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Summary Genome scans in the pig have identified a region on chromosome 2 (SSC2) associated with

tenderness. Calpastatin is a likely positional candidate gene in this region because of its

inhibitory role in the calpain system that is involved in postmortem tenderization. Novel

single nucleotide polymorphisms (SNP) in calpastatin were identified and used to genotype a

population (n = 1042) of Duroc–Landrace–Yorkshire swine for association with longissi-

mus lumborum slice shear force (SSF) measured at days 7 and 14 postmortem. Three

genetic markers residing in the calpastatin gene were significantly associated with SSF

(P < 0.0005). Haplotypes constructed from markers in the calpastatin gene were signifi-

cantly associated with SSF (F-ratio = 3.93; P-value = 0.002). The levels of normalized

mRNA expression of calpastatin in the longissimus lumborum of 162 animals also were

evaluated by real-time RT-PCR and were associated with the genotype of the most signif-

icant marker for SSF (P < 0.02). This evidence suggests that the causative variation alters

expression of calpastatin, thus affecting tenderness. In summary, these data provide evi-

dence of several significant, publicly available SNP markers associated with SSF that may be

useful to the swine industry for marker assisted selection of animals that have more tender

meat.

Keywords calpastatin, gene expression, meat quality, pig, single nucleotide polymor-

phism.

Introduction

The quality and palatability of fresh retail pork are variable

and pricing is not adjusted, regardless of quality (Wright

et al. 2005). Efforts to improve the consistency and quality

of fresh retail pork would improve consumer acceptance

and perception of pork. Tenderness, juiciness, colour, fla-

vour and cost are key factors guiding consumer choices for

pork. The ability to select genetically for animals that are

superior and consistent for meat quality traits would benefit

the pork industry. Accurate markers to identify animals

with superior meat quality may increase consumer appeal

for pork and aid producer attempts to market branded

products.

Pork tenderness is a highly heritable trait (h2 = 0.45) in

both Duroc and Landrace pigs (Lo et al. 1992; Suzuki et al.

2005). However, the genetic components for meat tender-

ness are complex and are controlled by multiple genes, as

several quantitative trait loci (QTL) for tenderness measures

have been identified (Malek et al. 2001; Rohrer et al. 2006;

Edwards et al. 2008). One QTL region in particular has been

detected on SSC2 in at least three different commercial-type

pig populations (Stearns et al. 2005; Rohrer et al. 2006;

Meyers et al. 2007). A Duroc–Landrace F2 population

revealed two QTL for longissimus lumborum slice shear

force (SSF) on SSC2 with a suggestive QTL for SSF at 2 days

postmortem positioned over the calpastatin (CAST) gene

(Rohrer et al. 2006).

Calpastatin is the specific endogenous inhibitor of cal-

pains, which are calcium-dependent proteases responsible

for postmortem tenderization of meat (Koohmaraie 1992).
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A previous study found that a haplotype constructed with

three single nucleotide polymorphisms (SNPs) in the coding

region of CAST was associated with the meat quality traits of

Warner–Bratzler shear force, cooking loss and juiciness

(Ciobanu et al. 2004). Furthermore, a recent haplotype

analysis in the University of Illinois meat quality pedigree

population reduced the QTL interval for tenderness on

chromosome 2–1.8 cM containing the CAST gene (Meyers

et al. 2007). These studies provide additional evidence that

CAST is a likely candidate affecting tenderness in this region.

The aims of this study were to investigate the region of

chromosome 2 for its role affecting SSF and specifically, to

evaluate the possible involvement of CAST and surrounding

genes on chromosome 2 in pork tenderness. The markers

presented here are predictive of longissimus lumborum

tenderness in a Duroc–Landrace–Yorkshire population and

could provide producers with beneficial markers for pork

tenderness in other commercial swine populations.

Materials and methods

Animal care

Animals were fed a corn–soybean meal grower ration of

16% protein up to 16 weeks of age and 15% protein after

16 weeks of age (Klindt et al. 2006). Diets were formulated

to meet or exceed National Research Council recommen-

dations (NRC, 1998). All animal procedures were reviewed

and approved by the US Meat Animal Research Center

Animal Care and Use Committee and procedures for han-

dling pigs complied with those specified in the Guide for the

Care and Use of Agricultural Animals in Agricultural

Research and Teaching (FASS, 1999).

Resource population and phenotyping

The phenotyped animals were from a multigenerational

population developed at the US Meat Animal Research

Center (USMARC) by mating Yorkshire–Landrace composite

females to either Duroc or Landrace boars selected from the

industry. Twelve boars of each breed were randomly

assigned a sire code and mated to Yorkshire–Landrace

females (n = 220). This population (2001-born animals)

was further developed by mating female descendants

(n = 10/boar) to either a Duroc or Landrace-sired boar;

Duroc-sired animals were mated to Landrace-sired animals.

Subsequent matings were random except that matings of

the same sire line code were avoided. Approximately 10

barrows per boar from the Duroc or Landrace-sired matings

with Yorkshire–Landrace composite females (2001-born

animals; n = 24 boars, 12 boars per breed), 60 barrows and

gilts per boar (2004-born animals; n = 3 boars), 40 gilts per

boar (2005-born animals; n = 12 boars) and 10 barrows

per boar (2006-born animals; n = 12 boars) were harvested

and phenotyped (Table 1). All animals were harvested at

the USMARC abattoir and phenotypes were collected as

described in Rohrer et al. (2006).

The longissimus was removed from pork carcasses and

frozen at )20 �C. Tenderness as SSF was assessed at either

day 7 or 14 postmortem according to Shackelford et al.

(2004). Briefly, chops were thawed until an internal

temperature of 5 �C was reached. Belt grill cooking was

conducted with a Magigrill (model TBG-60; MagiKitch�n
Inc.). Belt grill settings (top heat = 163 �C, bottom heat =

163 �C, preheat = 149 �C, gap between platens = 2.16 cm,

and cook time = 5.8 min) were designed to achieve a final

internal temperature of 71 �C for 2.54-cm-thick longissi-

mus chops. Immediately after cooking, a 1-cm-thick,

5-cm-long slice was removed from each chop parallel to the

muscle fibres. The slice was acquired by first cutting across

the width of the longissimus at a point approximately 2 cm

from the lateral end of the muscle. Using a sample sizer, a

cut was made across the longissimus parallel to the first cut

at a distance 5 cm from the first cut. Using a knife that

consisted of two parallel blades spaced 1 cm apart, two

parallel cuts were simultaneously made through the length

of the 5-cm-long chop portion at a 45� angle to the long

axis of the longissimus and parallel with the muscle fibres.

Each sample was sheared once with a flat, blunt-end blade

using an electronic testing machine (model 4411; Instron

Corp.). The crosshead speed was set at 500 mm/min.

Table 1 is a summary of the SSF values collected including

the mean values, ranges and standard deviations for each

group of animals in the population used in this study.

Identification of bacterial artificial chromosome clones

Bacterial artificial chromosomes (BACs) containing the

CAST gene were identified from the CHORI-242 library

(BACPAC Resources) by probing filters using random-

primer labelled PCR products representing exons 1 (1u) and

30. CHORI-242 clones 401F7 and 111C3 were subcloned

by digestion with BamHI and HindIII and ligation into

pBluescript. One 96-well plate of clones from each library

was sequenced with T3 and T7 primers. Contigs were built

Table 1 Description of the USMARC resource population and

phenotypic mean values.

Year1 Animals2 SSF (kg)3 Range (kg)

2001 227 11.28 ± 2.77 6.8–28.1

2004 163 14.32 ± 2.92 9.1–24.6

2005 532 13.87 ± 3.53 6.4–29.4

2006 120 14.66 ± 4.44 8.6–31.9

Total 1042 13.47 ± 3.61 6.4–31.9

1The year animals were born.
2Animals with phenotypes available.
3Slice shear force (SSF; mean ± SD) for years 2001, 2005 and 2006 was

measured at 14 days postmortem. Slice shear force in year 2004 was

measured at 7 days postmortem.
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using Consed and contigs were aligned to the pig CAST

mRNA (GenBank M20160). Another library was sample

sequenced by pooling the two BAC clones above and par-

tially digesting with Sau3AI. A BAC containing adenosine

monophosphate deaminase 3 (AMPD3), CHORI-242 clone

53P13, was identified from the pig BAC Map (http://

www.sanger.ac.uk/Projects/S_scrofa/mapping.shtml) and

sample sequenced as above.

Identification of SNP markers

Primer pairs for amplification of CAST from genomic DNA

were designed from porcine sequences obtained from BAC

subclone sequences and those deposited in GenBank

(Accession numbers CU467752 and CU469214 for CAST)

using PRIMER 3 (Rozen & Skaletsky 2000) (code available at

http://www-genome.wi.mit.edu/genome_software/other/

primer3.html). Primers for other loci were designed from

available EST, genomic or BAC-end sequences. Primer sets

were obtained from IDT (Integrated DNA Technologies).

PCR was performed in a PTC-225 DNA engine (MJ Research

Inc.) using 0.5 U Hot Star Taq polymerase (Qiagen); 1·
supplied buffer; 1.5 mM MgCl2; 200 lM dNTPs; 0.8 lM each

primer; and 100 ng genomic DNA of eight animals repre-

senting different sire lines in 25 ll reactions. Five microli-

tres of the PCR reaction was electrophoresed in 1.5%

agarose gels to determine quality of amplification and the

remainder was prepared for sequencing after treatment with

0.1 U exonuclease I (USB). Sequencing reactions were pre-

cipitated with 58% isopropanol and sequenced with an ABI

3730 capillary sequencer (Applied Biosystems). Bases were

called with Phred and assembled into contigs with Phrap.

Polymorphisms were identified using POLYPHRED and assessed

using Consed (http://www.phrap.org).

Genotyping analysis

Multiplex assays for use in the Sequenom MASSARRAY
� system

were designed using MASSARRAY
� Assay Design software.

Assays were designed for 40 SNPs on chromosome 2. Each

amplification primer had a 10-base tag added to ensure that

the amplification primer masses were outside the range of

the allele masses. Amplicon lengths were approximately

120 bp. Reaction conditions were performed as suggested

by Sequenom iPLEX chemistry.

Association analyses

The data were analysed using an animal model which

included fixed effects of sex and harvest date, covariates of

SNP regressors and random additive polygenic effects.

Regressors (independent variables; number of allele substi-

tutions) for additive, dominant and parent-of-origin effects

of each SNP were calculated using genotypic probabilities

generated by allelic peeling algorithms in GENOPROB

(Thallman 2002) as described by Kuehn et al. (2007).

Variance components for polygenic effects and error were

estimated using MTDFREML (Boldman et al. 1995). Each SNP

was fitted separately due to potential multi-colinearity

between regressions of closely linked markers. Nominal

significance values were computed. For the three most

significant SNPs (41646_874i, 41650_892g and

41658_290i), a second analysis was conducted without the

parent-of-origin effect, as it was not a significant source of

variation for any of these markers and this genomic region

is not known to contain imprinted genes. A correction for

multiple testing was applied to markers with significant

associations by multiplying the estimated P-value by the

number of unique tests.

Haplotypes were developed for each animal in the pedi-

gree for the three most significant SNPs (41646_874i,

41650_892g and 41658_290i), based on most likely

ordered genotypes determined by GENOPROB (Thallman

2002). For <5% of the data, GENOPROB predicted rare

haplotypic genotypes in progeny that were inconsistent

with Mendelian segregation. It was assumed that the pre-

dicted ordered genotypes (determining which set of alleles

were of maternal and paternal origin) were incorrect be-

cause a change in order of a single marker yielded a com-

mon haplotypic genotype for the progeny as well as fitting

Mendelian segregation. None of the changes made altered

the actual genotype of a marker; they only changed the

estimated parental origin of an allele. A final association

analysis was conducted fitting the haplotypic genotypes as a

fixed effect in the animal model described above.

Linkage disequilibrium analysis and Hardy–Weinberg
equilibrium

Linkage disequilibrium (LD) (r2) was estimated for the

40 SNPs on chromosome 2 using HAPLOVIEW 4.0 soft-

ware (Barrett et al. 2005; http://www.broad.mit.edu/mpg/

haploview/index.php). Haplotype blocks were based on

pairwise LD values. HAPLOVIEW was also used to test whether

the allele frequencies of each SNP on SSC2 conformed to

Hardy–Weinberg equilibrium (HWE) expectations and to

identify tag SNPs. The program uses the PHWE test statistic

to evaluate the integrity of the genotypic data (Wigginton

et al. 2005).

Calpastatin gene expression

Total RNA was extracted from 50 mg porcine longissimus

lumborum (n = 162) from animals born in 2006 and 2008

by homogenization with TriZol reagent (Invitrogen) fol-

lowing the manufacturer�s protocol. RNA pellets were

resuspended in 100 ll DEPC-treated water and absorbance

was measured by spectrophotometry at 260 nm. RNA

(2 lg) was reverse transcribed using oligo dT18 primer and

M-MLV reverse transcriptase (Promega). Primers for CAST
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(GenBank M20160) and glyceraldehyde 3-phosphate dehy-

drogenase (GAPDH, GenBank AF017079) were designed for

real-time RT-PCR using PRIMER 3. Primers used to amplify

CAST were located in exons 4 and 6. The CAST forward

primer sequence (nucleotides 213–233) was 5¢-AGGCTG-

TAAAAACAGAACCTG-3¢ and the reverse primer sequence

was 5¢-ATTTCTCTGATGTTGGCTGCTC-3¢ (nucleotides

392–413). The GAPDH forward primer sequence (nucleo-

tides 739–757) was 5¢-GCGTGAACCATGAGAAGTATGA-3¢
and the reverse primer sequence (nucleotides 947–967)

was 5¢-GGTAGAAGCAGGGATGATGTTC-3¢. Real-time PCR

was performed using 1· iQ� SYBR� Green Supermix (Bio-

Rad), 0.4 ng of cDNA and 0.3 lM of each primer. The PCR

reaction was performed at 95 �C for 3 min followed by 40

cycles at 95 �C for 20 s, 58 �C for 30 s and 70 �C for 1 s on

a MJ PTC-200 with a Chromo-4 detector (MJ Research). To

evaluate the amplification efficiencies of CAST and GAPDH

fragments, real-time RT-PCR analysis was performed

with serial dilutions of a pooled sample of cDNA from eight

2006 barrows. A linear relationship was established for the

difference in cycle threshold (DCt) values of target and

reference genes from concentrations of cDNA ranging from

0.08 to 10 ng and a standard concentration of 0.4 ng of

cDNA was chosen for the real-time assays. The threshold

cycle (Ct) for CAST and GAPDH of each sample was

determined and used to calculate the DDCt using a reference

cDNA pool. The fold difference between samples was

obtained using the 2�DDCt method (Livak & Schmittgen

2001).

Analysis of gene expression data

Gene expression data were analysed using the QTL Associ-

ation option of MENDEL 8.0.1 (Lange et al. 2001). The statis-

tical model included the random effects of harvest date and

real-time assay group as fixed effects.

Results

Slice shear force values were collected from four different

generations of pigs produced at USMARC. SSF in longissi-

mus lumborum was highly heritable in the USMARC swine

population with a heritability estimate of 0.54, which is

comparable to previously reported heritabilities for tender-

ness in other porcine populations (Lo et al. 1992; Suzuki

et al. 2005). The numbers of animals phenotyped by year,

the mean and range of SSF values, as well as the standard

deviations, are presented in Table 1. These values are sim-

ilar to those reported for SSF at 7 days postmortem (Rohrer

et al. 2006).

Sequencing and polymorphism detection

Quantitative trait loci on SSC2 were identified for SSF in the

region of the CAST gene (Rohrer et al. 2006). To investigate

the role of this region in tenderness further, polymorphisms

were detected in eight animals of different sire lines on

chromosome 2 from 64.8 to 138 cM. This region covers the

CAST gene and flanking genomic DNA regions. The entire

CAST sequence was contained in the subclone sequences of

two BAC clones (GenBank CU467752 and CU469214) from

the Swine Genome sequencing effort. The coding region of

each exon and the flanking introns were sequenced and a

total of 80 SNPs and indels were identified in CAST

(Table S1). Most of the polymorphisms detected were

located in intronic regions (Table S1); however, fifteen SNPs

were detected in exons of CAST (Table S1). Three of these

SNP resulted in non-synonymous amino acid changes at

p.Ser88Asn, p.Lys271Arg, and p.Ser660Arg (positions

based on GenBank accession number M20160). These three

SNPs had been previously reported as p.Ser66Asn,

p.Lys249Arg and p.Ser638Arg (Ciobanu et al. 2004).

Additional polymorphisms were found in the other posi-

tional candidate genes and in the genomic regions flanking

CAST (Table 2).

SNP genotyping and association

Forty SNPs on SSC2 were used to genotype the USMARC

Duroc–Landrace–Yorkshire population of swine with meat

quality phenotypic data using the Sequenom MASSARRAY

system. The markers, their corresponding positions and

observed allele frequencies are shown in Table 2. In addi-

tion to six novel SNPs in CAST, the three SNPs

(41646_874i, 41650_892g, and M20160.638aai) previ-

ously reported by Ciobanu et al. (2004) to alter the amino

acid sequence of calpastatin at p.Ser88Asn, p.Lys271Arg

and p.Ser660Arg (positions based on GenBank accession

number M20160), were also incorporated into the assays.

Greater than 95% of the samples analysed generated reli-

able genotypes for all markers assayed.

The proportion of the variation in SSF that can be

attributed to the markers analysed on SSC2 in this study

was 11.641% (data not shown). Of the nine markers that

were genotyped in the CAST gene, five were highly signifi-

cant for association with SSF (Table 3). However, after

adjustment for multiple testing, only three of the markers in

CAST were significant for SSF (Table 3). The most signifi-

cantly associated marker that had the largest effect on SSF

was 41658_290i. Markers in CAST displayed additive

effects ranging from 0.520 to 0.759 kg shear force.

Two other markers analysed in regions flanking CAST

were also associated with SSF (Table 3). One marker located

at 83 cM (65565_349) is 2-Mb upstream from CAST on

the BAC map and another marker located at 86 cM

(65644_369), 13-Mb downstream of CAST, were signifi-

cantly associated with SSF (Table 3). These markers dis-

played additive effects. Other markers further upstream at

68.4 and 69.9 cM (12801.1i and 21726_2 respectively)

were also associated with SSF, but displayed dominant or
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codominant effects rather than the additive effect detected

for markers located near or within the CAST gene (Fig. 1).

After correction for multiple testing, none of these markers

was significantly associated with SSF (Table 3).

Haplotype analysis

The SNPs genotyped in the CAST gene segregated into two

haplotype blocks generated by HAPLOVIEW 4.0 (Fig. 2; hap-

lotype blocks 2 and 3). Two of the markers, 41642_192i

and 41642_408i, were identified in the same amplicon and

were nearly in complete LD with each other (r2 = 0.99).

Markers 41646_874i and 41650_892g that alter the

amino acid sequence of CAST were also detected in high LD

(0.95). The marker with the highest association with SSF,

41658_290, was found in lower LD with the other CAST

markers (0.35–0.73). Three tag SNPs; 41642_408i,

41646_874i and 41658_290i were predicted by HAPLOVIEW.

Three major haplotypes and one in low frequency were

predicted by HAPLOVIEW 4.0 (in block 2) for CAST (Fig. 2).

The most common haplotype, CACAACC, was detected at a

frequency of 0.563. The frequency of the TGTGGTT

haplotype, which was associated with higher SSF, was

0.171 (Fig. 2). CAST haplotypes constructed from markers

41646_874i, 41650_892g and 41658_290i, were evalu-

ated by MTDFREML and were significantly associated with SSF

(F-ratio = 3.93; P-value = 0.002). The haplotype analysis

was less significant than the single marker association and

did not explain additional phenotypic variation.

Relationship between CAST gene expression and SNPs
in the CAST gene

To determine whether the expression of CAST was associ-

ated with CAST SNP genotypes, mRNA from longissimus

lumborum of 2006 and 2008-born animals (n = 162) was

evaluated for CAST mRNA levels by real-time RT-PCR. The

quantity of CAST mRNA, calculated using the fold difference

equation 2�DDCt , was associated with 41658_290i

(P = 0.011), the most significant SNP associated with SSF,

and 41642_408i (Table 4). Twelve of these animals were

homozygous T for the 41658_290i marker, 75 were het-

erozygous (C/T) and 75 were homozygous for the C allele.

Table 4 shows the allelic effects of six SNPs in CAST on the

relative gene expression of CAST.

Discussion

Genetic selection for increased lean growth in swine has led

to decreased consumer acceptance because of a decrease in

meat and eating quality of pork, including tenderness

(Schwab et al. 2006). Feed sources and additives fed to pigs

can also negatively affect meat quality (Carr et al. 2005). To

make progress in improving these traits, the genetic sources

of variation need to be identified. Techniques to measureT
ab
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meat tenderness are invasive, disruptive to the processing of

pork and labour-intensive (Shackelford et al. 2004). Iden-

tification of DNA markers that are predictive of these traits

would substantially alleviate the problems and expense

associated with measuring these traits. Sources of variation

in pork tenderness include postmortem proteolysis, collagen

concentration and sarcomere length (Wheeler et al. 2000).

For these reasons, we chose to evaluate genes because of

their location on chromosome 2 and their possible

involvement in expression of these traits.

This study confirms the presence of a QTL for pork ten-

derness on chromosome 2 in another population of indus-

try-relevant pigs. QTL for tenderness had previously been

found on SSC2q and near the centromere of this chromo-

some (Stearns et al. 2005; Rohrer et al. 2006; Meyers et al.

2007). In an unrelated Duroc–Landrace population, Rohrer

et al. (2006) identified QTL for SSF at day 7 and day 2

postmortem at 60 (near the centromere) and 79 cM

respectively, with CAST mapping under the distal QTL.

Meyers et al. (2007) showed evidence for two QTL for

Table 3 Calpastatin marker associations, estimated additive effects and genotypic distribution.

Marker name1

Position

in CAST AA2 (SE) F-value3 P-value

Correction for

multiple tests4

A allele

frequency AA5 Aa aa

65565_349 )2 Mb )0.418 (0.175) 5.72 0.02 NS C = 0.40 0.147 0.498 0.355

41642_192i Intron 2 0.605 (0.210) 8.26 0.004 NS T = 0.18 0.035 0.298 0.667

41642_408i Intron 3 0.641 (0.210) 9.27 0.002 NS G = 0.18 0.035 0.292 0.673

41646_595g Intron 5 0.626 (0.235) 6.74 0.01 NS T = 0.30 0.037 0.152 0.811

41646_874i Exon 6 0.587 (0.226) 14.88 0.0001 0.0033 G = 0.44 0.192 0.487 0.321

41650_892g Exon 13 0.627 (0.170) 13.66 0.0002 0.0066 G = 0.48 0.177 0.480 0.344

41650_975g Intron 13 0.520 (0.212) 6.01 0.01 NS T = 0.20 0.034 0.280 0.686

41658_290i Intron 19 0.759 (0.189) 16.19 0.00006 0.00198 T = 0.24 0.050 0.357 0.593

23795.1i Intron 19 )0.226 (0.161) 1.95 0.2 NS C = 0.65 0.414 0.461 0.125

M20160.638aai Exon 26 )0.050 (0.186) 0.06 0.8 NS C = 0.22 0.036 0.329 0.635

65644_369 +13 Mb 0.276 (0.180) 2.36 0.1 NS G = 0.65 0.426 0.459 0.114

1Marker names derived from corresponding primer numbers in the USMARC database.
2Effect of AA genotype on slice shear force (kg) with the heterozygote (Aa) = 0.
3F-ratio calculated with regressor for additive effects.
4The correction for multiple tests was performed by multiplying the P-value from the association analysis with the number of unique markers (n = 33)

where r2 £ 0.95 with other markers.
5Genotypic distribution.
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lumborum in pig. (b) HAPLOVIEW display of the LD for the SNP in the

calpastatin gene. Pairwise LD (r2) values are shown between markers.

The shading represents the LD relationships with darker shading

indicating higher LD. (c) HAPLOVIEW 4.0 haplotype display for markers

genotyped in SSC2. HAPLOVIEW divided this region into seven blocks.

Blocks 2 and 3 represent the SNPs in calpastatin; block 2 contains

markers 15–21 and block 3 contains markers 22 and 23. The population

frequencies are listed in parentheses next to each haplotype.
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tenderness in a Berkshire–Duroc cross with one QTL being

positioned at CAST and the other located more distal to this

gene. Therefore, it seems likely that more than one QTL for

tenderness resides on chromosome 2. The most significant

associations were found within the CAST gene; however,

association with markers 12801.1i, 21726_2, 65565_349

and 65644_369 support the possibility that other genes in

this region on SSC2 may also be responsible for tenderness

variation in pork longissimus lumborum. Markers in

AMPD3 and lysyl oxidase (LOX), at 64.8 and 93 cM

respectively were evaluated because AMPD3 and LOX were

positional candidate genes. SNPs in AMPD3 have been

correlated to pH in broiler chicken breast muscle (El Ram-

mouz et al. 2004). LOX facilitates collagen and elastin

crosslinking and mutations in LOX have been associated

with human connective tissue disorders. Our SNP analysis

indicates that neither of these genes is associated with SSF

in this population of animals.

Our efforts to sequence the entire CAST coding region to

enable the identification of mutations have produced only

three previously reported SNPs that result in non-synony-

mous amino acid changes (Ciobanu et al. 2004). The

relatively conservative nature of the p.Ser88Asn and p.Ly-

s271Arg polymorphisms and evaluation by the POLYPHEN

program (http://genetics.bwh.harvard.edu) suggest that

these are not likely to be causative mutations. The

p.Ser660Arg polymorphism (marker M20160.638aai) was

predicted as a possibly damaging amino acid alteration by

POLYPHEN. However, marker M20160.638aai was not asso-

ciated with shear force, indicating that p.Ser660Arg is

unlikely to be a mutation affecting pork tenderness.

We identified markers in the CAST gene that are signifi-

cantly correlated with SSF; the most significant marker was

41658_290i, a novel SNP found in intron 19. A recent

report by Meyers & Beever (2008) presented nearly 900

SNPs in the CAST gene; however, the marker at

41658_290i was not detected in the IMQP population of

animals, which suggests that 41658_290i is not the

mutation for meat quality in pork. While none of the

markers evaluated in this study is likely to be causative

mutations for tenderness, the high association values

suggest that they are in LD with the causative mutation.

To our knowledge, this is the first study demonstrating a

genotypic effect on CAST mRNA expression. As the most

significant marker for SSF, 41658_290i, was associated

with the expression of CAST mRNA in this study and the

fact that recent data by Meyers & Beever (2008) illustrated

that the block of heterozygosity concordant with meat

tenderness was in the 5¢ region containing exons 1·a, 1·b,

1y, 1z and 1u, it seems likely that the causative mutation

resides in a regulatory region. This implies that the causa-

tive mutation(s) in CAST associated with tenderness may

affect the amount of CAST mRNA and calpastatin protein,

either by regulating expression, by affecting mRNA stability

or half-life, or by alternative splicing rather than the amino

acid sequence of the protein. While identification of the

causative variation will provide the most reliable marker for

pork tenderness, characterization of the genetic architecture

of this region could provide markers that are predictive of

pork tenderness.
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