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ABSTRACT

On the basis of sequence variation in the displace-
ment loop region of mtDNA, 588 Japanese and North
American Holstein cows were classified into 5 mito-
chondrial haplotypes, which were found in Japanese
Black cattle. One of the haplotypes (named type 1),
which was present at the highest frequency in Japanese
Black cattle, was not observed in either European or
African cattle. This haplotype is characterized by 2 sin-
gle-nucleotide polymorphisms. One is called the type B
polymorphism, and it refers to a base change from T
to C at nucleotide 16042 of the mitochondrial genome
(T160042C). The other is called the type I polymor-
phism, and it refers to the base change as G16093A.
The proportion of the Japanese Holstein population
with both polymorphisms was 18.3%, whereas none of
the North American cows had this genotype. Because
the mitochondrial types were inherited maternally, it is
clear that a considerable number of Japanese Holstein
cows are descended from native Japanese cattle. Poly-
morphisms B and I accounted for no variance in the
estimated breeding value for milk production among
cows from the Hyogo herd (582 cows) or the Chiba re-
gion herd (758 cows). This result suggests that most
autosomal genes of native animals have been succes-
sively replaced by those of pure Holstein after grading
up of over 15 generations, even though resulting ani-
mals have native animal-oriented mitochondrial types
and may still have some number of the native autoso-
mal genes.
(Key words: D-loop, grading up, Japanese Holstein-
Friesian)

Abbreviation key: D-loop = displacement loop region
of mtDNA.
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INTRODUCTION

From the 1600s to the mid-1800s, the borders of Ja-
pan were closed to importation by the feudal govern-
ment. Imperial power was restored and the new Meiji
era was established in 1868. Since then, Japan has
opened its lands and allowed Western countries to in-
troduce new technology and culture. This occurred for
dairy farming as well as other agricultural enterprises.
At that time, farmers had no cattle for milk production
and no money to purchase elite bulls or cows from those
countries, so the government took the initiative of intro-
ducing elite animals. The first breeding stock of Hol-
stein-Friesian was introduced in 1889 from the United
States and the Netherlands. The objective was to in-
crease milk production, and the government recom-
mended grading up for native cows.

In Japan, we have native cattle called “Wagyu”. Some
of their descendants are now called Japanese Black
cattle, a major beef breed of Japan. Our group has pre-
viously analyzed the displacement loop region of
mtDNA (D-loop) sequences of the Japanese Black
breed and found that animals could be classified into
5 haplotypes, one of which (type 1) is derived from the
native cows, and is only observed in Japanese Black
cattle (Mannen et al., 1998b).

The present study involved 2 separate experiments.
The first used an initial sample of animals to character-
ize genotypes present in the Japanese Holstein popula-
tion and to compare these with genotypes observed in
North America. The analysis showed the presence of
native mtDNA, suggesting that the native cows had
graded up with Holstein sires. The second experiment
compared modern performance traits between native
and pure mitochondrial origins using a larger group of
animals to investigate whether this grading up has
been successful with native cows.
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MATERIALS AND METHODS

Animals

A total of 591 cows was used for the first experiment
investigating the genotypes that exist in the mitochon-
drial genome. They comprised 100 cows in Hokkaido,
102 in Chiba, 222 in Hyogo, 55 in the United States
(Utah State University), and 112 in Canada (University
of Guelph). The 424 cows from Japan were randomly
sampled and the cows from the United States had differ-
ent maternal lineages. The samples from Hyogo were
divided into cows from the mainland (Hyogo 1) and cows
from Awaji Island (Hyogo 2), where many cows are kept.

For the second experiment, 763 cows in Chiba and
588 cows in Hyogo were sampled. These were genotyped,
and the association between milk production traits and
mitochondrial haplotypes was analyzed. The samples
were collected from 39 and 36 randomly chosen farms
in Chiba and Hyogo, respectively, and restricted to those
having EBV because EBV were used as measures of milk
production traits.

Genotyping

PCR-RFLP. Hair roots were used as a source of DNA
for this study. Several 3-mm-long hair with intact roots
were treated in a microwave for 5 min in a 0.5-ml Ep-
pendorf tube (Higuchi et al., 1988; Thomson et al., 1992).
After treatment, 14.3 μL of distilled water, 1 μL of re-
verse and forward primers, 2 μL of Taq buffer, 1.6 μL
of dNTP mixture, and 0.1 μL Takara Ex-Taq hot start
(5 U/μL) were added. Then, PCR reactions started at
94°C for 2 min, followed by 40 cycles of 90°C for 30 s,
60°C for 30 s, 72°C for 1 min, and a final extension of
72°C for 7 min using a Takara PCR Thermal cycler
480 (Tokara, Tokyo, Japan). A fragment of the D-loop,
nt16008 to nt16160, was amplified using primers ACAT-
TAAATTATATGCCCCATGC and AGCTCGTGATC-
TAATGGTAAGGA.

There are 4 Rsa I restriction sites within the amplified
fragment, as shown in Figure 1a. To the 2.5-μL aliquots
of PCR product, 1.5 μL of 10× buffer, 10.75 μL of distilled
water, and 0.25 μL of Rsa I (8 U) were added and then
incubated for 4 h at 37°C for digestion. The digested
samples were boiled after adding 3 μL of formamide and
then immediately cooled. Using 40 cm × 25 cm × 0.4 mm
polyacrylamide gel (6%) containing 8 M urea, digested
samples were analyzed at 1800 V for 40 min. The DNA
fragments were visualized using a silver-staining
method through the Silver Sequence DNA Sequencing
System (Promega, Madison, WI).

Sequencing

For 153-bp fragments that could not be classified by
the PCR-RFLP method, DNA sequences were deter-
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mined after extraction of the fragment from 2% agarose
gels using Gene Mate DNA purification kit (Promega).
Sequencing was carried out using the Silver Sequence
DNA sequencing system (Promega). Primers were the
same as those used for the PCR reaction.

Statistical Analysis

Comparison of milking performance between mito-
chondrial haplotypes was carried out using 2-way AN-
OVA on EBV obtained from 2 regions. The statistical
model included the region and haplotype as fixed effects.
The traits analyzed were milk yield (kg), protein (kg,
%), fat (kg, %), and SNF (kg, %). The EBV of cows were
provided by the National Livestock Breeding Center (Fu-
kushima).

RESULTS AND DISCUSSION

Genotyping

In our previous study, analysis of the D-loop region
revealed 5 mitochondrial haplotypes in Japanese Black
cattle (Mannen et al., 1998b). One of the haplotypes was
observed only in the Japanese cattle. This haplotype
is characterized by 2 single-nucleotide polymorphisms.
Mannen et al. (1998b) have defined that the type B poly-
morphism is a base change from T to C at nucleotide
16042 of the mitochondrial genome (T160042C) and that
the type I polymorphism is a base change of G16093A.

Figure 1 shows a PCR-RFLP pattern of amplified
mtDNA on a polyacrylamide gel. Three fragments (73,
66, and 54 bp) were visible on the gel. Combinations of
the fragments show 4 polymorphism types in which the
type I polymorphism has only one 73-bp fragment, the
type B polymorphism has 66- and 54-bp fragments, the
type BI polymorphism has 73- and 54-bp fragments, and
the type S polymorphism has only one fragment of 66
bp. Using this classification, the genotypes of 588 cows
from 4 districts of Japan and 2 areas of North America
were determined (Table 1). Genotypes of 3 of the 591
cows could not be classified into the aforementioned
types using the PCR-RFLP method, so the DNA se-
quence of the 153 bp (nt16008 to nt16160), including the
polymorphic sites of B and I, was determined. Compared
with the data of Anderson et al. (1982), 2 out of 3 animals
showed a substitution of G for A at nt16056. One of 3
showed a deletion of 3 nucleotides (TAT) from nt16128.
Those 3 animals were removed because their polymor-
phisms were different from the ones specific to the
above types.

As shown in Table 1, 96% of North American cows
were classified into type S, which is defined as a stan-
dard sequence, as described by Anderson et al. (1982).
The frequencies of type B and type I polymorphisms
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Figure 1. Four Rsa I restriction sites and its mutations of the displacement loop region of mtDNA (D-loop) between nt16008 to nt16160
(a). Patterns of mtDNA variation by PCR-RFLP on polyacrylamide gel (b). Numbers on the right column reflect the size of the DNA fragment
(bp). Symbols at the bottom represent mutation types of D-loop region. An amplified fragment from nt16008 to nt16160 of the D-loop region
was digested by Rsa I and electrophoresed on a 6% polyacrylamide sequencing gel containing 8 M urea.
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Table 1. Mitochondrial sequence polymorphism frequency in different herds.

Polymorphism Polymorphism Polymorphism
Region N BI type, % S type, %1 B type, % I type, %

Hokkaido 99 34.3 64.6 1.0 0.0
Chiba 102 8.8 87.3 2.9 1.0
Hyogo 1 119 19.3 77.3 4.2 0.0
Hyogo 2 101 11.9 63.4 23.8 1.0
Subtotal 421 18.3 73.4 7.8 0.5
USA2 55 0.0 90.9 5.5 3.6
Canada3 112 0.0 98.2 1.8 0.0
Subtotal 167 0.0 95.8 3.0 1.2

1Standard type: animals with the same sequence as presented by Anderson et al. (1982).
2A herd from Utah State University.
3A herd from University of Guelph, Canada.

were very low (≤3%). The Holstein breed originated
from the area that borders the Netherlands and Ger-
many. Until now, no animals having both the type B
and type I polymorphism had been observed in breeds
of European origin including Holstein-Friesian (Loftus
et al., 1994a, 1994b; Bradley et al., 1996). Although
type S indicated the highest frequencies in all regions,
the χ2 value showed that there was a significant differ-
ence in genotype frequency distribution between North
America and Japan.

In this study, the type BI polymorphism had a fre-
quency of 34.3% in the Hokkaido region, 19.3% in the
Hyogo 1 region, and 11.9% in the Hyogo 2 region. In
the Chiba region, its frequency was only 8.8%. It is
interesting that the cows from Chiba have the lowest
value. The type B polymorphism appears infrequently
in most regions of Japan, but the frequency in Hyogo
2 was 23.8%. This can be explained by the unexpected
observation that all cows from one particular farm in
Hyogo 2 had the same mitochondrial genotype: the type
B polymorphism.

Animals with the type B and I polymorphisms (i.e.,
type 1), are restricted to the Japanese Black breed
(Mannen et al., 1998b). Average frequency of this type
is 18% in Japanese Holstein and 0% in North American
Holsteins. This result suggests that in spite of 120 yr
of grading up by the use of purebred Holstein bulls
and cows, a considerable number of Japanese Holsteins
have descended directly from female animals in the
native population and have retained the unique mtDNA
of these cows. The frequency of the BI genotype differs
between regions in Japan (8.8 to 34.3%), reflecting the
history of the breed. Although no precise record could
be found, it has been reported that a large number of
animals (approximately 2000 to 3000 animals) were
transferred from Chiba to Hokkaido in 1920s and
1930s, and Chiba replaced those animals with imported
pure cows (The Holstein Cattle Association in Japan,
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1967). The highest number (34.3%) in Hokkaido and
the lowest value in Chiba could reflect this event.

If the native cow of the Meiji era showed the same
frequency of the type BI polymorphism as the present
Japanese Black cows, the frequency should be 60%
(Mannen et al. 1998a,b). When the resulting type BI
frequency of present Japanese Holstein is 34%, it can
be estimated that 57% (0.34/0.60) of the Holstein cows
are descended from native cows. When the BI frequency
is assumed to be 9%, 15% of cows are descendants of
native cows. Therefore, from Table 1, it is suggested
that 15 to 57% of Japanese Holstein cows are the de-
scendants of native cows, but this proportion differs
among regions in Japan. In any case, this result clearly
shows that the Japanese Holstein is different from the
North American Holstein in the sense of mitochondrial
genotypes as the result of grading up over 120 yr since
the Meiji era.

Associations with Estimated Breeding Values

Boettcher et al. (1996) suggested that mutations at
the rRNA and D-loop regions of the mitochondrial ge-
nome affect performance traits of dairy cattle. So it
is of interest to compare milking performance traits
between mitochondrial genotypes. Here we analyzed
for association between EBV for performance traits and
mitochondrial genotype using 1351 cows from the Chiba
and Hyogo regions. The analysis conducted here was
not designed to detect the effect of mitochondrial ge-
nome itself because EBV represented the additive ge-
netic effect of nuclear genome. However the mitochon-
drial genotype could be regarded as an indicator of the
cows’ origin and the analysis of EBV would reveal
whether the grading up for the native cows was success-
fully accomplished.

Mitochondrial genotypes of 758 animals from the
Chiba region and 582 animals from the Hyogo region
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Table 2. Least square means and standard errors of estimated breeding values1 for performance traits by regions and mitochondrial types.2

Milk yield Fat Fat Protein Protein SNF SNF
Effect N (kg) (kg) (%) (kg) (%) (kg) (%)

Region
Chiba 758 476.9 ± 27.2a 18.8 ± 1.1a 0.01 ± 0.01 12.5 ± 0.8a −0.03 ± 0.01a 39.0 ± 2.2a −0.04 ± 0.01a

Hyogo 582 58.8 ± 29.0b 2.0 ± 1.2b 0.00 ± 0.01 0.6 ± 0.8b −0.01 ± 0.01b 4.1 ± 2.4b −0.01 ± 0.01b

Type
BI 204 246.2 ± 31.3 7.5 ± 1.3 −0.02 ± 0.01 5.6 ± 0.9 −0.03 ± 0.01 19.7 ± 2.6 −0.02 ± 0.01
S 1092 253.1 ± 13.7 9.6 ± 0.6 0.00 ± 0.01 6.4 ± 0.4 −0.02 ± 0.00 20.7 ± 1.1 −0.02 ± 0.00
B 44 304.1 ± 67.6 14.1 ± 2.7 0.04 ± 0.03 7.6 ± 1.9 −0.02 ± 0.01 24.2 ± 5.6 −0.03 ± 0.02

1Estimated data in August 2000.
2Means within an effect having different superscripts differ (P < 0.05).

were classified into 3 types using the PCR-RFLP
method. Table 2 shows the results. Five animals from
Chiba and 6 animals from Hyogo showed PCR-RFLP
patterns that could not be classified into B, I, or S, so
153-bp fragments including the polymorphic sites of B
and I from those animals were sequenced. We found
that one fragment had a 3-bp deletion from nt16062
and the other fragment had a single nucleotide polymor-
phism at the Rsa I restriction site at nt16062. Those
polymorphisms were different from the ones specific to
the type B, I, and S polymorphisms, and so were re-
moved from the analysis.

The number of animals with the type BI polymor-
phism was 204, or 15.2% (204/1340). This is similar to
the values shown in Table 1. Those results confirmed
that a considerable number of Japanese Holstein cows
have mitochondria that originated in native cattle.

The EBV of milking production traits were compared
between cows that have the same mitochondria as pure
Holsteins and cows that have mitochondria originating
from native animals. Table 2 shows the least square
means and their standard errors. Significant effects
of regions were observed for all traits except for fat
percentage. In contrast, the difference between mito-
chondrial genotypes was not significant for any trait.

It was expected that the native animals would have
much lower performances than Holsteins regarding
milk production traits. This result suggests that autoso-
mal genes of native animals were successively replaced
by those from pure Holsteins by grading up for over 15
generations. Finally, we found a considerable number of
Japanese Holstein cows that had unique mitochondrial
genotypes, with sequences not observed in European
breeds, and we have evidence that these genotypes orig-
inated in native cows. The appearance of the same geno-
types with European breeds in modern Japanese Hol-
stein cattle suggests introgression of these genes over
120 yr of selective breeding. However, no difference in
milking performance was observed between animals
originating from native cows and animals originating
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from pure Holstein. This information will be valuable
in establishing grading up programs for dairy cattle in
developing countries.
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