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Linkage disequilibrium structures in cattle and their application to
breed identification testing

T. Watanabe, T. Hirano, A. Takano, Y. Mizoguchi, Y. Sugimoto and A. Takasuga

Shirakawa Institute of Animal Genetics, Odakura, Nishigo, Nishi-shirakawa, Fukushima 961-8061, Japan

Summary We examined the extent of linkage disequilibrium (LD) block lengths in four breed popu-

lations: Japanese Black, Angus, Hereford and Holstein. Three chromosomal regions in

which QTL were previously mapped in Japanese Black populations were scanned with 84

microsatellite markers. The estimated LD lengths in these four purebred populations varied

from 535 to 683 kb, which is much shorter than the values reported previously. Our

findings suggest that QTL can be mapped in sub-centimorgan regions in these populations

using an LD-mapping method. We also developed breed identification methods to distin-

guish Japanese Black from Angus, Hereford, Holstein and F1 animals (Japanese

Black · Holstein) respectively using the haplotypic frequencies of a pair of markers in the

breed populations. After assessing the distributions of posterior probabilities to be Japanese

Black, we obtained several pairs of markers that completely distinguished Japanese Black

from the other breeds. We also obtained several combinations of six markers that completely

distinguished Japanese Black animals from F1 animals.

Keywords breed identification, cattle, haplotypic frequency, linkage disequilibrium.

Introduction

The degree of linkage disequilibrium (LD) in livestock

populations has attracted much attention because it

provides useful information regarding the plausibility of

fine-mapping QTL and the potential for employing marker-

assisted selection. In cattle, previous reports using a low

density of microsatellite markers (�10-cM interval on

average) showed that LD extends over several tens of cen-

timorgans (Farnir et al. 2000; Odani et al. 2006). On the

other hand, we previously fine-mapped a carcass weight

QTL on BTA14 to a 1.1-Mb region using a high density of

microsatellite markers (0.17-cM interval on average) (Miz-

oshita et al. 2005). Recently, Khatkar et al. (2007) reported

that the average LD length was 69.7 kb using 15036 SNP

markers (251.8 kb mean interval), although the median

length was 2.9 kb and the largest was 2.3 Mb. These results

indicate that LD length varies by chromosomal region and

by population, and that a dense marker set is required to

examine LD structures.

Here, we examined LD structures of three QTL regions

using a high density of microsatellite markers (intervals of

0.32–0.63 cM on average). Although SNPs might be more

suitable for examining LD structures because they are more

abundant in the genome, the numbers of SNPs available

from the Bovine Genome Sequencing Project (http://

www.hgsc.bcm.tmc.edu/projects/bovine/) in these regions

were relatively low; thus we used microsatellite markers

developed for fine-mapping. These QTL were for beef mar-

bling (BTA14, Mizoshita et al. 2004; BTA21, Mizoguchi

et al. 2006; and BTA7, Hirano et al. 2008) and carcass

weight (BTA14, Mizoshita et al. 2004, 2005) and had been

mapped in a Japanese Black population. In addition, a

carcass weight QTL in the BTA14 region has been mapped

in another breed population (Kim et al. 2003). Therefore,

we compared LD structures in four breed populations:

Japanese Black, Angus, Hereford and Holstein. Because

selection within a livestock population increases the extent

of LD around a QTL region (Schnabel et al. 2005; de Koning

et al. 2006), a higher or a longer LD might be observed in

the Japanese Black population.

The distribution of allelic/haplotypic frequencies of poly-

morphic markers in livestock varies depending on the pop-

ulation selection history. Haplotypic frequencies of the

DGAT1 locus (Winter et al. 2002) and the myostatin locus

(Dunner et al. 2003), for example, are different among
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cattle breeds. Differences in LD structures or haplotypic

frequencies might be utilized to distinguish breed popula-

tions. We proposed a method to identify the breed of a DNA

sample using the posterior probability calculated from

observed genotypes, which will be useful to suppress beef

breed falsification.

Materials and methods

Populations and DNA samples

Adipose tissues or white blood cells were collected from 103,

96, 51, 45 and 96 cattle from domestic Japanese Black,

Holstein, Angus, Hereford and F1 (Japanese Black · Hol-

stein) populations respectively. The Japanese Black and F1
samples were collected at Tokyo Metropolitan Central

Wholesale Market. Angus and Hereford samples were col-

lected in the Hokkaido prefecture. Holstein samples were

collected from dairy farms from a variety of regions in

Japan. Japanese Black and Hereford samples included up to

two paternal half-sibs. Holstein, Angus and F1 samples in-

cluded no half-sibs. The DNA was prepared from adipose

tissue or white blood cells using standard protocols.

Markers and genotyping

We used 35, 23 and 26 microsatellites as polymorphic DNA

markers on chromosomes 7, 14 and 21 respectively; these

covered 10, 8 and 7 cM (8.0, 6.8 and 8.1 Mb) respectively. Of

the 84microsatellite markers, 18were newly developed from

BAC DNA as described previously (Mizoshita et al. 2005).

These included DIK3100 (AB297942), DIK3101

(AB297943), DIK3102 (AB297944), DIK3103

(AB297945), DIK3104 (AB297946), DIK3105

(AB297947), DIK3106 (AB297948), DIK3107

(AB297949), DIK3108 (AB297950), DIK3109

(AB297951), DIK3110 (AB297952), DIK3111

(AB297953), DIK3112 (AB297954), DIK3113

(AB297955), DIK3114 (AB297956), DIK8060

(AB297957), DIK8061 (AB297958) and DIK8065

(AB297959). Briefly, DNA fragments (0.5–1.0 kb) were

subcloned into pUC118. Microsatellite-containing bacterial

clones were identified using poly(dA-dC)poly(dG-dT) (Amer-

sham Pharmacia Biotech) as a probe. PCR primers were de-

signed for microsatellites with more than nine repeats using

PRIMER3 (http://primer3.sourceforge.net/). The map positions

of these markers are shown in Table S1. The genetic map

locations of the newly developed markers were calculated

using data from a Japanese Black paternal half-sib family

(872 offspring) with CRIMAP software (Green et al. 1990).

PCR conditions were described previously (Mizoshita et al.

2004). PCR products were resolved by electrophoresis using

an ABI 3700 DNA analyser (Applied Biosystems). Genotype

data were captured using GENESCAN and GENOTYPER software

(Applied Biosystems).

To compute population-pairwise estimates of Reynolds

et al.�s (1983) coefficient of ancestry FST and Slatkin�s
(1995) genetic distance RST, we used the program ARLEQUIN

3.1.1 (http://cmpg.unibe.ch/software/arlequin3/). The sig-

nificance levels of FST and RST were calculated by a per-

mutation test. Briefly, genotypic data from both populations

were shuffled and resampled 10 000 times with the same

size as the tested samples. The FST and RST values provided

by the permutation distribute according to the null

hypothesis that the two populations are the same.

Estimation of haplotypic frequencies

Because Hardy–Weinberg (HW) equilibrium is assumed for

the estimation of haplotypic frequencies of a pair of markers

in a population, we tested HW proportions of all markers

using a Monte-Carlo approximation of Fisher�s exact test

(Weir 1996). The repeat number of Monte-Carlo simula-

tions was 1 000 000. Markers that were not in HW equi-

librium (P < 0.01) were excluded and were not subjected to

subsequent estimation of haplotypic frequencies.

Haplotypic frequencies of marker pairs were estimated

using an expectation-maximization (EM) algorithm

(Dempster et al. 1977) in each population. Seeding of an

initial value was performed 50 times to avoid local maxi-

mization of likelihood and to choose the estimate with the

highest likelihood.

Calculation of LD coefficient and degree of LD

The v2¢ value was computed following Hedrick (1987) for

all syntenic marker pairs in each population. To determine

the threshold for LD, v2¢ values were calculated using per-

muted genotypic data (1000 times) for each pair of syntenic

markers and the 99th and 95th percentiles from the bottom

of the v2¢ distribution were regarded as the thresholds for

P = 0.01 and P = 0.05 respectively.

To observe the decline of LD along a map distance, a

scatter of v2¢ and a fitted curve were drawn. The curve was

based on the equation of Sved (1971):

LDi ¼ 1

1þ 4bdi
þ ei;

where LDi is the observed LD formarker pair i, di is the distance

in morgans for marker pair i, b is a coefficient that describes

the decline of LD with distance and ei is a random residual.

To compare the degree of cross-chromosomal LD among

breed populations, the 99th and 95th percentiles were

determined by calculating v2¢ values of all the non-syntenic
marker pairs in each breed population.
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Posterior probability to be Japanese Black

To distinguish Japanese Black from the other purebred

populations, we calculated a posterior probability for the

sampled specimen to be Japanese Black as follows.

Assuming the possibility that a beef specimen is either

Japanese Black or �other�, prior probabilities to be Japa-

nese Black and to be �other� were equally set to 0.5.

When obtaining the genotypic data of a pair of syntenic

markers (e.g. markers A and B), such as A1A2 and B1B2,

a posterior probability that the specimen is Japanese Black

(PAB) is:

PAB ¼ P1AB

P1AB þ P2AB
;

where P1AB and P2AB are the probabilities to be Japanese

Black and to be �other� respectively. If A1 = A2 or B1 = B2
(the phases are determined), P1AB and P2AB are:

P1AB ¼ 0:5f1A1B1
f1A2B2

P2AB ¼ 0:5f2A1B1
f2A2B2

and if A1 „ A2 and B1 „ B2 (the phases are not determined),

P1AB ¼ 0:5ðf1A1B1
f1A2B2

þ f1A1B2
f1A2B1

Þ
P2AB ¼ 0:5ðf2A1B1

f2A2B2
þ f2A1B2

f2A2B1
Þ;

where f1A1B1
and f2A1B1

are the haplotypic frequencies of

A1B1 observed in the Japanese Black population and in the

�other� breed population respectively. The prior probability

value was arbitrarily chosen because the assumption of

prior probability values does not change ranks of posterior

probability values observed with samples. A threshold value

to distinguish two breeds was defined as the highest

observed posterior probability value in the �other�
(non-Japanese Black) breed.

When assuming the specimen to be either Japanese Black

or F1, a posterior probability to be Japanese Black was cal-

culated in the same way. Because one of the parents of an F1
individual is always Japanese Black and the other is Hol-

stein, the probability to be Japanese Black (P1AB) and to be

F1 (P2AB) is as follows.

If A1 = A2 or B1 = B2,

P1AB ¼ 0:5 � 2 � f1A1B1
f1A2B2

P2AB ¼ 0:5ðf1A1B1
f2A2B2

þ f1A2B2
f2A1B1

Þ

and if A1 „ A2 and B1 „ B2,

P1AB ¼ 0:5 � 2 � ðf1A1B1
f1A2B2

þ f1A1B2
f1A2B1

Þ
P2AB ¼ 0:5ðf1A1B1

f2A2B2
þ f1A1B2

f2A2B1

þ f1A2B1
f2A1B2

þ f1A2B2
f2A1B1

Þ:

A posterior probability to be Japanese Black considering

multiple pair of markers was also calculated. When

considering two pairs of markers, such as {A, B} and {C, D},

a posterior probability to be Japanese Black (PABCD) is:

PABCD ¼ P1AB � P1CD

P1AB � P1CD þ P2AB � P2CD
;

where P1AB is the probability to be Japanese Black with

marker A and B calculated as above. Markers were chosen

so that A and C, A and D, B and C, and B and D were not in

LD (P > 0.001). Likewise, the number of combinations of

marker pairs was increased to three.

Results and discussion

Genetic variability and LD structures in four breed
populations

We genotyped 84 microsatellites from three chromosomal

regions (BTA7, 14 and 21) in Japanese Black, Angus,

Hereford and Holstein populations (103, 51, 45 and 96

samples respectively). The mean marker interval was 0.45,

0.32 and 0.63 cM on BTA7, 14 and 21 respectively. There

was <5% missing genotype data for each marker in each

population. The average heterozygosity of the markers was

0.61, 0.55, 0.56 and 0.55, and the average number of alleles

was 6.4, 4.6, 5.1 and 5.8 in the Japanese Black, Angus,

Hereford and Holstein populations respectively (Table S1).

A marker was excluded if it deviated from HW equilibrium

(P < 0.01) or was monomorphic in the population

(Table S1) and was not subjected to subsequent calculations

to estimate haplotypic frequencies (two for Japanese Black,

four for Holstein, two for Angus and three for Hereford).

To examine genetic variability among these four popu-

lations, population-pairwise estimates of FST (Reynolds et al.

1983) and RST (Slatkin 1995) were calculated. To avoid

bias due to genetic linkage between loci, we chose nine

microsatellites (DIK8036, DIK8000, DIK8061, INRA094,

DIK4730, DIK7010, DIK3106, IDVGA39 and DIK3113),

three from each chromosomal region, which were shown to

be unlinked by the LD analysis described in the next section.

Estimates of FST and RST are shown in Table 1. All of these

values were highly significant (P < 0.001). The obtained

FST values were similar to those observed in European

breeds (Brown Swiss, Jersey and Holstein; 0.079–0.190)

using 15 microsatellites (Hansen et al. 2002). The FST val-

ues between Japanese Black and the three other breeds were

similar to those among the three breeds, which are origi-

nally from Europe. These results indicated that each popu-

lation is genetically distinct, and that LD structures and

haplotypic frequencies would therefore be different among

the four breed populations.

To measure LD in the chromosomal regions, we used the

standardized v2, v2¢ (Yamazaki 1977; Hedrick 1987).

Simulation studies by Zhao et al. (2005) demonstrated that
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v2¢ is the preferred measure of LD for multiallelic markers for

purposes of QTL mapping. D¢ values calculated in non-

syntenic marker pairs were much higher than the v2¢ values
and did not appear to correspond to the reality of linkage

equilibrium across chromosomes (Heifetz et al. 2005).

Figure 1 illustrates the decline of v2¢ along the map distance

between markers on BTA7, 14 and 21 in the Japanese

Black, Angus, Hereford and Holstein populations. Rapid

decays of LD in shorter distances (�2 cM) were observed in

all regions and in all breed populations.

Using permuted genotypic data, the threshold values of v2¢
for each pair of syntenic markers were determined. The 99th

and 95th percentiles from the bottom of the collected v2¢
values were regarded as the threshold values to reject the

null hypothesis of LD at the 1% and 5% levels respectively.

Figure 2 shows two-dimensional diagrams of LD in Japanese

Black, Angus, Hereford and Holstein populations in the

BTA7, 14 and 21 regions. An LD block length was deter-

mined as a side length of a square where v2¢ values exceeded
the 5% critical value. The average LD length was 566, 535,

683 and 567 kb in the Japanese Black, Angus, Hereford and

Holstein populations respectively (Table 2). The average

lengths were not greatly different. The LD block size ranges

were 22–2568 kb (Japanese Black), 0.2–3123 kb (Angus),

0.2–3303 kb (Hereford) and 16–1991 kb (Holstein). Selec-

tion in a livestock population increases the extent of LD

around a QTL region on a chromosome. In commercial

chicken broilers, higher LD was observed around the QTL

region on chicken chromosome 4 (de Koning et al. 2006).

Therefore, it is presumed that a superior haplotype (har-

bouring an allele more favourable for the trait of interest, Q)

has been more strongly selected around a QTL region.

Unexpectedly, the Q frequencies of BTA7 and 21, where

marbling QTL mapped, were relatively low (< 5%) in the

Japanese Black samples (data not shown), indicating that

these QTL have not yet been strongly selected. In the case of

BTA14, the Q haplotype for carcass weight (composed of

DIK7019 and DIK7015), where carcass weight QTL have

been mapped (Mizoshita et al. 2005), was 46% in the Japa-

nese Black samples. This haplotype exists in an LD block of

2253 kb in Japanese Black, which is much larger than the

average block length. This may be caused by a strong

selection on the carcass weight trait. In other breed samples,

this Q haplotype was observed at 38% (Angus), 4% (Here-

ford) and 36% (Holstein). Though these Q haplotypes may

not be identical-by-descent to each other across breeds, long

LD blocks including this haplotype were also observed

(Angus, 3123 kb; Hereford, 3303 kb; Holstein, 2253 kb),

possibly indicating a similar strength of selection on the

carcass weight trait.

In previous studies, LD lengths in the cattle genome were

estimated to be several tens of centimorgans, in both Hol-

stein (Farnir et al. 2000) and Japanese Black populations

(Odani et al. 2006). The LD lengths of the four populations in

the present study were estimated to be much shorter. One of

the reasons that previously reported LD lengths were large is

probably because the densities of the microsatellite markers

(�10-cM interval on average) were lower than the densities

of those used in the present study (mean interval �0.3 cM).

The LD length of Holstein in this study was several times

longer than the mean length (69.7 kb) recently reported by

Khatkar et al. (2007), which was determined using 15036

SNP markers in the Australian Holstein population.

Our findings suggest that it is possible to map QTL in a

sub-centimorgan region using LD mapping in these popu-

lations. Indeed, Mizoshita et al. (2005) narrowed down a

carcass weight QTL in a 1.1-Mb region by LD mapping. We

examined only �1% of the total length of the cattle genome.

Further studies are needed to reveal the genome-wide extent

of LD in cattle.

Next, to examine cross-chromosomal LD, the 99th and

95th percentiles of non-syntenic v2¢ values were calculated

and compared among the four breeds. Values were larger in

Angus and Hereford than in Japanese Black and Holstein

(Table 2). One of the reasons for these observations might

be a difference in the degree of inbreeding. Angus and

Hereford populations in Japan have been isolated and closed

from European populations for about 40 years. The Japa-

nese Black population has been isolated from other breeds

for more than 60 years, while the Holstein population in

Japan has not been closed. The number of Angus, Hereford,

Japanese Black and Holstein cows available for calf pro-

duction were 1845, 151, 620 300 and 1 058 000 respec-

tively (The Ministry of Agriculture, Forestry and Fishery of

Japan 2004). In Japan, the degree of inbreeding in Angus

and Hereford may be more than in Japanese Black and

Holstein. Indeed, the median P-value of cross-chromosomal

LD, which is expected to be 0.5 with no cross-chromosomal

LD, was 0.404 in Hereford samples and 0.458 in Holstein,

indicating that the degree of cross-chromosomal LD in

Hereford samples was greater than that of Holstein.

Development of marker sets for breed identification

Using the obtained genotypes, we aimed to develop a

method to distinguish Japanese Black from the other breeds.

Table 1 Population-pairwise estimates of FST and RST.

Japanese

Black Holstein Hereford Angus

Japanese

Black

0.211 0.152 0.121

Holstein 0.312 0.172 0.165

Hereford 0.356 0.054 0.085

Angus 0.357 0.052 0.081

FST estimates (above diagonal) and RST estimates (below diagonal).

All values were highly significant (P < 0.001, by 10 000 permutations

using ARLEQUIN).
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For all possible pairs of syntenic markers, posterior proba-

bilities to be Japanese Black were calculated for all samples

in the Japanese Black population and in the other three

purebred populations (see Materials and methods). We dealt

with the posterior probability value not as a true posterior

probability to be Japanese Black but as a kind of statistic.

The numbers of syntenic marker pairs examined for the

tests of Japanese Black/Angus, Japanese Black/Hereford and

Japanese Black/Holstein were 1114, 1067 and 1018

respectively. If the lowest observed posterior probability

value given by a pair of markers among Japanese Black

samples was greater than the highest observed value among

the other population samples, the pair of markers could be

used to distinguish Japanese Black samples from the other

breeds. The assumption of prior probability to be Japanese

Black did not influence our ability to distinguish breeds.

Changing the prior probability between 0.1 and 0.9 caused

the distributions of posterior probabilities of individuals

to change; however, the proportions of individuals that

exceeded a threshold value of each marker pair did not

change where the highest observed posterior probability in

the other breed value was defined as a threshold (data not

shown). This is because a rank of a sample�s posterior

probability in tested samples depended only on the observed

haplotypic frequencies in two populations and not on a

prior probability.

We obtained 13, 9 and 6 pairs of syntenic markers that

distinguished Japanese Black/Angus, Japanese Black/Here-

ford and Japanese Black/Holstein respectively (Table 3). The

haplotypes of these perfect marker pairs tended to be present

Figure 1 Scatter of v2¢ and decline of LD along a map distance in the BTA7, 14 and 21 regions of Japanese Black, Angus, Hereford and Holstein

populations. The fitted curve is drawn based on the equation of Sved (1971).
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exclusively in the Japanese Black breed or in the other breed

(Table S2).

Next, we applied the method to distinguish the Japanese

Black animals from the F1 animals (Japanese Black · Hol-

stein), which comprise 23% of the domestic beef production

(Japanese Black: 39%; Holstein: 37%) (The Ministry of

Agriculture, Forestry and Fishery of Japan 2005). Testing

three pairs of markers (166 650 combinations), we

obtained five combinations of six markers that distinguished

Japanese Black from F1 (Table 4).
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Figure 2 Two-dimensional diagrams of LD in the BTA7, 14 and 21 regions of Japanese Black, Angus, Hereford and Holstein populations.

Degrees of LD are indicated by light grey (P ‡ 0.05), dark grey (0.01 £ P < 0.05) and black (P < 0.01). White gaps are the locations of excluded

markers that are either monomorphic or not in HW equilibrium.
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We developed Japanese Black breed identification meth-

ods that are suitable for breed label falsification tests in retail

beef. Because haplotypic frequencies in livestock popula-

tions can change due to breeding and selection, a periodic

survey in populations of interest is necessary to ensure the

reliability of this test.

In summary, we showed differences in LD structures

among four breed populations. LD block lengths were

shorter than those previously reported; this suggests that

narrowing down QTL to sub-centimorgan regions using LD

approaches is possible. Based on the differences in haplo-

typic frequencies between the populations, we developed

breed identification testing methods to distinguish Japanese

Black from the other three purebred and F1 (Japanese

Black · Holstein) populations, which can be utilized for

breed label falsification tests in retail beef.

Table 2 Averages of LD block length and cross-chromosomal distributions of v2¢.

Estimated LD block length in kb (no. of blocks)

Percentiles of cross-

chromosomal v2¢ values

BTA 7 BTA 14 BTA 21 All 99th 95th

Japanese Black 401 (12) 521 (8) 957 (6) 566 (26) 0.260 0.171

Angus 385 (8) 785 (6) 502 (9) 535 (23) 0.385 0.210

Hereford 469 (8) 1803 (3) 477 (8) 683 (19) 0.489 0.296

Holstein 733 (8) 352 (8) 623 (7) 567 (23) 0.268 0.143

An LD block length was determined as a side length of a square where v2¢ values exceeded a 5% critical value by a permutation test.

Table 3 Marker pairs to distinguish Japanese Black/Angus, Japanese Black/Hereford and Japanese Black/Holstein.

First

marker

Second

marker BTA

Minimal posterior

probability value1
Maximal posterior

probability value2
Missing data

rate (%)

Japanese Black/Angus DIK8031 DIK8049 7 0.485 0.073 2.9

DIK8006 DIK8025 7 0.557 0.205 4.1

DIK8033 DIK4421 7 0.420 0.099 4.5

DIK8033 DIK8049 7 0.463 0.374 4.5

DIK4421 DIK8025 7 0.489 0.175 4.5

DIK8025 DIK8047 7 0.435 0.357 4.5

DIK8025 DIK8049 7 0.745 0.132 4.5

DIK8033 DIK8031 7 0.290 0.208 4.9

DIK519 DIK2570 14 0.367 0.153 3.7

DIK7040 DIK519 14 0.278 0.107 4.9

DIK3000 MULGE4 21 0.322 0.156 4.5

DIK3113 MULGE4 21 0.334 0.037 4.5

NLBCMK1 MULGE4 21 0.088 0.045 4.9

Japanese Black/Hereford DIK4421 DIK8032 7 0.743 0.648 3.0

DIK8033 DIK4421 7 0.564 0.456 3.4

DIK8025 DIK8049 7 0.420 0.405 4.6

DIK8049 DIK8060 7 0.083 0.069 4.6

RM011 INRA094 14 0.323 0.257 2.1

RM011 NRKM040 14 0.295 0.223 2.5

DIK7015 DIK519 14 0.446 0.087 3.8

DIK519 DIK2570 14 0.543 0.339 4.2

DIK3110 DIK3000 21 0.290 0.045 3.0

Japanese Black/Holstein BMS1116 DIK8045 7 0.378 0.261 2.8

DIK8045 DIK8061 7 0.150 0.074 3.1

DIK8003 DIK8061 7 0.478 0.404 3.5

DIK8033 DIK8061 7 0.506 0.467 3.5

DIK8060 DIK8061 7 0.669 0.036 3.8

DIK8025 DIK8045 7 0.093 0.085 4.5

1Posterior probability value observed in Japanese Black.
2Posterior probability value observed in the other breed.
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ABSTRACT: A genome-wide scan for QTL affecting 
economically important traits in beef production was 
performed using an F2 resource family from a Japanese 
Black × Limousin cross, where 186 F2 animals were 
measured for growth, carcass, and meat-quality traits. 
All family members were genotyped for 313 informa-
tive microsatellite markers that spanned 2,382 cM of 
bovine autosomes. The centromeric region of BTA2 
contained significant QTL (i.e., exceeding the genome-
wide 5% threshold) for 5 carcass grading traits [LM 
area, beef marbling standards (BMS) number, luster, 
quality grade, and firmness), 8 computer image analy-
sis (CIA) traits [LM lean area, ratio of fat area (RFA) 
to LM area, LM area, RFA to musculus (M.) trapezius 
area, M. trapezius lean area, M. semispinalis lean area, 
RFA to M. semispinalis area, and RFA to M. semispi-
nalis capitis area], and 5 meat quality traits (contents 

of CP, crude fat, moisture, C16:1, and C18:2 of LM). 
A significant QTL for withers height was detected at 
80.3 cM on BTA5. We detected significant QTL for the 
C14:0 content in backfat and C14:0 and C14:1 content 
in intermuscular fat around the 62.3 to 71.0 cM region 
on BTA19 and for C14:0, C14:1, C18:1, and C16:0 con-
tent and ratio of total unsaturated fatty acid content 
to total SFA content in intramuscular fat at 2 differ-
ent regions on BTA19 (41.1 cM for C14:1 and 62.3 cM 
for the other 4 traits). Overall, we identified 9 signifi-
cant QTL regions controlling 27 traits with genome-
wide significance of 5%; of these, 22 traits exceeded the 
1% genome-wide threshold. Some of the QTL affecting 
meat quality traits detected in this study might be the 
same QTL as previously reported. The QTL we identi-
fied need to be validated in commercial Japanese Black 
cattle populations.

Key words: bovine, F2 family, meat quality, quantitative trait loci

©2008 American Society of Animal Science. All rights reserved. J. Anim. Sci. 2008. 86:2821–2832
doi:10.2527/jas.2007-0676

INTRODUCTION

Many studies have successfully detected QTL for 
economically important traits of beef cattle such as 
growth, carcass, and meat quality traits by using 
crossbred experimental populations (Keele et al., 1999; 
Stone et al., 1999; Casas et al., 2000, 2003; MacNeil 
and Grosz, 2002; Kim et al., 2003). Alexander et al. 
(2007a,b) recently reported the results of QTL analysis 
of a population for which Japanese Black and Limou-
sin cattle were the parents.

Since 1994, we have generated an F2 resource popu-
lation derived from crosses between Japanese Black 
sires and Limousin dams to map loci affecting eco-
nomically important traits. A unique characteristic of 
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the Japanese Black breed is the high fat content in the 
meat (so-called highly marbled beef), which is an im-
portant criterion for beef quality in the present Japa-
nese market. May et al. (1993) described the difference 
in fatty acid compositions of the intramuscular fat of 
Wagyu crossbred and Angus steers, and Kuber et al. 
(2004) reported that Wagyu steaks had lower Warner-
Bratzler shear force values than did Limousin steaks 
(note that most cattle known as Wagyu are Japanese 
Black breeds). Given those findings, Japanese Black 
cattle may have other economically favorable traits, in 
addition to marbling, compared with other breeds. In 
contrast to Japanese Black cattle, Limousin cattle pro-
duce leaner meat and have a larger body size. We chose 
these 2 breeds, the phenotypes of which differ dramati-
cally, to construct an experimental F2 resource family 
for bovine QTL analysis.

In this report, we describe QTL underlying the dif-
ference in growth, carcass, and meat quality traits be-
tween Japanese Black and Limousin cattle. We incor-
porated physicochemical property traits of the F2 beef, 
including the fatty acid composition of backfat, inter-
muscular fat, and LM i.m. fat. We also identified QTL 
for computer image analysis (CIA) traits.

MATERIALS AND METHODS

Animal care and use was according to the protocol 
approved by the National Livestock Breeding Center 
Animal Care and Use Committee.

Generation and Feeding of F2 Population

F2 Population. An F2 resource population was gen-
erated at the Tokachi and Ohu branches of the Nation-
al Livestock Breeding Center in Japan. The animals 
used as parents were 2 Japanese Black (JB) sires (JB-
A and JB-B) and 2 Limousin (L) dams (L-A and L-B). 
The F1 animals were obtained by crossing JB-A with 
L-A (family A) and JB-B with L-B (family B). Family A 
consisted of 2 F1 males and 17 F1 females, and family 
B consisted of 2 F1 males and 15 F1 females. To avoid 
obtaining progeny homozygous for latent recessive he-
reditary disease loci that may be present in the 2 JB 
sires, F2 animals were obtained by crossing F1 males 

and their nonsibling F1 females (between family A and 
B) using embryo transfer techniques. Both F1 families 
were produced and raised at the Tokachi branch, and 
fertilized eggs were collected in a frozen state. The 
majority of the frozen eggs were then sent to the Ohu 
branch and used to produce F2 animals. We produced 
37 F2 animals at the Tokachi branch from July 1999 
to January 2000. The remaining 149 F2 animals were 
produced at the Ohu branch during 4 periods: October 
to December 1999 (18 cattle); April to June 2000 (44 
cattle); January to March 2001 (52 cattle); and July to 
October 2001 (35 cattle). The recipient dams of the F2
population consisted of 6 breeds, and ages were distrib-
uted from 2 to 13 yr (Table 1).

Feeding Conditions. A total of 186 F2 animals 
were weaned at 56 d of age. Calves were raised by 
artificial suckling. In the period from weaning to im-
mediately before the fattening stage (rearing period), 
animals were fed with mixed feed (Snow Brand Seed 
Co. Ltd., Sapporo, Japan), with free intake of hay, 
water, and mineral salts. At 8 mo of age, F2 animals 
were moved to fattening stalls and began to receive the 
mixed feed for the fattening stage. The mixed feed com-
prised 30.2% barley corn, 39.4% dent corn, 15.1% wheat 
bran, 3.4% rice bran, 4.0% wheat flour, 5.7% soybean 
waste, 1.0% NaCl, and 1.0% monocalcium phosphate. 
The digestible CP of this diet was 11.4% and the to-
tal digestible nutrients were 83.1%. All of these per-
centages were calculated on a DM basis. The amount 
of mixed feed provided during the fattening stage was 
calculated considering the energy requirement given in 
the Japanese Feeding Standard for beef cattle (JLIA, 
1995). To accurately control feed intake, every F2 ani-
mal was tagged with individual recognition equipment 
for an automatic feeding system. The allowed propor-
tions of hay and mixed feed for the fattening stage were 
25:75 for animals <14 mo old, 15:85 for animals 15 to 
20 mo old, and 10:90 for animals 21 to 24 mo old. Hay, 
water, and mineral salts were fed without restriction.

Phenotype Measurements

Growth and Carcass Traits. The F2 animals 
were weighed at birth, 4 wk of age, and on the first and 
last day of the fattening period. Withers height (from 

Table 1. Composition of the recipient dams of the F2 population 

Breed

Age (yr)

Total2 3 4 5 6 7 8 9 12 13

Angus 2 1 6 3 1 2 4 1 1 21
F1

1 1 1
Hereford 2 2 4
Japanese Black 2 3 5
Japanese Shorthorn 52 42 43 8 145
Limousin 10 10
Total 62 46 47 14 5 3 3 4 1 1 186

1Derived from the cross of Japanese Black × Murray Gray.

Abe et al.2822

 at Tohoku University on October 29, 2008. jas.fass.orgDownloaded from 



the ground to the peak between shoulder blades), hip 
cross height (from the ground to the intersecting point 
of hip points line and the median line), body length 
(from lower edge of the scapula to the end of the ischial 
tuberosity), chest girth and width (close behind the 
fore foot), hip length (from the hip cross to back end of 
the ischial bone), hip point width (between the points 
of the hip), rump width, and pin bone (back end of the 
ischial bone) width were measured 1 d before slaugh-
ter. The F2 animals were slaughtered at the age of 24 
mo (731.62 ± 5.01 d of age). At the meat plant, HCW of 
the F2 animals were obtained, and carcass quality was 
evaluated about 48 h after slaughter by certified grad-
ers belonging to the Japan Meat Grading Association 
(Tokyo, Japan). Graded traits were LM area, rib thick-
ness (the length from the abdominal lining to the exter-
nal side of latissimus dorsi at around the midpoint of 
entire rib bone of the cross section), backfat thickness 
(the length from the external side of latissimus dorsi to 
carcass surface on the vertical line from the lower end 
of iliocostalis to carcass surface), beef marbling stan-
dards (BMS; No. 1 to 12), beef color standards (No. 1 to 
7), beef fat standards (No. 1 to 7), luster, firmness, and 
texture. All graded traits were measured at the sixth 
rib bone side of the cross section between the sixth and 
seventh rib bones.

Meat Quality Traits. Physicochemical proper-
ty traits of the F2 beef were measured. The rib roast 
blocks of the seventh to eighth rib bone were sampled 
in all F2 animals. The LM was excised from the block 
and minced for analysis of moisture, crude fat, and CP 
content as described by Okumura et al. (2007), where 
approximately 50 g of LM was excised and put in a 
plastic bag, and then incubated for 1 h in a constant-
temperature bath at 70°C, and reweighed to calculate 
the cooking loss value. This incubated muscle was then 
cut thinly to yield pieces that were 1 cm × 1 cm × 5 
cm cuboids) and used to measure the Warner-Bratzler 
shear force (Salter, Kent, UK). Meat color was mea-
sured as described by Sato et al. (2003). In addition, we 
determined the fatty acid content of 3 parts of the rib 
loin block: backfat (on M. trapezius), intermuscular fat 
(between M. rhomboideus and LM), and intramuscu-
lar fat (of LM). Fat extractions were done as described 
by Folch et al. (1957), and extracted fat was saponified 
with potassium hydrate-ethanol solution and methyl-
esterified with boron trifluoride-methanol complex. 
Processed fat was analyzed by gas chromatography 
(6890A, Agilent Technologies Japan Ltd., Tokyo, Ja-
pan) under the following conditions: the temperature 
of the inlet was 150°C, the oven was warmed from 150 
to 220°C, and the temperature of the detector sensor 
was 220°C. We used helium gas as a carrier, a capil-
lary column (TC-70, 0.25 mm i.d. × 60 m, df (the phase 
thickness of the inside of the capillary column) = 0.25 

detector for detection.
Computer Image Analysis Traits. Digital im-

ages of the carcass cross section were taken between 

the sixth and seventh ribs using photographic equip-
ment developed by Kuchida et al. (2001a). This equip-
ment comprised 2 parts: a dome with 570 white light-
emitting diodes and a digital camera (2 megapixels, 
FinePix2900Z, Fuji Film, Tokyo, Japan) with a wide 
conversion lens (WL-FX29, Fuji Film). The distance 
between the camera and the surface of the carcass 
was fixed, and the lens was always parallel to the car-
cass cross section. As a result, area and length could 
be measured with high accuracy using the equipment. 
Obtained digital images were then analyzed using 
software developed by Kuchida et al. (2000). The total 
muscle area, lean area, and fat area of LM, M. trape-
zius, M. semispinalis, and M. semispinalis capitus were 
calculated by this software. Here, the total muscle area 
represents the internal area of the muscle outline form. 
Therefore, the lean and fat areas are summed to give 
total muscle area. The ratio of the length of minor and 
major axes of LM was also calculated.

Genotyping

We extracted DNA from blood using automatic ex-
traction equipment (NA1000, Kurabo, Osaka, Japan), 
and the final DNA concentration was adjusted to 20 ng/

markers (Kappes et al., 1997; Ihara et al., 2004). Poly-
merase chain reaction amplification was performed in 

1.67 mM MgCl2, 6.25 pmol of each primer, 0.2 mM de-
oxynucleotides, and 0.375 U of Taq DNA polymerase 
(ABgene, Epsom, UK). The annealing temperatures of 
each marker in thermocycling steps were optimized by 
referencing those recommended by Ihara et al. (2004). 
Amplifications were performed under the following 
conditions: 5 min at 94°C, 30 cycles of 30 s at 94°C, 30 s 
at annealing temperature, 30 s at 72°C, and a final ex-
tension of 7 min at 72°C. After PCR amplification, re-
action products were fractionated on an ABI377 DNA 
sequencer (Applied Biosystems, Foster City, CA), and 
fragment analysis was performed with GeneScan and 
Genotyper software (Applied Biosystems).

Linkage Analysis

Linkage maps for the 29 bovine autosomes were con-
structed by using CRI-MAP (Green et al., 1990), and 
the constructed map was used for the whole-genome 
QTL scan. The information content of markers was 
calculated by the method described by Knott et al. 
(1998).

A QTL analysis for each trait was performed by the 
method developed by Haley et al. (1994). The statisti-
cal model is based on linear regression of phenotypes 
on the probabilities of QTL genotypes at a given loca-
tion. We assumed that the grandparental breeds, Lim-
ousin and Japanese Black, were fixed for alternative 
alleles at a QTL. Two alleles at a putative QTL at a 
given location were denoted by Q and q. There are 3 
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possible genotypes, QQ, Qq, and qq, for a QTL at the 
given location on an autosome. The probabilities of the 
QTL genotypes [denoted as Prob(QQ), Prob(Qq), and 
Prob(qq)] were calculated from the observed genotypes 
of markers linked to the QTL. The calculation was 
done as described by Haley et al. (1994). In analyses 
of actual data, some fixed effects other than QTL ef-
fects including sex-associated differences, breeds, and 
ages of the recipient cows, seasons, and locations were 
taken into account.

Let the effects of genotypes QQ, Qq, and qq be de-
noted by a, d, and –a, respectively. We assumed that 
the phenotypic value of a trait is written for the ith
individual in F2 as follows:

y x b c a c d ei ij j
j

ai di i ,

where bj is the jth element of the vector of fixed effects, 
which includes overall mean, sex effect, breeds of the 
recipients (6 breeds), ages of the recipients (10 levels), 
and combinations of seasons and locations (5 levels); xij
is the (i,j)th element of the design matrix associating 
bj to yi; cai is the coefficient for the additive component 
for individual i at the given location that is calculated 
from the probabilities of QTL genotypes and equal to 
Prob(QQ) – Prob(qq); cdi is the coefficient for the domi-
nance component for individual i at the given location, 
which is equal to Prob(Qq); and ei is the residual er-
ror. Model parameters , h, a, and d are estimated by 
a least squares method. That is, estimators of the pa-
rameters are obtained such that the sum of squares,

S y x b c a c di ij j ai di
ji

n
2

1

,

is minimized, where n is the number of individuals of 
F2. Denoting least squares estimators of bj, a, and d by 
the terms  b̂j , a , and d , the minimal sum of squares is 
obtained as

S y x b c a c di ij j ai di
ji

n

1

2

1

ˆ .

Under the null model corresponding to no QTL, where 
a = d = 0 is assumed, the minimal sum of squares is de-
noted by S0. Detection of a significant QTL is declared 
based on the ratio involving S1 and S0. In this report, 
we used the F-ratio, [(S0 – S1)/2]/[S1/(n – 20)], as a sta-
tistic for detecting QTL, where it should be noted that 
degrees of freedom of 20 is assigned to the fixed effects. 
Significance thresholds were obtained by a permuta-
tion test with 1,000 repetitions for each trait.

Correlation coefficients among the 27 F2 phenotypes 
for which significant QTL were detected were calculat-
ed by PROC CORR (SAS Inst. Inc., Cary, NC).

RESULTS AND DISCUSSION

Phenotype Measurement 
and Marker Selection

The 76 traits measured are summarized in Table 2. 
One trait of particular interest was the BMS number, 
because in the Japanese market, the value of a beef 
carcass is heavily dependent on this grading score. Al-
though BMS numbers are categorized as 1 to 12 in Jap-
anese grading systems, the highest number in our F2
population was 7. Furthermore, the distribution of the 
BMS numbers was extremely biased and was skewed 
toward lower scores (Figure 1).

The 4 parents of our F2 family were genotyped with 
bovine autosomal microsatellite markers (Kappes et 
al., 1997; Ihara et al., 2004) to select informative mark-
ers. Contrary to our expectations, the allele types were 
quite similar between the 2 parental breeds for many 
markers, so we could not help eliminating a large part 
of them (data not shown). Overall, we genotyped these 
4 parents for a total of 1,755 markers. We selected 
the markers in consideration of the marker distances 
based on the published bovine linkage map (Kappes et 
al., 1997; Ihara et al., 2004) and the number of charac-
teristic alleles that could distinguish the origin among 
4 parental animals or 2 parental breeds.

Linkage Analysis and QTL Mapping

From the marker linkage analysis, 313 markers were 
mapped to 29 bovine autosomal chromosomes over 
2,382 cM, and the average distance between markers 
was 8.4 cM. With this linkage map, we detected QTL 
on BTA2, 5, and 19 (Table 3). We identified 9 QTL for 
27 traits at the 5% genome-wide threshold level; QTL 
for 22 traits were significant at the 1% genome-wide 
level. Details of the significant QTL are presented in 
Figures 2, 3, and 4. In the QTL analysis, we took into 
account the fact that our F2 population was produced 
at 2 different stations over different time periods. We 
also took into account the effects of recipient dams of 
the F2 population, including their breed and age, as 
they might have an effect on the performance of the 
offspring (Table 1).

We mapped significant QTL for 5 carcass grading 
traits (Figure 2, panel A), 8 CIA traits (Figure 2, pan-
els C to E), and 5 meat quality traits (Figure 2, panel 
B) to the same centromeric region of BTA2. Among the 
CIA traits, LM lean area showed the greatest F-ratio
of all QTL identified in this study (Figure 2, panel C; 
Table 3). In addition, QTL for M. semispinalis and M. 
trapezius lean area were detected at 4.7 and 2.0 cM, re-
spectively, on BTA2 (Figure 2, panel C). Animals that 
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Table 2. Performance, growth, traits of carcass grade, meat quality, computer image analysis (CIA), and fatty acid 
composition of F2 animals from an intercross of F1 animals derived from 2 Japanese Black sires and 2 Limousin 
dams

Trait n Mean SD Minimum Maximum

Growth1

Birth BW, kg 186 34.4 5.1 20.0 47.0
BW at 4 wk of age 186 48.1 5.8 28.5 63.0
BW daily gain in fattening period 186 0.9 0.1 0.7 1.2
BW on first day of fattening 186 227.4 26.7 157.0 291.7
BW on last day of fattening 186 678.0 62.6 536.0 842.0
Withers height, cm 186 138.7 5.8 125.0 154.0
Hip cross height, cm 186 141.4 5.9 127.0 157.2
Body length, cm 186 136.2 5.9 122.5 154.0
Chest girth,2 cm 186 219.5 7.8 198.0 243.0
Chest width,2 cm 186 74.0 2.9 67.4 81.4
Hip length, cm 186 54.6 3.4 46.0 63.0
Hip point width, cm 186 53.0 2.5 47.0 59.0
Rump width, cm 186 51.3 3.1 41.0 60.0
Pinbone width, cm 186 30.2 3.1 23.0 41.0

Carcass grade
Carcass weight, kg 186 424.8 40.1 332.5 534.0
Carcass grade (1 to 5) 186 2.4 0.6 2.0 4.0
LM area, cm2 186 52.3 6.5 39.0 80.0
Rib thickness, cm 186 6.7 0.7 5.4 9.7
Back fat thickness, cm 186 3.1 1.0 0.3 5.7
Beef marbling standards (1 to 12) 186 3.0 1.0 2 7
Beef color score (1 to 7) 186 4.2 0.5 2 5
Luster (1 to 5) 186 2.9 0.5 2 4
Firmness (1 to 5) 186 2.5 0.6 2 4
Texture (1 to 5) 186 3.0 0.3 2 4
Beef fat score (1 to 7) 186 3.0 0.1 2 4

Meat quality
Moisture, % 186 62.7 4.4 49.2 71.1
Crude fat content, % 186 17.7 5.9 6.2 35.4
CP content, % 186 19.0 1.4 15.2 21.9
Cooking loss, % 186 27.3 2.2 19.6 32.8
Warner-Bratzler shear force, kg/cm2 186 5.6 1.5 1.9 10.7
Redness (a* value) 186 16.2 1.8 10.6 20.7
Yellowness (b* value) 186 9.3 1.9 4.3 13.6
Lightness (L* value) 186 47.1 3.8 36.8 58.0

Computer image analysis
LM area, cm2 186 47.3 6.5 33.7 76.4
LM lean area, cm2 186 37.0 6.3 23.2 64.0
LM fat area, cm2 186 10.3 3.2 4.4 22.4
RFA3 to LM area, % 186 21.9 6.3 7.9 40.1
LM major axis, pixels 186 580.5 57.6 53.0 762.8
LM minor axis, pixels 186 415.8 46.2 21.4 507.1
Ratio of minor and major axes of LM 186 0.7 0.1 0.4 0.9
M. semispinalis capitus area, cm2 186 8.7 2.9 1.2 16.1
M. semispinalis capitus lean area, cm2 186 6.6 2.3 0.9 12.8
M. semispinalis capitus fat area, cm2 186 2.0 0.8 0.3 4.2
RFA to M. semispinalis capitus area, % 186 23.2 5.0 9.3 36.1
M. semispinalis area, cm2 186 31.8 3.9 21.5 42.0
M. semispinalis lean area, cm2 186 22.7 3.1 15.5 31.1
M. semispinalis fat area, cm2 186 9.1 2.3 3.4 15.2
RFA to M. semispinalis area, % 186 28.5 5.7 12.1 45.6
M. trapezius area, cm2 186 35.0 5.1 20.7 55.2
M. trapezius lean area, cm2 186 26.8 4.0 17.1 39.2
M. trapezius fat area, cm2 186 8.2 3.1 2.9 24.1
RFA to M. trapezius area, % 186 23.1 6.9 9.4 43.6

Fatty acid composition
Backfat

  C14:0 content, % 178 3.1 0.5 2.1 5.1
  C14:1 content, % 178 1.4 0.5 0.5 5.7
  C16:0 content, % 178 23.7 1.6 19.2 30.5
  C16:1 content, % 178 6.0 1.0 3.8 12.6

Continued
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inherited the Limousin alleles had larger lean area in 
those 3 muscles than did those that inherited the Japa-
nese Black alleles. A QTL for LM area was detected at 
the same position of 1.0 cM on BTA2 (Figure 2, panel 
D); animals that inherited the Limousin allele had a 
greater muscle area. Because a positive correlation 
between muscle area and lean area in our F2 family 
occurred in every muscle measured by CIA (data not 
shown), animals that inherited the Limousin alleles at 
this QTL had greater muscle area with leaner meat.

In contrast, the QTL for RFA to LM, M. semispinalis, 
M. semispinalis capitus, and M. trapezius area were 
detected at 4.7 cM on BTA2 (Figure 2, panel E), as was 
the QTL for BMS number (Figure 2, panel A). Further-
more, QTL for crude fat content of LM and the C16:1 
content of intramuscular fat were detected at 5.7 and 
0 cM, respectively, on BTA2 (Figure 2, panel B). In all 
these cases, animals that inherited the Japanese Black 
alleles had greater values. Kuchida et al. (2000; 2001b) 
described significant relationships between crude fat 
content and RFA (r = 0.98), and between RFA and BMS 
number (r = 0.93), respectively. They suggested that 
crude fat content and RFA are useful data for evaluat-
ing marbling objectively. This suggestion is consistent 
with the results of our study.

All of our F2 animals showed BMS numbers of 2 to 
5, except for one animal that had a 6 and one that had 
a 7 (Figure 1). This indicates the lower intramuscular 

fat content of the F2 population than of purebred Japa-
nese Black cattle. In fact, Okumura et al. (2007) noted 
that the crude fat content (%) of Japanese Black cattle 
slaughtered at 24 mo of age (identical to the age at 
slaughter for our F2 population) was 37.0 ± 4.4, whereas 
that in our F2 population was 17.7 ± 5.9 (Table 2). Sum-
marizing these results, we suggest that the Limousin 
alleles, which produced larger lean and muscle area, 
had a more extreme effect than those of the Japanese 
Black alleles, which produced beef with greater BMS, 
RFA, crude fat, and C16:1 content. Using a population 
that inherited the muscle hypertrophy locus, Casas et 
al. (1998) detected a QTL for ribeye area, marbling, 
and fat thickness. Their results were similar to ours 
not only in the type of phenotypes affected, but also in 
the QTL regions reported; the multiple QTL were in 
the same chromosomal region. Furthermore, using a 
Wagyu × Limousin crossbred F2 population, Alexander 
et al. (2007a) detected a QTL for LM area in the centro-
meric region of BTA2.

Recently, Sellick et al. (2007) reported the effect of 
the F94L mutation of the myostatin gene. They treated 
this gene as a positional candidate of the QTL for meat 
percentage, eye muscle area, and silverside (meat block 
composed of M. gluteobiceps and M. semitendinosus) 
percentage detected in the 0 to 15 cM region of BTA2. 
They analyzed a population derived from a Jersey × 
Limousin cross and explained that the F94L mutation 

Table 2 (Continued). Performance, growth, traits of carcass grade, meat quality, computer image analysis (CIA), 
and fatty acid composition of F2 animals from an intercross of F1 animals derived from 2 Japanese Black sires and 
2 Limousin dams 

Trait n Mean SD Minimum Maximum

  C18:0 content, % 178 8.2 1.6 0.1 13.2
  C18:1 content, % 178 51.9 2.7 42.6 58.8
  C18:2 content, % 178 2.7 0.8 1.5 5.2
  US/S4 178 1.8 0.2 1.1 2.3
Intermuscular fat

  C14:0 content, % 177 3.7 0.7 2.3 8.2
  C14:1 content, % 177 1.0 0.3 0.4 2.2
  C16:0 content, % 177 25.1 2.4 9.4 31.2
  C16:1 content, % 177 4.8 0.8 3.1 7.7
  C18:0 content, % 177 12.7 2.3 3.2 20.5
  C18:1 content, % 177 47.2 3.0 40.5 55.7
  C18:2 content, % 177 2.5 0.8 1.4 4.9
  US/S 177 1.4 0.2 0.9 2.0
Intramuscular fat

  C14:0 content, % 184 3.7 0.6 2.3 6.6
  C14:1 content, % 184 0.8 0.3 0.3 2.0
  C16:0 content, % 184 28.4 2.0 22.5 34.6
  C16:1 content, % 184 4.2 0.7 2.1 7.0
  C18:0 content, % 184 12.7 1.9 4.9 18.4
  C18:1 content, % 184 44.7 2.6 37.4 51.8
  C18:2 content, % 184 2.8 0.8 0.1 6.4
  US/S 184 1.2 0.1 0.8 1.7

1Withers height = the length from the ground to the peak between shoulder blades; hip cross height = the length from the ground to the 
intersecting point of hip points line and the median line; body length = the length from the lower edge of the scapula to the end of the ischial 
tuberosity; hip length = the length from the hip cross to the back end of the ischial bone; hip point width = the length between the points of the 
hip; pinbone width = the length between the ischial tuberosities.

2Measured at close behind the fore foot.
3RFA = ratio of fat area.
4The ratio between total unsaturated fatty acid and total SFA.
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of the myostatin gene originated from the Limousin 
breed and significantly increased these traits. Their re-
sults seem applicable to our findings. Myostatin is one 
of the strong candidate genes for QTL of BTA2 detected 
in our F2 population.

Interestingly, a QTL for C18:2 content of LM was de-
tected at 2 cM on BTA2 (Figure 2, panel B). Animals 
that inherited the Limousin alleles had greater content 
of C18:2. This fatty acid is a constituent of CLA, which 
has recently been studied for its favorable effect on hu-
man health, especially for reducing human cancer cell 
growth (De La Torre et al., 2006). The C18:2 fatty acid 
in beef cannot be synthesized in the bovine body, but 
originates from feedstuffs. Therefore, it seems strange 
that the genetic effect was observed on this trait. On 
the other hand, several studies have reported the dif-

ference in C18:2 content between muscle and adipose 
of cattle (Hristov et al., 2005; Noci et al., 2005). Ac-
cording to these studies, C18:2 is more abundant in 
muscle than in adipose. In our F2 population, animals 
that inherited the Limousin allele had leaner meat, as 
described above. Furthermore, there was a weak but 
positive correlation between C18:2 content and both 
CP content and LM lean area (r = 0.11 and 0.12, re-
spectively). Conversely, there was a negative correla-
tion between C18:2 and both crude fat content and RFA 

results may relate to the fact that the QTL for C18:2 
content was detected at the centromeric end of BTA2.

There are several reports on candidate gene analysis 
of BMS and subcutaneous fat depth (SFD) traits using 
similar Wagyu × Limousin F2 populations. Jiang et al. 

Table 3. Summary of QTL location, genome-wide probability, and additive and dominance effects 

Trait

Genome-wide
probability1 Location

F-ratio2
Additive3

effect
Dominance3

effect
Variance
explained5% 1% BTA cM

Growth
Withers height, cm 9.06 11.82 5 80.3 10.59* 0.06

Carcass grade
Carcass grade (1 to 5) 9.41 12.08 2 4.7 16.27† 0.32 0.09 0.16
LM area, cm2 9.29 11.71 2 1.0 26.63† 0.23
Beef marbling score (1 to 12) 9.31 11.22 2 4.7 23.65† 0.61 0.19 0.21
Luster (1 to 5) 9.47 11.00 2 4.7 18.47† 0.25 0.11 0.16
Firmness (1 to 5) 9.47 11.87 2 4.7 14.51† 0.32 0.05 0.15

Meat quality
Moisture 9.16 10.79 2 5.7 24.58† 0.21
Crude fat content 9.12 11.29 2 5.7 26.37† 3.85 1.94 0.23
CP content 9.18 10.98 2 4.7 32.57† 0.27

Computer image analysis
LM area, cm2 9.46 11.78 2 1.0 20.29† 0.18
LM lean area, cm2 9.13 11.25 2 3.0 43.21† 0.33
RFA4 to LM area, % 9.47 12.00 2 4.7 28.55† 4.18 2.28 0.25
RFA to M. semispinalis capitus area, % 9.22 11.59 2 4.7 11.91† 2.36 0.93 0.12
M. semispinalis lean area, cm2 8.97 11.07 2 4.7 15.55† 0.15
RFA to M. semispinalis area, % 9.49 11.06 2 4.7 14.45† 2.56 2.26 0.14
M. trapezius lean area, cm2 9.21 10.9 2 2.0 28.37† 0.22
RFA to M. trapezius area, % 9.17 11.27 2 4.7 11.69† 3.27 1.35 0.12

Fatty acid composition
Backfat

  C14:0 content, % 9.38 11.71 19 62.3 9.65* 0.11
Intermuscular fat

  C14:0 content, % 9.49 12.06 19 62.3 27.47† 0.18
  C14:1 content, % 9.44 11.40 19 71.0 13.59† 0.04 0.15
Intramuscular fat

  C14:0 content, % 9.19 11.01 19 62.3 30.44† 0.28
  C14:1 content, % 9.19 11.18 19 41.1 12.50† 0.14
  C16:0 content, % 9.14 11.73 19 62.3 10.68* 0.11
  C16:1 content, % 9.17 11.14 2 0.0 9.18* 0.23 0.23 0.09
  C18:1 content, % 9.28 10.78 19 62.3 21.12† 1.56 0.42 0.20
  C18:2 content, % 9.36 12.20 2 2.0 19.22† 0.07
  US/S5 8.96 10.66 19 62.3 9.65* 0.06 0.03 0.09

1Genome-wide F-statistic thresholds at the 1% and 5% levels as determined by permutation tests.
2Asterisk (*) and dagger (†) represent the 5% and 1% genome-wide significance levels, respectively.
3Additive (a) and dominance (d) QTL effects correspond to the genotype values of +a, d, and –a for animals having inherited 2 Japanese Black 

alleles, 1 of each allele, or 2 Limousin alleles, respectively. If the additive effect is positive, the Japanese Black allele increases the phenotypic 
value; if it is negative, the Japanese Black allele decreases it (conversely, the Limousin allele increases the phenotypic value). Dominance ef-
fects are relative to the mean of the 2 homozygous genotypes.

4RFA = ratio of fat area.
5The ratio between total unsaturated fatty acid and total SFA.
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(2005) detected genetic variation in the mitochondrial 
transcription factor A (TFAM) gene and determined its 
significant effect on both BMS and SFD. Michal et al. 
(2006) analyzed the bovine fatty acid binding protein 
4 (FABP4) gene as a candidate, and found a signifi-
cant relationship between detected SNP and these 2 
traits. Wibowo et al. (2007) reported a significant ef-
fect of mutations detected in the corticotrophin-releas-
ing hormone (CRH) gene on BMS and SFD. The first 
TFAM gene is located on BTA28, and the latter 2 genes 
(FABP4 and CRH) are both located on BTA14. We de-
tected no significant (or suggestive) QTL for BMS or 
backfat thickness on those chromosomes. One possible 
explanation for this observation was the difference in 
parental individuals between those 2 F2 populations. 
In our F2 population, the mutations detected in these 
3 genes might be fixed in the 2 breeds. In addition, 
the difference in the measuring procedure of BMS and 
SFD between the United States and Japan might have 
caused the different results.

We detected a QTL for withers height at 80.3 cM on 
BTA5 (Figure 3). Animals that inherited the Limou-
sin alleles were taller than those that inherited the 
Japanese Black alleles. Quantitative trait loci for birth 
weight were detected in this region (Casas et al., 2003; 
Kim et al., 2003) by use of a Bos indicus × Bos tau-
rus crossbred family. Mizoshita et al. (2004) detected a 
QTL for carcass yield on BTA5 in a half-sib population 
of purebred Japanese Black cattle, but the position was 
different from our QTL. Li et al. (2004) detected a QTL 
for preweaning ADG and ADG on feed in the 73.5- to 
77.6-cM region on BTA5 using a crossbred population 
developed from several bovine breeds. Those investiga-
tors considered IGF-I to be a positional candidate and 
included information regarding IGF-I polymorphisms 
in their analysis. Although we measured 14 growth-
associated traits in total, including birth weight and 

ADG during the fattening period, the genome-wise sig-
nificant QTL was detected only for withers height.

On BTA19, we detected QTL for fatty acid composi-
tion (Figure 4, panels A to C). In addition, QTL for C14:0 
content were detected at 62.3 cM for backfat (Figure 4, 
panel A); QTL for C14:0 and C14:1 content were detect-
ed at 62.3 and 71.0 cM for intermuscular fat (Figure 4, 
panel B) and at 62.3 and 41.1 cM for intramuscular fat 
(Figure 4, panel C). For each of these 3 loci, animals 
that inherited the Limousin alleles showed increased 
C14:0 and C14:1 content. We also detected QTL for 
C16:0 and C18:1 content and the ratio of total unsatu-
rated fatty acid content to total SFA content of intra-
muscular fat at 62.3 cM on BTA 19 (Figure 4, panel C). 
Individuals that inherited the Japanese Black allele at 
this QTL demonstrated reduced C16:0 content, but in-
creased C18:1 content and the ratio of total unsaturat-
ed fatty acid content to total SFA content. The degree 
of fatty acid composition in the intramuscular fat is an 
important factor for the eating quality of beef. Gener-
ally, the melting points of unsaturated fatty acids are 
less than those of SFAs, so beef with more unsaturated 
fatty acid in the intramuscular fat has superior eat-
ing quality and good texture. In addition, Mandell et 
al. (1998) suggested that C18:1 content has a favor-
able effect on beef flavor. In contrast, Fernandez and 
West (2005) stated that C12:0, C14:0, and C16:0 are 
considered to be associated with hypercholesterolemia, 
because they increase the concentration of low-density 
lipoprotein in human plasma, and Bláha et al. (2000) 
suggested that SFA concentrations and coronary ath-
erosclerosis are related. Considering these points, we 
suggest that our findings here may facilitate the pro-
duction of beef that is both pleasant to eat and healthi-
er for human consumption. Furthermore, Viitala et al. 
(2003) detected a QTL for milk fat percentage at 67 
cM on BTA19. Subsequently, Roy et al. (2006) studied 
the bovine fatty acid synthase (FASN) gene as a candi-
date gene for the QTL and found various SNP that had 
significant effects on milk fat percentage. Morris et al. 
(2007) detected QTL for fatty acid composition in both 
adipose tissue and milk fat in the 60 to 80 cM region on 
BTA19; the locations of those QTL overlap those that 
we detected. Morris et al. (2007) also analyzed FASN as 
a candidate gene for this QTL and found that the SNP 
haplotype had a significant effect on fatty acid compo-
sition; FASN may also be a strong candidate gene for 
controlling fatty acid composition in our F2 family. On 
the other hand, Alexander et al. (2007b) analyzed the 
fatty acid composition of the LM of their Wagyu × Lim-
ousin F2 population, and carried out QTL mapping on 
this trait, but did not detect significant QTL on BTA19. 
A possible reason for this result is the difference in 
parental individuals of the 2 Wagyu × Limousin ref-
erence populations. Whereas their F2 population origi-
nated from 8 Wagyu bulls and 108 Limousin females, 
our family was constructed from only 2 Japanese Black 
sires and 2 Limousin females. Our 2 Japanese Black 

Figure 1. Bar chart of the beef marbling standards 
(BMS) numbers of 186 F2 animals. The x-axis indicates 
the BMS numbers (1 to 12), the y-axis indicates the 
percentage, and the numeral on each bar represents 
the number of F2 animals with that particular BMS.
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Figure 2. Plot of the F-ratios from multilocus least squares analysis (Haley et al., 1994) of carcass grade and 
physicochemical property traits on BTA2. The x-axis indicates the relative position on the linkage map; the left-
hand y-axis represents the F-ratio; and the right-hand y-axis (dotted curve) indicates information content (IC). 
Triangles on the x-axis indicate marker positions. Markers were MNS-2, DIK621, ILSTS026, DIK1081, DIK1140,
BM4440, RM041, TGLA226, DIK1109, MM8D3, INRA135, IDVGA-37, and IDVGA-2. The horizontal lines indicate 
genome-wide threshold values for 5% level (dotted line) and 1% level (solid line). (A) QTL profile of carcass grade 

 = carcass grade; and + = firmness. (B) QTL profile 

+

capitus;  = M. semispinalis. There is no public information for marker DIK621.
The primer sequences of marker DIK621 were forward primer = TCATGGCCATCATACATCAAG, reverse primer 
= CCCCTTTCCAAACCCATAAT.
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sires were considered excellent individuals in 1995, so 
several favorable genes (for meat qualities) might be 
fixed in the 2 sires. It could be said that the structure 
of our F2 population was more suitable for detecting 
effective QTL. Interestingly, Alexander et al. (2007b) 
detected significant QTL for fatty acid composition on 
the centromeric region of BTA2, where we also detected 
the QTL on C16:1 and C18:2. The latent factor with ef-
fects on beef fatty acid composition may also be located 
in this region.

We observed several pairs of traits that showed high-
ly positive or negative correlations among the 27 QTL-
detected traits in this study. For example, BMS num-
ber had a strong positive relationship with RFA and 
LM muscle area (r = 0.85), but also showed a negative 

of those 3 traits were located at the same position, 4.7 
cM on BTA2. This suggests that markers targeted for 
one trait may improve performance of the other trait. 
The opposite result might occur for other trait combi-
nations. We may have to pay attention to this matter 
when consideration is given to marker-assisted selec-
tion.

Overall, the findings we report here provide fun-
damental information on the transmission of bovine 
quantitative traits. Because the QTL we detected may 
represent only breed-associated differences between 
Japanese Black and Limousin cattle, we need to con-
firm these QTL effects in a purebred Japanese Black 
population to obtain information useful in breeding 
Wagyu cattle.

Figure 4. Plot of the F-ratios from multilocus least 
squares analysis (Haley et al., 1994) for fatty acid 
composition traits on BTA19. The x-axis indicates the 
relative position on the linkage map; the left-hand y-
axis represents the F-ratio; and the right-hand y-axis 
(dotted curve) indicates information content (IC). Tri-
angles on the x-axis indicate marker positions. Mark-
ers were DIK2452, X82261, INRABERN148, URB044,
CSSME070, BMS2389, BM17132, IOBT34, NLB-
CMK39, and DIK688. The horizontal lines indicate 
threshold values for genome-wide 5% level (dotted line) 
and genome-wide 1% level (solid line). (A) QTL profile 

(B) QTL profile of fatty acid composition in intermus-

profile on fatty acid composition of LM intramuscular 

content;  = C16:0 content; and + = the ratio between 
total unsaturated fatty acid and total SFA.

Figure 3. Plot of the F-ratios from multilocus least 
squares analysis (Haley et al., 1994) of withers height 

-
tion on the linkage map; the left-hand y-axis repre-
sents the F-ratio; and the right-hand y-axis (dotted 
curve) indicates information content (IC). Triangles 
on the x-axis indicate marker positions. Markers were 
BMS1095, BMS610, BP1, RM103, BMS1898, MS2106,
CA084, ETH10, MNS-44, BMS1248, BM315, DIK2206,
DIK2287, DIK2122, BM733, DIK2035, and BMS597.
The horizontal line indicates threshold values for ge-
nome-wide 1% level.
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GENOMIC ORGANIZATION AND PROMOTER ANALYSIS
OF THE BOVINE ADAM12 GENE
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A disintegrin and metalloprotease (ADAM) 12 is a member of the ADAM family

possessing a putative role in a variety of biological processes such as modulation of

proteolytic processing, cell adhesion, cell fusion, and signaling. Recently, it has been sug-

gested that ADAM12 is involved in regulation of adipogenesis as well as myogenesis. In this

study, we have determined the genomic structure of 50- and 30-regions in the bovine

ADAM12 gene. We could obtain characteristics of lower homology of its exon 2 with

human counterpart. Human exon S19 encodes for the sequence specific to a shorter secreted

form of ADAM12S. The bovine ADAM12 gene had no canonical 30-splice acceptor site at
50-side of the putative exon S19, suggesting that the cattle could not produce a ADAM12S

counterpart. To identify the regulatory elements, a 12 kb 50-flanking region of the gene was

cloned and luciferase reporter assay was carried out. Reporter plasmids with different

length of proximal promoter region indicated the similar patterns of promoter activities

between 3T3-L1 preadipose and Cos-1 nonadipose cells. However, 2.0 and 0.2 kb fragments

located at 28 and 24.5 kb upstream of the putative transcription start site, respectively,

increased the ADAM12 promoter activity about 1.5- to 2-fold in 3T3-L1, but not in

Cos-1. These results suggested that the two distal regions might contribute to the

preadipocyte-specific expression of ADAM12 gene.

Keywords: ADAM12; Adipogenesis; Cattle; Promoter analysis

INTRODUCTION

An ADAM family, of which the prototype is a membrane-anchored cell sur-
face protein composed of several distinct domains including a prodomain, metallo-
protease, disintegrin, cystein-rich, EGF-like and transmembrane domains as well as
a cytoplasmic tail, seems to be implicated in a variety of biological processes, such as
modulation of proteolytic processing, cell adhesion, cell fusion, and signaling (1–3).
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ADAM12 has been isolated as one of the ADAM family genes expressed in
muscle (4). The ADAM12 is expressed predominantly in neonatal muscle as well
as placenta, but slightly in adult muscle (4, 5). Its expression has been reported to
decrease during differentiation of myogenic cell line in vitro or to increase dra-
matically in response to regeneration of muscle in vivo (6). These studies, together
with immunocytochemical localization and functional expression studies, have
suggested that the ADAM12 is implicated in muscle development and regener-
ation (4–8).

On the other hand, Kawaguchi and colleagues (9) have developed muscle-
specifically ADAM12-overexpressing transgenic mice, which exhibit the increased
intramuscular adipogenesis characterized by appearance of cells expressing early
markers of adipogenesis in the perivascular space and of mature, lipid-laden adi-
pocytes, at one to two and three to four weeks of age, respectively. Further-
more, Kurisaki and colleauges (10) have recently demonstrated that ADAM12-
deficient mice exhibit the reduction of the interscapular brown adipose tissue,
in addition to the impaired formation of the neck and interscapular muscles
in some pups. These observations, together with the recent report that the
ADAM12 is transiently expressed at the cell surface of preadipocyte just before
the onset of adipogenesis (11), have suggested that the ADAM12 may be
involved in regulating adipogenesis and myogenesis through a linked develop-
mental pathway.

It has been reported that, in humans, the ADAM12 exists in two alternatively
spliced forms, a shorter secreted form, ADAM12S, and a longer transmembrane
form, ADAM12L, that diverge at their 30-ends and specifically make use of exon
S19 and exons L19 to L23, respectively (5). As a consequence, the shorter form,
but not the longer form, lacks the transmembrane and cytoplasmic domains at its
C-terminus. In contrast, only the longer transmembrane form has been detected in
mouse (4).

The expression of ADAM12 mRNA are detected in growing preadipocyte and
transiently up-regulated in early stage during the adipocyte differentiation of 3T3-L1
cells (11), suggesting that the ADAM12 gene expression may be transcriptionally
regulated during adipogenesis. However, little is known about the expressional regu-
lation of the ADAM12 gene. Additionally, it is interesting to focus on the bovine
gene, in that beef marbling (12) phenotypically resembles increased adipogenesis
observed in ADAM12 transgenic mouse muscle. As a step toward understanding
the regulation in the cattle, we thus have cloned and sequenced the promoter, as well
as 50- and 30-regions, in the bovine ADAM12 gene, and characterized promoter
activity in transient transfection assays in 3T3-L1 preadipocyte.

MATERIALS AND METHODS

Primers

Primer sequences were Ex1-S1, 50-GCTCATTTATTGCAACGGTCA; Ex5-A1,
50-TAATGAGTCCCCTGAGACCA; 30S1, 50-ACAGGTTTGGCTTCGGAGG-
GAG; S-A1, 50-CGGCCAAGCCACAGATTCAA; and S-A2, 50-AGAGTTAGT-
GACTCCATGGGT.
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Isolation of Bovine Genomic Clones

We screened a bovine k phage library (13), first by hybridization with a partial
bovine cDNA fragment, and the Roswell Park Cancer Institute-42, Children’s
Hospital Oakland Research Institute-240, and Japanese black cattle fibroblast-
derived (14) bovine BAC libraries as well as the k phage library, repeatedly for
genomic walking, by PCR using primers designed based on upstream end sequences
of positive clones. DNA from positive clones was isolated and characterized by
restriction mapping and Southern analysis using bovine and human cDNA frag-
ments for exons in 30 region of ADAM12L and for exons 1 to 5, respectively, as
probe. Specific restriction fragments subcloned into pBluescript SK- (Stratagene,
La Jolla, CA) were sequenced using an ABI377 sequencer (ABI, Foster City, CA)
with the DYEnamic ET terminator cycle sequencing kit (Amersham Biosciences,
Piscataway, NJ). A nested-deletion and primer-walk strategies were used for
determination of promoter sequence. Analyses of sequences and alignments were
performed with the GENETYX-WIN ver. 7 sequence analysis software package
(Software Development, Tokyo, Japan). The promoter region was analyzed for
potential transcription binding sites with MOTIF SEARCH program (http://motif.
genome.jp). Primer sequences used for genomic walking are available on request.

RT-PCR

A pregnant cow was slaughtered at day 60 of gestation. The whole embryo and
placenta were collected from the uterine cavity of the slaughtered cow, immediately
dipped into liquid nitrogen and stored at �80� until RNA extraction. RNA was
extracted from the bovine whole embryo or placenta using Trizol reagent (Invitrogen,
Groningen, Netherlands), and used as a template for RT-PCR. Reverse transcription
was performed by First-strand cDNA synthesis kit (Takara, Shiga, Japan) according
to manufacturer’s protocol. PCR was performed in a volume of 50ml with the following
conditions: 2ml of cDNA, 50pmol of primers, and 2.5 units of LATaq polymerase
(Takara) for 35 cycles of 94�C 0.5min, 55�C 0.5min and 72�C 1min. PCR primers
Ex1-S1=Ex5-A1 were used to yield product from the exons 1 to 5 splicing. The PCR pro-
ducts were cloned into pCR2.1 using TOPO TA cloning kit (Invitrogen), and sequenced
as described above. PCR primers 30S1=S-A1 or S-A2 were used to examine the possi-
bility of splicing acceptance from exon 18 to exon S19.

Plasmid Construction

Luciferase reporter constructs were based on a modified pGL3-basic plasmid
(Promega, Madison, WI), in which the SmaI site was converted to a EcoRI site,
via cleavage with SmaI followed by insertion of a EcoRI linker. A genomic ADAM12
fragment from the EcoRI site at �1147 to the HindIII site at þ205 relative to the
putative transcription start site was inserted into the modified pGL3-basic double-
digested with EcoRI-HindIII to generate bovine ADAM12 promoter=luciferase
fusion plasmid (pbADAM12proEH-Luc). Reporter plasmids with progressive
deletion of proximal promoter were constructed from pbADAM12proEH-Luc using
exonuclease III=mung bean nuclease system. For the analysis of distal promoter
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region, each restriction fragment (1.5, 2.0, 3.4, 0.2, and 3.3 kb) from �1.15 kb
to �12 kb upstream of the putative transcription start site was inserted into the
EcoRI site of pbADAM12proEH-Luc (Figure 1B). To construct the deletion
mutants of 0.2 kb distal promoter fragment, the corresponding fragments were
amplified by PCR and then cloned into the EcoRI site of pbADAM12proEH-Luc
(Figure 2B). The authenticity of the constructs was confirmed by sequencing.

Transfection and Reporter Assay

Because bovine preadipocyte was not available, we used 3T3-L1 as preadipose
cells, and then Cos-1 as non-adipose cells. The 3T3-L1 and Cos-1 cells were main-
tained at 37�C in 5% CO2, in Dulbecco’s modified Eagle’s medium containing 10%
fetal bovine serum. Both cells were transfected with 0.5 mg per well of the reporter
plasmids in 12-well culture plates by employing LipofectAMINE PLUS Reagent
(Invitrogen). To normalize for the efficiency of transient transfection, 10 ng per well
of phRL-CMV (Promega) was simultaneously cotransfected. Transfectants were
lysed with 0.4ml reporter lysis buffer (Promega) after 30 h according to manufac-
turer’s recommendation (Invitrogen). Firefly and Renilla luciferase activities in
75 ml aliquot were measured using a microtiter plate luminometer (L-max, Molecular
Devices, Sunnyvale, CA) with Dual-Glo luciferase assay system (Promega). The
firefly activity adjusted for Renilla activity was represented as relative light units.

GenBank Accession Numbers

Bovine ADAM12 cDNA, AB164682; bovine ADAM12 promoter and exon 1,
AB164436; bovine ADAM12 exon 2, AB164437; bovine ADAM12 exon 3, AB164438;

Figure 1 Genomic organization of 50 and 30regions in bovine ADAM12 gene. Organization of the bovine

ADAM12 gene (middle) is aligned with protein domains of ADAM12L top). Exons are indicated by solid

boxes and numbered accordingly. S19 represents putative exonic sequences homologous to alternatively

spliced exon S19 specific to a shorter secreted form, ADAM12S, detected in human, and is indicated by

dotted box. The domains of the ADAM12L protein are designated as follows: SS, signal peptide; Pro,

prodomain; MP, metalloprotease; Dis, disintegrin; Cys, cystein-rich; TM, transmembrane; Cyt,

cytoplasmic domains. The promoter is indicated by arrow. The genomic fragments (bottom) obtained

by upstream genomic walking are also aligned with genomic organization of the ADAM12 gene.
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bovine ADAM12 exon 4, AB164439; bovine ADAM12 exon 5, AB164440; bovine
ADAM12 exons 18 to L20, AB164441; bovine ADAM12 exon L21, AB164442.

RESULTS AND DISCUSSION

Isolation of Bovine ADAM12 Genomic Clones

Genomic clones containing 50- and 30-regions of bovine ADAM12 gene were
isolated by screening k phage and BAC libraries (Figure 3). Clones 4a and 051b were
first isolated using a partial bovine ADAM12L cDNA (GenBank accession no.
AB164682) lacking 50-region as probe. Iteration of upstream genomic walking
subsequently resulted in isolation of additional clones C9, 200-J-18, 42-L-16,
163-K-8, and 505-P-11. Restriction mapping and Southern analysis using bovine
(for exons in 30 region of ADAM12L) or human cDNA fragments (for exons 1 to
5) as probe have revealed that clones 505-P-11, 163-K-8, C9, 051b, and 4a, respect-
ively, contain exons 1, 3, 4, 5, and 18-L21. It has been reported that, in human
ADAM12 genes, the sizes of introns 1, 2, and 3 are extremely long (Human Genome
Resources, http://www.ncbi.nlm.nih.gov/genome/guide/human/). As to the bov-
ine ADAM12 gene, the 50-region of exon1 to upstream portion in intron 3 spans
the genomic coverage composed of two BAC clone contig, 505-P-11 and 163-K-8,
while the 30-region of downstream portion in intron 3 to upstream portion in
intron L21 is enclosed with only one BAC clone, 200-J-18 (Figure 3). This is thus
indicative of extremely long sizes of introns 1, 2, and 3, equivalent to that of the
human gene.

Figure 2 Nucleotide sequence of bovine ADAM12 exons 1, 2, 3, 4, and 5, and its alignment with those of

human. The sequences from the ATG translation start codon to the initial 100 p of exon 6 in the bovine

(upper row) and human (lower row) ADAM12 gene are represented. The exon 2 sequence is stippled. The

human sequence is from GenBank accession no. BC060804. The final 9 p in exon 4 from GenBank

accession no. AF023476 is represented beneath lower row. The exon=intron boundaries are indicated by

solid inverted triangles.
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Genomic Structure of 50-region in Bovine ADAM12 Gene

Partial sequence analysis of the two clones, 505-P-11 and 051b, respectively,
revealed putative exonic sequences sharing a homology with human exons 1 and 5.
A 50-portion of bovine ADAM12 cDNA spanning exons 1 to 5 was thus amplified
with RT-PCR using the primers (Ex1-S1=Ex5-A1) designed from the putative
sequences, and then sequenced. The exon=intron organization of 50-region covering
exon 1 to intron 5 has been determined by partially sequencing the corresponding
genomic fragments, and then comparing with the bovine cDNA sequence; the organi-
zation of exon 2 by genomic sequencing of the fragment from the clone 505-P-11
(identified by Southern analysis using the obtained bovine cDNA as probe), and com-
paring the genomic sequence with the cDNA sequence (Figures 4 and 5). The splicing
consensus sequences were identified in the exon=intron boundary, and all splicing
donor and acceptor sites conformed to the GT=AG rule (Figure 5). While the
exon=intron organization of the 50-region was conserved between cattle and human,
exon 2 showed lower homology, which results from 39-bp genomic insertion=deletion
in cattle=human (Figure 4, stippled sequences), consistent with no detection of exon
2-containing clone in Southern analysis using human probe.

The human ADAM12 exon 4 has been shown to be subjected to alternative
splicing due to the variable inclusion (GenBank accession no. AF023476) or
exclusion (GenBank accession no. BC060804) of the final 9 bp. The bovine
ADAM12 exon 4 detected in this study is in accordance with alternatively spliced
form excluding the final 9 bp in GenBank accession no. BC060804. The dinucleotides
immediately downstream of the final 9 bp are GC in cattle, as compared to GT
in human, suggesting elimination of an alternate splice donor site in bovine intron
4 (Figure 5, doubly underlined sequences). However, it remains unclear whether
there is alternatively spliced form including the 9 bp, equivalent to that of the
human gene.

We have further demonstrated characteristics that are lower homology of
bovine exon 2 with human counterpart (Figure 4). The ADAM12 prodomain
encoded by exon 2 to 6, has been reported to show lower homology between human
and mouse than that of the other domains (5). The prodomain plays a pivotal role in
regulating the ADAM12 protease through both mechanisms of latency and of exit
from the endolasmic reticulum (15, 16). Therefore, our present result on exon 2,

Figure 3 Exon=intron boundaries for the bovine ADAM12 gene. The exon and intron sequences are

shown in uppercase and lowercase letters, respectively. The sizes of exons are represented in the parenth-

eses. The dinucleotides GC 10 bp downstream of exon 4 are doubly underlined (see Discussion).
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together with the previous report of lower homology in prodomain, may suggest the
existence of species-specific difference in regulatory mechanism of the ADAM12
protease by the prodomain.

Aside from the fact that the ADAM12 genomic reference sequence (41529303–
41388616 of GenBank accession no. NC007327) obtained by the bovine genome
sequencing project starts with exon 4, genomic structure of the other 50-region in
bovine ADAM12 gene, including the dinucleotides GC 10 bp downstream of exon
4, in the reference sequence was consistent with our data.

Genomic Structure of 30-region in Bovine ADAM12 Gene

Partial sequencing of the clone 4a, followed by comparison with the bovine
cDNA sequence (GenBank accession no. AB164682), determined the exon=intron
organization, in which the splicing consensus sequences were identified at the
boundary (Figure 5), of 30-region spanning exon 18 to intron L21, except for alter-
natively spliced exon S19 specific to a shorter secreted form, ADAM12S, which is
reported to be located between exons 18 and L19 (5). The exon=intron organization
of the 30-region, except for the exon S19, was conserved between cattle and human.

Figure 4 Organization and nucleotide sequence of bovine ADAM12 exons 18 to L19, and alignment with

those of human. (A) The structure of the gene is shown with the positions of primers used in this study.

Exons 18 and L19 are indicated by solid boxes, and putative exon S19 with 30-untranslated region by open

box. (B) The sequences downstream from exon 18 and upstream from exon L19 in the bovine (upper row)

and human (lower row) ADAM12 gene are represented. The sequences around the putative bovine exon

S19, as well as exon 18, human exon S19 and exon L19 sequences, are shown in uppercase letters, while

the intron sequences in lowercase letters. Poly(A) tail is shown following human exon S19. The coding

regions are underlined, and the primers used in this study are shown in arrows above the sequences.
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On the other hand, from completely sequencing the corresponding genomic fragment
between exons 18 and L19 of the clone 4a, putative exonic sequences homologous to
human S-specific exon S19 have been retrieved (Figure 6). However, no canonical
30-splice acceptor site was detected in the vicinity upstream of the putative sequences,
suggesting that the cattle could not produce an ADAM12S counterpart. This may be
corroborated by the fact that even if using placenta tissue, in which human
ADAM12S is the most abundantly expressed, no product was detected by RT-PCR
using 30S1 and S-A1 or S-A2 primers designed based on exon 18 and the putative
sequences, respectively (data not shown).

The two splice variants of ADAM12, ADAM12S, and ADAM12L are active
metalloproteases in human. ADAM12S can cleave IGF binding proteins 3 and 5,
as well as the extracellular matrix proteins, gelatin, type IV collagen, and fibronectin,
while ADAM12L has been shown to shed heparin-binding EGF and placental
leucine aminopeptidase from their membrane-anchored forms (17). Further study
will be needed on possible effects of loss of ADAM12S function in animal species
including cattle.

Aside from the fact that the ADAM12 genomic reference sequence (41529303–
41388616 of GenBank accession no. NC007327) obtained by the bovine genome
sequencing project contains exons L22 and L23, genomic structure of the other
30-region in bovine ADAM12 gene, including absence of exon S19, in the reference
sequence was consistent with our data.

Figure 5 Nucleotide sequences of �2.1-kb EcoRI-BamHI restriction fragment containing exon 1 and

50-flanking regions. The exon 1 sequences are shown in uppercase letters, and the promoter and intron

sequences in lowercase letters. Nucleotide numbering starts with the putative transcription start site

numbered þ1. The ATG translation initiation codon is doubly underlined.

BOVINE ADAM12 GENE 185



Promoter Analysis

The entire sequence of �2.1-kb EcoRI-BamHI restriction fragment containing
exon 1 and 50-flanking regions was determined (Figure 7). The putative transcription
start site was predicted as 380 bp upstream of the coding start codon ATG, on the
basis of comparison of the genomic sequences in cattle and human. The start site
was 83 bp longer than that of bovine ADAM12 cDNA reference sequence (GenBank
accession no. NM001001156) derived from our cDNA sequence (GenBank accession
no. AB164682). The expression of ADAM12 gene was detected in 3T3-L1 preadipo-
cyte and transiently up-regulated in the early-stage of the adipocyte differentiation
(11). To identify the regulatory elements, reporter plasmids with the different lengths
of proximal promoter region were constructed and transfected into 3T3-L1 preadi-
pocyte. As shown in Figure 8, �391 and �457 (relative to the putative transcription
start site) promoters showed higher activities, as compared with the longer promo-
ters (�604 and �1147). Deletion of nucleotides to �53 resulted in a significant
decrease of promoter activity. These results revealed that the highly GC-rich
sequence from �53 to �391 enhanced the ADAM12 promoter activity. However,
such promoter activity profiles observed in 3T3-L1 were similar to those of Cos-1
cells, suggesting that proximal promoter could not support preadipocyte-specific
expression.

To determine the promoter regions directing preadipocyte-specific expression
of ADAM12 gene, further analysis using distal promoter fragments was performed.
Each restriction fragment (1.5, 2.0, 3.4, 0.2, and 3.3 kb) from �1.15 kb to �12 kb
(relative to the putative transcription start site) was inserted in front of �1147 bp
(relative to the putative transcription start site) proximal promoter within
pbADAM12proEH-Luc and transfected into 3T3-L1 preadipocyte (Figure 1). The
2.0 and 0.2 kb fragments located at �8 and �4.5 kb upstream of the putative

Figure 6 Transfection assay of the bovine ADAM12 proximal promoter. The 0.5 mg of ADAM12-lucifer-

ase reporter plasmids with different length of proximal promoter region were transfected into 3T3-L1 or

Cos-1 cells with 10 ng of phRL-CMV. Firefly and Renilla luciferase activities were measured 30 h after

transfection. Results are firefly activity normalized for transfection efficiency and �53 bp (relative to

the putative transcription start site) ADAM12 promoter activity. Data are the mean� standard deviation

from four independent experiments.
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transcription start site, respectively, increased the ADAM12 promoter activity about
1.5- to 2-fold in 3T3-L1, but not in Cos-1 cells (Figure 1). These results suggested
that the two distal regions might contribute to the preadipocyte-specific expression
of ADAM12 gene. It is unclear whether there are the regulatory elements in even
farther upstream or intron regions.

The MOTIF search of the 0.2 kb fragment suggested three putative transcription
factor binding sites (NF-AT, TCF11=AP-1, and Cdx) (Figure 2A). When oligonucleo-
tides corresponding to these binding sites were inserted within pbADAM12proEH-Luc
and transfected into 3T3-L1 preadipocyte, they could not enhance promoter activity
(data not shown). Reporter plasmids harboring 50 and 30 progressive deletions of the
0.2 kb fragment were prepared and transfected into 3T3-L1 preadipocyte. Whereas
the deletion of 50-end 40bp sequence completely abolished the enhancer activity
(Figure 2B, 50-160), its fragment in itself did not activate the promoter as in 0.2 kb
fragment (Figure 2B, 30-40). This result suggested that the 50-end 40bp sequence is
necessary but not sufficient for the enhancer-like activity in 0.2kb. The progressive
deletion from 30 end of 0.2 kb fragment showed the gradual decrease of promoter activi-
ties, supposing that multiple elements might function sufficiently in combination. We
need further analysis to understand the mechanism by which the distal promoter
regions increase the promoter activity in preadipocyte-specific manner.

In conclusion, we have determined the genomic organization of 50- and 30-regions
in the bovine ADAM12 gene. Furthermore, we have identified the promoter regions

Figure 7 Transfection assay of the bovine ADAM12 distal promoter. (A) Restriction map of 14 kb geno-

mic fragment containing the bovine ADAM12 exon 1 and 50-flanking region. (B) Each restriction fragment

(1.5, 2.0, 3.4, 0.2, and 3.3 kb) from �1.15 kb to �12 kb (relative to the putative transcription start site) was

inserted in front of �1147 bp (relative to the putative transcription start site) proximal promoter within

pbADAM12proEH-Luc and transfected into 3T3-L1 or Cos�1 cells. Firefly and Renilla luciferase activi-

ties were measured 30 h after transfection. Results are firefly activity normalized for transfection efficiency

and �1147 bp ADAM12 promoter activity. Data are the mean� standard deviation from four inde-

pendent experiments.
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that might direct preadipocyte-specific expression of ADAM12 gene. These results will
lead to the understanding of the expressional regulation of bovine ADAM12 gene.
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