
Introduction

For the last decades, meat quality traits have in-

creasingly attracted more attention in pig breed-

ing, because selection for high growth rate and

lean meat deposition resulted in reduction of meat

quality (Zuo et al. 2007). The muscle fiber charac-

teristics play a key role in meat quality (Picard

et al. 2002). Skeletal muscle is a very heteroge-

neous tissue that is composed of a large variety of

functionally diverse fiber types. One of the unique

features of skeletal muscle is the large number of

fiber types and their distinct functional character-

istics and compositions, which contribute to a va-

riety of functional capabilities (Pette and Staron

1997). These fiber types differ according to their

molecular, metabolic, structural, and contractile

properties, and thus can be grouped according to

various parameters, including myofibrillar protein

isoforms, metabolic enzyme profiles, and struc-

tural and contractile properties (Schiaffino and

Reggiani 1996; Bottinelli and Reggiani 2000).

The contractile protein troponin I (TnI), a constitu-

ent protein of the troponin complex located on the

thin filaments of striated muscle, is involved in in-

hibition of calcium-induced myosin ATPase activ-

ity (and thus contraction). TnI is encoded by a

multigene family. Three isoforms of TnI are
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known, and each is expressed in a mus-

cle-fiber-type-specific manner. Genes of TnI-slow

(slow-twitch skeletal muscle isoform, named

TNNI1) and TnI-fast (fast-twitch skeletal muscle

isoform, named TNNI2) are expressed exclusively

in slow-twitch and fast-twitch skeletal fibers, re-

spectively (Corin et al. 1994; Mullen and Barton

2000). TNNI1 has been used as a model gene to

study mechanisms of slow fiber-specific expres-

sion (Polly et al. 2003). Therefore, it can be in-

ferred that the TnI genes are potential candidate

genes for traits related to meat quality in animals.

To our knowledge, no studies have reported the re-

lationship between the polymorphisms of TnI

family genes and meat quality traits.

The Chinese indigenous Meishan pig breed

and the Western lean-type Large White pig breed

show obvious differences in muscle growth and

meat quality traits. Compared with the Chinese

fat-type Meishan pigs, the meat-type Large White

pigs have a higher growth rate, higher feed to body

weight conversion ratio, and higher carcass lean

percentage, but have lower intramuscular fat and

inferior eating quality from the Chinese perspec-

tive. In order to seek for the major genes or mark-

ers underlying phenotypic difference between

these 2 pig breeds, a 3-generation resource family

was established by Large White boars and

Meishan dams in our lab. The objective of the cur-

rent study was to examine the associations of sin-

gle-nucleotide polymorphisms (SNPs) in some

selected intronic sequences of TNNI1 and TNNI2

genes with meat quality traits in this F2 pig popula-

tion.

Materials and methods

Animals and data collection

A 3-generation Large White × Meishan resource

population including 334 F2, 54 F1, and 21 P ani-

mals was used for association analysis. They were

fed twice a day, with diets formulated according to

age under a standardized feeding regimen and free

access to water. The F2 pigs at the age of about

200 days were slaughtered in 2000 and 2003, fol-

lowing a common protocol. The average weight at

slaughter was 87.0±7.07 kg. Meat quality traits in-

cluding pH of longissimus dorsi 45 min after

slaughter (pHLD), pH of biceps femoris 45 min

after slaughter (pHBF), pH of semispinalis capitis

45 min after slaughter (pHSC), drip loss rate

(DLR, %), water-holding capacity (WHC, %),

meat color value of longissimus dorsi (MCV1),

meat color value of biceps femoris (MCV2),

marbling score of longissimus dorsi (MMS1),

marbling score of biceps femoris (MMS2), intra-

muscular fat (IMF, %), and moisture content

(WC, %) were measured according to the method

of Xiong and Deng (1999).

PCR-RFLP genotyping

Genomic DNA was prepared from blood samples

using a standard phenol: chloroform extraction

method. According to the DNA sequences of the

pig TNNI1 gene (GenBank accession number:

EU743939), PCR primers Tn-1 (forward: 5’-GAG

TGG TAG GAG ATT GAC GGA-3’, reverse:

5’-GTA GCG AGC CTT CTC AGC C-3’; Tm =

60°C) and Tn-2 (forward: 5’-CGT GCC AAC

CTC AAG TCC G-3’, reverse: 5’-TTT CTC CAG

TCA CCC ACC TCC-3’; Tm = 64°C) were de-

signed to amplify introns 4 and 7 of the porcine

TNNI1 gene. According to the DNA sequences of

the porcine TNNI2 gene (GenBank accession

number: EU696779), PCR primers Tn-3 (forward:

5’-GGG TGG GAC TTC GAA GGG A-3’, re-

verse: 5’-AGA GGA GAC AGA GTC AGG

GC-3’; Tm = 64°C) were designed to amplify

intron 3 of the porcine TNNI2 gene. The reaction

mixtures comprised 25 ng of the porcine genomic

DNA as a template, 0.25 �M of each primer,

0.25�M of each dNTP, 1 × PCR buffer, and 1U of

Taq DNA polymerase (Biostar International, To-

ronto, Canada). The PCR amplifications were per-

formed in 20 �L on a GeneAmp PCR system 9600

(Perkin Elmer, Foster City, CA, USA) with the

following cycling parameters: initial denaturation

for 4 min, 35 cycles of 95°C for 45 s, optimal an-

nealing temperature for 45 s, and 72°C for 45 s. A

final extension was performed at 72°C for 10 min.

Next, 8 �L of PCR amplifications obtained with

the above primer pairs were digested with 10 U of

XbaI, MspI and SmaI restriction enzymes

(TaKaRa, Dalian, China), electrophoresed on 2%

agarose gel in 1 × TAE buffer, and stained with

0.5 �g mL–1 ethidium bromide.

Statistical analysis

The normality of the different trait values was

tested by using the UNIVARIATE procedure of

SAS version 8.0 (SAS Institute Inc., Cary, NC).

The meat quality traits of pigs with different geno-

types were presented as mean ± SE by the

MEANS procedure of SAS 8.0. The classical �
2

goodness-of-fit test for Hardy-Weinberg equilib-

rium was performed using CHITEST of Excel. As
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the distribution of trait data was not normal, the ef-

fects of family, sex and genotypes on the traits

studied were analyzed by Kruskal-Wallis rank

sum test of SAS 8.0. The Wilcoxon rank sum test

was used to compare the trait variables between

2 different genotype groups. To correct for occur-

rence of false positives due to testing of multiple

traits, the P values derived from individual statisti-

cal tests were adjusted in the association analysis

according to Benjamini and Hochberg false dis-

covery rate multiple testing correction (Benjamini

and Hochberg 1995).

Results

Characteristics of meat quality traits

Phenotypic mean, standard deviation (SD), and

coefficient of variation (CV) for each meat quality

trait are given in Table 1. Coefficients of variation

ranged from 1.04 to 27.00%. DLR, MCV, and

IMF had higher coefficients of variation, while the

other traits showed lower variation. The

Shapiro-Wilk test showed that the trait variables

analyzed did not conform to the normal distribu-

tion (Table 1). Although family and sex generally

have an important influence on the meat quality

traits, the effects of these 2 factors were not signif-

icant after correction in this study (Table 1). As the

male F2 pigs were castrated at a young age, there

was no significant difference in meat quality traits

between female and male pigs.

Identification and genotype patterns of

3 polymorphisms

Primer pairs Tn-1 and Tn-2 amplified 190-bp and
320-bp fragments, respectively. Two SNPs in-
cluding EU743939:g.5174T>C in intron 4 and

EU743939:g.8350C>A in intron 7 of the TNNI1

gene were found by sequencing, and then detected
by RCR-RFLP, using the XbaI and MspI restric-
tion enzymes. TNNI1/XbaI genotypes were de-
noted as CC (190 bp), CT (190 bp + 111 bp +
79 bp), and TT (111 bp + 79 bp). TNNI1/MspI ge-
notypes were denoted as AA (320 bp), AC (320 bp
+ 227 bp + 93 bp) and CC (227 bp + 93 bp). Primer
pair Tn-3 amplified the 425-bp fragment contain-
ing the polymorphic site EU696779:g.1167C>T in
intron 3 of the TNNI2 gene, which was identified
by PCR-RFLP, using restriction enzyme SmaI. Di-
gestion of the PCR fragments with SmaI generates
one fragment (genotype TT, 425 bp), 2 fragments
(genotype TC, 288 bp + 137 bp) or 3 fragments
(genotype CC, 425 bp + 288 bp + 137 bp).

Associations between 3 SNPs and meat quality

traits

The �
2 goodness-of-fit test showed that the P value

of fit to the Hardy-Weinberg equilibrium was

0.744, 0.019, and 0.981 for g.5174T>C,

g.8350C>A in TNNI1 and g.1167C>T in TNNI2,

respectively. This indicates that the distribution of

g.5174T>C in TNNI1 and g.1167C>T in TNNI2

conformed to the Hardy-Weinberg equilibrium.

Results of Kruskal-Wallis and Wilcoxon rank sum

test for polymorphisms and meat quality traits are

presented in Tables 2–4. The g.5174T>C poly-

morphism showed significant or highly significant

associations with pHLD, pHBF, MCV1, MCV2,

MMS1, and IMF. Pigs carrying genotype CC had

higher pHLD, pHBF, MMS1, and IMF, but lower

MCV1 and MCV2 than the TT animals (Table 2).

The g.8350C>A polymorphism was also found to

be significantly associated with MCV2 and IMF.

The AA individuals had significantly lower

MCV1 and MCV2 values, but higher IMF than

AC ones (Table 3). Significant effects of
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Table 1. Characteristics of meat quality traits in this study

Trait Mean SD* CV (%) Corrected P value

normality family effect sex effect

pH of longissimus dorsi 6.34 0.18 2.89 <0.001 0.258 0.975

pH of biceps femoris 6.40 0.13 2.03 <0.001 0.248 1.000

pH of semispinalis capitis 6.44 0.12 1.86 0.047 0.924 0.982

Drip loss rate (%) 6.25 1.44 23.02 <0.001 0.955 1.000

Water-holding capacity (%) 91.50 2.05 2.24 <0.001 0.858 1.000

Meat color value of longissimus dorsi 20.23 3.24 16.01 <0.001 0.197 0.988

Meat color value of biceps femoris 19.05 1.70 8.92 <0.001 0.074 0.944

Marbling score of longissimus dorsi 3.43 0.24 7.00 <0.001 0.121 1.000

Marbling score of biceps femoris 4.10 0.18 4.39 <0.001 0.119 0.961

Intramuscular fat (%) 3.19 0.86 27.00 <0.001 0.054 1.000

Moisture content (%) 73.78 0.77 1.04 <0.001 0.103 1.000

SD = standard deviation; CV = coefficient of variation
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Table 2. Association of TNNI1/XbaI-RFLP genotypes with meat quality traits

Trait TNNI1/XbaI-RFLP genotype (mean±SE) Kruskal-Wallis test Wilcoxon test P value (corrected P)

CC (N = 74) CT (N = 154) TT (N = 67) P value corrected P CC-TT CC-CT CT-TT

pH of longissimus dorsi 6.394±0.015 6.318±0.016 6.330±0.025 0.011 0.024 0.036 (0.078) 0.003 (0.034) 0.656 (1.000)

pH of biceps femoris 6.448±0.015 6.406±0.010 6.416±0.016 0.129 0.237 0.191 (0.350) 0.044 (0.121) 0.657 (0.903)

pH of semispinalis capitis 6.441±0.012 6.448±0.010 6.434±0.015 0.750 0.825 0.805 (0.984) 0.652 (0.717) 0.471 (0.864)

Drip loss rate (%) 6.201±0.106 6.864±0.335 6.901±0.571 0.399 0.549 0.265 (0.365) 0.205 (0.282) 0.953 (1.000)

Water-holding capacity (%) 91.611±0.142 90.601±0.465 90.635±0.783 0.349 0.548 0.261 (0.411) 0.164 (0.258) 0.959 (0.959)

Meat color value of longissimus dorsi 19.324±0.187 20.351±0.276 21.545±0.519 0.0004 <0.01 <0001 (<0.01) 0.021 (0.113) 0.018 (0.049)

Meat color value of biceps femoris 18.709±0.134 19.033±0.092 19.858±0.142 0.0004 <0.01 <0001 (<0.01) 0.097 (0.175) 0.003 (0.035)

Marbling score of longissimus dorsi 3.497±0.030 3.418±0.018 3.342±0.028 0.0006 <0.01 0.0001(<0.01) 0.036 (0.133) 0.013 (0.048)

Marbling score of biceps femoris 4.115±0.023 4.103±0.015 4.107±0.018 0.913 0.913 0.809 (0.890) 0.670 (0.670) 0.893 (1.000)

Intramuscular fat (%) 3.370±0.099 3.139±0.071 2.809±0.101 0.0006 <0.01 0.0001(<0.01) 0.058 (0.129) 0.009 (0.050)

Moisture content (%) 73.835±0.088 73.732±0.061 73.845±0.102 0.504 0.616 0.940 (0.940) 0.358 (0.438) 0.329 (0.725)

SE = standard error

Table 3. Association of TNNI1/MspI-RFLP genotypes with meat quality traits

Trait TNNI1/MspI-RFLP genotype (mean±SE) Kruskal-Wallis test Wilcoxon test P value (corrected P)

AA (N = 85) AC (N = 131) CC (N = 96) P value corrected P AA-CC AA-AC AC-CC

pH of longissimus dorsi 6.345±0.018 6.324±0.016 6.354±0.018 0.421 0.662 0.729 (1.000) 0.396 (0.623) 0.207 (0.569)

pH of biceps femoris 6.414±0.012 6.411±0.012 6.423±0.013 0.799 1.000 0.659 (1.000) 0.869 (1.000) 0.509 (0.700)

pH of semispinalis capitis 6.431±0.015 6.454±0.011 6.439±0.012 0.364 0.668 0.644 (0.984) 0.171 (0.377) 0.364 (0.572)

Drip loss rate (%) 6.690±0.306 6.770±0.338 6.757±0.413 0.987 0.987 0.904 (1.000) 0.877 (0.965) 0.979 (0.979)

Water-holding capacity (%) 90.923±0.415 90.726±0.470 90.844±0.569 0.960 1.000 0.917 (0.917) 0.781 (1.000) 0.863 (0.949)

Meat color value of longissimus dorsi 20.053±0.325 20.695±0.274 20.120±0.379 0.011 0.058 0.892 (1.000) 0.005(0.028) 0.019 (0.107)

Meat color value of biceps femoris 18.794±0.159 19.447±0.156 19.010±0.183 0.004 0.042 0.396 (1.000) 0.001 (0.015) 0.012(0.133)

Marbling score of longissimus dorsi 3.461±0.026 3.393±0.021 3.426±0.021 0.274 0.603 0.314 (1.000) 0.037 (0.103) 0.295 (0.650)

Marbling score of biceps femoris 4.091±0.019 4.122±0.016 4.078±0.016 0.151 0.416 0.635 (0.890) 0.199 (0.365) 0.064 (0.233)

Intramuscular fat (%) 3.293±0.088 3.040±0.081 3.159±0.082 0.014 0.050 0.296 (1.000) 0.006 (0.021) 0.023 (0.085)

Moisture content (%) 73.778±0.080 73.794±0.072 73.830±0.073 0.896 1.000 0.653 (1.000) 0.885 (0.885) 0.727 (0.889)
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Table 4. Association of TNNI2/SmaI-RFLP genotypes with meat quality traits

Trait TNNI2/SmaI-RFLP genotype (mean±SE) Kruskal-Wallis test Wilcoxon test P value (corrected P)

TT (N = 40) CT (N = 143) CC (N = 122) P value corrected P TT-CC TT-CT CT-CC

pH of longissimus dorsi 6.337±0.030 6.330±0.014 6.364±0.016 0.022 0.049 0.342 (0.752) 0.376 (0.460) 0.010 (0.022)

pH of biceps femoris 6.413±0.022 6.403±0.011 6.434±0.011 0.201 0.221 0.387 (0.709) 0.652 (0.652) 0.079 (0.109)

pH of semispinalis capitis 6.447±0.018 6.437±0.011 6.452±0.010 0.122 0.224 0.126 (1.000) 0.077 (0.140) 0.861 (0.861)

Drip loss rate (%) 7.239±0.940 6.433±0.219 6.920±0.341 0.143 0.225 0.644 (0.788) 0.054 (0.119) 0.092 (0.113)

Water-holding capacity (%) 90.155±1.290 91.190±0.312 90.623±0.466 0.153 0.210 0.671 (0.738) 0.095 (0.131) 0.059 (0.108)

Meat color value of longissimus dorsi 20.288±0.727 20.619±0.238 20.020±0.298 0.012 0.033 0.892 (0.892) 0.015 (0.042) 0.008 (0.023)

Meat color value of biceps femoris 18.863±0.273 19.500±0.147 18.798±0.149 0.001 0.012 0.396 (0.622) 0.009 (0.047) 0.0003 (0.003)

Marbling score of longissimus dorsi 3.448±0.038 3.373±0.018 3.475±0.022 0.002 0.011 0.314 (1.000) 0.004 (0.046) 0.0009 (0.005)

Marbling score of biceps femoris 4.095±0.027 4.117±0.015 4.093±0.016 0.169 0.207 0.559 (0.769) 0.418 (0.460) 0.062 (0.097)

Intramuscular fat (%) 3.328±0.142 2.973±0.071 3.296±0.079 0.008 0.030 0.296 (1.000) 0.011 (0.040) 0.003 (0.012)

Moisture content (%) 73.703±0.142 73.810±0.063 73.785±0.068 0.219 0.219 0.327 (0.900) 0.089 (0.140) 0.284 (0.312)



g.1167C>T polymorphism in the TNNI2 gene on

pHLD, MCV1, MCV2, MMS1, and IMF were

found within the F2 population studied. Heterozy-

gotes with genotype CT had higher MCV1 and

MCV2, but lower pHLD, MMS1, and IMF than

that of TT or CC pigs (Table 4).

Discussion

The morphological and biochemical characteris-

tics of muscle fiber types are major factors that in-

fluence energy metabolism within skeletal

muscles of live animals, as well as during the post-

mortem conversion of muscle to meat (Ryu and

Kim 2005, 2006). Skeletal muscle fibers are char-

acterized by their precise organization of contrac-

tile and regulatory proteins into striated

myofibrils, which result from repeating units ar-

ranged in series, also known as sarcomeres. There

is a high degree of molecular variability of

sarcomeres, due to the existence of multiple

isoforms of each myofibrillar component (Pette

and Staron 1997; Clark et al. 2002).

Intramuscular fat and ultimate pH of pork are

the most commonly used traits to assess pork qual-

ity. Intramuscular fat can be measured by subjec-

tive and objective methods. Marbling score is one

of subjective methods. The higher the intramuscu-

lar fat content, the higher the marbling score. Pork

pH is correlated with quality traits, like color, drip

loss, and water-holding capacity. A higher level of

acidity within the muscle (lower pH) causes mus-

cle protein to denature and lose its ability to hold

water. Therefore, meat with higher pH and intra-

muscular fat will tend to have more desirable char-

acteristics. The percentage of type I fiber is

positively correlated with IMF content in cattle

(Calkins et al. 1981). The pH of pork is correlated

with glycogen content and glycolysis in postmor-

tem muscle. Fast-twitch fibers mainly carry out

the glycolytic pathway, and their metabolism con-

tributes to a fast metabolic rate at the early post-

mortem period. Thus, the percentage of type IIB

fiber is negatively related to muscle pH, and posi-

tively related to the R-value (adenosine/inosine ra-

tio) (Ryu and Kim 2006). Meat color is also an

important index of meat quality. In general, meat

color varies from light to dark, with the 2 extremes

corresponding to PSE and DFD meat. The meat

with a high meat color value is light colored, while

the meat with a low meat color value is dark col-

ored. According to Ryu and Kim (2006), the total

amount of type I fiber is negatively correlated with

drip loss and lightness. Recent studies have also

shown that muscles harboring a high glycogen and

lactate content at 45 min postmortem are com-

posed of significantly higher type IIB fiber and

lower type I fiber, and also showed rapid postmor-

tem glycolysis, paler color, and higher drip loss

than muscles harboring a high glycogen and low

lactate content in the early postmortem period

(Choe et al. 2008).

In this study, 2 novel SNPs (g.5174T>C and

g.8350C>A) within introns 4 and 7 of the TNNI1

gene were detected. The 2 SNPs were both found

to be significantly associated with intramuscular

fat and meat color value, showing that these 2 loci

were linked with each other in the F2 population.

Pigs with genotype CC at g.5174T>C locus or AA

at g.8350C>A locus had higher intramuscular fat

content and more incarnadine meat than other

pigs. In addition, CC individuals had higher meat

pH and marbling score. From the results, we can

see that allele C at g.5174T>C and allele A at

g.8350C>A were associated with good and desir-

able meat quality, such as higher intramuscular

fat. This may be caused by differences in the com-

position of one muscle fiber type between differ-

ent genotype individuals. Therefore, improving

the frequency of genotype CC at g.5174T>C or al-

lele AA at g.8350C>A will help to improve the ge-

netic progress of meat quality traits in pig

breeding. This study also revealed that the

g.1167C>T polymorphism of the TNNI2 gene was

significantly associated with meat pH, intramus-

cular fat, and meat color value. This locus seemed

to be significantly overdominant in action for meat

color value and marbling score, and pigs with ge-

notype CT had significantly lower meat pH and in-

tramuscular fat, but higher meat color value, as

compared to genotypes CC or TT, suggesting that

heterozygotes had poorer meat quality than homo-

zygotes.

The potential gain of marker-assisted selection

would be in terms of reduced costs for sib testing

after slaughter and reduction in sophisticated meat

quality measurements as well as additional im-

provement of meat quality by early information

from genetic markers (Ovilo et al. 2006). From

this point of view, the results of this study give us

some evidence for the potential of markers used in

the marker-assisted selection of a synthetic pig

line derived from the Large White and Meishan

pig breeds. However, before the selection of these

markers in pigs, we should confirm the effects of

those markers by comparing the meat quality traits

of pigs carrying different genotypes, as the effects
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of an allele may vary between pig populations. In

addition, the F2 design has a great power to detect

quantitative trait loci provided by linkage disequi-

librium, but also makes it difficult to discriminate

between causal and neutral mutations (Varona

et al. 2005). Therefore, the association may be

caused by linkage disequilibrium in the F2 popula-

tions. Since the SNPs are all located in introns, it

was difficult to conclude about a direct effect of

the TNNI1 and TNNI2 genotypes on meat quality

traits involved. Whether the association is due to

the candidate gene or not will need further verifi-

cation. Thus, it will be of interest to continue asso-

ciation studies in the regions surrounding those

genes.
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