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1 | INTRODUCTION
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Abstract

The Japanese Shorthorn is a Japanese Wagyu breed maintained at a small population
size. We assessed the degree of inbreeding and genetic diversity among Japanese
Shorthorn cattle using pedigree analysis. We analyzed the pedigree records of regis-
tered Japanese Shorthorn born between 1980 and 2018, after evaluating the pedi-
gree completeness. The average of the actual inbreeding coefficients increased at
the same rates annually from approximately 1.5% in 1980 to 4.2% in 2018 and was
higher than the expected inbreeding coefficients over time. The effective population
size based on the individual coancestry rate largely decreased from 127.8 in 1980 to
82.6 in 1999, and then remained almost constant at approximately 90. Three effec-
tive numbers of ancestors decreased over time until 1995, then remained almost
constant. In particular, the effective number of founder genomes (Ng.) decreased
from 43.8 in 1980 to 11.9 in 2018. The index of genetic diversity based on Ng.
decreased from 0.99 in 1980 to 0.96 in 2018 due to genetic drift in non-founder
generations. Changes in inbreeding and genetic diversity parameters were similar
between Japanese Shorthorn and other Japanese Wagyu breeds, but the magnitude

of the changes was lower in the Japanese Shorthorn.

KEYWORDS
effective population size, genetic diversity, inbreeding coefficient, Japanese Shorthorn, pedigree
analysis

amounts of milk and can utilize roughage (Motoyama et al., 2016;
Yamaguchi et al., 2013). In addition, Japanese Shorthorn cattle graze

The Japanese Shorthorn is a Japanese Wagyu breed raised in the
Tohoku and Hokkaido regions of northern Japan (Motoyama
et al., 2016). Japanese Shorthorn cattle were originally generated by
crossing imported Western Shorthorn bulls with Nambu-ushi, a breed
maintained in the lwate Prefecture. The Japanese Shorthorn has been
continuously improved and was certified as a Japanese Wagyu breed
in 1957 (Takayasu, 1983). Japanese Shorthorn cattle are adapted to

grazing and can nurture calves because they produce abundant

in a unique system known as Natsuyama fuyusato (mountain in sum-
mer, village in winter) (Kondo et al., 2005), in which cattle graze on
pastures in summer and are fed in stalls in the winter. The most
important part of the pasture period is natural mating, in which a sin-
gle bull and approximately 50 cows are accommodated in a pasture
plot of regional public ranches and then naturally mated (called
Makiushi) (Mizuma & Sasaki, 1974). Thus, Japanese Shorthorn are pro-

duced and maintained with a unique breeding and production system.
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The degree of beef marbling standard (BMS) and its variance are
lower in Japanese Shorthorn than those in Japanese Black cattle, and
carcass weight has been emphasized as a target for genetic improve-
ment in Japanese Shorthorn cattle (MAFF, 2020). The BMS has
become the most economically important trait in Japan, and Japanese
Black cattle with a high degree of marbling are more suited to this
trend than Japanese Shorthorn cattle. Hence, the size of the Japanese
Shorthorn 7000-8000

(NLBC, 2021). In contrast, a decline in genetic diversity is an important

population has fallen to individuals
issue for Japanese Black cattle because of the intensive use of a few
sires with a high estimated breeding value (EBV) of marbling (Honda
et al., 2002, 2004; Nomura et al., 2001). Therefore, genetic selection
while monitoring the genetic status of a breed is needed to sustain-
ably use livestock materials.

The Japanese Shorthorn has a unique genetic background com-
pared to that of other Japanese Wagyu breeds (Mannen et al., 2020;
Noda et al., 2018), and the maintenance of genetic diversity is impor-
tant for future genetic resources. For example, some consumers pre-
fer lean meat, as their needs have diversified (Sasaki et al., 2017). In
addition, since Japanese Shorthorn cattle graze under natural mating
and seasonal breeding schemes, genetic diversity may be maintained
even though the number of individuals in the population is small com-
pared with that of other Wagyu breeds for which most progeny are
produced by artificial insemination (Al). However, the current genetic
status of Japanese Shorthorn cattle has not yet been determined.
Pedigree analysis is a useful approach for monitoring and evaluating
genetic diversity within populations based on inbreeding coefficients,
effective population size, and the probabilities of gene origins. The
present study aimed to clarify the degree of inbreeding and genetic
diversity in Japanese Shorthorn using pedigree analysis.

2 | MATERIALS AND METHODS

Approval of the Animal Care and Use Committee was not obtained
for this study because we acquired pedigree data from an existing
database.

2.1 | Pedigree data

We analyzed the pedigree records of Japanese Shorthorn cattle that
were maintained in cooperation with the Japanese Shorthorn Cattle
Association of Japan and born between 1970 and 2018 to known par-
ents. The animals born during each year served as reference
populations. The total number of bulls and cows in the reference pop-
ulation was 1,833 and 33,850, respectively, and Table 1 shows the
number of cows born in each reference population every 5 years. The
pedigrees of the animals in the reference populations were traced
back as far as possible to obtain a base population, and the total num-
ber of animals in the pedigree was 44,614. Ancestors with both
unknown parents and those with only one known parent were reg-

arded as founders. Table 1 shows the number of founders in each

TABLE 1 The number of reproductive bulls, reproductive cows,
founders with both unknown parents (N4), founders with only dam
known parent (N,), founders with only sire known parent (N5), and
discrete generation equivalents (g.) in each period
Periods Bulls Cows N4 N> N3 9e
1970-1974 198 369 210 1 407 2.2
1975-1979 358 2750 1035 12 1341 2.5
1980-1984 337 9214 1705 24 3124 3.1
1985-1989 311 8662 1431 17 2789 3.8

1990-1994 163 4181 861 7 1804 4.4
1995-1999 130 2508 539 8 1265 51
2000-2004 85 1624 382 2 951 57
2005-2009 104 1782 346 1 853 6.3
2010-2014 89 1485 316 1 776 6.9
2015-2018 58 1275 281 1 701 7.5

reference population every 5 years. More founders had only one
known parent than two unknown parents in each period. We evalu-
ated the parameters of pedigree completeness, inbreeding, effective
population size, and genetic diversity based on pedigree data of
Japanese Shorthorn cattle using R software (http://www.r-project.
org).

22 |
intervals

Pedigree completeness and generation

The completeness and depth of the pedigree were evaluated before
analyzing inbreeding, effective population size, and genetic diversity in
our population. The pedigree completeness index (PCl) and discrete
generation equivalents (g.) were used as indicators. PCl is an important
indicator of pedigree quality for inbreeding estimation, and its value is
1 when all ancestors are known in the paternal and maternal lines traced
back to d generations. We calculated the PCI (MacCluer et al., 1983;
Sgrensen et al., 2005) for each reference population as follows:

pi = Zlndlmd
Ip,d +1 m,d

where I, 4 and |4 are the proportions of known ancestors averaged
over d generations in the paternal (p) and maternal (m) lines, respec-

tively. The proportion of known ancestors was calculated as follows:

1
lig= P 1:21 uij,

where ujj is the proportion of known ancestors at generation j in line i.
The PCl over three and five previous generations in the pedigree were
calculated and are referred to as PCI3 and PCI5, respectively. The

informative reference population, which we defined as PCI3>0.75
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and PCI5 > 0.50, was applied to evaluate inbreeding, effective popula-
tion size, and genetic diversity.

The complete generation equivalent (CGE) is defined as the sum of
the proportion of known ancestors over all generations traced (Maignel

etal.,, 1996) and is calculated according to Boichard (2002) as follows:
"1
CGE = 21: o5
P

where n is the total number of ancestors and g; is the number of gener-
ations between ancestor i and the animal. The CGE is d when all ances-
tors are known in the previous d generations. The g, is the expected
number of generations from the base population to the reference pop-
ulation under discrete generation (Woolliams & Mantysaari, 1995) and

was calculated for each reference population as follows:

N n

1 1
ge:CGE:NZZﬁ,

j=1 i=1

where n; is the total number of ancestors of animal j in the reference
population, gj is the number of generations between animal j and its
ancestor i, and N is the number of animals in the reference population.

The average generation interval (L) in each period was calculated as

_ Lss + Lsd + Lds + de

L 4

where L, Ly, Lgs, and Lgg are the generation intervals of four gametic
pathways: sire to son, sire to daughter, dam to son, and dam to daugh-

ter, respectively.

2.3 | Inbreeding and effective population size

We calculated the F statistics (F1, Fst, and Fjs), in which Fj is the aver-
age inbreeding coefficient of the reference population, and the
inbreeding coefficient of each individual in the pedigree was calcu-
lated according to Meuwissen and Luo (1992). The Fst is the inbreed-
ing coefficient expected under random mating and is calculated as the
average coancestry between the sires and dams of the reference pop-
ulation. The coancestry between animals i and j (Cj) was calculated
from the relationship of 2C; =aj;, where q;; is the element of the addi-
tive relationship matrix A and an additive relationship coefficient
between animals i and j (Lynch & Walsh, 1998). The F;s was calculated
according to Wright (1951) as follows:

where Fr indicates actual inbreeding, and Fs; and Fis indicate
expected inbreeding under random mating and deviation of the actual

mating from randomness, respectively.

Two types of effective population sizes (N and N.cj) were calcu-
lated based on the individual inbreeding rate (AF;) (Gutiérrez
et al, 2009) and individual coancestry rate (AC;) (Cervantes

et al., 2011), respectively, as
AFi=1- q"\i/ 1-F;,
ACj=1- (qi’qi)/\/z/ 1-Gj,
where F; is the inbreeding coefficient of animal i, Cj is the coancestry
between animals i and j, and g; and g; are their respective CGEs. Then

Neri and N.c; were calculated for each reference population using the
average values of AF; (AF) and AC; (AC) as

1
Neri = —,
eFi 2AF

1
Nogi = ——.
““T2AC

2.4 | Genetic diversity

Three effective numbers of ancestors were estimated to assess
genetic diversity and clarify the causes of their loss. The effective
number of founders (N is an indicator of founder contributions to
the population and is defined as the number of equally contributing
founders (Lacy, 1989). We calculated N, based on the algorithm
described by Sargolzaei et al. (2006) as follows:

1

Nef =———,
TN EC

where Ng is the actual number of founders that appeared in a pedi-

gree and EC; is the expected contribution of founder i to the reference

population. EC; is calculated as EC; =ECy; if founders are ancestors

with two unknown parents and EC; = ECy;/2 if founders are ancestors

with one known parent. Thus, ECy; was calculated as follows:

N
N t
ECo; = % ,

where N is the number of animals in the reference population and t;; is
an element of the lower triangular matrix T that represents the frac-
tion of the gene that animal j inherited from founder i. Matrix T is a
component of the factorization of the additive relationship matrix A=
TDT' (Henderson, 1976), where the diagonal matrix D contains
within-family segregation variances.

Only the loss of genetic diversity due to unequal founder contri-
butions to the reference population is explained by N Genetic diver-

sity can also be lost due to genetic drift in non-founder generations,
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even if the founders contributed equally to the reference population
(Lacy, 1989). Thus, the effective number of founder genomes (Ng.),
also referred to as the founder genome equivalent, is defined as the
number of equally contributing founders without loss of founder

alleles in the reference population. Thus, Ng. is calculated as follows:

1
e
where gj is an additive relationship coefficient between animals i and
j (Caballero & Toro, 2000; Honda et al., 2004).

The loss of genetic diversity because of unequal founder contri-
butions and genetic drift accumulated in the non-founder generations
is accounted for by Ng. In contrast, the effective number of non-
founders (Nen) accounts for the loss of genetic diversity due to the
latter effect. Hence, N, is calculated according to Caballero and
Toro (2000) as follows:

The loss of genetic diversity can be derived from Neg, Nge, and Nepy.
We calculated the coefficients of genetic diversity (GD* and GD) in the
reference population and expressed them as predicted heterozygosity
(Caballero & Toro, 2000; Lacy, 1989; Nei, 1973). GD* accounts for the
loss of genetic diversity due to an unequal founder contribution and
was calculated as follows:

1

GD :1—m.

In contrast, GD accounts for the loss of genetic diversity because
of unequal founder contributions and genetic drift accumulated in

non-founder generations, and was calculated as

1
GDzl—Wge.

3 | RESULTS
3.1 | Pedigree completeness and generation
intervals

Table 1 shows that 35,683 calves were born to two known parents
between 1970 and 2018. We evaluated the depth of the pedigree by
calculating the values for each reference population (Table 1). The g,
increased at roughly the same rate after 1975, and the most recent
value was 7.5. We evaluated the completeness of the pedigree for
each reference population by calculating PCI3 and PCI5 spanning
three and five generations in the pedigree (Figure 1). The informative
reference population, which we defined as PCI3>0.75 and

PCI

—e—PCI3
0.2 4
=—t—PCI5

0.1 1

0.0 T T T T
1970 1975 1980 1985 1990

1995 2000 2005 2010 2015

Year of birth
FIGURE 1 Average pedigree completeness index over three

(PCI3) and five (PCI5) generations per reference population

TABLE 2 Generation intervals of four gametic pathways and the
average generation interval (L) in each period

Periods Lss Lo Las Laa L

1980-1984 7.5 6.3 5.8 4.5 6.0
1985-1989 7.1 6.3 5.9 5.5 6.2
1990-1994 7.4 6.6 6.2 6.3 6.6
1995-1999 9.6 7.2 6.3 6.7 7.5
2000-2004 7.4 6.2 6.9 7.1 6.9
2005-2009 10.6 7.9 6.3 7.2 8.0
2010-2014 7.9 8.3 6.6 6.5 7.3
2015-2018 7.5 9.4 6.6 6.6 7.5

Note: L: sire to son; Lg: sire to daughter; Lys: dam to son; Lyg: dam to
daughter.

PCI5 > 0.5, was the reference population between 1980 and 2018
that we included in the pedigree analysis. This reference population
contained 32,008 calves born between 1980 and 2018.

Table 2 shows the generation intervals of the four gametic path-
ways and the average generation interval for each period of the refer-
ence population. The average generation intervals slightly increased
from 6.0 for 1980-1984 to 7.5 for 2015-2018. The values of Ly, Ly,
and Lyy increased slightly over time. In contrast, the value of L dif-
fered between periods, and a specific tendency was not evident. The
Lss values in 1980-1984 and 2015-2018 were both 7.5.

3.2 | Inbreeding and effective population size

Figure 2 shows the F statistics (Fj7, Fst, and Fs) for each reference
population between 1980 and 2018. The F;; increased at the same
rate, from approximately 1.5% in 1980 to 4.2% in 2018. The Fst also
increased at the same rate from approximately 0.7% in 1980 to 3.8%
in 2018, and Fsr was lower than F; in all reference populations. The

F;s was positive in all reference populations and almost constant at
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FIGURE 2 Changesin F statistics between 1980 and 2018
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FIGURE 3 Changes in effective population size based on the
individual inbreeding rate (N.f;) and individual coancestry rate (Nec;)
between 1980 and 2018

TABLE 3 The harmonic means of effective population size based
on individual inbreeding rate (Ner;) and individual coancestry rate (Neg;)
in each period

Periods Neri Neci

1980-1989 63.3 114.7
1990-1999 63.2 91.0
2000-2009 69.3 89.6
2010-2018 70.9 922

approximately 0.5% over time. Thus, the population was genetically
subdivided in all reference populations (Fjr > Fsr, Fis > 0).

Figure 3 shows two types of effective population sizes (N.r and
Neci) for each reference population between 1980 and 2018. Ncf;
remained almost constant over time and ranged from 60 to 80. In con-
trast, Noc; largely decreased from 127.8 in 1980 to 82.6 in 1999, and
then remained almost constant at approximately 90. The harmonic
means of N.r and N¢ for four periods (1980-1989, 1990-1999,
2000-2009, and 2010-2018) were calculated and are shown in
Table 3. The N.f; increased slightly from 63.3 in 1980-1989 to 70.9 in

100

90

80 A

70 A

60 A

50 A

40 4

Number of animals

30 4

20 A

10 A

0 T T T T T T T d
1980 1985 1990 1995 2000 2005 2010 2015

Year of birth

FIGURE 4 Changes in the effective numbers of founders (N,
founder genomes (Ng), and non-founders (N.s) between 1980
and 2018

2010-2018. Conversely, Nqc; decreased from 114.7 in 1980-1989,

and then remained almost constant at approximately 90.

3.3 | Genetic diversity

Figure 4 shows that three effective numbers of ancestors (Nes, Nge,
and N.,) decreased over time until 1995, then remained almost con-
stant at approximately 60 in Ng and 20 in Ng and Neo. The Negr
largely decreased from 85.1 in 1980 to 28.0 in 1995. The most recent
Nef, Nge, and Ngnr were 57.2, 11.9, and 15.1, respectively. Figure 5
summarizes changes in the genetic contribution of the founders and
shows the cumulative values of the genetic contributions of the first,
second, and third sets of 10 founders that were the most represented
in each period. The cumulative values of the top 30 contributing foun-
ders increased from 0.44 between 1980 and 1984 to 0.57 between
1995 and 1999, then remained almost constant at approximately 0.60
by the year 2000. The genetic contribution of the first 10 founders
remained almost constant at approximately 0.3. Figure 6 shows
changes in the coefficients of genetic diversity (GD* and GD) in the
reference population. The GD* remained almost constant at 0.99,
whereas GD decreased from 0.99 in 1980 to 0.96 in 2018. The GD
accounts for the effects of unequal genetic contributions of founders
and genetic drift, whereas GD* accounts for only unequal genetic con-
tributions of founders. These results indicated that the effect of ran-
dom genetic drift mainly caused a reduction in genetic diversity over
generations of non-founders compared with the unequal contribu-

tions of founders.

4 | DISCUSSION

4.1 | Importance of monitoring genetic diversity

Native livestock breeds can provide useful genetic resources for adap-

tation to different environments and economic demands because of
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FIGURE 5 Cumulative genetic contributions
for the top 30 represented founders in each
period

Several factors can accelerate the reduction of minor breeds, and
the main cause is associated with economic pressure, meaning the
intensive use of a few highly productive breeds in livestock produc-
tion. The liberalization of beef import restrictions and the genetic
evaluation of carcass traits in animal models with the best linear unbi-
ased prediction began in 1991. In addition, the intensive application

of Al has accelerated since the 1990s. These trends have led to an

1.0 .
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FIGURE 6 Changes in genetic diversity between 1980 and 2018.
Genetic diversity (GD) accounts for effects of unequal founder
contributions and genetic drift, whereas GD* accounts for unequal
founder contributions

their unique genes. A recent survey of genetic variability in cattle
using DNA markers revealed that the genetic background of Japanese
Shorthorn is unique. Haplogroups in domestic cattle can be character-
ized worldwide by evaluating variations in mitochondrial DNA
(mtDNA). The mtDNA haplogroup P was once the most common hap-
logroup in European aurochs according to surveys of ancient DNA
(Edwards et al., 2007), but it has not been detected in modern cattle
in Europe or in other Japanese Wagyu breeds. However, the mtDNA
haplogroup P has been identified at a high frequency in Japanese
Shorthorn cattle, indicating that the propagation root of Nambu-ushi
differs from that of other Japanese native cattle (Mannen et al., 2020;
Noda et al., 2018). Uemoto et al. (2017) and Sasago et al. (2018) also
identified the allele frequencies of beef palatability genes in four
breeds (Japanese Black, Japanese Brown, Japanese Shorthorn, and
Holstein), and those of the Japanese Shorthorn were completely dif-
ferent from those of the other three breeds. Thus, the genetic back-
ground of the Japanese Shorthorn is unique among Japanese Wagyu

breeds, and the native livestock breed must be conserved.

increased dependence on the production of Japanese Black cattle,
while the Japanese Shorthorn cattle population rapidly declined. How-
ever, the decline in genetic diversity is a serious problem even in the
Japanese Black population because of the intensive use of a few sires
with a high EBV due to abundant marbling (Honda et al., 2002, 2004;
Nomura et al., 2001). Therefore, genetic selection should be per-
formed while monitoring the genetic status of a breed to sustainably

use livestock materials.

4.2 | Comparison of Japanese Shorthorn with
other Japanese Wagyu breeds

Among the four Japanese Wagyu breeds, Japanese Black and Brown
are the top two major breeds, with populations of approximately
1,700,000 and 22,000, respectively (NLBC, 2021). The degree of
inbreeding and genetic diversity in Japanese Wagyu breeds have been
determined by comprehensive pedigree analyses of Japanese Black
(Honda et al., 2002, 2004; Nomura et al., 2001, 2005) and Japanese
Brown (Honda et al., 2006) breeds.

Regarding the generation interval, the average generation interval
of Japanese Black and the Kumamoto and Kouchi sub-breeds of
Japanese Brown are 10.0 in 1997, 9.4 in 1991-2000, and 10.4 in
1991-2000, respectively (Honda et al., 2006; Nomura et al., 2001).
The average generation interval of Japanese Shorthorn was lower
than that of the other two breeds (7.5 in 1995-1999). The main rea-
son is that the Ly of Japanese Shorthorn was approximately one-half
lower than that of the other two breeds. The Japanese Shorthorn bulls

are mainly distributed to regional public ranches for natural mating
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after performance testing, although the bulls of the other two breeds
are distributed after progeny testing.

Regarding inbreeding, the F;; of Japanese Black and the Kuma-
moto and Kouchi sub-breeds of Japanese Brown in 2000 are 6.0%,
7.1%, and 8.8%, respectively (Honda et al, 2006; Nomura
et al., 2005). The trends of F statistics over time in these breeds are
similar and clearly reflect a change in the breeding structure (Honda
et al., 2006; Nomura et al., 2001). Local differentiation among sires
has rapidly diminished, and a genetically subdivided structure dis-
appeared in the late 1990s. We showed that the F;r was 3.0% in 2000
and 4.2% in 2018, indicating that less inbreeding has occurred in
Japanese Shorthorn than in the other two breeds, even in the current
population. In addition, the trends of F statistics over time differed
from those of Japanese Black and Japanese Brown. The Fsr was lower
than the Fr in all reference populations, and the structure was geneti-
cally subdivided in all reference populations in Japanese Shorthorn.

The effective population size of Japanese Black (Nomura
et al.,, 2001) and Japanese Brown (Honda et al., 2006) have been
reported. The effective population size of Japanese Black and the
Kumamoto and Kouchi sub-breeds of Japanese Brown consistently
reduced to 17.2, 25.5, and 6.0, respectively, during the 1990s. In con-
trast, the effective population size of Japanese Shorthorn was much
higher than that of the other two breeds in the past and current
populations. The effective population sizes of the two breeds were
evaluated based on the increase in Fst per generation (Falconer &
Mackay, 1996; Nomura et al.,, 2001). In contrast, we evaluated the
effective population size based on individual identity by descent (IBD)
probability (Nes and N.cj), because a decrease in Fsr per generation
occurred in some periods in our population, leading to a negative
value of effective population size (Leroy et al., 2013). An individual
increase in inbreeding is strongly affected by the population structure,
and an increase in coancestry is only slightly affected by the structure
(Leroy et al., 2013). Thus, N was higher than N.g in all reference
populations, and N.c; was more appropriate for calculating the effec-
tive population size of the Japanese Shorthorn, which is composed of
a subdivided population. In this population, N.¢; is 92.2 in the current
population, which suggests that high genetic diversity is maintained.
As for the Japanese Shorthorn, the number of prefectures supplying
running bulls for natural mating decreased during the 1990s, and most
of the supply has originated from the Iwate Prefecture since the
2000s. However, N was maintained at approximately 90 in 1990-
1999, 2000-2009, and 2010-2018, suggesting that the decrease in
the number of prefectures supplying running bulls did not have a
strong effect on the effective population size of Japanese Shorthorn.

The effective numbers of ancestors, Nef, Nge, and Nenf, and two
coefficients of genetic diversity (GD* and GD) in Japanese Black
(Honda et al., 2004) and Japanese Brown (Honda et al., 2006) have
been reported. The Ngf, Ng, and N, were reduced to 50.3, 7.3, and
8.5 in the Japanese Black, 74.4, 4.9, and 5.3 in the Kumamoto sub-
breed of Japanese Brown, and 79.4, 3.9, and 4.1 in the Kouchi sub-
breed of Japanese Brown, respectively, by 2000. The Ngs was much
larger than N, and N.f was close to Ng in both breeds. Changes in

trends among the three effective numbers of ancestors were similar

among Japanese Shorthorn cattle, but the Ng. and N, in the current
population were still higher than those in both breeds. In addition, the
GD in Japanese Black and Japanese Brown was reduced to 0.93 and
<0.90, respectively, in 2000, while the trends of GD* were almost con-
stant at 0.99 in both breeds. Trends in the two coefficients of genetic
diversity were similar in Japanese Shorthorn, but the GD in the current
population was still higher than that in both breeds. These results sug-
gest that random genetic drift accumulation in non-founder genera-
tions is a more serious cause of the reduction in genetic diversity than
the unequal contributions of founders in the three breeds. In addition,
the low value of Ng. indicates extremely limited genetic diversity in
the current Japanese Brown population (Honda et al., 2006). The ten-
dency to lose genetic diversity was similar in Japanese Shorthorn, but
the reduction rate of the genetic diversity was much lower than that

of the other two breeds.

4.3 | Characteristics of Japanese Shorthorn cattle
Changes in the degree of inbreeding and the genetic diversity of the
Japanese Shorthorn were similar to those of the other Japanese
Wagyu breeds, which means that the inbreeding coefficients
increased while genetic diversity decreased over time. However, the
magnitude of the change in Japanese Shorthorn was much smaller
than that in the other Japanese Wagyu breeds. There are two possible
explanations for this maintained genetic diversity. First, a few specific
sires were not used intensively. The average BMS of Japanese Short-
horn is 2.1, its phenotypic variance is low, and the estimated heritabil-
ity is 0.14 (Sato et al., 2013). Thus, BMS is not the main trait for
genetic improvement in Japanese Shorthorn, and the intensive use of
a few sires with an EBV of marbling has not been implemented,
although BMS s included as a selection index in some regions to
improve meat quality, such as firmness of beef. Another reason is the
natural mating system of Japanese Shorthorn. Although natural mat-
ing has a higher conception rate than that of Al, more running bulls
are needed. Thus, the widespread application of Al leads to a lower
cost of running bulls for mating programs and more genetic improve-
ment (Vishwanath, 2003). However, most Japanese Shorthorn cattle
are still produced by natural mating, and a number of running bulls
used for breeding programs leads to the maintenance of genetic
diversity.

Regarding the impact of natural mating on genetic diversity, natu-
ral mating requires more running bulls. Thus, the F; and Fsy of
Japanese Shorthorn were low at 4.2% and 3.8%, respectively, in the
current population, and higher genetic diversity was maintained com-
pared with that in other breeds generated by Al. Conversely, local dif-
ferentiation has been retained among the dams used in each regional
public ranch, and each running bull is distributed to regional public
ranches by accounting for the inbreeding coefficient. Thus, the popu-
lation has been genetically subdivided in the past and current
populations of Japanese Shorthorn. Another problem with the natural
mating system is that it is difficult to completely manage pedigree

information. Here, we extracted information about the reference
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population based on PCI, and pedigree analysis was then applied to
the informative reference population. However, incomplete pedigree
information might also be involved in maintaining genetic diversity in
Japanese Shorthorn.

Although the degree of BMS is lower in Japanese Shorthorn than
that in Japanese Black cattle, Japanese Shorthorn cattle have adapted
well to a harsh climate; they are also suited to grazing and can nurture
calves due to abundant milk production. The Japanese Shorthorn has
a unique genetic background compared with that of other Japanese
Wagyu breeds. Consumer demand for high-quality lean meat might
increase as a consequence of the aging society and health conscious-
ness. Thus, Japanese Shorthorn genes and their gene combinations
may serve as breeding materials. Although the current breeding pro-
gram can maintain genetic diversity in the Japanese Shorthorn, accu-
mulated inbreeding and the loss of genetic diversity are potentially
problematic because of the decreasing number of registered bulls over
time. Therefore, it is necessary to perform genetic selection while
monitoring the genetic status and managing selection and mating if

economic trends change for the intensive use of a few specific sires.

5 | CONCLUSION

This study evaluated the current genetic status of the Japanese
Shorthorn by clarifying the degree of inbreeding and genetic diversity
using pedigree analysis. Changes in inbreeding and genetic diversity
parameters were similar between Japanese Shorthorn and other
Japanese Wagyu breeds, which means that the inbreeding coefficients
increased and genetic diversity decreased over time. However, the
magnitude of the change in Japanese Shorthorn was much smaller
than that in other Japanese Wagyu breeds. The current breeding pro-
gram of Japanese Shorthorn can maintain genetic diversity, but accu-
mulated inbreeding and the loss of genetic diversity are potentially

problematic, and monitoring the genetic status is necessary.

ACKNOWLEDGMENTS

We appreciate the Japanese Shorthorn Cattle Association of Japan
for supplying pedigree data. This study was partially supported by the
Livestock Promotional Subsidy of the Japan Racing Association (JRA).

CONFLICTS OF INTEREST
The authors have no conflicts of interest associated with this manu-
script to declare.

ORCID
Yoshinobu Uemoto " https://orcid.org/0000-0003-2569-9535
https://orcid.org/0000-0003-1092-5691

https://orcid.org/0000-0002-9198-6666

Sanggun Roh
Masahiro Satoh

REFERENCES

Boichard, D. (2002). PEDIG: A Fortran package for pedigree analysis suited
for large populations. Proceedings of the 7th World Congress on
Genetics Applied to Livestock Production, 32, 525-528.

Caballero, A., & Toro, M. A. (2000). Interrelations between effective popu-
lation size and other pedigree tools for the management of con-
served populations. Genetics Research, 75, 331-343. https://doi.org/
10.1017/50016672399004449

Cervantes, ., Goyache, F., Molina, A., Valera, M., & Gutiérrez, J. P. (2011).
Estimation of effective population size from the rate of coancestry in
pedigreed populations. Journal of Animal Breeding and Genetics, 128,
56-63. https://doi.org/10.1111/j.1439-0388.2010.00881.x

Edwards, C. J., Bollongino, R., Scheu, A., Chamberlain, A., Tresset, A,,
Vigne, J. D., Baird, J. F,, Larson, G, Ho, S. Y. W., Heupink, T. H.,
Shapiro, B., Freeman, A. R., Thomas, M. G., Arbogast, R.-M., Arndt, B.,
Bartosiewicz, L., Benecke, N., Budja, M., Chaix, L., ... Burger, J. (2007).
Mitochondrial DNA analysis shows a Near Eastern Neolithic origin
for domestic cattle and no indication of domestication of European
aurochs. Proceedings of the Royal Society B: Biological Sciences, 274,
1377-1385. https://doi.org/10.1098/rspb.2007.0020

Falconer, D. S., & Mackay, T. F. C. (1996). Introduction to quantitative
genetics (4th ed.). Longman Group.

Gutiérrez, J. P., Cervantes, |., & Goyache, F. (2009). Improving the estima-
tion of realized effective population sizes in farm animals. Journal of
Animal Breeding and Genetics, 126(4), 327-332. https://doi.org/10.
1111/j.1439-0388.2009.00810.x

Henderson, C. R. (1976). A simple method for computing the inverse of a
numerator relationship matrix used in prediction of breeding values.
Biometrics, 32(4), 69-83. https://doi.org/10.2307/2529339

Honda, T., Fujii, T., Nomura, T., & Mukai, F. (2006). Evaluation of genetic
diversity in Japanese Brown cattle population by pedigree analysis.
Journal of Animal Breeding and Genetics, 123(3), 172-179. https://
doi.org/10.1111/j.1439-0388.2006.00586.x

Honda, T., Nomura, T., Fukushima, M., & Mukai, F. (2002). Gene dropping
analysis of founder contributions in a closed Japanese Black cattle
population. Animal Science Journal, 73(3), 105-111. https://doi.org/
10.1046/j.1344-3941.2002.00016.x

Honda, T., Nomura, T., Yamaguchi, Y., & Mukai, F. (2004). Monitoring of
genetic diversity in the Japanese Black cattle population by the use
of pedigree information. Journal of Animal Breeding and Genetics, 121,
242-252. https://doi.org/10.1111/j.1439-0388.2004.00452.x

Kondo, T., Higashiyama, M., Muramoto, T., Kawamoto, H., & Tsuiki, M.
(2005). Development of Japanese Shorthorn production system
based on the regional feed resources in northeastern Tohoku.
Japanese Journal of Grassland Science, 51, 226-233. (In Japanese).
https://doi.org/10.14941/grass.51.226

Lacy, R. C. (1989). Analysis of founder representation in pedigrees:
Founder equivalents and founder genome equivalents. Zoo Biology,
8, 111-123. https://doi.org/10.1002/z00.1430080203

Leroy, G., Mary-Huard, T., Verrier, E., Danvy, S., Charvolin, E., & Danchin-
Burge, C. (2013). Methods to estimate effective population size using
pedigree data: Examples in dog, sheep, cattle and horse. Genetics
Selection Evolution, 45, 1-10. https://doi.org/10.1186/1297-9686-
45-1

Lynch, M., & Walsh, B. (1998). Genetics and analysis of quantitative traits
(Vol. 1) (pp. 535-557). Sinauer.

MacCluer, J. W., Boyce, A. J., Dyke, B., Weitkamp, L. R., Pfenning, D. W., &
Parsons, C. J. (1983). Inbreeding and pedigree structure in Standard-
bred horses. Journal of Heredity, 74, 394-399. https://doi.org/10.
1093/oxfordjournals.jhered.a109824

Maignel, L., Boichard, D., & Verrier, E. (1996). Genetic variability of French
dairy breeds estimated from pedigree information. Interbull Bulletin,
14, 49-56.

Mannen, H., Yonezawa, T. Murata, K., Noda, A., Kawaguchi, F.,
Sasazaki, S., Olivieri, A., Achilli, A., & Torroni, A. (2020). Cattle
mitogenome variation reveals a post-glacial expansion of haplogroup
P and an early incorporation into northeast Asian domestic herds.
Scientific Reports, 10, 1-7. https://doi.org/10.1038/s41598-020-
78040-8


https://orcid.org/0000-0003-2569-9535
https://orcid.org/0000-0003-2569-9535
https://orcid.org/0000-0003-1092-5691
https://orcid.org/0000-0003-1092-5691
https://orcid.org/0000-0002-9198-6666
https://orcid.org/0000-0002-9198-6666
https://doi.org/10.1017/S0016672399004449
https://doi.org/10.1017/S0016672399004449
https://doi.org/10.1111/j.1439-0388.2010.00881.x
https://doi.org/10.1098/rspb.2007.0020
https://doi.org/10.1111/j.1439-0388.2009.00810.x
https://doi.org/10.1111/j.1439-0388.2009.00810.x
https://doi.org/10.2307/2529339
https://doi.org/10.1111/j.1439-0388.2006.00586.x
https://doi.org/10.1111/j.1439-0388.2006.00586.x
https://doi.org/10.1046/j.1344-3941.2002.00016.x
https://doi.org/10.1046/j.1344-3941.2002.00016.x
https://doi.org/10.1111/j.1439-0388.2004.00452.x
https://doi.org/10.14941/grass.51.226
https://doi.org/10.1002/zoo.1430080203
https://doi.org/10.1186/1297-9686-45-1
https://doi.org/10.1186/1297-9686-45-1
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.1093/oxfordjournals.jhered.a109824
https://doi.org/10.1038/s41598-020-78040-8
https://doi.org/10.1038/s41598-020-78040-8

UEMOTO ET AL

90f9
el WILEY.l >

Meuwissen, T. H. E., & Luo, Z. (1992). Computing inbreeding coefficients
in large populations. Genetics Selection Evolution, 24, 305-313.
https://doi.org/10.1186/1297-9686-24-4-305

Ministry of Agriculture, Forestry and Fisheries (MAFF). (2020). Targets of
domestic animal improvement. (in Japanese) Ministry of Agriculture,
Forestry and Fisheries, Tokyo, Japan; [cited 21 June 2021]. Available
from URL: https://www.maff.go.jp/j/chikusan/sinko/lin/I_katiku/
attach/pdf/index-26.pdf

Mizuma, Y., & Sasaki, H. (1974). Genetic analysis of the registered
Japanese Shorthorn cattle. Japanese Journal of Zootechnical Science.,
45, 262-270. (in Japanese). https://doi.org/10.2508/chikusan.
45.262

Motoyama, M., Sasaki, K., & Watanabe, A. (2016). Wagyu and the factors
contributing to its beef quality: A Japanese industry overview. Meat
Science, 120, 10-18. https://doi.org/10.1016/j.meatsci.2016.04.026

National Livestock Breeding Center (NLBC). (2021). Service of individual
identification information of cattle provided by National Livestock
Breeding Center (NLBC) of Japan. (in Japanese) National Livestock
Breeding Center, Fukushima, Japan; [cited 19 May 2021]. Available
from URL: https://www.id.nlbc.go.jp/data/toukei.html

Nei, M. (1973). Analysis of gene diversity in subdivided populations. Pro-
ceedings of the National Academy of Sciences, 70, 3321-3323.
https://doi.org/10.1073/pnas.70.12.3321

Noda, A., Yonesaka, R., Sasazaki, S., & Mannen, H. (2018). The mtDNA
haplogroup P of modern Asian cattle: A genetic legacy of Asian
aurochs? PLoS ONE, 13, e0190937. https://doi.org/10.1371/journal.
pone.0190937

Nomura, T., Honda, T., & Mukai, F. (2001). Inbreeding and effective popu-
lation size of Japanese Black cattle. Journal of Animal Science, 79,
366-370. https://doi.org/10.2527/2001.792366x

Nomura, T., Honda, T., & Mukai, F. (2005). Monitoring and preservation of
genetic diversity in livestock breeds: A case study of the Japanese
Black cattle population. Current Topics in Genetics, 1, 59-71.

Sargolzaei, M., lwaisaki, H. & Colleau, J. J. (2006). CFC: A tool for monitor-
ing genetic diversity. In Proceedings of the 8th World Congress on
Genetics Applied to Livestock Production, Belo Horizonte, Brazil,
13-18 August 2006. CD-ROM Communication 27-28.

Sasago, N., Takeda, M., Ohtake, T., Abe, T., Sakuma, H., Kojima, T.,
Sasaki, S., & Uemoto, Y. (2018). Genome-wide association studies
identified variants for taurine concentration in Japanese Black beef.
Animal Science Journal, 89, 1051-1059. https://doi.org/10.1111/asj.
13030

Sasaki, K., Ooi, M., Nagura, N., Motoyama, M., Narita, T., Oe, M.,
Nakajima, I, Hagi, T., Ojima, K, Kobayashi, M., Nomura, M.,
Muroya, S., Hayashi, T., Akama, K. Fujikawa, A., Hokiyama, H.,

Kobayashi, K., & Nishimura, T. (2017). Classification and characteriza-
tion of Japanese consumers’ beef preferences by external preference
mapping. Journal of the Science of Food and Agriculture, 97,
3453-3462. https://doi.org/10.1002/jsfa.8204

Sato, Y., Yonezawa, C., Kumagai, M., & Suzuki, K. (2013). Genetic trend for
carcass traits of Japanese Shorthorn. Nihon Chikusan Gakkaiho, 84,
19-25. (In Japanese with English summary). https://doi.org/10.
2508/chikusan.84.19

Sgrensen, A. C., Sagrensen, M. K., & Berg, P. (2005). Inbreeding in Danish
dairy cattle breeds. Journal of Dairy Science, 88(5), 1865-1872.
https://doi.org/10.3168/jds.50022-0302(05)72861-7

Takayasu, 1. (1983). Studies on establishment and history of improvement
of the Japanese Shorthorn breed of cattle. Bulletin of the Faculty of
Agriculture-Hirosaki University, 40, 37-108. (In Japanese with English
summary)

Uemoto, Y., Ohtake, T., Sasago, N., Takeda, M., Abe, T., Sakuma, H.,
Kojima, T., & Sasaki, S. (2017). Effect of two non-synonymous ecto-
5’-nucleotidase variants on the genetic architecture of inosine 5’'-
monophosphate (IMP) and its degradation products in Japanese
Black beef. BMC Genomics, 18, 1-15. https://doi.org/10.1186/
s12864-017-4275-4

Vishwanath, R. (2003). Artificial insemination: The state of the art.
Theriogenology, 59, 571-584. https://doi.org/10.1016/S0093-691X
(02)01241-4

Woolliams, J. A., & Miantysaari, E. A. (1995). Genetic contributions of Finn-
ish Ayrshire bulls over four generations. Animal Science, 61,
177-187. https://doi.org/10.1017/5S1357729800013709

Wright, S. (1951). The genetical structure of populations. Annals of Eugen-
ics, 15, 323-354. https://doi.org/10.1111/j.1469-1809.1949.
tb02451.x

Yamaguchi, M., lkeda, K. Takenouchi, N., Higashiyama, M. &
Watanabe, A. (2013). Maternal effects of Japanese Shorthorn cows
on the growth of embryo-transferred Japanese Black calves in a
cow-calf grazing system. Asian-Australasian Journal of Animal
Sciences, 26, 930-934. https://doi.org/10.5713/ajas.2013.13036

How to cite this article: Uemoto, Y., Suzuki, K., Yasuda, J.,
Roh, S., & Satoh, M. (2021). Evaluation of inbreeding and
genetic diversity in Japanese Shorthorn cattle by pedigree
analysis. Animal Science Journal, 92(1), e13643. https://doi.
org/10.1111/asj.13643



https://doi.org/10.1186/1297-9686-24-4-305
https://www.maff.go.jp/j/chikusan/sinko/lin/l_katiku/attach/pdf/index-26.pdf
https://www.maff.go.jp/j/chikusan/sinko/lin/l_katiku/attach/pdf/index-26.pdf
https://doi.org/10.2508/chikusan.45.262
https://doi.org/10.2508/chikusan.45.262
https://doi.org/10.1016/j.meatsci.2016.04.026
https://www.id.nlbc.go.jp/data/toukei.html
https://doi.org/10.1073/pnas.70.12.3321
https://doi.org/10.1371/journal.pone.0190937
https://doi.org/10.1371/journal.pone.0190937
https://doi.org/10.2527/2001.792366x
https://doi.org/10.1111/asj.13030
https://doi.org/10.1111/asj.13030
https://doi.org/10.1002/jsfa.8204
https://doi.org/10.2508/chikusan.84.19
https://doi.org/10.2508/chikusan.84.19
https://doi.org/10.3168/jds.S0022-0302(05)72861-7
https://doi.org/10.1186/s12864-017-4275-4
https://doi.org/10.1186/s12864-017-4275-4
https://doi.org/10.1016/S0093-691X(02)01241-4
https://doi.org/10.1016/S0093-691X(02)01241-4
https://doi.org/10.1017/S1357729800013709
https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.1111/j.1469-1809.1949.tb02451.x
https://doi.org/10.5713/ajas.2013.13036
https://doi.org/10.1111/asj.13643
https://doi.org/10.1111/asj.13643

	Evaluation of inbreeding and genetic diversity in Japanese Shorthorn cattle by pedigree analysis
	1  INTRODUCTION
	2  MATERIALS AND METHODS
	2.1  Pedigree data
	2.2  Pedigree completeness and generation intervals
	2.3  Inbreeding and effective population size
	2.4  Genetic diversity

	3  RESULTS
	3.1  Pedigree completeness and generation intervals
	3.2  Inbreeding and effective population size
	3.3  Genetic diversity

	4  DISCUSSION
	4.1  Importance of monitoring genetic diversity
	4.2  Comparison of Japanese Shorthorn with other Japanese Wagyu breeds
	4.3  Characteristics of Japanese Shorthorn cattle

	5  CONCLUSION
	ACKNOWLEDGMENTS
	  CONFLICTS OF INTEREST
	REFERENCES


