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ABSTRACT

This study aimed to investigate the single nucleotide polymorphisms (SNPs) of the porcine MC4R gene and validate the effect
of the MC4R genotype for marker assisted selection (MAS). Six amplicons were produced to analyze the entire base sequences of
the porcine MC4R gene and six SNPs were detected (c.-780C>G, c.-135C>T, c.175C>T-LeuS9Leu, c¢.707A>G-Arg236His,
c.892A>G-Asp298Asn, and c¢.*430A>T). Linkage disequilibrium (LD) of the six SNPs was analyzed by performing haploid
analysis. There was a perfect linkage disequilibrium in c.-780C>G, c.-135C>T, c.175C>T-Leu59Leu, c¢.707A>G-Arg236His, and
c.*430A>T. Only the c.892A>G (Asp298Asn) SNP showed a very low LD with an * value of 0.028 and the D' value of 0.348.
As a result, the two SNPs—c.707A>G (Arg236His) and ¢.892A>G (Asp298Asn)—were selected to extract the genotype frequencies
from the 5 pig breeds by using the polymerase chain reaction-restriction fragment length polymorphism (PCR-RFLP) genotype
analysis method. The SNP frequency of c.707A>G (Arg236His) indicated the presence of the A (His) allele only in Yorkshire,
while the G allele was fixed in the KNP, Landrace, Berkshire, and Duroc. Association analysis was carried out in 484 pigs with
the ¢.707A>G (Arg236His) SNP and the meat quality traits of four different pig cross populations: a significant association was
noted in crude fat, sirloin moisture, meat color, and the degree of red and yellow coloration. The frequency of the c.892A>G
(Asp298Asn) SNP genotype varied among the breeds; while Duroc showed the highest frequency of the A (4sn) allele, KNP
showed the highest frequency of the G (4sp) allele. Association analysis was carried out in 1126 pigs with the ¢.892A>G
(Asp298Asn) SNP and the meat quality traits of four pig populations: a highly significant linkage was noted in the back-fat
thickness (P<0.002). It was found that the back-fat thickness was higher in individuals with the AA genotype than in those with

the AG or GG genotype. Thus, in this study, we verified that the c.892A>G (Asp298Asn) SNP in the pig MC4R gene has a
sufficient effect as a gene marker for MAS in Korean pork industry.
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Table 1. Phenotypic records of meat quality traits in four pig population

Meat quality it Do measy  DeeaB®  Gtam  metinh
Carcass weight (kg) 92.59+ 11.33 91.01+15.9 87.65+ 5.51 84.71+5.50 89.22+ 11.48
Backfat thickness (mm) N/A 25.44+ 8.13 2294+ 5.13 24.4244.73 2432+ 6.60
Crude fat (%) 249+ 1.49 2.09+ 1.94 2.18+ 0.71 2.80£1.18 233+ 1.46
Crude ash (%) 1.06+ 0.14 1.03+ 0.14 1.28+ 1.68 N/A 1.12+ 097
Crude protein (%) 2218+ 1.59 22.24+ 1.07 N/A 23.79+0.68 22.65+ 1.38
Moisture (%) 73.96+ 1.71 N/A 7423+ 1.02 75.51+0.87 7447+ 1.39
Water holding capacity (%) 58.03+ 6.35 58.14+ 5.18 56.74+ 5.31 57.75£2.12 57.60+= 5.14
24-h loin pH 5.63+ 0.26 5.63+ 0.22 5.55+ 0.18 5.86+0.20 5.65+ 0.24
Drip loss (%) 5.11+ 1.81 N/A 498+ 1.72 4.46+1.85 424+ 2.18
Cooking loss (%) 3226+ 3.54 N/A 31.15+ 2.99 27.9743.17 30.69+ 3.62
Shearforce 1732.46+434.47 N/A 1219.49+316.99 N/A 719.33+784.21
Lightness (CIE-L) 52.69+ 5.50 N/A 60.48+ 4.33 48.31+£2.98 52.00+ 7.87
Redness (CIE-a) 572+ 2.03 7.97+ 2.21 6.92+ 1.83 6.21+1.09 6.79+ 2.06
Yellowness (CIE-b) 743+ 1.81 4.04+ 1.71 9.63+ 1.28 2.73+0.98 6.33+ 3.12
Color score 3.06+= 049 N/A 2.99+ 043 N/A 3.02+ 046
Marbling score 239+ 1.01 N/A 257+ 0.73 N/A 2.50+ 0.86
Tenderness score 3.07« 049 N/A 2.86+ 0.57 N/A 295+ 0.65

Marbling, 1: extremely low in intramuscular fat, 5: very abundant in intramuscular fat, Meat color, 1: very pale, 5: very dark.
1: very tough, very dry, very mild. 5: very tender, very juicy, very intense. N/A: not analysis.
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Table 2. PCR primers and conditions used for amplification and sequencing, and restriction enzymes used for

SNP genotyping

Primer sequences

SNP 1025;11 Accession no. Forward (53') Tm (C) R:i?;ggn ;:g;f ({;))
Reverse (3'—5")
e [ O
st s o TCTICTCCOMIAGEACAGE
ST oo ST
o T T p——
G o s TOOATIOCAITOOACKGGTA ) oo
ot yum s AVIGGOACAGAGRAGACTT

Primers were referenced from '(Fan et al., 2009) and *(Meidtner et al., 2006).
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Fig. 1. Linkage disequilibrium and haplotypes frequency
in the MC4R gene from Korean Native pig
population (Linkage disequilibrium: Black boxes
indicate r* values between 0.8 and 1.0, and
light boxes indicate r* values less than 0.80).
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Table 3. Genotypes and allele frequencies of ¢.707A>G (Arg236His) and c.892A>G Asp298Asn) polymorphisms in

the MC4R gene from 8 pig populations

SNP Line Genotype frequency Allele frequency HWE
AA AG GG AAllele G Allele Pvalue

KNP (n=14) - 14(1.00) 0 1 1.00
Yorkshire (n=8) - 1(0.12) 7(0.88) 0.06 0.94 1.00
Landrace (n=7) - 7(1.00) 0 1 1.00
Duroc (n=8) - 8(1.00) 0 1 1.00

(lc%Zg.églAgil(l}s) Berkshire (n=8) - 8(1.00) 0 1 1.00
KNP x Yorkshire (n=347) - 31(0.10) 293(0.90) 0.05 0.95 0.94
KNP x Landrace (n=96) - 96 (1.00) 0 1 1.00
Dodram pigs (n=270) - 9(0.03) 261(0.97) 0.02 0.98 1.00
Total animals (n=758) 37(0.07) 474(0.93) 0.11 0.89
KNP (n=16) 0(0.00) 6(0.37) 10(0.63) 0.19 0.81 1.00
Yorkshire (n=8) 5(0.62) 3(0.38) 0(0.00) 0.81 0.19 1.00
Landrace (n=7) 4(0.50) 3(0.37) 1(0.13) 0.68 0.32 1.00
Duroc (n=8) 6(0.75) 2(0.25) 0(0.00) 0.87 0.12 1.00

(Xsigz%gz(s}n) Berkshire (n=279) 22(0.08) 116(0.42) 141(0.50) 0.29 0.71 0.93
KNP x Yorkshire (n=347) 59(0.18) 178(0.55) 88(0.27) 0.45 0.55 0.22
KNP x Landrace (n=253) 69(0.27) 122(0.48) 62(0.25) 0.51 0.49 0.27
Dodram pigs (n=292) 82(0.28) 147(0.50) 63(0.22) 0.53 0.47 0.27
Total animals (n=1210) 238(0.21) 551(0.49) 337(0.30) 0.46 0.54

(c.892A>G-Asp298Asn)ell  thEh HHA4E
(Table 4).

MC4R 47 W9 ¢.707A>G (Arg236His) T gl7]Hole} &
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Aw g S oA FofAQl Zae eItk (P<
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suggestive QTLO| WsTA, opYslAs 8Ms] Mg
ZHE HSEADNNE MC4R TLF7IHel7 Aikdd 4
T} Aow HWaEth(Park 5, 2002; Stachowiak 5,
2006). 1eu 1 9]e] v wA] ST MC4R Ao
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Table 4. Association of MC4R gene c.892A>G-Asp298Asn and c¢.707A>G- Arg236His polymorphisms genotypes
with meat quality traits from combined pig population

Least square means (SE)

Gene Phenotypic trait AA (n=0) AG (n=37) GG (n=447) P-value
Backfat thickness (mm) - 25.26 (1.80) 22.95(0.35) >0.21
Crude fat (%) - 3.00 (0.15)" 2.21 (0.04)° <0.0001
Moisture (%) - 73.23 (0.25)" 74.29 (0.07)" <0.0001
Water holding capacity (%) - 57.29 (0.91) 57.44 (0.24) >0.87
24+ loin pH - 5.59 (0.03) 5.60 (0.01) >(.85
¢.707A>G  Driploss (%) - 5.54 (0.28) 5.15 (0.08) >0.19
(Arg236His)  Cooking loss (%) - 3223 (0.52) 32.02 (0.14) >0.69
Shearforce - 1384.96 (59.44) 1452.19 (16.55) >0.27
Lightness (CIE-L) - 55.99 (0.83)" 56.48 (0.23)" <0.003
Redness (CIE-a) - 7.63 (0.34)" 6.23 (0.09)" <0.0001
Yellowness (CIE-b) - 9.56 (0.26)" 8.33 (0.07)° <0.001
AA (n=283) AG (n=551) GG (n=337)
Backfat thickness (mm) 24.61 (0.38)" 23.67 (0.26)" 22.84 (0.32)" <0.002
Crude fat (%) 2.14(0.07) 1.97 (0.05) 2.01 (0.06) >0.14
Moisture (%) 74.47 (0.09) 74.49 (0.06) 74.46 (0.08) >0.94
Water holding capacity (%) 57.33(0.33) 57.84 (0.21) 57.74 (0.27) >0.41
24+ loin pH 5.69 (0.01) 5.67 (0.01) 5.66 (0.01) >0.26
C82A>G py s (%) 412(0.13) 4.34(0.08) 416(0.11) ~0.19
(Asp298Asn)
Cooking loss (%) 31.88 (0.21) 31.28 (0.13) 31.38 (0.17) >0.05
Shearforce 743.62 (15.88) 729.89 (10.28) 728.51 (13.43) >(.72
Lightness (CIE-L) 51.18 (0.29) 51.41(0.19) 51.52 (0.25) >0.67
Redness (CIE-a) 6.77 (0.12) 6.62 (0.08) 6.73 (0.10) >0.54
Yellowness (CIE-b) 5.87(0.11) 5.87 (0.6) 5.96 (0.08) >0.68

*® Values with different superscripts within column are significantly

=
Aol AMitsle] fHAES BAGET SRS AL
¢.707A>G (Arg236His)®] tHAe] G tigfFdate] Hles A
HAE HEG deols, HAM, FF FLAME BF 140
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>T-LeuS9Leu, ¢.707A>G-Arg236His, c.892A>G-Asp298Asn, c.*430A
>T)9| ﬂ“@ﬂtﬂﬂ%— stk Al Al MC4R At
el F 6o dddrHelStte] AdETdE weA A4S
4l %%?M%ﬂgﬂﬁ ATEE EAsIsen, ¢.-780C >G,
c-135C>T,  ¢.175C>T-LeuS9Leu,  ¢.707A>G-Arg236His %}
c.*430A>Tw gt ATETHE olFL A3, ¢892A>G
(Asp298Asn) T g71H ol rovalue’} 0.028, D'-value”} 0.348
2 AdETY AR uhe SEth ¢.707A>G (Arg236His) %}
c.892A>G (Asp298Asn) TUF7|HO|EE dwste] PCR-RFLP
AR LATRE o &al HA 5EF A NEE F
Ag A}, ¢.707A>G (Arg236His) TP Hol = aaM E
HetellA 94 A (His) gFdzs #23 + glolon, ymx
A=A, A=dols, MAaMet w5 FEAME G
Ao mAoR b‘rE‘rk}‘:}. c.707A>G A g7 o9}
484 7oA A BAS AAE A, =AW, T4
A AT T AR Sl FoHQ AW
AT ¢.892A>G (Asp298Asn) YU A7|Hol9] AR
s8R 2bol7 whom, A (Asn) tiEFAARY W
=30 FEOR U, G(Asp) HEFAAY WEst 7 =
FEE AAYAAR AU ¢.892A>G (Asp 298Asn)
dd7oloh 4] 4 Jee SAFAE 1,1267004 A9 2
AR e oAl maE #ET £ UM
(P<0.002). AA f+AdAEE 7F A7 AGH GG A S
7E AAES SARFATE FAL s G91E  Ah #
T AE F MC4R A2 W] ¢.892A>G (Asp298Asn)
A7l Ao Al FHAEARIAEA TR &
7b & AFsih

(5*A41°): MC4R, DNA u}7, 42

P

==
[

ot o
W o
tlo = X

i O

z 5 @

lo o =
oy

e

_ﬁo
‘F fo e

oft
b

HE b

==

!
N
—
N
—
o

& fo o oy

o rﬁ

L, A, A4 FF)

; Evaluation of MC4R Effects in Pigs

B o= 0011d% 2Rt 8 A9 e A X
= -

ol g 2 3
Barrett, J. E., Fry, B., Maller, J. and Daly, M. J. 2005.

HAPLOVIEW: analysis and visualization of LD and haplotype
maps. Bioinformatics. 21:263-265.

Bruun, C. S., Jorgensen, C. B., Nielsen, V. H., Andersson. L. and
Fredholm, M. 2006. Evaluation of the porcine melanocortin 4
receptor (MC4R) gene as a positional candidate for a fatness
QTL in a cross between Landrace and Hampshire. Anim. Genet.
37:359-362.

Ciobanu, D., Bastiaansen, J., Malek, M., Helm, J.,
Plastow, G. and Rothschild, M. F. 2001.

alleles in the protein kinase adenosine monophosphate-activated

Woollard, J.,

Evidence for new

gamma Yy3-subunit gene associated with low glycogen content in
pig skeletal
159:1151-1162.
Ciobanu, D., Bastiaansen, J., Lonergan, S. M., Thomsen, H., Plastow,
G. and Rothschild, M. F. 2004. New alleles in calpastatin gene

muscle and improved meat quality. Genetics.

are associated with meat quality traits in pigs. J. Anim. Sci.
82:2829-2839.

Choi, Y. S, Park, B. Y, Lee, J. M. and Lee, S. K. 2005.
Comparison of carcass and meat quality characteristics between
Korean native black pigs and commercial crossbreed pigs.
Korean J. Food Sci. 25:322-327.

Cho, S. H,, Park, B. Y., Kim, J. H., Kim, M. J., Seong, P. N., Kim,
Y. J, Kim, D. H. and Ahn, C. N. 2007. Carcass yields and
meat quality by live weight of Korean native black pigs. Korea.
J. Anim. Sci. Tech. 49:523-530.

Fujii, J. K., Otsu, F., Zorzato, S., de Leon, V. K., Khanna, J. E.,
Weiler, P. J, O’Brien, D. H. and MacLennan, D. H. 1991.
Identification of a mutation in porcine ryanodine receptor
associated with malignant hyperthermia. Science. 253:448-451.

Farooqi, 1. S., Keogh. J. M., Yeo, G. S., Lank, E. J., Cheetham, T.
and O’Rahilly, S. 2003. Clinical spectrum of obesity and
mutations in the melanocrtin-4 receptor gene. N. Engl. J. Me.
348:1085-1089.

Fan, B., Onteru, S. K., Plastow, G. S. and Rothschild, M. F. 2009.
Detailed characterization of the porcine MC4R gene in relation to
fatness and growth. Anim. Genet. 40:401-409.

Han, S. H, Lee, S. S., Ko, M. S., Seong, P. N., Park, B. Y. and

-7 -



Roh et al. ; Evaluation of MC4R Effects in Pigs

Cho, I. C. 2007. Effects of a porcine MC4R polymorphism
(892G>A) on carcass traits in commercial pigs. Korea. J. Anim.
Sci. Tech. 49:569-576.

Houston, R. D., Cameron, N. D. and Rance, K. A. 2004. A
melanocortin-4 receptor (MC4R) polymorphism is associated with
performance traits in divergently selected Large White pig
populations. Anim. Genet. 35:386-390.

Jin, S. K., Kim, 1. S., Hur, S. J., Hah, K. H. and Kim, B. W. 2005.
Physico-chemical characteristics with market weight in Korean
native and landrace crossbred pigs. Korean J. Intl. Agri. 17:
182-187.

Jin, S. K., Kim, I. S., Hur, S. J., Kim, S. J. and Jeong, K. J. 2006.
The influence of pig breeds on qualities of loin. Korea. J. Anim.
Sci. Tech. 48:747-758.

Jokubka, R., Maak, S., Kerziene, S. and Swalve, H. H. 2006.
Association of a melanocortin 4 receptor (MC4R) polymorphism
with performance traits in Lithuanian White pigs. J. Anim.
Breed. Genet.123:17-22.

Kim, E. H.,, Choi, B. H,, Kim, K. S, Lee, C. K., Cho, B. W., Kim,
T. H. and Kim, J. J. 2007. Detection of Mendelian and parent-
of-origin quantitative trait loci in a cross between Korean native
pig and Landrace I
Asian-Aust. J. Anim. Sci. 19:1702-1705.

Kim. K. S., Larsen, N. J., Short, T., Plastow, G. and Rothschild, M.

F. 2000a. A missense variant of the porcine melanocortin-4

growth and body composition traits.

receptor (MC4R) gene is associated with fatness, growth, and
feed intake traits. Mamm. Genome. 11:131135.

Kim, K. S., Larsen, N. J. and Rothschild, M. F. 2000b. Linkage and
physical mapping of the porcine melanocortin-4 receptor (MC4R)
gene. J. Anim. Sci. 78:791792.

Kim, K. S., Shin, H. Y., Lee, J. J., Hong, S. K., Choi, B. W., Kim,
T. H., Lee, H. K. and Cho, B. W. 2005. Investigation of Porcine
Melanocortin-4 Receptor (MC4R) Polymorphism on Economic
Traits. Korea. J. Life. Sci. 15:968-971.

Kim, M. J,, Oh, J. D., Cho, G. H, Lee, J. H, Lee, S. S., Hong, Y.
S., Jeon, J. K., Jeon, G. J. and Lee, H. K. 2006. Association
between economic traits and candidate gene polymorphism in
Korean native pig and Duroc. Korean. J. Emd. Trans. 21:73-
280.

Kim, S. S., Kim, J. R., Moon, J. K., Choi, B. H., Kim, T. H., Kim,
K. S., Kim, J. J. and Lee, C. K. 2009. Transcriptional alteration
of p53 related processes as a key factor for skeletal muscle
characteristics in Sus scrofa. Mol. Cells. 28:565-573.

Kim, S. W,, Roh, J. G., Cho, Y. I, Choi, B. H,, Kim, T. H., Kim,
J. J. and Kim, K. S. 2010. Development of Optimal Breeding
Pigs Using DNA Marker Information. Genomics Inform. 8:81-85.

Li, S., Li, X,, Choi, B. W., Lee, C. K., Cho, B. W., Kim. J. J. and
Kim, K. S. 2009. Linkage disequilibrium and gene expression
analyses of IGF2 gene in Korean native pigs. Korea. J. Anim.
Sci. Tech. 51:15-24.

Li, X., Lee, C. K., Choi, B. W,, Kim, T. H., Kim, J. J. and Kim, K.
S. 2010. Quantitative gene expression analysis on chromosome 6
between Korean native pigs and Yorkshire breeds for fat
deposition. Genes Genom. 32:385-393.

Meidtner, K., Wermter, A. K., Hinney,
Hebebrand, J. R.  2006.
melanocortin 4 receptor with feed intake and daily gain in F2
Mangalitsa x Pietrain pigs. Anim. Genet. 37:245-247.

Moon, J. K., Kim, K. S., Kim, J. J., Choi, B. H,, Cho, B. W., Kim,
T. H. and Lee, C. K. 2009. Differentially expressed transcripts in

A., Remschmidt, H.,,

and Fries, Association of the

adipose tissue between Korean native pig and Yorkshire breeds.
Anim. Genet. 40:115-118.

Oh, H., Kim, H., Yang, H., Lee, J., Joo, Y. and Kim, C. 2008.
Comparison of meat quality characteristics between crossbreeds.
Korean J. Food Sci. Ani. Resour. 28:171-180.

Park, H. B., Carlborg, O., Marklund, S. and Andersson, L. 2002.
Melanocortin-4 receptor (MC4R) genotypes have no major effect
on fatness in a Large White x Wild Boar intercross. Anim.
Genet. 33:155-157.

Rothschild, M. F., Jacobson, C. and Vaske, D. A. 1996. The estrogen
receptor locus is associated with a major gene influencing litter
size in pigs. Proc. Natl. Acad. Sci. 93:201205.

Stephens, M., Smith, N. and Donnelly, P. 2001. A new statistical
method for haplotype reconstruction from population data. Am. J.
Hum. Genet. 69:978989.

Stachowiak, M., Szydlowski, M., Obarzanek-Fojt, M. and Switonski,
M. 2006. An effect of a missense mutation in the porcine
melanocortin-4 receptor (MC4R) gene on production traits in
Polish pig breeds is doubtful. Anim. Genet. 37:55-57.

Van den Maagdenberg, K., Stinckens, A., Claeys, E., Seynaeve, M.,
Clinquart, A., Georges, M., Buys, N. and De, Smet. S. 2007.
The p.Asp298Asn missense mutation in the porcine melanocortin-
4 receptor (MC4R) gene can be used to affect growth and carcass
traits without an effect on meat quality. Animal. 1:10891098.

(Received Feb. 9, 2011; Revised Nov. 23,2011; Accepted Jan. 31, 2012)



