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TÓM TẮT 
Protein dự trữ sắt, ferritin, đóng vai trò quan trọng trong việc trao đổi sắt và có liên quan đến khả 

năng tăng trưởng và phát triển của lợn. Ferritin heavy-chain (FTH1) là một trong hai tiểu đơn vị được 
điều hòa ở mức độ phiên mã và dịch mã. Mục tiêu của nghiên cứu là phân tích mối liên quan giữa gen 
này đến sự tăng trưởng và các chỉ tiêu chất lượng thịt lợn. Tám cặp lợn F2 Duroc x Pietrain (DUPI) 
được chọn để phân tích biểu hiện gen dựa trên sự khác biệt của từng cặp (cùng cha mẹ) về diện tích 
cơ thăn. Kết quả cho thấy gen FTH1 biểu hiện cao hơn trên lợn có diện tích cơ thăn nhỏ (P < 0,05). 
Nhằm nhận diện vị trí đa hình (Single Nucleotide Polymorphism, SNP) trên gen, phương pháp giải 
trình tự so sánh đã được áp dụng và có 2 SNP được tìm thấy ở vùng 3’UTR tại vị trí 698 (T/C) và 714 
(G/A) của đoạn gen FTH1 mã số D15071. Ngoài ra, phương pháp PCR-RFLP cũng được sử dụng để 
xác định kiểu gen với sự tham gia của các enzyme cắt giới hạn MspI và BbuI tương ứng với hai điểm 
đa hình trên. Tổng cộng có 334 gia súc đã được xác định kiểu gen. Kết quả cho thấy điểm đa hình thứ 
hai (G/A) có liên quan với tăng trọng hàng ngày và độ mềm  của thịt (P<0,05). Thêm vào đó, haplotype 
của hai điểm đa hình này cũng liên quan có ý nghĩa với tăng trọng hàng ngày, màu và pH của thịt. 
Tóm lại, gen FTH1 có thể là một gen ứng viên quan trọng cho sự tăng trưởng và độ mềm của thịt. 

Từ khóa: Biểu hiện gen, chất lượng thịt, ferritin heavy-chain, lợn, tăng trưởng.  

SUMMARY 
The iron storage protein, ferritin, has a key role in iron metabolism involved in early growth and 

development of pigs. The ferritin heavy-chain, FTH1, is one of two subunits that are regulated at the 
transcriptional and translational levels. The objective of this study was to analyze association of this 
gene with the growth and meat quality traits in pigs. In the present study, eight discordant sib-pairs 
(DUPI - Duroc x Pietrain F2 resource population) were selected for gene expression based on their 
extreme differences in loin eye muscle area. It was found that FTH1 gene is up-regulated in pigs 
having small eye muscle area (P < 0.05). In order to identify single nucleotide polymorphism (SNP), 
comparative sequencing was used and two SNPs were found within 3’ UTR at position 698 (T/C) and 
714 (G/A) of the sequence (GenBank accession number D15071). For genotyping, PCR-RFLP 
protocols were established using restriction enzymes MspI and BbuI for the first and the second SNP, 
respectively. In total, 334 animals were genotyped. It was observed that the second SNP (G/A) was 
closely associated with average daily gain and shear force (P < 0.05). The constructed haplotype also 
showed significant effects on daily gain, meat color and pH. In conclusion, the FTH1 gene may be an 
important gene influencing growth and meat tenderness. 

Key words: Ferritin heavy-chain, gene expression, growth, meat quality, pig.  
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1. INTRODUCTION  
Ferritin heavy chain (FTH1) is a protein 

expressed in many tissues and plays an important 
role in iron storage and metabolism. The two 
subunits of ferritin namely light and heavy chain 
can be regulated at both transcriptional and 
translational levels (White et al., 2000). Due to its 
inherent ferroxidase activity participating in iron 
oxidation (Strube et al., 2002), ferritin heavy chain 
is therefore necessary in mobilization of iron to and 
from the ferritin protein complex. However, little 
documentation about the expression of this gene in 
animals, especially in relation to muscular 
characteristics, has been published. A study by 
Kitahara et al., (1995) showed high expression of 
FTH1 in rat skeletal muscle after denervation, a 
factor resulting in atrophy of muscle fibers and 
other contractile changes. In pigs, FTH1 was 
identified to be differentially expressed in the 
anterior pituitary of sows, in which the level of 
mRNA is reduced as a result of selection for 
increased ovulation rate and embryo survival 
(Bertani et al., 2004). Functionally, the expression 
of FTH1 appears to be associated with the 
characteristics of muscle fiber types, particularly 
with the presence of mitochondria in each fiber. In 
the present study FTH1 expression was performed 
in pig discordant sib-pairs with superior and 
inferior loin eye muscle area and its association 
with muscle and meat quality traits were also 
investigated. 

2. MATERIALS AND METHODS 
2.1. Animals 

 Eight discordant sib pairs representing 
extremes for the loin eye muscle area trait were 
selected from 598 F2 pigs of an experimental cross 
of Duroc x Pietrain (DUPI) resource population. 
Animals were slaughtered at approximately 180 
days of age, all samples including longisimuss dorsi 
muscle were collected and immediately stored in 
liquid nitrogen and later frozen at -80oC for further 
use. Animal ranking was based on differences of 
eye muscle area, thereby high performance pigs are 
those with large loin eye muscle area while low 
performance animals are all reversed (Table 1). 

2.2. Quantitative real-time RT-PCR 
To study gene expression, the real time PCR 

(ABI Prism 7000 SDS instrument) was used. Specific 
primers were picked up from literature. Primer 
sequences were 5’ TAAGCTGGCCTCCCGGAGAC 
3’ for forward primer and 5’ G G T A C A C T A A G G 
A A A G AACT 3’ for reverse primer (gene accesion No 
D15071) (Rattink et al., 2001a). The real-time RT-
PCR was performed using SYBR green universal 
PCR Mastermix (Applied Biosystems) which 
contained SYBR Green I Dye, AmpliTaq Gold® 
DNA Polymerase, dNTPs with dUTP, passive 
reference and optimized buffer components. A 
standard curve was generated by amplifying serial 
dilutions of target plasmid DNA. Abundance of 
transcripts of the candidate genes were calculated 
as transcript levels relative to the transcript of 18S 
gene that was found to be not regulated between the 
samples of equal amounts of analyzed cDNAs. 

Table 1. Description of F2-DUPI resource population used for real-time RT-PCR 
(means ± standard deviation)

Loin eye muscle area 
Trait 

Small (n = 8) Large (n = 8) 
P-value 

Age (day) 182 ± 25 179 ± 11 n.s 

Slaughter weight (kg)  112 ± 5  111 ± 5 n.s 

Carcass weight (kg)    85 ± 6    86 ± 6 n.s 

Eye muscle area (cm2)    43 ± 3    58 ± 3 < 0.001 

n.s: non- significant 
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2.3. Screening for SNPs and genotype analysis 
Forward and reverse primers used for 

comparative sequencing to detect SNPs were 5’ 
TAAGCTGGCCTCCCGGAGAC 3’ and 5’ 
GGTACACTAAGGAAAGAACT 3’, respectively 
(Rattink et al., 2001a). DNA samples from the DUPI 
resource population were genotyped by PCR-RFLP 
(Restriction Fragment Length Polymorphism) 
technique. The restriction enzymes were selected 
according to their recognition (http://tools.neb.com/ 
NEBcutter2/index.php) of the polymorphic sites. 
First, the fragment covers the SNP were amplified 
with a specific primer. Next, a digestion reaction 
containing 1 unit of enzyme, 1 μl of 10x restriction 
buffer and 1 μg of DNA was incubated at 37oC 
overnight for complete digestion. The digested 
product was checked by electrophoresis on 3% 
aragose gel, 90 V for 1 hour. Different fragment 
lengths between non- and digested DNAs reflected 
the genotype of a specific sample.  

2.4. Statistical analysis 
Analysis of variance using PROC MIXED of 

SAS was performed to investigate the effect of 
genotypes on body composition and meat quality 
traits. All factors found to affect the phenotypes 
included: genotype, sex, boar, and parity as fixed 
effects, mother as random factor and carcass weight 
as covariate. Mean separation for significant 
difference (P<0.05) was accomplished by the 
PDIFF option of the least square procedure.  

3. RESULTS AND DISCUSSION 

3.1. Gene expression quantified by real-time RT-PCR 
The FTH1 was selected for gene expression 

study because in a microarray experiment it had 
been found to be up-regulated in pigs with small 
muscle area (data not shown). The eight sib-pairs 
chosen with the standard that age, slaughter weight 
and carcass weight were not significantly different 
between two extreme groups. Thus, differences 
between small or large muscle areas were 
genetically originated. The relative mRNA 
expression of FTH1 gene is shown in Figure 1. In 
all animals, expression of mRNA were higher in 
pigs having small eye muscle area, as a result, 
average values for two extreme group were 
statistically different (P < 0.05).  

The importance of iron in mitochondrial 
function is well known by a mechanism that 
mitochondria mobilize iron from ferritin, and iron 
is used for the synthesis of heme and the generation 
of iron-sulfur, which are important for the optimal 
activity of electron transfer complexes (Lill and 
Kispal, 2000; Ponka, 1997). Indeed, both iron 
deficiency and iron excess could lead to damage of 
mitochondria and mitochondrial DNA in rats 
(Walter et al., 2002). Muscle fibers type I and type 
IIa contain more mitochondria than type IIx / IIb 
fibers and thus need more iron. In our previous 
study (Wimmers et al., 2008), low performance pig 
showed higher relative expression of type I fibers 
than in high performance pigs. The established 
relationship between iron content and mitochondria 
can contribute to explain the result that FTH1 is up-
regulated in pigs having small eye muscle area.  
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Figure 1. Expression of FTH1 gene in pig muscle by quantitative real-time RT-PCR,  

FTH1 is highly expressed in pigs with small compared to large eye muscle area 
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3.2. SNP detection and genotyping  
A 130-bp product of FTH1 was amplified and 

two SNPs were discovered in this 3’UTR at 
position 698 (T  C) and 714 (G  A) in the F2-
DUPI resource population. In both SNPs, the allele 
frequencies  were almost equally distributed (47% 
vs. 53% for SNP1; 52% vs. 48% for SNP2). 
However, the range in genotype frequencies was 
large changing from 24% to 45% (SNP1) and 25% 
to 47% (SNP2). In both cases, the appearance of 
heterozygous genotypes was more frequent (>45%) 
than those from the homozygous animals (Table 2). 

Two restriction enzymes MspI and BbuI were 
used for genotyping. The MspI digested products 
had 94, 31 and 5 bp and the BbuI produced 
fragment sizes of 78 and 52 bp. 

3.3. Association analysis of  FTH1 SNPs 
The FTH1 – SNP1 had no effects on any traits 

analyzed. The effects of SNP2 genotypes on 
phenotype are presented in Table 3. Among 
parameters for body weight, SNP2 was associated (P 
= 0.008) with animal weight at the start of the 
experiment (day 70th). Moreover, this SNP had an 
effect on the growing stage when piglets were weaned 
until they were allocated in the test box (P = 0.01). 

The overall daily gain of animals bearing 
genotype G/G was also significantly higher (P = 
0.025) than those with genotype A/A (611 g vs. 589 
g, respectively). Finally, results showed that shear 
force is statistically related to the genotypes, 
especially with homozygous pigs (P = 0.025). 
Lower shear force was found in animals with A/A 
genotype (33.9 N) and higher shear force was seen 
in G/G pigs (36.8N).  

Previously, the FTH1 gene was mapped to 
SSC2 (Ponsuksili et al., 2002) between the loci 
SW2443 (proximal) and SW240 (distal) with 
distances of 42.8 and 20.2 cM, where several QTLs 
related to ADG were reported (Lee et al., 2003; 
Malek et al., 2001). Particularly, Pietrain QTL 
alleles were associated with muscle, high daily gain 
and low fat deposition (Lee et al., 2003). In a 
DUMI (Duroc x Miniature pig) resource 
population, Wimmers et al., (2006) found QTLs for 
muscularity, i.e. lean meat content and loin eye area 
at position 20 cM for both QTLs on SSC2. These 
QTL results together with different expression of 
FTH1 in muscle with different fiber type 
compositions may propose FTH1 as a functional 
and probably a positional candidate gene for 
muscle growth and meat quality. 

Table 2. Allele and genotypes frequency of FTH1 gene (SNP1 and SNP2) 
in the DUPI-F2 resource population

Allele frequency Genotype frequency 
 No of pigs 

T C T/T T/C C/C 

SNP1 335 0.47 0.53 0.24 0.45 0.31 

       

  G A G/G G/A A/A 

SNP2 334 0.52 0.48 0.28 0.47 0.25 

Table 3. Effect of FTH1 - SNP2 genotype on growth and meat quality traits 
(least squares means ± standard error)

Genotype frequency 
Trait 

A/A G/A G/G 
P-Value 

Test start (kg) 24.8 ± 1.0b 26.3 ± 0.9ab 27.3 ± 1.0a 0.008 

ADG 2 (birth – 70th day) (g) 324 ± 13b 345 ± 11ab 357 ± 13a 0.010 

ADG 4 (birth – slaughter) (g) 589 ± 9b 602 ± 4 ab 611 ± 8a 0.025 

Shear force (N) 33.9 ± 1.4b 34.8 ± 1.2ab 36.8 ± 1.3a 0.025 
a, b Means in the same row with different supersripts are significantly different at  P < 0.05 

        ADG: average daily gain 

148 



Nguyen Trong Ngu, Danyel GJ Jennen, Karl Schellander and Klaus Wimmers  

Table 4. Effect of FTH1 haplotype on growth and meat quality traits 
(least squares means ± standard error)                   

Haplotype 
Trait 

GT/GT GT/AC CG/AC AC/AC CG/GT 
P-Value

ADG 3 (g) 789 ± 16a 776 ± 15ab 808 ± 22a 757 ± 16b 817 ± 25a 0.037 
ADG 4 (g) 610 ± 10ab 603 ± 9b 620 ± 13ab 588 ± 10c 628 ± 15a 0.014 
FCR (kg) 2.62 ± 0.05bc 2.69 ± 0.04a 2.54 ± 0.07b 2.69 ± 0.05ac 2.52 ± 0.08b 0.026 
Meat color (24h) 70.7 ± 0.8a 69.5 ± 0.7a 70.4 ± 1.4a 69.0 ± 0.8a 65.8 ± 1.5b 0.026 
pH (24h) 5.64 ± 0.03a 5.60 ± 0.03bc 5.67 ± 0.04ab 5.58 ± 0.03c 5.55 ± 0.04c 0.014 

 a, b, c Means in the same row with different supersripts are significantly different at, P < 0.05 
         ADG 3: average daily gain (70th day – slaughter) 
         ADG 4: average daily gain (birth – slaughter) 
         FCR: Feed conversion ratio 

3.4. Association analysis of FTH1 haplotype 
Two SNPs found in FTH1 gene are located in 

the 3’ UTR region. These polymorphic sites were 
previously described (Ponsuksili et al., 2002; 
Rattink et al., 2001a; Rattink et al., 2001b). From 
the two detected SNPs in the F2 DUPI resource 
population, a construction of haplotype by using 
Merlin software (http://www.sph.umich.edu/csg/ 
abecasis/merlin/tour/ haplotyping.html) was 
performed resulting in 5 different haplotypes, of 
which their associations are shown in Table 4. For 
examples, haplotype AC/AC and CG/GT exerted 
certain effects on ADG3 and ADG4 (P = 0.014). 
High daily gain, especially in the last period of 
growth made haplotype CG/GT the lowest value in 
terms of FCR (2.52 kg) with the statistic level P = 
0.026. In addition, meat color was found to be 
associated with haplotypes (P = 0.026), in which 
the GT/GT haplotype offered higher value than the 
CG/GT haplotype (70.7 and 65.8, respectively). 
Different haplotypes were also in association with 
pH24 value in Semimembranosus muscle (P = 
0.014) with lowest pH in animals bearing CG/GT 
haplotype (5.55) and highest pH value in the 
GT/GT haplotype (5.64).  

Iron is essential for the growth and 
development of most organisms and is present 
within the cells either in a form of complex iron-
containing proteins and enzymes or in iron-storage 
proteins (Carrondo, 2003) that are crucial for 
biological functions including electron transfer 
reactions, gene regulation, oxygen metabolism and 
regulation of cell growth and differentiation (Beard, 
2001; Ponka, 1999). Therefore, the level of FTH1 
expression may affect iron storage and thereby 
animal performance. Moreover, meat color is a 

combination of many factors such as the 
concentration of heme fragments, the chemical 
state of these pigments and physical properties of 
meat structure. It is possible that the stage of 
pigments is affected by meat pH, and the reaction 
of the heme with other reactants like O2 can 
influence the stage of heme iron (Fernandez-Lopez 
et al., 2004), which partly depends on FTH1 
expression. 

4. CONCLUSIONS 
FTH1 gene is highly expressed in pigs with 

low muscularity and the association of FTH1 with 
daily gain, shear force, meat color and pH, 
suggesting that it may be a candidate gene for 
growth and meat quality traits. 
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TÓM TẮT


Protein dự trữ sắt, ferritin, đóng vai trò quan trọng trong việc trao đổi sắt và có liên quan đến khả năng tăng trưởng và phát triển của lợn. Ferritin heavy-chain (FTH1) là một trong hai tiểu đơn vị được điều hòa ở mức độ phiên mã và dịch mã. Mục tiêu của nghiên cứu là phân tích mối liên quan giữa gen này đến sự tăng trưởng và các chỉ tiêu chất lượng thịt lợn. Tám cặp lợn F2 Duroc x Pietrain (DUPI) được chọn để phân tích biểu hiện gen dựa trên sự khác biệt của từng cặp (cùng cha mẹ) về diện tích cơ thăn. Kết quả cho thấy gen FTH1 biểu hiện cao hơn trên lợn có diện tích cơ thăn nhỏ (P < 0,05). Nhằm nhận diện vị trí đa hình (Single Nucleotide Polymorphism, SNP) trên gen, phương pháp giải trình tự so sánh đã được áp dụng và có 2 SNP được tìm thấy ở vùng 3’UTR tại vị trí 698 (T/C) và 714 (G/A) của đoạn gen FTH1 mã số D15071. Ngoài ra, phương pháp PCR-RFLP cũng được sử dụng để xác định kiểu gen với sự tham gia của các enzyme cắt giới hạn MspI và BbuI tương ứng với hai điểm đa hình trên. Tổng cộng có 334 gia súc đã được xác định kiểu gen. Kết quả cho thấy điểm đa hình thứ hai (G/A) có liên quan với tăng trọng hàng ngày và độ mềm  của thịt (P<0,05). Thêm vào đó, haplotype của hai điểm đa hình này cũng liên quan có ý nghĩa với tăng trọng hàng ngày, màu và pH của thịt. Tóm lại, gen FTH1 có thể là một gen ứng viên quan trọng cho sự tăng trưởng và độ mềm của thịt.


Từ khóa: Biểu hiện gen, chất lượng thịt, ferritin heavy-chain, lợn, tăng trưởng. 

SUMMARY


The iron storage protein, ferritin, has a key role in iron metabolism involved in early growth and development of pigs. The ferritin heavy-chain, FTH1, is one of two subunits that are regulated at the transcriptional and translational levels. The objective of this study was to analyze association of this gene with the growth and meat quality traits in pigs. In the present study, eight discordant sib-pairs (DUPI - Duroc x Pietrain F2 resource population) were selected for gene expression based on their extreme differences in loin eye muscle area. It was found that FTH1 gene is up-regulated in pigs having small eye muscle area (P < 0.05). In order to identify single nucleotide polymorphism (SNP), comparative sequencing was used and two SNPs were found within 3’ UTR at position 698 (T/C) and 714 (G/A) of the sequence (GenBank accession number D15071). For genotyping, PCR-RFLP protocols were established using restriction enzymes MspI and BbuI for the first and the second SNP, respectively. In total, 334 animals were genotyped. It was observed that the second SNP (G/A) was closely associated with average daily gain and shear force (P < 0.05). The constructed haplotype also showed significant effects on daily gain, meat color and pH. In conclusion, the FTH1 gene may be an important gene influencing growth and meat tenderness.


Key words: Ferritin heavy-chain, gene expression, growth, meat quality, pig. 


1. INTRODUCTION 


Ferritin heavy chain (FTH1) is a protein expressed in many tissues and plays an important role in iron storage and metabolism. The two subunits of ferritin namely light and heavy chain can be regulated at both transcriptional and translational levels (White et al., 2000). Due to its inherent ferroxidase activity participating in iron oxidation (Strube et al., 2002), ferritin heavy chain is therefore necessary in mobilization of iron to and from the ferritin protein complex. However, little documentation about the expression of this gene in animals, especially in relation to muscular characteristics, has been published. A study by Kitahara et al., (1995) showed high expression of FTH1 in rat skeletal muscle after denervation, a factor resulting in atrophy of muscle fibers and other contractile changes. In pigs, FTH1 was identified to be differentially expressed in the anterior pituitary of sows, in which the level of mRNA is reduced as a result of selection for increased ovulation rate and embryo survival (Bertani et al., 2004). Functionally, the expression of FTH1 appears to be associated with the characteristics of muscle fiber types, particularly with the presence of mitochondria in each fiber. In the present study FTH1 expression was performed in pig discordant sib-pairs with superior and inferior loin eye muscle area and its association with muscle and meat quality traits were also investigated.


2. MATERIALS AND METHODS


2.1. Animals


 Eight discordant sib pairs representing extremes for the loin eye muscle area trait were selected from 598 F2 pigs of an experimental cross of Duroc x Pietrain (DUPI) resource population. Animals were slaughtered at approximately 180 days of age, all samples including longisimuss dorsi muscle were collected and immediately stored in liquid nitrogen and later frozen at -80oC for further use. Animal ranking was based on differences of eye muscle area, thereby high performance pigs are those with large loin eye muscle area while low performance animals are all reversed (Table 1).


2.2. Quantitative real-time RT-PCR


To study gene expression, the real time PCR (ABI Prism 7000 SDS instrument) was used. Specific primers were picked up from literature. Primer sequences were 5’ TAAGCTGGCCTCCCGGAGAC 3’ for forward primer and 5’ G G T A C A C T A A G G A A A G AACT 3’ for reverse primer (gene accesion No D15071) (Rattink et al., 2001a). The real-time RT-PCR was performed using SYBR green universal PCR Mastermix (Applied Biosystems) which contained SYBR Green I Dye, AmpliTaq Gold( DNA Polymerase, dNTPs with dUTP, passive reference and optimized buffer components. A standard curve was generated by amplifying serial dilutions of target plasmid DNA. Abundance of transcripts of the candidate genes were calculated as transcript levels relative to the transcript of 18S gene that was found to be not regulated between the samples of equal amounts of analyzed cDNAs.


Table 1. Description of F2-DUPI resource population used for real-time RT-PCR
(means ± standard deviation)


		Trait

		Loin eye muscle area

		P-value



		

		Small (n = 8)

		Large (n = 8)

		



		Age (day)

		182 ± 25

		179 ± 11

		n.s



		Slaughter weight (kg)

		 112 ± 5

		 111 ± 5

		n.s



		Carcass weight (kg)

		   85 ± 6

		   86 ± 6

		n.s



		Eye muscle area (cm2)

		   43 ± 3

		   58 ± 3

		< 0.001





n.s: non- significant

2.3. Screening for SNPs and genotype analysis


Forward and reverse primers used for comparative sequencing to detect SNPs were 5’ TAAGCTGGCCTCCCGGAGAC 3’ and 5’ GGTACACTAAGGAAAGAACT 3’, respectively (Rattink et al., 2001a). DNA samples from the DUPI resource population were genotyped by PCR-RFLP (Restriction Fragment Length Polymorphism) technique. The restriction enzymes were selected according to their recognition (http://tools.neb.com/ NEBcutter2/index.php) of the polymorphic sites. First, the fragment covers the SNP were amplified with a specific primer. Next, a digestion reaction containing 1 unit of enzyme, 1 (l of 10x restriction buffer and 1 (g of DNA was incubated at 37oC overnight for complete digestion. The digested product was checked by electrophoresis on 3% aragose gel, 90 V for 1 hour. Different fragment lengths between non- and digested DNAs reflected the genotype of a specific sample. 


2.4. Statistical analysis


Analysis of variance using PROC MIXED of SAS was performed to investigate the effect of genotypes on body composition and meat quality traits. All factors found to affect the phenotypes included: genotype, sex, boar, and parity as fixed effects, mother as random factor and carcass weight as covariate. Mean separation for significant difference (P<0.05) was accomplished by the PDIFF option of the least square procedure. 


3. RESULTS AND DISCUSSION


3.1. Gene expression quantified by real-time RT-PCR


The FTH1 was selected for gene expression study because in a microarray experiment it had been found to be up-regulated in pigs with small muscle area (data not shown). The eight sib-pairs chosen with the standard that age, slaughter weight and carcass weight were not significantly different between two extreme groups. Thus, differences between small or large muscle areas were genetically originated. The relative mRNA expression of FTH1 gene is shown in Figure 1. In all animals, expression of mRNA were higher in pigs having small eye muscle area, as a result, average values for two extreme group were statistically different (P < 0.05). 


The importance of iron in mitochondrial function is well known by a mechanism that mitochondria mobilize iron from ferritin, and iron is used for the synthesis of heme and the generation of iron-sulfur, which are important for the optimal activity of electron transfer complexes (Lill and Kispal, 2000; Ponka, 1997). Indeed, both iron deficiency and iron excess could lead to damage of mitochondria and mitochondrial DNA in rats (Walter et al., 2002). Muscle fibers type I and type IIa contain more mitochondria than type IIx / IIb fibers and thus need more iron. In our previous study (Wimmers et al., 2008), low performance pig showed higher relative expression of type I fibers than in high performance pigs. The established relationship between iron content and mitochondria can contribute to explain the result that FTH1 is up-regulated in pigs having small eye muscle area. 



Figure 1. Expression of FTH1 gene in pig muscle by quantitative real-time RT-PCR, 
FTH1 is highly expressed in pigs with small compared to large eye muscle area

3.2. SNP detection and genotyping 


A 130-bp product of FTH1 was amplified and two SNPs were discovered in this 3’UTR at position 698 (T ( C) and 714 (G ( A) in the F2-DUPI resource population. In both SNPs, the allele frequencies  were almost equally distributed (47% vs. 53% for SNP1; 52% vs. 48% for SNP2). However, the range in genotype frequencies was large changing from 24% to 45% (SNP1) and 25% to 47% (SNP2). In both cases, the appearance of heterozygous genotypes was more frequent (>45%) than those from the homozygous animals (Table 2).

Two restriction enzymes MspI and BbuI were used for genotyping. The MspI digested products had 94, 31 and 5 bp and the BbuI produced fragment sizes of 78 and 52 bp.


3.3. Association analysis of  FTH1 SNPs


The FTH1 – SNP1 had no effects on any traits analyzed. The effects of SNP2 genotypes on phenotype are presented in Table 3. Among parameters for body weight, SNP2 was associated (P = 0.008) with animal weight at the start of the experiment (day 70th). Moreover, this SNP had an effect on the growing stage when piglets were weaned until they were allocated in the test box (P = 0.01).


The overall daily gain of animals bearing genotype G/G was also significantly higher (P = 0.025) than those with genotype A/A (611 g vs. 589 g, respectively). Finally, results showed that shear force is statistically related to the genotypes, especially with homozygous pigs (P = 0.025). Lower shear force was found in animals with A/A genotype (33.9 N) and higher shear force was seen in G/G pigs (36.8N). 


Previously, the FTH1 gene was mapped to SSC2 (Ponsuksili et al., 2002) between the loci SW2443 (proximal) and SW240 (distal) with distances of 42.8 and 20.2 cM, where several QTLs related to ADG were reported (Lee et al., 2003; Malek et al., 2001). Particularly, Pietrain QTL alleles were associated with muscle, high daily gain and low fat deposition (Lee et al., 2003). In a DUMI (Duroc x Miniature pig) resource population, Wimmers et al., (2006) found QTLs for muscularity, i.e. lean meat content and loin eye area at position 20 cM for both QTLs on SSC2. These QTL results together with different expression of FTH1 in muscle with different fiber type compositions may propose FTH1 as a functional and probably a positional candidate gene for muscle growth and meat quality.


Table 2. Allele and genotypes frequency of FTH1 gene (SNP1 and SNP2)
in the DUPI-F2 resource population


		

		No of pigs

		Allele frequency

		Genotype frequency



		

		

		T

		C

		T/T

		T/C

		C/C



		SNP1

		335

		0.47

		0.53

		0.24

		0.45

		0.31



		

		

		

		

		

		

		



		

		

		G

		A

		G/G

		G/A

		A/A



		SNP2

		334

		0.52

		0.48

		0.28

		0.47

		0.25





Table 3. Effect of FTH1 - SNP2 genotype on growth and meat quality traits
(least squares means ± standard error)


		Trait

		Genotype frequency

		P-Value



		

		A/A

		G/A

		G/G

		



		Test start (kg)

		24.8 ± 1.0b

		26.3 ± 0.9ab

		27.3 ± 1.0a

		0.008



		ADG 2 (birth – 70th day) (g)

		324 ± 13b

		345 ± 11ab

		357 ± 13a

		0.010



		ADG 4 (birth – slaughter) (g)

		589 ± 9b

		602 ± 4 ab

		611 ± 8a

		0.025



		Shear force (N)

		33.9 ± 1.4b

		34.8 ± 1.2ab

		36.8 ± 1.3a

		0.025





a, b Means in the same row with different supersripts are significantly different at  P < 0.05
        ADG: average daily gain


Table 4. Effect of FTH1 haplotype on growth and meat quality traits
(least squares means ± standard error)                   


		Trait

		Haplotype

		P-Value



		

		GT/GT

		GT/AC

		CG/AC

		AC/AC

		CG/GT

		



		ADG 3 (g)

		789 ± 16a

		776 ± 15ab

		808 ± 22a

		757 ± 16b

		817 ± 25a

		0.037



		ADG 4 (g)

		610 ± 10ab

		603 ± 9b

		620 ± 13ab

		588 ± 10c

		628 ± 15a

		0.014



		FCR (kg)

		2.62 ± 0.05bc

		2.69 ± 0.04a

		2.54 ± 0.07b

		2.69 ± 0.05ac

		2.52 ± 0.08b

		0.026



		Meat color (24h)

		70.7 ± 0.8a

		69.5 ± 0.7a

		70.4 ± 1.4a

		69.0 ± 0.8a

		65.8 ± 1.5b

		0.026



		pH (24h)

		5.64 ± 0.03a

		5.60 ± 0.03bc

		5.67 ± 0.04ab

		5.58 ± 0.03c

		5.55 ± 0.04c

		0.014





 a, b, c Means in the same row with different supersripts are significantly different at, P < 0.05
         ADG 3: average daily gain (70th day – slaughter)
         ADG 4: average daily gain (birth – slaughter)
         FCR: Feed conversion ratio


3.4. Association analysis of FTH1 haplotype


Two SNPs found in FTH1 gene are located in the 3’ UTR region. These polymorphic sites were previously described (Ponsuksili et al., 2002; Rattink et al., 2001a; Rattink et al., 2001b). From the two detected SNPs in the F2 DUPI resource population, a construction of haplotype by using Merlin software (http://www.sph.umich.edu/csg/ abecasis/merlin/tour/ haplotyping.html) was performed resulting in 5 different haplotypes, of which their associations are shown in Table 4. For examples, haplotype AC/AC and CG/GT exerted certain effects on ADG3 and ADG4 (P = 0.014). High daily gain, especially in the last period of growth made haplotype CG/GT the lowest value in terms of FCR (2.52 kg) with the statistic level P = 0.026. In addition, meat color was found to be associated with haplotypes (P = 0.026), in which the GT/GT haplotype offered higher value than the CG/GT haplotype (70.7 and 65.8, respectively). Different haplotypes were also in association with pH24 value in Semimembranosus muscle (P = 0.014) with lowest pH in animals bearing CG/GT haplotype (5.55) and highest pH value in the GT/GT haplotype (5.64). 


Iron is essential for the growth and development of most organisms and is present within the cells either in a form of complex iron-containing proteins and enzymes or in iron-storage proteins (Carrondo, 2003) that are crucial for biological functions including electron transfer reactions, gene regulation, oxygen metabolism and regulation of cell growth and differentiation (Beard, 2001; Ponka, 1999). Therefore, the level of FTH1 expression may affect iron storage and thereby animal performance. Moreover, meat color is a combination of many factors such as the concentration of heme fragments, the chemical state of these pigments and physical properties of meat structure. It is possible that the stage of pigments is affected by meat pH, and the reaction of the heme with other reactants like O2 can influence the stage of heme iron (Fernandez-Lopez et al., 2004), which partly depends on FTH1 expression.


4. CONCLUSIONS


FTH1 gene is highly expressed in pigs with low muscularity and the association of FTH1 with daily gain, shear force, meat color and pH, suggesting that it may be a candidate gene for growth and meat quality traits.
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