
Introduction

Growth, development and differentiation of cells

are universal aspects of eukaryotic cell biology.

Several studies have already demonstrated that

calpains, i.e. intracellular Ca2+-dependent cysteine

proteases (EC 3.4.22.17), are involved in muscle

growth and development. Calpains are

proenzymes that are regulated by Ca2+ binding and

autoproteolytic modification (Goll et al. 1992),

and are widely distributed in the genome.

The skeletal-muscle-specific calpain gene

(CAPN3 or p94) has received considerable atten-

tion in recent years because of its influence on

muscle growth and a role in myofibrillar organiza-

tion. The gene for calpain 3 produces several alter-

natively spliced products and calpain 3 is

associated with the C terminus of connectin/titin,

the gigantic filamentous molecule essential for

myofibrils (Sorimachi et al. 1995).

Calpain 3 carries 2 insertions (IS1 and IS2),

which are involved in the regulation of its function

and activity (Herasse et al. 1999). Several studies

reported that expression levels of calpain 3 are as-

sociated with muscle regeneration, especially the

coding regions between IS1 and IS2, correspond-

ing to exons 6 and 15, respectively. IS1 includes

3 autolytic sites, and IS2 carries a binding site to

the giant sarcomeric protein titin (Sorimachi et al.

1995). According to Stockholm et al. (2001),

a lack of exon 6 in the calpain 3 gene was predomi-

nant during the process of early regeneration of

muscles. Skeletal-muscle calpain has an important

regulating role for protein degradation, controlling

muscle growth that reflects the combined activi-

ties of protein synthesis and protein degradation

(Combaret et al. 2003). Thus, if any variation in

coding regions exists, it may account for

phenotypic variations in muscle growth.

In general, weight traits are important factors in

the sheep industry, because the process of early or-
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ganization of muscles greatly influences animal

growth as well as wool production. However,

the precise function of calpain 3 in muscle biol-

ogy, as well as the identity of its substrates and ac-

tivation mechanisms, remain unknown. This study

was aimed to investigate effects of variants in the

region between IS1 and IS2 on early weight traits,

and to provide useful genetic information to the

sheep industry.

Materials and methods

Animals

A total of 318 sheep born in 1998 at the Ohio

Agricultural Research and Development Center

(OARDC), Wooster, were used as a random popu-

lation for identification of genetic variation in the

skeletal-muscle calpain gene. Animals were fed

a formulated diet to meet the nutrient requirements

of lambs according to the NRC (1985). Calves

were weaned at an average age of 60 days, and

post-weaning weights were measured at an aver-

age age of 90 days, which was under the guideline

for the National Sheep Improvement Program

(NSIP). The animals were assigned to 4 breeding

groups to investigate genetic differences in allele

distribution between pure and crossbred sheep.

Groups 1 and 3 were purebreds of Polypay and

Targhee breeds, respectively, group 2 included

hybrids between Polypay and Targhee, and group

4 included hybrids of Hampshire, Targhee,

Polypay, Rambouillet, Dorset, and Suffolk.

Genomic DNA preparation

Genomic DNA from 320 to 318 sheep blood sam-

ples was isolated by using a high-salt method

(Chung 2001). Approximately 10 mL of blood

were taken from a vein with heparin. Red cells

were washed out by using ammonium chloride,

and lysis was conducted by using the lysis buffer

(10 mM Tris-HCl, 400 mM NaCl, and 200 mM

EDTA, pH 8.2) with 10% SDS and 100 mg of

proteinase K. Genomic DNA was precipitated

with 2 volumes of ethanol and 7 M sodium acetate.

Primer design

The ovine skeletal-muscle-specific calpain

mRNA (3165 bp; AF087570; gene location: ovine

chromosome 8; 24 exons) aligns to the human

skeletal-muscle calpain gene (AY902237). Since

the ovine genomic sequence for skeletal-muscle

calpain was not available, the coding sequences of

sheep were used to design PCR primer sets.

Genomic information for the human skele-

tal-muscle calpain gene was available, and there-

fore, sequence alignment between the human

(AY902237) and ovine (AF087570) genes was

conducted to determine exon and intron bound-

aries for primer selection. PCR primers were

based on the ovine cDNA sequences, and 8 primer

pairs corresponding to exons 6–15 were selected.

The optimal annealing temperature was adjusted

to 57°C by using DNAStar (version 6.13). For the

reverse primer of the CAPN31112 segment,

12 bases were added at the end of exon 12, because

the exon sequences (ATACTYAC) were too short

to make the primer.

Polymerase chain reaction

For the optimal PCR conditions, 3 µL of 10 × reac-

tion buffer (10 mM Tris-HCl, pH 8.3, 50 mM KCl,

0.1% Triton X-100, 1.5 mM MgCl2), 10 µM of

dNTP, 10 pmol of each primer, 50 ng of genomic

DNA, and 2 units of Taq DNA polymerase (Gibco

BRL, Grand Island, NY) in a final volume of 20µL

were used. After heating at 95°C for 2 min, a total

of 35 cycles were adapted for denaturation at 94°C

for 1 min, annealing at 54–60°C for 1 min,

and polymerization at 72°C for 1.5 min for all

primer pairs (MJ Research, PT-200, Watertown,

MA). Gradient PCR was performed to optimize

annealing temperature for all primer pairs of

calpain 3.

Single-strand conformational polymorphism

(SSCP)

To detect genetic variants, the SSCP analysis was

used. The PCR products that were greater than

500 bp, were digested with the HaeIII restriction

enzyme. Because of the improved analytical abil-

ity of the MDE gel for detecting mutations, the

PCR products of less than 500 bp were directly

used for SSCP analysis. The PCR products (8 µL)

were diluted with 16 µL of distilled water and 8 µL

of loading buffer (0.05% bromophenol blue,

0.05% xylene cyanol FF, and 95% formamide).

After heating at 95°C for 10 min, the mixture was

immediately placed on ice, and electrophoresis

was carried out by using 0.5 × MDE (mutation de-

tection enhancement, FMC, Rockland, ME) gels

in 0.5 × TBE buffer for 10 h at 250 V and 10°C.

Gels were visualized by staining with ethidium

bromide.
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Confirmation of PCR products

PCR cloning was conducted for the amplified

fragments by using a pGEM T Easy cloning vector

(Promega, Madison, WI). The DNA bands were

purified from agarose gels with a gel purification

kit (Clontech, Palo Alto, CA). Insertion of the

PCR fragment into the vector was carried out

at 4°C overnight, and transformation was con-

ducted with JM109 competent cells (Promega,

Madison, WI). The plasmid DNA was purified by

using the Mini-plasmid prep kit (Qiagen, Valen-

cia, CA). Sequencing was conducted with an

ABI3100 Genetic Analyzer at the Dept. of Genetic

Resources in the National Livestock Research In-

stitute (Chenan, Korea). To avoid tube-to-tube

variation, each experiment was duplicated.

Statistical analysis

Analysis of variance was conducted to investigate

effects of the genotypes on birth weight (BW),

weaning weight (WW), and post-weaning weight

(PW), and least squares means and standard errors

were calculated. For the analysis of weight traits,

318 animals were classified by genotypes of the

CAPN31112 and CAPN31213 segments. The sta-

tistical model included fixed effects of calpain

3 genotypes, parity, breeding group (1 to 4), birth

type (1 to 4), rearing type (1 to 4), and animal age

as a covariate and random effect of sire. Analysis

of variance was performed by using the GLM pro-

cedure (SAS, 1985). Least squares means were

compared by using Fisher’s least significant dif-

ference test.

Results

PCR analysis

As shown in Table 1, PCR amplification suc-
ceeded at optimal annealing temperatures of
57–59°C for the CAPN31011, CAPN31112,
CAPN31213, and CAPN31314 primer pairs for
exons 10–14. To optimize annealing temperature
for the unamplified primer pairs (CAPN367,
CAPN378, CAPN389 and CAPN3910), a gradient
PCR was conducted, but no PCR products were
observed in exons 6–9. The sizes of the fragments
were estimated to be approximately 1500, 530,
720, and 800 bp for the CAPN31011,
CAPN31112, CAPN31213, and CAPN31314 seg-
ments, respectively. Because these segments con-

tained exons and introns, we aligned the sequence
with the human skeletal-muscle-specific calpain
gene (GenBank accession No. AY902237). On the
basis of the alignment, the expected sizes of
introns within the segments CAPN31011,
CAPN31112, CAPN31213, and CAPN31314
were 1282, 348, 655, and 561 bp, respectively.

Genetic variants

Single-strand conformational polymorphism (SSCP)
analysis was conducted for the amplified segments
(CAPN31011, CAPN31112, CAPN31213, and
CAPN31314). Genetic variants were detected for the
CAPN31112 and CAPN31213 segments: 2 alleles
and 3 genotypes were observed at each segment (Fig-
ures 1 and 2). Individual samples representing 3 ge-
notypes were sequenced. Nucleotide changes
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Table 1. Primer sequences from exons 614 and sizes of products for skeletal-muscle calpain segments

Segment
Primer sequences Product

size
T (°C) Range

of exons

Position

forward reverse forward reverse

CAPN367 GCGGCTCAGGG
ACTCAGACC

GGCCATTCTTG
TCTCATACTG

n.a. 57 6–7 960–980 1009–1029

CAPN378 ATGCCTACTCA
GTCACTGGG

GTTCCGCAGCC
GCACCA

n.a. 54 7–8 1049–1068 1106–1122

CAPN389 AAGGGTGAGA
AAGTGAAGC

CTTCTCGTCCT
TGTCCAC

n.a. 57 8–9 1087–1105 1183–1200

CAPN3910 TGGAAGGACTG
GAGCTATGTG

TTGTGAAATGG
TAGATAAAAT

n.a. 57 9–10 1165–1185 1256–1276

CAPN31011 GATGTCCTACG
ATGATTTTAT

GGGTCGTCGTC
CTCCTCTA

1500 59 10–11 1242–1262 1442–1460

CAPN31112 GACACTTTCTG
GACCAACCC

ATACTYACCTC
TTTGGGAAC

400 57 11–12 1402–1421 1573–1584

CAPN31213 CTACGAGGTTC
CCAAAGAGGT

GGCATTGTACA
GGAAGAAGTC

550 57 12–13 1566–1584 1615–1631

CAPN31314 GCACGGCAAC
AAGCAGCACCT

GGCCGATCCA
CGGAGATT

800 57 13–14 1587–1607 1809–1826

T = temperature; n.a. = not amplified



were observed for the CAPN31112 (position 267,
C/T) and CAPN31213 (position 659, A/G) seg-
ments, and these mutation sites were located
within introns. The sequences for the CAPN31112
and CAPN31213 segments were submitted to

the GenBank (AF309635 and AY102617). Allele
frequencies were estimated for 4 breeding groups
(Table 2). Overall allele frequencies (A and B)
were 0.46 and 0.54 for CAPN31112, and 0.69 and
0.31 for CAPN31213, respectively. The A allele
frequency within the CAPN31112 segment for
group 3 was higher than in other groups. No ge-
netic variants were detected for the CAPN31011
and CAPN31314 segments.

Association test

Ovine muscle-specific calpain genotypes of the

CAPN31112 segment were associated with BW

(P < 0.01). The lowest least squares mean was cal-

culated for the BB genotype (Table 3). A domi-

nance effect was observed. The CAPN31213

segment did not explain the variation of weight

traits. The effects of breeding group and birth type

were significant for all weight traits, and rearing

type was significant for WW and PW (results not

shown).

Discussion

The primer pairs corresponding to exons 6–9 did

not amplify the genomic segments. Therefore,

the populations used in this study may also be pre-

dominantly lacking exon 6, which resulted in am-

plification failure for genomic segments.

Information on genetic variation in genomic DNA

may give us useful clues to understand what kind

of gene segments and proteins are involved in the

mechanisms of muscle organization. Nonneman

and Koohmaraie (1999) and Chung (2001) sug-

gested that calpain 3 plays an important role in

muscle development and growth as well as in

a myogenesis regulation pathway (Dargelos et al.

2002). This study was focused on exons 6–15,

containing insertions IS1 and II IS2, because the

genetic variants between the insertion regions may
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Figure 1. PCR-SSCP of exons 11 and 12 of domain 3

of the ovine skeletal-muscle-specific calpain gene,

demonstrating the three genotypes (AA, AB, and BB).

Electrophoresis was carried out by using 0.75 × MDE gels

in 0.5 × TBE buffer for 10 h at 350 V and 10°C. Gels were

visualized by staining with ethidium bromide. The PCR

product size was approximately 400 bp.

Figure 2. PCR-SSCP of exons 12 and 13 of domain 3

of the ovine skeletal-muscle-specific calpain gene,

demonstrating the 3 genotypes (AA, AB, and BB).

Electrophoresis was carried out by using 0.5 × MDE gels

in 0.5 × TBE buffer for 10 h at 250 V and 16°C. Gels were

visualized by staining with ethidium bromide. The PCR

product size was approximately 550 bp.

Table 2. Allele frequencies for the ovine muscle-skeletal calpain gene segments in the studied

sheep breeding groups

Segment Allele Group1 (N=86) Group 2 (N=75) Group 3 (N=133) Group 4 (N=24)

CAPN31112 A 0.43 0.40 0.66 0.34

B 0.57 0.60 0.34 0.66

CAPN31213 A 0.75 0.63 0.74 0.65

B 0.25 0.37 0.26 0.35

Group 1 = purebred Polypay; group 2 = hybrids between Polypay and Targhee; group 3 = purebred Targhee,

group 4 = hybrids of Hampshire, Targhee, Polypay, Rambouillet, Dorset, and Suffolk



explain the variation in the process of early regen-

eration of muscles. Stockholm et al. (2001) and

Fougerousse et al. (1998) reported that genome re-

gions of IS1 and IS2 were related to this process in

mice and progressive muscular dystrophies during

early human development. Also, several studies

reported that calpain gene expression is correlated

with muscle organization (Stockholm et al. 2001;

Walder et al. 2002; Ono et al. 2004), functionally

related to titin muscle (Garvey et al. 2002),

and a muscle cytoskeleton regulator (Taveau et al.

2003). Genetic variants discovered in this study

are located in an intron close to the IS2 region,

which contains a binding site to the giant

sarcomeric titin.
Combing ability of a gene is caused by additive

effects in general, but for a particular combining
ability of a gene the dominance effects and
epistasis are important (Falconer and Mackay
1996). In this study a dominance effect was re-
corded for BW (CAPN31112). The effect may
shape the specific combining ability. No domi-
nance effect was found for WW and PW. The re-
sults suggest that muscle development after birth
may be related to genetic factors as well as envi-
ronmental factors. Some environmental factors
were confirmed to be significant in this study. It is
possible that genetic effects influencing WW and
PW were clouded by other effects, including inter-
actions between genetic and non-genetic factors.

From the significant association between BW

and the polymorphism within CAPN31112, we may

conclude that the calpain 3 genotypes discovered by

PCR-SSCP may explain variations of either muscle

development or growth. The polymorphism may

also be useful in marker-assisted selection for BW.
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