the markers,
the genetic linkage map, and the family information at each
putative position along the chromosomes. The Z chromosome
was not included for IBD matrix construction. The computed
IBD matrix was then used to model a QTL using the follow-
ing full linear mixed model:
y = Xb+Zu+Wq+e (Model 2)
Where, y was a vector of the phenotypic data for fatty acid
composition related traits; b was a vector of fixed effects in-
cluding sex, line, batch, and carcass weight; u was a vector of
random polygenic effects; q was a vector of random QTL
effect; e was a vector of residual; The mean and variance for
random polygenic effects was defined as: u~N(0, Ac,”), where
A was the numerator relationships matrix computed from the
resource F1 pedigree in this study and o,” was the additive vari-
ance component. The mean and variance for additive QTL
effects were defined as: ¢~N(0, Goqz), where G was the IBD
matrix and o,” was the QTL effect variance component, e was
a vector of residual with a distribution of N(0, Is,”), where
I was the identity matrix and o, was the residual variance
component. X, Z, W were incidence matrices for b, u, and
q, respectively. The reduced linear mixed model used for the
null hypothesis was:
y = Xb+Zu+e (Model 3)
Model 3 used the same variable definitions as in model 2.
Likelihood ratio (LR) for a given genomic position was com-
puted by comparing log likelihood of the two models. Under
null hypothesis, the LR value asymptotically followed x’y. ;-
distribution. Chromosome-wide significance thresholds (i.e.,
1% for significant threshold, 5% for suggestive threshold) were
established by a numerical method as described previously
[17]. Unless otherwise stated, the p-values are nominal. The
1-LOD (logarithm of odds) drop method was employed to
estimate the confidence intervals for the identified QTL by
half-sib and full-sib QTL analyses [18].

Positional candidate gene analysis
Positional candidate genes in the significant QTL regions were

screened using Ensembl-BioMart (http://asia.ensembl.org).
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The candidate genes were selected based on the gene name
and previous scholarly literature using National center for
Biotechnology Information (NCBI; https://www.ncbi.nlm.
nih.gov) and Google Scholar (scholar.google.co.kr) database.

RESULTS AND DISCUSSION

Heritabilities and correlations among fatty acid traits

The results of heritability estimations for the fatty acid compo-
sition of the KNC meat are shown in Table 1. The heritabilities
of each trait were estimated to be in the range of 0.025 to 0.560.
All estimated values were moderate to high except thighs
C18:2 and 20:1 and breast C20:1. The estimation results of
genetic and phenotypic correlations between each fatty acid
trait are described in Supplementary Table S1. A wide range
of correlations were observed between fatty acids; phenotypic

Table 1. Heritability estimates for fatty acid composition of Korean native
chickens

Trait” A A h?+SE”

Thigh C16:0 1.183 2.739 0.302+0.101
Q16:1° 0.041 0.041 0.495+0.117
C18:0 2.108 2.998 0.413+0.112
C18:1 5.696 11.229 0.337+0.103
1822 0.763 3.800 0.167+0.078
183 0.014 0.035 0.279+0.102
C20:1" 0.002 0.029 0.048+0.059
€20:4" 0.042 0.055 0.431+0.113
C22:6" 0.037 0.059 0.386+0.109
SFA 0.762 1.600 0.323+0.103
MUFA 8.220 14.328 0.365+0.106
PUFA 6.364 16.989 0.273+0.097
P/S ratio 0.005 0.020 0.203+0.087

Breast  C16:0 0.524 1.282 0.290+0.101
Q16:1° 0.028 0.035 0.448+0.117
C18:0 0.800 1.164 0.408+0.111
C18:1 6.684 5.249 0.560+0.124
1822 1.423 2.872 0.331+0.104
18:3" 0.026 0.102 0.204+0.106
C20:1" 0.001 0.020 0.025+0.124
0:4° 0.136 0.111 0.552+0.123
C22:6° 0.015 0.014 0.510+0.120
SFA 0.408 1.315 0.237+0.091
MUFA 9.159 6.674 0.579+0.125
PUFA 6.778 11.611 0.369+0.110
P/S ratio 0.006 0.014 0.289+0.101

" C16:0, palmitic acid; C16:1, palmitoleic acid; C18:0, stearic acid; C18:1, oleic
acid; C18:2, linoleic acid; C18:3, linolenic acid; C20:1, eicosenoic acid; C20:4,
arachidonic acid; C22:6, docosahexaenoic acid (DHA); SFA, saturated fatty acid;
MUFA, mono unsaturated fatty acid; PUFA, poly unsaturated fatty acid; P/S ratio,
PUFA/SFA ratio.

2, additive genetic component.

9V, residual variance component.

% h? £ SE, heritability with standard error.

" Natural log transformed data.

* Square root transformed data.
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correlation showed a range of -0.903 to 0.916, and genotypic
correlation showed a range of —0.968 to 0.981. There were
high negative correlations between monounsaturated fatty
acid and polyunsaturated fatty acid contents. These negative
correlations were also observed in the estimation of genetic
and phenotypic correlation results for thigh and breast meats
(Table 2).

It is important to know the heritability of each group for
each fatty acid trait, and their correlation structures, to enable
the selection of desirable animals; meat fatty acid composi-
tion has relevance to meat quality. Therefore, the heritability
estimation results of this study can be used for further study
on the meat quality of KNG, especially its unique flavor and
taste. However, further elucidation of the genetic and phe-
notypic relationships between each fatty acid trait, between
saturated and unsaturated fatty acids, and between fatty acids
and other carcass traits, is needed. The fatty acid traits are not
a single trait; therefore, it is difficult to apply those in real-life
breeding programs [8].

Quantitative trait locus analysis results

Table 3 shows the results of half-sib and full-sib QTL analyses.
Using half-sib analysis, 30 QTL regions were identified in the
KNC thigh and breast meat, but the 12 QTL regions of thigh
meat and 18 regions of breast meat did not match each other.
A total of nine QTL regions were detected at a 1% chromo-
some-wide significant level (p,q,5,,,,<0.01); C16:1, C18:3, and
C20:1 in the thigh meat and C16:0, C16:1, C18:0, C18:2, C18:3,
and C22:6 in the breast meat. In total, 21 other QTL regions
were detected using a 5% chromosome-wide suggestive levels
(Paggestve<0.05).

Full-sib QTL analysis identified a total of seven QTL regions
in fatty acid composition-related positions. These QTL regions
did also not match between the thigh and breast meat. In the
GGA2, two QTLs were investigated for breast C16:0 and C22:6,
with 5% chromosome-side suggestive levels (py,gi<0.05).
Chromosome 7 was related to C20:4 in thigh meat (e
<0.05), and C16:1 (P,,e<0.05) and C18:1 (P50 <0.01)
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in breast meat, and chromosome 10 had two suggestive QTL
regions for C16:0 and C18:0 in the thigh meat (p,,g,,<0.05).

The overall result shows that in total, 16 autosomes were
related with the fatty acid composition of KNC meat. Chro-
mosome 7 had the largest number of QTLs (5 QTLs), while
four QTL regions were investigated in chromosome 2, 3, and
12, respectively. In chromosome 2, there were coincident
regions which affected breast C16:0 in the half and full-sib
analyses. In total, 10 fatty acid traits had significant QTL re-
gions (Pygisean<0-01) across nine chromosomes.

There were differences in the QTL regions between thigh
and breast meat, one of the reason is the level of fat in the meat
[8]. Generally, there are differences in the general composi-
tion and cholesterol content of each part of the animal, which
also affected the results of this study. The reason that the half-
sib and full-sib analysis results showed different QTL regions
is dependent on which genetic information was used for this
study; the half-sib analysis used only maternal genetic infor-
mation, while the full-sib analysis used information from both
parents when the identical-by-descent proportion was cal-
culated [19].

Possible positional candidate genes

Table 3 also presented positional candidate genes which re-
lated the fatty acid composition of this study. These candidate
genes were shown to be directly/indirectly involved in lipid
and fat metabolism in previous studies. Adiponectin is encod-
ed by the adiponectin, C1Q and collagen domain containing
(ADIPOQ) gene, ADIPOR2 (Adiponectin receptor 2) is one of
the ADIPOQ binding receptors. Adiponectin is adipocyte-spe-
cific protein, which has an important role in insulin resistance;
it is currently being studied in obesity, diabetes, and arterio-
sclerosis research [20]. Lipoprotein aids in the transportation
of hydrophobic lipid molecules, and they are classified by
density (high-density lipoprotein [HDL], low-density lipo-
protein [LDL], intermediate-density lipoprotein, very-low-
density lipoprotein, and chylomicrons). LDL receptors mediate
the endocytosis of cholesterol-rich LDLs. LDL receptor-related

Table 2. Genetic and phenotypic correlations between fatty acid compositions in Korean native chicken meat (above diagonal is genetic correlation and below diagonal is

phenotypic correlation results)

Trait Thigh Breast
ral SFA MUFA PUFA P/S ratio SFA MUFA PUFA P/S ratio

Thigh SFA - -0.529 0.278 -0.052 0.662 -0.559 0.385 0.324
MUFA -0.183 - -0.966 -0.809 -0.418 0.954 -0.917 -0.801
PUFA -0.084 -0.941 - 0.931 0.304 -0.907 0.929 0.82
P/S ratio -0.377 -0.828 0.951 - 0.049 -0.768 0.915 0.841

Breast SFA 0.443 -0.052 -0.075 -0.193 - —0.535 0.226 0.071
MUFA -0.148 0.874 -0.839 -0.738 -0.151 - -0.948 -0.862
PUFA —-0.007 —0.847 0.859 0.807 —0.131 -0.924 - 0.941
P/S ratio -0.105 -0.752 0.8 0.784 —0.445 -0.813 0.944

SFA, saturated fatty acid; MUFA, monounsaturated fatty acid; PUFA, polyunsaturated fatty acid; P/S, PUFA/SFA ratio.
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Table 3. Summary of identified quantitative trait loci (QTLs) for fatty acid composition traits in Korean native chicken

Half-sib QTL Full-sib QTL
Trait" Position Positional Position Positional
GGA F-ratio  p-value Franking marker . GA LOD p-value Flanking marker .
(cM) candidate gene (cm) candidate gene

Thigh  C16:0 12 36 2.21* 0.005 LOC100859653  MCWO0332 10 2.18* 0.002 87 ADLOT58  ADLO112

Cle:1’® 3 261 3.49** 9.82E-06 obc4 MCW0037 - - - - - -

C18:0 - - - - - - - 10 1.93* 0.003 87 ADLOT58  ADLOT12

C18:2 1 150 271" 0.001 MCW0297 cBLB ADIPORZ, LRP6, FAR2 - - - - - -

182 7 52 2.08* 0.01 LEI0064 ADLO315 -

C18:3 9 52 2.61%* 0.001 ROS0078 ADL0259 HDLBP, ADIPOQ

0:1" 2 208 2.77%* 3.90E-04 FABP4 MCW0320 FABP4, LRP12

0:1" 16 15 2.08* 0.01 MCwo151 ADL0293 - - - - - - - -

04" 12 36 2.08* 0.01 LOC100859653  MCW0332 7 1.89* 0.003 93 ROS0019 ~ ADLO169 MGATS, LRP1B

226 3 31 2.26* 0.004 LEI0043 UGP2 - - - - - - -

C22:6 6 31 2.06* 0.011 ADL0230 MCWo176

C22:6 10 86 2.11* 0.008 ADLO158 ADLOT12

C22:6 24 52 2.1* 0.009 NTM LEI0069 - - - - - - - -
Breast  C16:0 2 85 2.43* 0.002 MCW0039 MCWo087 GCNT2 2 2.25* 0.001 74 MCW0039  ADLO181 GCNT2

C16:0 7 87 211% 0.008 ROS0019 MCW0316 LRP1B - - - - - - -

C16:0 8 81 2.05* 0.011 MCW0160 MCwo351 ELOVLI, LRP8

C16:0 20 21 2.24** 0.005 LEI0080 ADL0034 - - - - - - -

161’ 3 34 2.79%* 3.45E-04 LEI0043 uGpP2 7 1.66* 0.006 100 ADLO315  ADLO169 LRP1B

C18:0 20 1 2.04* 0.012 LEI0080 ADL0034 - - - - - - -

C18:0 22 24 22% 0.006 ROS0073 GCT0042 - - - - - - -

C18:1 5 180 2.25* 0.004 MCW0081 ADL0298 MGAT2 7 2547 0.001 99 ADLO315  ADLO169

C18:1 24 0 2.56* 0.001 c2cp2L LIt - - -

C18:2 1 155 2.94%* 1.63E-04 MCW0297 cBLB ADIPOR2, LRP6, FAR2

C18:2 5 0 2.14* 0.007 MCW0263 MCWo193 -

c18:3" 9 43 2.19* 0.006 ROS0078 ADL0021 HDLBP, ADIPOQ

as3' 12 59 227 0.004 ADL0240 MCW0332 -

183" 15 16 2.04* 0.012 ADL0206 MCW0080 -

0:1" 3 162 3.19* 1.39E-04 Mcwo127 SLC35A1 FABP7

Qo4 12 4 2.08* 0.01 ADL0240 MCW0332 - - - - - - - -

Q26 4 0 2.21%* 0.005 ADL0255 ADL0203 ATPT1C 2 1.98* 0.003 79 MCW0039  MCW0009 GCNT2

Q6 5 0 214 0.007 MCW0263 MCwo193 - - - - - - - -

LOD, logarithm of odds; ADIPOR2, adiponectin receptor 2; LRP6, LDL receptor-related proteins 6; FARZ, fatty acyl-CoA reductase 2; HDLBP, HDL-binding protein; ADIPOQ,
adiponectin, C1Q and collagen domain containing; FABP4, fatty acid binding proteins 4; GCNT2, glucosaminyl (N-Acetyl) transferase 2; ELOVL1, elongation of very long-chain
fatty acids proteins 1; MGAT2, mannosyl-glycoprotein N-acetylglucosaminyltransferases 2; ATP11C, ATPase 11C.

" C16:0, palmitic acid; C16:1, palmitoleic acid; C18:0,stearic acid; C18:1, oleic acid; C18:2, linoleic acid; C18:3, linolenic acid; C20:1, eicosenoic acid; C20:4, arachidonic acid;

(22:6 docosahexaenoic acid (DHA).
" Natural log transformed data. * Square root transformed data.
* 5% suggestive threshold. ** 1% significant threshold.

proteins conduct a wide range of physiological processes, in-
cluding the regulation of lipid metabolism [21]. HDL binding
proteins re regulated by the level of cellular cholesterol, and
may play a role in protecting cells from the over-accumula-
tion of cholesterol [22]. Fatty acid binding proteins (FABP) are
a family of lipid-binding proteins (FABPI to FABP9 genes),
and are distributed by tissue specificity. Their main role is the
regulation of fatty acid uptake and intracellular transport [23].
Elongation of very long-chain fatty acids proteins (ELOVL)
encode the enzyme elongase, which catalyzes the fatty acid
elongation process. The ELOVL family (ELOVLI to ELOVL7
genes) have a characteristic fatty acid substrate specificity and
tissue-specific gene expression [24,25]. Fatty acyl-CoA re-
ductase (FAR) catalyzes the reduction of fatty acyl-CoA to
fatty alcohol, and FARI and FAR2 encode the reductase en-
zyme, which is needed for the first step of the wax biosynthesis.
Mannosyl-glycoprotein N-acetylglucosaminyltransferases
are a subset of glycosyltransferases, which catalase glucosidic
bond formations using sugars that are offered from nucleo-
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side phosphates or lipid phosphates [26]. Glucosaminyl (N-
Acetyl) transferase (GCNT) also includes glycosyltransferase,
and GCNT2 was reported as a glycosphingolipid biosynthesis-
related gene in chickens [27]. The P-type ATPase catalyzes
the translocation of phospholipids of cell membranes. The
phospholipid transporting ATPase 11C is active at the plasma
membrane as a major type IV P-ATPase flippase, and trans-
ports phosphatidylserine from the outer to inner leaflet of the
membrane lipid bilayer of most cells [28].

Based on the role of these candidate genes associated with
lipid/fat metabolism, some of the genes have already been
reported in beef and pork, in which they were found to affect
meat quality traits. As a representative gene, ADIPOQ was
found to significantly affect traits such as marbling, back fat
thickness, carcass weight, and fatty acid oxidation [29-32].
FABP4 was also found to have an effect on the intramuscular
fat composition, marbling, and fatty acid composition [33-36].

Consumers in modern society are increasingly interested
in healthy livestock products and high-quality meat. There-
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fore, there is a growing need for genetic studies on the meat
fatty acid composition to maintain and improve these quali-
ties. Fatty acid composition is closely related with lipid and
fat metabolism, so it is necessary to understand the synthesis
process and the genetic relationships between fatty acids and
lipids, and between different fatty acids in meat. Research is
also needed to thoroughly elucidate the function of the genes
within the investigated QTL region that were unknown in this
study.

This study provides insights into the fatty acid composition
of chicken meat because there is lack of genetic research in
this area. The estimation of heritability and the correspond-
ing correlations observed in this study can be used for the
genetic improvement of meat fatty acid composition in the
future.

Taken together, the results of this study can be provide a
baseline for the causative genes that affect the fatty acid com-
position of chickens, especially regarding meat flavor. Flavor
is one of the most important traits that reflects the consumer’s
preferences in Korea. Moreover, techniques similar to this
study are expected to be used for breeding strategies of KNC
as well as the production of new commercial chicken breeds
using indigenous chickens, in the future.
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