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Abstract

A genomic characterisation was performed on South African (SA) Wagyu cattle based on
pedigree and genomic data. The pedigree-based analysis was performed on records of SA animals
between 2000 and 2022, with a minimum of 50% Akaushi (AK: 5 108), Japanese Black (JB: 42 237) and
combined Wagyu genetic content (AK and JB combined > 50%; 51 632). The genotypic analysis was
performed on the available single nucleotide polymorphism (SNP) genotypes of fullblood and
purebred animals. Subtotals of 205 and 439 genotypes were available for the SA Akaushi and Japanese
Black Wagyu breeds, while 731 Australian Japanese Black genotypes were made available due to
potential genetic linkage between the Japanese Black populations. The genotypes were generated
using the Unistel BovineSNP50 v3 BeadChip or Neogen GGP Bovine 100K SNP array.

The pedigree-based population analysis was performed using PopReport (Groeneveld et al.,
2009). Pedigree completeness, generation interval, average inbreeding and effective population size
were evaluated. Pedigree completeness for the SA Wagyu population was low, with an overall
completeness of 33.14%. There is a positive trend for an increase in pedigree recording over the past
6 generations. Genotypic analysis with the use of Principal Component analysis (PCA) indicated that
the SA Akaushi and Japanese Black populations are two separate populations, and they were treated
separately in the subsequent genomic analysis. The population structure investigated with the use of
ADMIXTURE (Alexander et al., 2009) supported the results of the PCA. Additionally, genomic
parameters indicated a slightly higher genomic variation (He = 0.30) within the SA Japanese Black
compared to the Australian subset (He = 0.28). Inbreeding coefficients were negative for the Akaushi
and both Japanese Black subsets. The genomic inbreeding (Fron) revealed higher levels of inbreeding
in the SA Akaushi population (0.17) in comparison to the Japanese Black populations from SA (0.07)
and Australia (0.09), respectively. This study provides a benchmark of the population structure and
genomic diversity of the SA Wagyu. It is important to note the distinct genomic difference between
the Akaushi and Japanese Black Wagyu and this information can be applied in future genetic

management and selection of SA Wagyu.



Chapter 1
Figure 1.1
Figure 1.2
Figure 1.3
Figure 1.4

Figure 1.5
Figure 1.6

Figure 1.7
Figure 1.8

Chapter 3
Figure 3.1

Figure 3.2
Figure 3.3

Figure 3.4
Figure 3.5
Figure 3.6

Figure 3.7

Figure 3.8

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o<

List of Figures

Prefectures of Wagyu origin (Motoyama et al., 2016)

The Kuchinoshima breed

A Mishima bull (left) and cow (right). Photo by Motohashi (1930)

A flow chart indicating the relationship between the two original cattle breeds,
Mishima & Kuchinoshima, and the four established Wagyu cattle breeds

The fullblood Japanese Black bull, Sumo Michifuku F126 (SMOFF0126)

Beyond Beef Red Star (BB15-113), a Fullblood Akaushi (Japanese Brown/Red)
bull

Japanese Shorthorn

Japanese Polled

The generation interval (Ig) for the South African Akaushi (AK_ZA) and
Japanese Black (JB_ZA) datasets over the years

Pedigree-based average inbreeding per population

The Principal Component Analysis (PCA: PC1 vs PC2) for the combined dataset
(ALL), consisting of all Wagyu animals that are Fullblood or Purebred animals
The Admixture plot for the combined population (ALL) at k = 2, 3 and 34,
respectfully

The average number of ROH per animal in each respective size class

Total length of ROHs per size class (Mb) for each dataset

Violin plots of Fron values generated with the use of detectRUNS software for
each Wagyu dataset

The genomic-based effective population size (Ne) per Wagyu population
against the number of generations ago

vi

42
43

44

45

47

50

52

53



Chapter 1
Table 1.1

Table 1.2
Table 1.3
Table 1.4
Table 1.5

Table 1.6

Table 1.7
Table 1.8

Table 1.9
Table 1.10
Table 1.11
Table 1.12
Chapter 2
Table 2.1

Table 2.2
Table 2.3
Table 2.4
Table 2.5

Table 2.6

Table 2.7
Table 2.8

Table 2.9
Chapter 3
Table 3.1
Table 3.2
Table 3.3
Table 3.4

Table 3.5

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

List of Tables

The origin of the four Japanese Wagyu cattle breeds (Namikawa, 1980; Gotoh,
2013; Mannen, 2017)

Description of Japanese Wagyu breeds

Japan Beef cattle population statistics (MAFF, 2023)

South African Wagyu Classification (Wagyu Breeders manual, 2022)

A list of known recessive genetic disorders monitored in the South African
Wagyu population, supported by literature (Wagyu Breeders manual, 2022)
Summary of traits of economic importance with their respective heritability
estimates in Wagyu cattle

The genetic correlations between the carcass traits in Wagyu cattle

A non-comprehensive list of available SNP arrays for genomic diversity studies in
cattle

A selected summary of available software for pedigree-based population
analyses

A selected summary of various genetic diversity and inbreeding studies
performed on beef cattle breeds using pedigree data

A selected summary of available software for genotypic-based population
analyses

Summarized results of multiple genomic-based genetic diversity studies
performed on the Wagyu cattle breeds

A summary of the number of animals in the pedigrees included for each dataset
utilized in the pedigree-based analysis

The definitions of the four datasets utilised in the genotypic analysis

Summary of Wagyu genotypes made available for the study

Summary of the breed composition of genotyped data utilized in this study
Different approaches for calculating effective population size (Ne) based on
pedigree data calculated by PopRep software (Groeneveld et al., 2009)

PLINK (Purcell et al., 2007) commands and threshold values used to remove
uninformative individuals or SNPs for quality control

The number of animals and SNPs that passed quality control for each dataset
Summary of parameters, commands and software used for the evaluation of
genetic diversity in this study

The minimum number of consecutive homozygous SNPs (minSNP) calculated for
each population’s dataset

The completeness of pedigree (%) for six generations of the combined Wagyu
cattle population (ALL_ZA) on the South African database in five-year intervals
Completeness of pedigree (%) for six generations of the South African Akaushi
population in five-year intervals

Completeness of pedigree (%) for six generations for the South African Japanese
Black population in five-year intervals

Pedigree-based effective population sizes of the South African Wagyu population
as calculated using PopRep (Groeneveld et al., 2009)

Inbreeding coefficients and heterozygosity estimates for the separate Wagyu
datasets

vii

10
11

12

14
15

18

23

24

29

29

31
32
32
33

34

35
36

37

38

40

40

41

43

46



Table 3.6

Table 3.7

Table 3.8

Table 3.9
Table 3.10
Table 3.11

Addendum

Table Al

Table A2

Table A3

Table A4
Table A5

Table A6

Table A7

Table A8

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

The number of ROH per size class for the fullblood (FB) and purebred (PB)
animals of each individual Wagyu dataset

An overview of the number of ROHs and the length of ROHs detected within
each Wagyu population

Summary of the ROH detected per chromosome in each of the three Wagyu
populations

The average total length of ROH per size class for each individual Wagyu dataset
The average genomic inbreeding (Fron) per size class for each Wagyu population
A summary of the genomic inbreeding (Fron) over all class sizes for all three
Wagyu populations

The completeness of pedigree (%) for six generations of the combined Wagyu
population from SA (ALL_ZA) from 1972 to 2003

The completeness of pedigree (%) for six generations of the Akaushi (AK) Wagyu
population from SA from 2000 to 2022

The completeness of pedigree (%) for six generations of the Japanese Black (JP)
Wagyu population from SA from 1980 to 2023

Pedigree-based average inbreeding coefficient per Wagyu population

Summary of the ROH detected using detectRUNS (slidingRUNS) in the SA Akaushi
population

Summary of the ROH detected using detectRUNS (slidingRUNS) in the SA
Japanese Black population

Summary of the ROH detected using detectRUNS (slidingRUNS) in the Australian
Japanese Black population

The genomic inbreeding, Fron, per chromosome for each Wagyu population

viii

46

47

48
49
51

51

74

75

76
77

78

79

80



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

List of Abbreviations

ABRI Agricultural Business Research Institute
AD Anno Domini (In the year of our Lord)
ADG Average daily gain

AFC Age at first calving

AK Akaushi

AK_ZA South African Akaushi

AMOVA Analysis of molecular variance

AU Australian

BAC Bacterial artificial chromosome

bp Base pairs

BTA Bos taurus autosome

BW Birth weight

BWF Body weight at finish

CL16 Claudin 16 Deficiency

cm Centimetre

CNV Copy number variation

cv Cross-validation

CHS Chediak-Higashi Syndrome

DCP Digestible crude protein

DFI Daily feed intake

DNA Deoxyribonucleic acid

EMA Eye muscle area

AF Rate of inbreeding

FAO Food and Agriculture Organization

FB Fullblood

F11 Factor XI Deficiency

F1 First-generation crossbred

F2 Second-generation cross

F3 Third-generation cross

Fis Individual inbreeding coefficient

Frow Genomic inbreeding coefficient

GCTA Genome-Wide Complex Trait Analysis
gEBV Genomic Breeding Value

GRM Genomic relationship matrices

GS Genomic selection

Ho Observed heterozygosity

He Expected heterozygosity

HWE Hardy Weinberg Equilibrium

IARS Isoleucyl-tRNA synthetase disorder
IBD Identical by descent

ICAB International Congress on Domestic Animal Breeding
Ig Generation interval

ILR2 International Livestock Registry version 2
IMF Intramuscular fat

IMF % Intramuscular fat percentage

JB Japanese Black

JBr Tosa Japanese Brown (Akaushi) (Tosa-strain)
IBr Higo Japanese Brown (Akaushi) (Higo-strain)
JP Japanese Polled

N Japanese Shorthorn



kg
Laur
LD
LRF
Lron
LSA
MAF
MAFF
Mb
MBW
minSNP
MS

PCI
PCR
PED
Qc
QTL
RFI

ROH
RRL
RTD
SA
SAW
SNP
TDN
USA
WH
JB_AU
JB_ZA
ZA

UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o=

Kilogram

Specific length of the autosomal genome covered by SNPs
Linkage Disequilibrium

Livestock Registering Federation

Total length of ROH of each individual
Locus-specific amplification

Minor allele frequency

Ministry of Agriculture, Forestry and Fisheries of Japan
Mega base

Metabolic body weight

Minimum number of consecutive homozygous SNPs of one ROH segment
Marble score/ marbling

Mature weight

National Centre for Biotechnology Information
Effective population size

Pedigree-based effective population size
Number of female parents
Next-generation sequencing

Number of male parents

Purebred/ pureblood

Principal component analysis

Pedigree completeness

Pedigree completeness index
Polymerase chain reaction

Pedigree

Quality control

Quantitative Trait Loci

Residual feed intake

Genetic correlation

Runs of homozygosity

Reduced representation libraries

Renal tubular dysplasia

South Africa(n)

South African Wagyu

Single nucleotide polymorphism

Total digestible nutrients

United States of America

Wither height

Australian Japanese Black

South African Japanese Black

Animals from a Southern Africa origin



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

Chapter 1 — Introduction & Literature Review

1.1. Introduction

The word ‘Wagyu’, commonly used in association with highly marbled beef, is a literal
translation meaning ‘Japanese cow’ (Namikawa, 1980; Gotoh et al., 2018). There were two original
native Japanese cattle breeds found in Japan, namely the Kuchinoshima and Mishima cattle (Mannen,
2017) located on the Kuchinoshima Island (Kawahara-Miki et al.,, 2011) and Mishima Island
(Motoyama et al., 2016), respectively. Mishima cattle were extensively crossbred with foreign breeds
during the 1900s, which led to the establishment of the four Wagyu cattle breeds (Mannen, 2017;
Gotoh et al., 2018). The four indigenous Japanese beef cattle breeds are Japanese Black, Japanese
Brown (Akaushi), Japanese Shorthorn and Japanese Polled (Minezawa, 2003). Wagyu cattle were
originally selected based on endurance and physical strength as draft animals (Scraggs et al., 2014;
Gotoh et al., 2018). Selection for these traits led to an animal with more intramuscular fat (IMF) cells
resulting in the marbling effect characteristically observed in Wagyu meat (Oyama, 2011; Motoyama
et al., 2016).

The Wagyu cattle breed was introduced to South Africa (SA) during 1999, which is quite recent
compared to other exotic beef breeds in SA (Bennett, 2013; Wagyu International, 2021). A private
breeder imported embryos from the United States of America (USA), which were implanted into local
surrogate cows in the Free State province. As a result, purebred Wagyu calves were born which formed
the basis of the breed in SA. Following this success, Wagyu embryos were imported from Australia in
2007, which was implanted into Simmentaler cattle (Bennett, 2013). Wagyu is still considered a young
breed in SA with an open herdbook making provision for upgrading with the use of various other beef
cattle breeds such as Bonsmara, Angus and Drakensberger as base animals.

In 2009, the first Bos taurus reference genome was published which pioneered genomic
advances in cattle (Bovine Genome Sequencing and Analysis Consortium et al., 2009; Bovine HapMap
Consortium, 2009) aided by the discovery of Single Nucleotide Polymorphisms (SNPs). SNPs are
nucleotide sites in a DNA sequence where more than one nucleotide is present in the population
(Morin et al., 2004). Once the design and development of a commercial SNP array were completed
and the lllumina® bovine SNP50 array became commercially available, it enabled the genotyping of
thousands of cattle and genomic information could subsequently be applied in population genetic
research (Matukumalli et al., 2009). Since 2008, SNP arrays have been used to investigate population
structure, inbreeding, and genetic diversity in several beef cattle breeds (Singh et al., 2014; Browett
et al., 2018; Zhang & Banks 2021). In recent years, advancements in genomic technologies with the
application of genomic enhanced breeding values (GEBVs) in genomic selection (GS) have enabled

improved selection strategies (van Marle-Koster & Visser, 2018).
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It is important to genetically characterize the Wagyu population of SA to determine the
population structure, the degree of inbreeding and the genomic diversity of the current population.
This will indicate how to approach future selection programmes and to maintain genomic diversity
(Scraggs et al., 2014). Results could assist in the monitoring and management of the Wagyu cattle
genetic resources in SA (FAO, 2021). The South African Wagyu (SAW) Society needs insight into the
genomics of the breed and have interest in using genomic selection (GS). A genomic characterization
study will provide the society with the required information about the genomic diversity, population
structure, inbreeding and effective population size. This could aid in establishing a reference

population and refine the SA Wagyu Society’s breeding objectives and approach to selection.

1.2. Aim of study
The SAW Society (SA Wagyu) commenced with the genotyping of animals in 2016. A total of 2
517 (789 SA and 1 728 Australian) genotypes were made available for the purposes of this study. The
genotypes ranged from F1 (first cross) to fullblood animals however, only the genotypes from fullblood
and purebred animals were utilized in this study. SA Wagyu requested for the first genomic
characterization study to be conducted on the Wagyu population of SA, with the aim of investigating
the genetic diversity, genomic inbreeding and population structure of the population. Due to the
reported linkage between the Wagyu population of SA and the population in Australia, Australian
Japanese Black animals were included in the genomic analysis for comparison.
The overall aim of this project was to perform a genomic characterization of the SAW
population. The objectives were as follows:
1. To estimate population parameters based on pedigree data of the different Wagyu breeds in SA
2. Toinvestigate the genomic population structure and relatedness of three Wagyu populations (SA
Japanese Black, SA Akaushi and Australian Japanese Black) with the use of principal component
analyses (PCA) and admixture analyses using SNP data
3. To estimate genomic diversity parameters including observed (Ho) and expected heterozygosity
(He), and minor allele frequencies (MAF)
4. To estimate the genomic inbreeding levels using Fis and runs of homozygosity (ROH and Fron) as

well as the effective population size (Ne).
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1.3. Literature review

1.3.1. History of Wagyu Cattle

Cattle was one of the 14 large wild terrestrial species that met the requirements for
domestication (Conolly et al., 2012). These requirements included a herbivorous diet, quick growth,
the ability to breed in captivity, good temperament in captivity, and social behaviour that made
handling easier (Conolly et al., 2012). The auroch (Bos primigenius) is the common wild ancestor of all
cattle breeds, which roamed across a considerable portion of Northern Africa and Eurasia (Mannen,
2017). There are two subspecies of cattle, namely Bos taurus taurus and Bos indicus, differentiated
primarily by the absence or presence of a hump, respectively (Loftus et al., 1994; Utsunomiya et al.,
2019). Most cattle in Northeast Asia lack humps, including those in Mongolia, Northern China, Korea,
and Japan and are therefore categorized as Bos taurus taurus, including the Wagyu cattle breeds
(Mannen, 2017). Bos taurus was domesticated in the Fertile Crescent approximately 10 000 years ago
(Chen et al., 2010).

Around the second century AD, the ancestors of Japanese cattle are generally considered to
have migrated across North China along the Korean peninsula to Japan, where they subsequently
spread from the western region across the entire country (Mannen et al., 1998; Chen et al., 2018).
Locally adapted breeds are usually populations that are indigenous to, adapted for, and used in a
certain geographic area (Ajmone-Marsan et al., 2023).

Japanese cattle were initially bred as draft animals, which coincides with the beginning of rice
farming in Japan (Mannen et al., 1998; Gaskins, 2008; Heffernan et al., 2021). These animals have
been described for their strength and stamina for transporting and ploughing throughout the different
prefectures of Japan (Fig. 1.1) (Motoyama et al., 2016). They gained popularity due to their meat
qualities, particularly their noticeable intramuscular fat accumulation, referred to as marbling (Scraggs

et al., 2014).
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Figure 1.1 Prefectures of Wagyu origin (Motoyama et al., 2016)

There were originally two locally adapted Japanese cattle breeds, namely Kuchinoshima and
Mishima cattle (Mannen, 2017). The bloodline of the Kuchinoshima cattle (Fig. 1.2) has been highly
protected and kept in isolation on a small island, namely Kuchinoshima Island (Kawahara-Miki et al.,
2011). This breed is believed to be uninfluenced by imported cattle breeds (Mannen, 2017). In 1999,
there were 44 to 66 feral cattle living on the Kuchinoshima island. However, in 2001 it was reported
that there were two additional populations of Kuchinoshima cattle preserved at Kagoshima University

and Nagoya University, with 20 and 24 animals, respectively (Minezawa, 2003; Mannen, 2017).

Figure 1.2 The Kuchinoshima breed. Source: Japanoholic 200) htts:/Japnohohc.dk/made—in—
japan/dyr/kuchinoshima/

A mature female's wither height and body length are typically 110 cm and 120 cm, respectively,

with an average body weight of about 300kg (Kawahara-Miki et al., 2011). Kuchinoshima cattle have

4



occasional white spots on the belly and limbs on a predominantly black or brown coat (Minezawa,
2003; Kawahara-Miki et al., 2011).

The second native Japanese breed is the Mishima cattle, which are isolated on Mishima Island
in the Yamaguchi district (Fig. 1.1) (Motoyama et al., 2016). Mishima cattle (Fig. 1.3) have a
predominantly black coat and a small stature (Minezawa, 2003; Gotoh et al., 2014). They have a wither

height of approximately 117cm and 124cm for cows and bulls, respectively. Mishima cows have an

average chest circumference and body weight of 152cm and 261kg (Namikawa, 1980; Minezawa,

2003).

Figure 1.3 A Mishima bull (left) and cow (right). Photo by Motohashi (1930). Source: Nagamine et
al., (2008)

Following the Meiji Restoration in 1868, the consumption of animal meat was allowed in Japan,
which encouraged the breeding of cattle for beef consumption (Namikawa, 1980). In the late 19" and
early 20" century, Japan initiated crossbreeding Mishima cattle with imported cattle breeds from
Switzerland, the United Kingdom, Germany and the Netherlands (Mannen, 2017; Gotoh et al., 2018).
Breeds that were imported for breeding purposes included the Braunvieh (Brown Swiss), Simmental,
Ayrshire, Devon, Shorthorn and Holstein. Crossbreeding with these breeds ensured increased frame
size and carcass yield (Gotoh et al., 2018). This, in turn, gave rise to the establishment of the well-
known Wagyu cattle breeds in Japan (Gaskins, 2008; Heffernan et al., 2021). The four Wagyu breeds
are thus descendants of Mishima cattle, as displayed in Figure 1.4 (Gaskins, 2008; Gotoh et al., 2018;
Heffernan et al., 2021).
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Figure 1.4 A flow chart indicating the relationship between the two original cattle breeds, Mishima &
Kuchinoshima, and the four established Wagyu cattle breeds

The four recognized Wagyu breeds in Japan are the Japanese Black (JB), Japanese Brown (JBr),
Japanese Shorthorn (JS) and Japanese Polled (JP) (Gaskins, 2008; Heffernan et al., 2021). The Wagyu

breeds along with the Japanese prefectures where they originate from are listed in Table 1.1.

Table 1.1 The origin of the four Japanese Wagyu cattle breeds (Namikawa, 1980; Gotoh et al., 2014;
Mannen, 2017)

Imported breed(s) crossbred with

Wagyu breed Japanese Prefectures for the establishment of the
Wagyu breed
Kyoto, Hyogo, Okayama, Hiroshima, Brown Swiss, Shorthorn, Devon,
JB? Tottori, Shimane, Yamaguchi, Ehime, Simmental, Ayrshire, Brown
Ohita, Kagoshima Swiss, Shorthorn, Holstein
JBr?
- JBrTosa Kochi, Simmental, Korean Cattle, Devon
- JBrHigo Kumamoto
Js3 Aomori, lwate, Akita Shorthorn, Devon, Ayrshire
Jp? Yamaguchi Aberdeen Angus

1JB- Japanese Black, 2JBr Tosa — Japanese Brown (Akaushi) (Tosa-strain), JBr Higo — Japanese Brown (Akaushi)
(Higo-strain), 3JS — Japanese Shorthorn, JP — Japanese Polled.

The different Wagyu cattle are not classified as different ecotypes since they are made up of
different compositions of breeds. The Japanese Black breed (Fig. 1.5) was established in 1944 (Gotoh
et al., 2018). In 1928, the Mishima cattle breed was recognized as a national natural asset in Japan
(Tsuda et al., 2013). Since then, they were kept for in situ conservation and the female population was
reported to amount to about 100 head in 2002 (Minezawa, 2003). Following World War Il, Wagyu
cattle were bred, following a line breeding approach, predominantly for marbled meat production,

instead of being bred for draft animals (Mukai et al., 1989; Honda et al., 2004; Gotoh et al., 2018).
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The most popular breed of beef cattle in Japan is the Japanese Black (JB), which is renowned for
producing highly marbled beef (Sasaki et al., 2016). The Japanese Black population of Japan makes up
nearly 97% of the entire cattle population of Japan (Hirooka, 2014; Sasaki et al., 2016). This Wagyu
breed has reportedly produced beef with intramuscular fat (IMF) percentage above 30% (Gotoh et al.,
2014). Japanese Black cattle have the genetic ability to produce carcass lipids with higher amounts of
monounsaturated fatty acids compared to other beef cattle breeds (Gotoh et al., 2014). The IB is
identified by its’ black coat, moderate body size and horns (Minezawa, 2003). Mature Japanese Black
cows have a body weight of 420kg and a wither height of 124cm, while bulls weigh 700kg and have a
wither height of 137cm (Minezawa, 2003).

Two different strains of Japanese Brown (Akaushi) (Fig. 1.6) originated from mainland Asia. They
were the Higo and Tosa strains (Bennett, 2013) from the Kumatoto and Kochi prefectures,
respectively. Imported Devon bulls were used to increase the size of the Mishima animals from the
inbred lines starting in 1881, after which Simmental cattle were introduced in 1991 (Bennett, 2013).
By 1922, the Simmental component was set at 25% and the Akaushi breed had become established
with a large frame and chestnut hair, with mature cows averaging a weight of 600kg and mature bulls

weighing 950kg (Minezawa, 2003; Bennett, 2013).
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Figure 1.6 Beyond Beef Red Star (BB15-113), a Fullblood Akaushi (Japanese Brown/Red) bull. Source:
Beyond Beef, 2023.

The Japanese Shorthorn (Fig. 1.7) was established by crossing Mishima cattle with the imported
dairy Shorthorn from 1871 (Yonesaka et al., 2016; Mannen, 2017). The breed was further crossed with
Devon and Ayrshire cattle, prior to the formal establishment of the breed (Bennett, 2013; Gotoh et
al., 2014; Mannen, 2017). They were registered in Iwate Prefecture in 1945 under the name Akage
Tohoku-shu (Tohoku Brown), followed by a name change in 1952 to Nihon Tankaku-shu (Japanese
Shorthorn). In 1957 the Japanese Shorthorn Cattle Registry Association was founded (Namikawa, 1980
& Minezawa, 2003).

Japanese Shorthorn are distinguishable by their darker red-brown coat, compared to the
Akaushi. They have an average wither height and body weight of 128cm and 500kg for cows and
140cm and 800kg for bulls, respectively (Minezawa, 2003; Bennett, 2013).
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Crossbreeding Mishima cows with imported Aberdeen Angus bulls resulted in the establishment
of the Japanese Polled breed (Fig. 1.8) in 1916 (Minezawa, 2003). This cross resulted in black, hornless
cattle, with wither heights and mature weights of 122cm and 450kg in cows and 137cm and 800kg in

bulls, respectively (Minezawa, 2003; Bennett, 2013).

The physical characteristics of the four Wagyu breeds are summarized in Table 1.2 (Minezawa,

2003; Bennett, 2013; Komatsu & Malau-Aduli, 2014; Motoyama et al., 2016).

Table 1.2 Description of Japanese Wagyu breeds

5 6
:::i‘éu Coat Colour \'ClV:-I (c::) mw (kFg) Source
JB! Brownish black 137 124 700 420 Minezawa (2003); Bennett (2013)
- 130 - 474  Komatsu & Malau-Aduli (2014)
130 755 487 Motoyama et al. (2016)
JBr? Caramel - 134 750 585 Motoyama et al. (2016)
- JBr Higo  Brownish-yellow - - 950 600 Minezawa (2003); Bennett (2013)
- 131 - 500 Komatsu & Malau-Aduli (2014)
- JBr Tosa Reddish yellow - - 950 600 Minezawa (2003); Bennett (2013)
with black eyelids - 130 - 474  Komatsu & Malau-Aduli (2014)
Js3 Deep red brown 140 128 800 500 Minezawa (2003); Bennett (2013)
- 132 - 571 Komatsu & Malau-Aduli (2014)
Reddish-brown - 133 745 585 Motoyama et al. (2016)
Jp4 Black 137 122 800 450 Minezawa (2003); Bennett (2013)
- 130 - 474  Komatsu & Malau-Aduli (2014)
Deep black - 128 - 580 Motoyama et al. (2016)

JB- Japanese Black, 2JBr Tosa — Japanese Brown (Akaushi) (Tosa), JBr Higo — Japanese Brown (Akaushi) (Higo),
3)S — Japanese Shorthorn, 4JP — Japanese Polled. "WH — Wither height, ®MW — Mature weight, ‘M — Male, 8F —
Female

Multiple surveys were conducted by the Livestock Industry Bureau of the Ministry of

Agriculture, Forestry and Fisheries (MAFF) of Japan and reported in a statistical yearbook. In these
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surveys, livestock that passed inspection criteria based on the Livestock Improvement and
Propagation Law were counted (MAFF, 2023). The stud bull statistics indicate that the total beef
population in Japan between the years 2016 and 2021 consists of 86% Japanese Black, 5% Akaushi and
6% Japanese Shorthorn (MAFF, 2023). From the statistics it can be deducted that the size of the closed
Wagyu populations in Japan are being maintained.

Multiple censuses in Japan reported that 97% of the reproductive cows are Japanese Black, thus
making it the predominant beef breed (Mannen, 2017; Imaizumi, 2023). The beef cattle population

statistics of Japan is summarized in Table 1.3.

Table 1.3 Japan Beef cattle population statistics (MAFF, 2023)

Year Total Wagyu Dairy breeds utilized
for Beef
Female Male Total % of beef Holstein Beef & Dairy

Wagyu cattle Crosses

2018 2514000 1091000 610100 1701100 68 295100 517900

2019 2503000 1114000 620300 1734300 69 274400 494200

2020 2555000 1138000 654200 1792200 70 267 900 495400

2021 2605000 1162000 667200 1829200 70 250000 525700

2022 2614000 1158000 653600 1811600 69 246900 555 300

The exports of Wagyu animal genetics from Japan were limited to 167 Japanese Black and 16
Akaushi cattle with exports being initiated in 1976 and terminated in 1998 (Bennett, 2013; World
Wagyu Council, 2022). The first export took place in 1976 when four bulls (two Japanese Black and
two Akaushi) were transported to the United States of America (USA) (World Wagyu Council, 2022).
A transactional contract between the Japanese government and the United States (US) in 1992,
allowed the routine export of Wagyu animals to the USA until 1999 (Bennett, 2013; Scraggs et al.,
2014). Based on this agreement, 28 live fullblood (FB) Japanese Black (JB) bulls, semen from fullblood
Japanese Black bulls, as well as 208 FB Japanese Black dams entered the US (Scraggs et al., 2014).

The first Wagyu Associations to be established outside of Japan were the Australian Wagyu
Association in 1989 and the American Wagyu Association, in Texas, in 1990 (World Wagyu Council,
2022). No direct line of import from Japan to Australia existed at the time (World Wagyu Council,
2022), therefore Wagyu was imported to Australia via the USA (Bennett, 2013; Scraggs et al., 2014;
Gotoh et al., 2018). The year 1992, marked the establishment of the New Zealand Wagyu Breeders
Association and imports of purebred embryos from Australia (World Wagyu Council, 2022). In 1993,
two Japanese Black bulls and two heifers were imported to Canada from Japan (World Wagyu Council,
2022). The Australian imports consisted mostly of embryos and semen until 1997 when the first live

full-blood animals were imported from the USA (Bennett, 2013 & Hughes, 2016). Since then, there has

10
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been an open line of trade for Wagyu between Australia and the USA (Bennett, 2013). All exports of
Wagyu cattle from Japan were terminated after the export in 1998 when the Wagyu animal was
declared a national treasure by the Japanese Government (Bennett, 2013). The first Wagyu embryos
were imported to SA from the USA in 1999 (Bennett, 2013). Germany and the UK also imported
embryos from the USA in 2003, whereafter their respective Wagyu associations were established in
2008 and 2014 (World Wagyu Council, 2022). In 2017, Wagyu cattle were exported from SA to
Namibia, whereafter the Namibian Wagyu Association was established (Bennett, 2013; World Wagyu

Council, 2022). Excluding Japan, 36 countries have Wagyu cattle (World Wagyu Council, 2022).

1.3.2. Overview of Wagyu in South Africa

After the initial importation of Wagyu embryos from the USA in 1999 and Australia in 2007, the
SA Wagyu Society was registered in September 2014 (Wagyu Breeders Manual, 2020). There are
currently approximately 134 Wagyu breeders in SA with about 7 890 registered Wagyu animals, of
which 2 583 are breeding cows (Boshoff, 2023). While the Society and its members are aware of the
two different breeds of Wagyu, Akaushi and Japanese Black, the Wagyu population of SA is regarded
and evaluated as one breed.

The SA Wagyu Society has a ‘Wagyu Up-Grading Program’, in which cattle can be classified as a
Wagyu Fullblood or Pureblood, a first-generation crossbred (F1), a second-generation cross (F2), or a

third generation cross (F3). This definition of each classification is given in Table 1.4.

Table 1.4 South African Wagyu Classification (Wagyu Breeders Manual, 2022)

Wagyu Content Definition

Classification

Wagyu Fullblood (FB) 100% The progeny of a Wagyu Fullblood sire and a Wagyu Fullblood dam,
with ancestors originating from Japan, with no outcrossing to other
breeds or grading up from base animals in their genealogy.

Purebred (PB) F4 +93% Has a genetic composition of more than 93% (+5%) Wagyu. E.g., the
offspring of a Fullblood or Purebred Wagyu bull and a Wagyu F3
dam that have undergone at least four generations of upgrading.

Crossbred F3 £87% Has a genetic composition of more than 87% (+5%) Wagyu. E.g., the
female offspring of a Fullblood or Purebred Wagyu bull and a
Wagyu F2 dam, the product of at least three generations of
upgrading utilizing a Wagyu Fullblood or Purebred sire.

Crossbred F2 £75% Has a genetic composition of more than 75% (+5%) Wagyu genetic
material. E.g., the female offspring of a Fullblood or Purebred
Wagyu bull and a Wagyu F1 dam, which is the result of at least two
generations of upgrading utilizing a Wagyu Fullblood or Purebred
sire.

Crossbred F1 £50% Has a genetic composition of more than 50% (£5%) or more Wagyu
genetic material. E.g., the first generation of upgrades (female
progeny) produced by mating a purebred or full-blood Wagyu sire
or dam with a dam or sire of a different or unidentified breed.

11
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The Wagyu Society of SA is affiliated with the Livestock Registering Federation (LRF), which is
an umbrella body representing several cattle breed societies in Southern Africa that are their own
registering authorities. Even though not a prerequisite for being a member of the LRF, all affiliated
members currently make use of Agricultural Business Research Institute (ABRI) and BREEDPLAN
services. The LRF is a representative of ABRI in Southern Africa and delivers technical support for these
services to breed societies (BREEDPLAN, 2022). The International Livestock Registry version 2 (ILR2)
software is a breed registry system provided by ABRI; the supporting genetic evaluation is powered
by BREEDPLAN. BREEDPLAN is a leading global genetic evaluation system for beef cattle breeders. ILR2
is the database used to store all phenotypic measurements recorded by breeders, including the
carcass data captured by the society staff (BREEDPLAN, 2022). The Wagyu breeders registered with
the Wagyu Society of SA are encouraged to record multiple phenotypic traits, which are to be
submitted to the society. All Wagyu animals in SA have to be sire verified with the use of

microsatellites and are tested for known recessive genetic conditions listed in Table 1.5.

Table 1.5 A list of known recessive genetic disorders monitored in the SA Wagyu population,
supported by literature (Wagyu Breeders Manual, 2022).

Name Symptoms BTA! Mode of Lethal/ Source
inheritance non-lethal

Chediak- CHS is a macrophage (white 28  Autosomal Non-lethal  Abdeen et

Higashi blood cell) disorder. recessive recessive al. (2013);

Syndrome An unusually pale coat colour. disorder Upshaw et

(CHS) al. (2021)

Claudin 16 RTD — Renal tubular dysplasia 1 Autosomal Non-lethal ~ Upshaw et

Deficiency causes kidney failure. Life recessive recessive al. (2021)

(CL16) expectancy < 6 years. disorder

Factor XI FXl is a plasma protein in 27  Autosomal Non-lethal Casas &

Deficiency formation of blood clots. recessive recessive Kehrli,

(F11) Prolonged bleeding time and disorder (2016);
abnormal plasma coagulation Upshaw et

al. (2021)

Erythrocyte Homozygous animals have 19  Autosomal Often Upshaw et

Membrane pernicious anaemia and growth recessive lethal al. (2021)

Protein Band Ill retardation. Death within first 7 disorder

Deficiency days post birth.

(Spherocytosis

B3)

Isoleucyl-tRNA Death of affected calves within 8 Autosomal Mainly Hirano et

synthetase the last few weeks of gestation, recessive lethal al. (2016)

disorder or shortly after birth. disorder

(Perinatal weak

calf syndrome,

IARS)

1 BTA - Bos taurus autosome

12
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Carriers of these recessive genetic disorders are identified through microsatellites during parent
verification or alternatively with the use of 50K or 100K SNP arrays during the genotyping process. The
DNA results are monitored by the breeder’s society and carriers are flagged. Breeders are advised

against the breeding of carriers to avoid lethal mutations.

1.3.3. Traits of Economic Importance

The Wagyu cattle breed is renowned for several traits of economic importance in the beef
industry, especially relating to meat quality. These traits contribute significantly to the premium
quality of Wagyu beef and are highly sought after by consumers worldwide (Wagyu Breeders Manual,
2022). The selection criteria applied by breeders are determined by their respective breeding
objectives (Wagyu Breeders Manual, 2022). Since the largest component of profit with regards to
Wagyu beef is generated by carcass quality and the amount of marbling; carcass traits are of high
importance and include eye muscle area (EMA), intramuscular fat percentage (IMF %), and marble
score or marbling (MS). Fertility and growth traits are also important in establishing breeding
objectives and traits such as age at first calving, calving interval, gestation length, birth weight (BW)
and body weight at finish (BWF), which are also recorded by the Wagyu societies globally. Table 1.6
contains a summary of traits of economic importance in Wagyu cattle, with the heritability estimates
reported in the literature.

Fertility traits are lowly heritable and are generally comparable between different beef cattle
breeds (Reding et al., 2023). The low heritability can be explained by the impact of non-genetic
environmental factors on the traits (Brzdkova et al., 2020). Similar to the fertility traits reported in
Table 1.6, the heritability of fertility traits in all beef breeds is low as indicated by multiple studies
done on beef cattle breeds (Berry et al., 2014, Brzakova et al., 2020; Pardo et al., 2020; Rios-Utrera et
al., 2023). A range of 0.028 to 0.036 and 0.129 and 0.145 was reported for calving interval and age at
first calving (AFC) in beef cattle breeds (Berry et al., 2014, Brzdkova et al., 2020).

13
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Table 1.6 Summary of traits of economic importance with their respective heritability estimates in

Wagyu cattle

Trait Breed Heritability Source
(range) (h?)
(xS.E.)
Fertility Traits
Age at first calving (AFC) (days) JB 0.04-0.20 Oyama, (2011)
Days open B 0.05-0.08 Oyama, (2011)
Calving interval B 0.03 -0.08 Oyama, (2011)
Gestation length (cow) JB 0.08 —0.40 Oyama, (2011)
Growth Traits
BW direct (kg) JB,JBr 0.28-0.40 Oyama, (2011)
BW maternal (kg) JB,JBr 0.07-0.10 Oyama, (2011)
MBW (kg®”°) B 0.49 + 0.09 Hoque et al. (2006)
BWF (kg) JB 0.47 £0.10 Hoque et al. (2006)
DFI (kg/day) B 0.34+0.11 Hoque et al. (2006)
Carcass Traits
Carcass weight (kg) JB,JBr 0.32-0.76 Osawa et al. (2008); Oyama, (2011);
Maeda et al. (2013); Zhang et al. (2015)
Rib-eye area (EMA) JB,JBr 0.28-0.73 Osawa et al. (2008); Oyama, (2011);
Maeda et al. (2013); Zhang et al. (2015)
Rib thickness (mm) JB,JBr 0.24-0.50 Oyama, (2011)
Rib thickness (mm) IB 0.39+0.05 Osawa et al. (2008)
AUS-MEAT P8 fat depth (mm) JB 0.25+0.11 Zhang et al. (2015)
P8 fat grading (mm) JB 0.84+0.16 Maeda et al. (2013)
Subcutaneous fat thickness JB,JBr 0.32-0.35 Oyama, (2011)
Subcutaneous fat thickness® JB 0.22 +0.04 Osawa et al. (2008)
Intermuscular fat (IMF) JB 0.08 —0.40 Zhang et al. (2015)
Image total fat particles JB 0.80+0.06 Zhang et al. (2015)
Marbling (MS) JB,JBr 0.23-0.65 Osawa et al. (2008); Oyama, (2011);
Maeda et al. (2013); Zhang et al. (2015)
Image Marbling % JB 0.37-0.71 Maeda et al. (2013); Zhang et al. (2015)
Image Fineness Index (count/ JB 0.50+£0.11 Zhang et al. (2015)

cm?)

*)B — Japanese Black, JBr — Japanese Brown (Akaushi)

Research on Wagyu cattle carcass traits and heritability is extensive, particularly in Japan, the
USA, and Australia (Zhang et al., 2015). Estimates for carcass weight, EMA, and marbling (MS) score
are consistent throughout various studies (Osawa et al., 2008; Maeda et al., 2013; Zhang et al., 2015).
Most carcass characteristics are moderately to highly heritable, with low heritability observed for eye
muscle area shape and marbling particle proportion. Marbling heritability is 0.37 across beef breeds,
falling within the ranges reported for Wagyu cattle in Table 1.6. The genetic correlations (rg) between

carcass traits in Wagyu cattle are displayed in Table 1.7 (Oyama, 2011 & Zhang et al., 2015).
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Table 1.7 The genetic correlations between the carcass traits in Wagyu cattle

Trait 1 Trait 2 rg(1S.E.) Source

Carcass Weight MS 0.04-0.38 Oyama, (2011); Zhang et al. (2015)
EMA -0.09-0.29 Oyama, (2011); Zhang et al. (2015)
Rib thickness  0.70 Oyama, (2011)
TSF 0.31 Oyama, (2011)

Carcass Yield 0.04
AUS-MEATMS 1.00 £0.01

Oyama, (2011)

Image marbling % Zhang et al. (2015)

AUS-MEAT MS Image EMA -0.26 £ 0.14 Zhang et al. (2015)
Carcass EMA 0.03+0.17 Zhangetal. (2015)
Image EMA CarcassEMA  0.83+0.08 Zhangetal. (2015)
Carcass EMA Rib thickness  0.43 Oyama, (2011)
TSF 0.02 Oyama, (2011)
Carcass Yield 0.84 Oyama, (2011)
MS 0.43 Oyama, (2011)
Rib thickness TSF 0.29 Oyama, (2011)
Carcass Yield 0.33 Oyama, (2011)
MS 0.36 Oyama, (2011)
Carcass Intramuscular fat  Carcass P8 fat -0.09 + 0.49 Zhang et al. (2015)
TSF Carcass Yield -0.24 Oyama, (2011)
MS -0.06 Oyama, (2011)
Carcass Yield MS 0.45 Oyama, (2011)

*MS — Marbling; TSF - thickness of subcutaneous fat; EMA — Eye muscle area

The recording of carcass traits and camera trait correlations are vital to the development of
Wagyu as a breed since carcass traits (EMA, MS, IMF, etc.) are the main trait of economic importance
(zhang et al., 2015). The marbling of the Wagyu beef enables premium prices to be charged for the
meat, which compensates breeders in return. Strong positive correlations between carcass traits such
as the eye muscle area (EMA) and carcass yield estimate (0.84) are reported by Oyama (2011). Oyama
(2011) also reported a negative correlation between the thickness of subcutaneous fat (TSF) and
carcass yield (-0.24) and marbling (-0.06), respectfully. A weak negative correlation between carcass
weight and the EMA observed in the carcass image (-0.15 + 0.14) was reported by Zhang et al. (2015).

Advancements in genomic tools, including the sequencing of the bovine genome (Bovine
HapMap Consortium, 2009) and the discovery of single nucleotide polymorphisms (SNPs), have
offered insightful information about the genetic foundations of these desired characteristics in Wagyu
cattle. By examining the genomic profiles of Wagyu cattle and identifying specific genetic markers
associated with marbling, tenderness, and flavor, researchers and breeders can now implement
targeted breeding strategies to enhance these economically valuable traits more effectively (Georges
et al., 1990; Eusebi et al., 2019). Breeding systems that use genomic information are able to identify
superior breeding animals with more precision, which accelerates genetic advancement and

ultimately raises the standard and profitability of Wagyu beef production.
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1.3.4. Livestock Breed Diversity and Genomic Tools

Selection was initially based on phenotype before the introduction of molecular tools, and the
underlying genetic mechanisms impacting traits of economic value was not yet well understood
(Beuzen et al., 2000; Singh et al., 2014). Animals were ranked according to their estimated breeding
value (EBV), which is calculated with the use of recorded pedigree and phenotypic data (Singh et al.,
2014). The rapid progress of molecular genetics has allowed for the direct investigation and
measurement of genomic diversity, as opposed to the need for statistical inferences derived from
pedigree data (Sonesson et al., 2012; Eusebi et al., 2019). The investigation of the relationship
between heritable traits and underlying genomic variation was enabled with molecular genetic
markers, which enabled studying the genetic links between individuals of a population as well as for
analyzing their genomic diversity (Eusebi et al., 2019).

During the 1970s, parentage verification was done with the use of allozyme systems and blood
groups (Georges et al., 1990; Eusebi et al., 2019). Advancements in DNA screening techniques have
led to a shift from using protein polymorphism to DNA polymorphisms as preferred markers for
studying genetic diversity (Robertson, 1994; Eusebi et al., 2019). These techniques allow for accurate
estimation of genetic diversity parameters directly from DNA, offering insights into variations among
breeds, populations, and individuals (Eusebi et al., 2019).

The initial breakthrough in livestock and poultry breeding came with the introduction of
microsatellite markers. Microsatellite markers outperformed other markers like DNA fingerprinting
for population genetics research, genomic characterization, and conservation of indigenous farm
animal resources (van Marle-Koster & Nel, 2003; van Marle-Koster & Visser, 2018). Since 1990,
microsatellite molecular markers have been widely applied in the identification of individuals,
parentage verification, and breed allocation in domestic animals (van Marle-Késter & Visser, 2018).
Various studies in SA utilized microsatellite markers to investigate genetic diversity in multiple
different cattle breeds such as Nguni, Afrikaner, Angus, Bonsmara, Boran, Brahman, Drakensberger,
Simmental, Tuli cattle (Sanarana et al., 2016; van der Westhuizen et al., 2020). Genetic diversity
studies have also been performed on other local livestock species such as chicken (Van Marle-Koster
et al., 2008; Mtileni et al., 2012; Nxumalo et al., 2020), sheep (Buduram, 2004; Nedambale et al.,
2020), goats (Visser et al., 2004; 2011; Bosman 2014) and pigs (Mufioz et al., 2019).

The first farm animal to have its genome sequenced was a chicken in 2004 (Groenen et al., 2009;
2011). Goat, sheep, and pig genomes were sequenced in 2007 and 2013, respectively (Fan et al., 2010).
The completion of the bovine whole genome sequence and assembly in 2009, followed by the
publication of the Btau 4.0 assembly (Bovine Genome Sequencing and Analysis Consortium et al.,

2009) led to the discovery of single nucleotide polymorphisms (SNPs) (Matukumalli et al., 2009). SNPs
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are single mutations in the genome found in coding and non-coding regions, which allows the analysis
of both neutral and functional genetic variations (Zimmerman et al., 2020). The initial draft of the
bovine genome was constructed using DNA samples obtained from a Hereford cow named L1
Dominette 01449 (Burt, 2009). Additionally, a significant number of SNPs were generated from the
partial sequencing of DNA from six different cattle breeds, namely Holstein, Angus, Jersey, Limousin,
Norwegian Red, and Brahman (Burt, 2009; The Bovine HapMap Consortium, 2009). According to the
Bovine HapMap Consortium (2009), SNPs occur roughly every 700 bp in Bos taurus cattle, therefore,
the B. taurus genome contains about 4 million SNPs.

As a result of developments in genome sequencing and high-throughput DNA procedures, SNP
genotyping arrays have been created to be sold commercially (Illumina® bovine SNP50; Matukumalli
et al., 2009). The widespread presence of SNPs, combined with automation and low cost, has made
them a popular choice for genetic studies in livestock. However, the use of commercial SNP arrays,
designed primarily based on selected European cattle breeds, introduces a benefit towards those
breeds (Zimmerman et al., 2020). The production of multi-locus bead panels of SNPs for the majority
of domestic species was made possible by the original reference genomes (Druet, et al., 2014).

The FAO (2011) indicates that SNPs are superior to microsatellites in many ways. First, the
automatic scoring of alleles is straightforward, making it easy to integrate with datasets from other
laboratories (FAO, 2011). Compared to microsatellites, the cost of genotyping for each marker is far
lower (Zimmerman et al., 2020). SNP abundance allows for accurate descriptions of breed and
individual relationships, which may supplement or replace pedigree data (FAO, 2011). Additionally,
SNPs can identify neutral and functional genetic differences, which makes it possible to identify gene
variants linked to phenotypes (Kohn et al., 2006). Numerous SNPs in linkage disequilibrium (LD) with
any type of DNA variation impacting phenotypic variation can be found using high-density SNP arrays
(FAO, 2011). There are a variety of commercial genotyping SNP arrays for cattle that can be used in

genomic analysis (Eggen, 2012; Nicolazzi et al., 2015), some of which are shown in Table 1.8.
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Table 1.8 A non-comprehensive list of available SNP arrays for genomic diversity studies in cattle

. Number
Platform SNP chips of SNPs
llumina® GoldenGate® Bovine3K 2900
Bovine LD
- Vi 6909
- V11 6912
- V2 7931
Bovine SNP50
- Vi1 54 001
- V2 54 609
- V3 53218
Bovine HD Genotyping Beadchip 777 962

Geneseek® GeneSeek Dairy Ultra LD v2 GGP-LD 7 049
GeneSeek Genomic Profiler LD

- V 1 (GGP9K) 8610
- V 2 (GGP20K) 19721
- V3 26 151
GGP-indicus 35090
GeneSeek Genomic Profiler HD
- V 1(GGP100K) 76 879
- V 2 (GGP150K) 139 480
- V 3(GGP Bovine-F250) 235 000
Affymetrix®  GeneChip® Bovine Genome Array 24 072
Axiom Bovine 54 560
Axiom BovMDv3 63 648
DSN200k SNP chip 182 154
Axiom® Bovine 648 875
ICAB?
- V2 17 807
- V3 53262

LICAB - International Congress on Domestic Animal Breeding

The application of SNPs makes it possible to use genomic data to forecast breeding values both
within as well as between breeds (FAO, 2011). SNP arrays are used to genotype animals based on
thousands of SNPs (Denmir et al., 2021). In cattle, SNPs have been utilized in multiple genomic
research studies pertaining to genomic characterization and genetic diversity in SA (King et al., 2021;
Van Marle-Koster et al., 2021) and world-wide (Kukuckova et al., 2017; Browett et al., 2018). Multiple
international studies using SNPs were performed on Wagyu cattle in Japan and America (Scraggs et
al., 2014; Suezawa et al., 2021).

Modern genetic analyses have advanced significantly, due to high-throughput sequencing
methods like single nucleotide polymorphisms (SNPs) and whole genome sequencing (WGS) (Eusebi
et al., 2019). WGS provides a complete genome sequence, eliminating ascertainment biases and
offering insights into rare variants and their causal mutations. This includes identifying mutations

responsible for specific traits, like dwarfism in Miniature Shetland ponies (Metzger, 2017) and
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polledness in cattle (Medugorac, 2017). Conservation efforts have traditionally struggled to address
rare variants due to limitations with SNP arrays, but WGS data capture both common and rare
variants, presenting new opportunities for genetic diversity conservation programs, particularly in

livestock species (Bijma, 2012; Pérez-Enciso et al., 2015; Eusebi et al., 2019).

1.3.5. Genomic Characterization and Diversity

Genomic characterization is described by the FAO as an academic research endeavour that
involves the collection and analysis of genomic data (FAO, 2021). The results of genomic
characterization studies deliver results that provide insight into the population structure and genetic
diversity (Ajmone-Marsan et al., 2023). To conserve cattle genetic resources and comprehend the
genetic basis of environmental adaptation, it is crucial to characterize the population structure and
genetic diversity (Xia et al., 2021). The insight provided by genomic characterization studies can be
utilized when creating or revising breeding strategies and conservation programs (Mulim et al., 2022).

Throughout the domestication of cattle, the main evolutionary mechanisms of mutation,
selective breeding, adaptability, isolation, and genetic drift have generated a great diversity of local
populations (Ajmone-Marsan et al., 2023). Mutation is the ultimate cause of all genetic diversity; it is
a random change in the DNA sequence. Beneficial mutations are expected to have a relatively small
effect in theory (Goddard, 2022). Simultaneously, the frequency of harmful mutations that have a
significant or even fatal impact tends to stay low or rapidly decline in the population due to selection
(Schaack et al., 2020). As a result, numerous loci, each with a small effect and typically a low minor
allele frequency (MAF), tend to influence a trait (Mulder et al., 2019). The random change in allele
frequencies that takes place from one generation to the next is known as genetic drift. In diploid
organisms, a copy may accidentally be lost in succeeding generations if just one of a locus's two copies
from each parent is randomly inherited (FAO, 2023). Within a population, this process causes
unpredictable changes in allele frequencies. An allele is fixed or deleted when its frequency reaches
100% or 0%. Genetic drift causes alleles to gradually become fixed or eliminated over many
generations in the absence of outside influences, diminishing genetic variety in the process (Schaack
et al., 2020). The size of the population affects how quickly this process proceeds; smaller populations
lose variance more quickly and have more noticeable genetic drift (Hoffmann et al., 2017).

Selection is a non-random mechanism that acts on certain loci linked to desired traits. Beneficial
alleles rise while harmful alleles decrease in the predictable direction of allele frequency change in
selection (Mulder et al., 2019). Artificial or natural selection refers to the process by which people
select progenitors that best suit their intended offspring or give preference to animals that are more
appropriate for their natural habitats (FAO, 2023). Selection tends to limit genetic variation gradually

by fixing beneficial alleles and purging harmful ones, just like genetic drift does (Schaack et al., 2020).
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While selection largely affects individual loci, it also affects nearby loci, a phenomenon known as
"hitchhiking," which happens where alleles are in linkage disequilibrium (LD) (Maynard & Haigh, 2007).

Genetic diversity can be introduced into populations through migration if the migrants bring
alleles that are absent or extremely uncommon in the population they enter (Schaack et al., 2020). As
a result of genetic drift, allele frequencies within distinct subpopulations that arise from the division
of a population will fluctuate at random (Leroy et al., 2013) and as a result, due to genetic isolation,
subpopulations may begin to diverge (Schaack et al., 2020). In turn, population crossings due to
migration typically result in more variance within populations but less variation between them
(Kauffman et al., 2021).

The loss of genetic variation in livestock can be caused by factors like population fragmentation
which occurs when a livestock population is divided into smaller, isolated groups, often due to human
activities such as selective breeding practices or geographic barriers, or habitat destruction (Hoffmann
et al., 2017). It may result in decreased fitness and a loss of adaptive potential (Hoffmann et al., 2017
Leroy et al., 2018). This reduction is linked to the expression of detrimental alleles, especially recessive
ones, which may unexpectedly increase in frequency due to genetic drift or the selection hitchhiking
effect (Maynard & Haigh, 2007). The re-emergence of genetic defects in Holstein cattle (Bovine
leukocyte adhesion deficiency, BLAD and Complex vertebral malformation, CVM) exemplifies such
challenges (FAO, 2023). Monitoring genetic variation becomes crucial to prevent continued
inbreeding, decreased fertility and diminishing population sizes.

Due to the diversity of farm animals, there are opportunities for active use of a variety of breeds,
selection, and product improvement. Diversity can be measured both between and within breeds and
populations. Phenotypic characterization is when morphological or physical traits are used to measure
diversity. Molecular markers are utilized to measure genetic diversity (heterozygosity) and genetic

relationships for genetic characterization (Hailu & Getu, 2015).

1.3.6. Approaches to Estimate Population Structure and Genetic Diversity

1.3.6.1. Pedigree-based population analysis

Selection strategies and the maintenance of genetic diversity are dependent on accurate
pedigree records, along with phenotypic measurements (Beuzen et al., 2000; Singh et al., 2014).
Different factors related to genetic diversity that can be calculated using genealogical data or
pedigrees including the probability of an individual having two identical alleles at a specific location
(inbreeding coefficient), the likelihood of finding two identical alleles in a pair of individuals (co-
ancestry coefficient), the portion of genetic material in the population derived from a specific

ancestor, and the chance of alleles being lost (Caballero & Toro, 2000; Eusebi et al., 2019). Pedigree-

20



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

based population analyses provide insight into a population’s genetic relationships and history, as well
as generation interval, effective population size, genetic diversity and inbreeding (Groeneveld et al.,
2009). The results obtained from analyses based on pedigree data can be used to make selection and
mating decisions (Groeneveld et al., 2009). Pedigree-based analyses can be utilized in population
analyses and genetic diversity studies.

Pedigree completeness is the parameter used to describe the depth of the pedigree and is
defined as the proportion of known pedigree information in a population over a defined number of
generations (Groeneveld et al., 2009). Pedigree completeness can be measured using metrics such as
equivalent complete generations (EqG) (Gicquel et al., 2020). An additional potential factor that
causes bias in the computation of genetic variation indicators is the presence of mistakes in
the pedigree. Unknown sires or dams included in pedigree-based analysis are regarded as unrelated
individuals (Wiggans et al., 1995). Incomplete pedigree information leads to inaccurate estimation of
the inbreeding coefficient (Leroy et al., 2012; Kios et al., 2017), which may lead to the underestimation
of pedigree-based inbreeding coefficients as reported by Kios et al. (2017) in a study on Kenyan Boran
cattle. Literature reported a pedigree completeness for Japanese Shorthorn Wagyu cattle in Japan of
more than 90% complete for three generations and more than 80% complete for five generations
between 2000 and 2015 (Uemoto et al., 2021).

Generation interval influences the rate of genetic gain and the efficiency of breeding programs
(Chen et al., 2020). Optimizing the generation interval enhances the efficiency of breeding programs
by reducing the time required to achieve genetic gains. This allows breeders to respond more quickly
to changing market demands and breeding objectives (van Grevenhof et al., 2019). Pienaar et al.
(2015) reported a generation interval of 6.6 years for Afrikaner cattle in SA. A number of studies on
Japanese Wagyu cattle have been done and a generation interval of 10.0, 9.4, 10,4 and 7.5 have been
reported for Japanese Black (Honda et al., 2006), Akaushi Higo and Tosa strains (Japanese Brown)
(Nomura et al., 2001) and Japanese Shorthorn (Uemoto et al., 2021), respectively. Beef cattle are
reported to have an average generation interval of 4 to 5 years (Jonas & de Koning, 2015), which is
generally influenced by animals which mature later in life as well as breeding practices and the
selection of proven animals with good EBVs for desired traits.

Mating related individuals result in inbreeding, which is quantified by the likelihood (F) that both
of the alleles at a locus are similar (Bourdon, 2014). Pedigree records were traditionally used to
determine inbreeding (Ajmone-Marsan et al., 2023). Inbreeding (F) measures the population's genetic
diversity and can be calculated by averaging the inbreeding coefficient by year of birth using a PopRep
(Groeneveld et al., 2009), which integrates a method suggested by Falconer & Mackay (1996) that

calculates the inbreeding rate across generations (Falconer & Mackay, 1996). Inbreeding results in a
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heterozygote deficit and a divergence with respect to the Hardy-Weinberg equilibrium (HWE) of
homo- and heterozygous genotypes. Alternatively, Wright’s F-statistics can then be used to estimate
the inbreeding, Fis (Wright, 1950). The level of inbreeding (Fis) and averaged pairwise genetic distance
(D) are two metrics that can be used to assess genetic relationships. Wright’s Fis can be calculated by
dividing the difference between the expected (He) and observed heterozygosity (Ho) with the
expected heterozygosity (He) (Gebrehiwot et al., 2020). Literature reported inbreeding coefficients as
high as 8.8% in Japanese Brown (Tosa) (Honda et al., 2006) and 6% in Japanese Black (Nomura et al.,
2006) in Japan. Lower inbreeding coefficients were reported for Japanese Shorthorn in Japan (4.2%)
(Uemoto et al., 2021), which is similar to inbreeding reported for Brangus (1.39%) (Steyn et al., 2012)
and Afrikaner cattle in SA based on available pedigree data (1.83%) (Pienaar et al., 2015). Higher
inbreeding coefficients is often caused by the mating of closely related individuals, breeding within a
limited genetic pool of a small breeding population, the use of selection based on specifically desirable
traits, genetic drift and the use of a few influential sires (Pienaar et al., 2015; Uemoto et al., 2021).
Higher inbreeding coefficients is associated with increased risk of inbreeding and inbreeding
depression. This could also lead to reduced fertility and growth rates, as well as increased disease
susceptibility (Steyn et al., 2012; Uemoto et al., 2021).

Pedigree-based effective population size (Ne) measures take into account the rise in identical
by descent (IBD) rate over successive generations, employing diverse approaches and software for
analysis (Boichard et al., 1997; Leroy et al., 2013; Windig & Hulsegge, 2021). An effective population
size (Ne) can be defined as the number of breeding individuals in an idealized population that would
show a comparable amount of dispersion of allele frequencies under random genetic drift (Wright,
1950; Ajmone-Marsan et al., 2023). This population would have an equal number of males and
females, contribute an equal number of progenies, and not be susceptible to other factors that alter
genetic diversity, such as natural or artificial selection, migrations and mutations (Kimura & Crow,
1963). A low Ne has a risk of increased inbreeding and reduced genetic variability, which increases the
risk of inbreeding depression occurring within the population (Ajmone-Marsan et al., 2023). Ne
estimates aid in predicting how genetic diversity will change over time (Gasca-Pineda et al., 2013;
Wang et al., 2016). The FAO recommended a minimum Ne of 50 since it would result in an inbreeding
rate of one percent per generation (FAO, 1992; 1998).

One of the pedigree-based Ne methods calculates the population size based on the number of
parents (Ne-Cens) (Wright, 1923). This can be calculated by considering discrete generations and an
equal number of breeding males (N,,) and females (N¢). This expression is frequently employed in
situations when other methods of estimating Ne are impractical, due to the simplicity of the practical

implication of identifying the number of males and females in a given herd (Groeneveld et al., 2009).
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The assumptions that there is an equal amount of male and female for reproduction and that every
member of a genuine population has an equal opportunity to pass on genetic material to the next
generation are typically not met (Groeneveld et al., 2009). As a result, Ne tends to be overestimated
by Ne-Cens (Groeneveld et al., 2009). This method was utilized by Steyn et al. (2012) to report an
effective population size of 166.7 animals in the Brangus population of SA.

Another pedigree-based method, Ne-AFg, is the Ne based on the rate of inbreeding (AF), where
F; is the average inbreeding of the offspring and F;_4 is the mean inbreeding of their parents (Falconer
& Mackay, 1996). The effective population size (Ne) is expressed as one-half times the change (A) in
the inbreeding coefficient (F). Honda et al. (2006) used the pedigree-based Ne method suggested by
(Falconer & Mackay, 1996) and reported consistently reducing population sizes from 1971 to 2000 for
Akaushi cattle in Japan (Japanese Brown Higo and Tosa strains). The population of the Higo strain
decreased from 68.8 in 1971 to 25.5 in 2000, while the Tosa strain decreased from 42.3 to 6.0 (Honda
et al., 2006).

Guttiérez et al. (2009) proposed a method based on is the individual inbreeding coefficient (F;)
and the number of equivalent complete generations traced (Ecg), calculated as the sum over all known
ancestors of the terms (1/2g), where the ancestor's generation number is represented by g (with g =
1 for parents, g = 2 for grandparents, etc.). This is used to estimate the known pedigree depth of an
individual (Ne-Ecg) (Groeneveld et al., 2009; Leroy et al., 2013). Effective population size in the
Afrikaner cattle population of SA was reported to be 167.54 and was suggested as reason for a low
rate of change in the inbreeding of the population (Pienaar et al., 2015).

There is multiple software available for pedigree-based population analysis, some of which are

summarized in Table 1.9.

Table 1.9 A selected summary of available software for pedigree-based population analyses

Software Programme  Main parameters Source

F, Nea, founder-representation and F-

ENDOG I Gutiérrez & Goyache (2005)

Pedigree Viewer Draws pedigree, F-statistics Martel et al. (2007)
Pedigree completeness

PopReport i\?gg;;i%nbirlec:i\:\ a; Groeneveld et al. (2009)
Effective population size

Pedig2007 Kinship, gene contribution and F- Boichard (2002)

statistics

Pedigree-based parameters, such as generation interval, inbreeding and effective population
size (Nepep) are highly dependent on the accuracy and completeness of pedigree (Kios et al., 2017;

Kukuckova et al., 2017). Open herdbooks generally have incomplete or sire-focused pedigrees, which
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skews the pedigree-based analysis (Albondi et al., 2022). Multiple different population analyses based

on pedigree data have been performed, some of which are summarised in Table 1.10.

Table 1.10 A selected summary of various genetic diversity and inbreeding studies performed on
beef cattle breeds using pedigree data

Breed Parametersincluded Results Software Country No. of Source

* in pedigree-based pedigrees
analyses

BN PC 73.8% (3 gen.) PopRep SA 65 536 Steyn et al.
Ig 5.17 years (2012)
Frep 1.39%
Ne 166.7 animals

JB Frep 4.80% FSpeed USA 4132 Scraggs et al.
Ig 5.14 years Pro bulls (2014)

1B

N

B

Average number of full  3.37
generations;

Average depth of 8.14

furthest ancestor;

Ne 17 animals

Frep 0.190 R USA 18 bulls Heffernan et

30 cows al. (2021)

PC 75% (3 gen.), 50% (5 R JPN 1833 Uemoto et al.
gen.) bulls (2021)

Ig 7.5 years (2015 — 2018) 33850

Frep 4.2% (2018) cows

Ne 70.9 animals

Ig 6.4 years R, OptiSel AUS 97 182 Zhang &

Frep 7.2% (2019) Banks (2021)

Ne 43.4 animals

*Breed: BN — Brangus; JB — Japanese Black; JS — Japanese Shorthorn

**Parameters: PC — Pedigree completeness; Ig — Generation interval; Feeo — Pedigree-based inbreeding
coefficient; Ne — Effective population size

***Software: PopRep (Groeneveld et al., 2009); FSpeed Pro (Tenset Tech, Ltd., Cambridge, UK); R Core Team,
2021. https://www.R-project.org/; OptiSel (Wellmann, 2019)

Results from the analysis performed by Heffernan et al. (2021) on Japanese Black Wagyu cattle
from America, advised against continued line breeding due to a small Ne and a high average
inbreeding coefficient (19%). The study done on the Japanese Shorthorn in Japan (average Ne = 90)
by Uemoto et al. (2021) noted a gradual increase in inbreeding and loss of genetic diversity which can
be maintained by the current implemented breeding program and proper monitoring.

Zhang & Banks (2021) reported an average generation interval (Ig) of 6.4 years for Australian
Japanese Black cattle, which is higher than the reported 5.4 years reported on Japanese Black cattle
by Scraggs et al. (2014), but lower than the 7.5 years reported by Uemoto et al. (2021) for Japanese
Shorthorn in Japan. Guinan et al. (2023) reported generation intervals between two to four years for
various dairy cattle breeds in the USA. Toral et al. (2023) reported an average generation interval of

five to seven years from a study done on Nellore cattle in Brazil. The Wagyu cattle breeds indicated
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average generation intervals that are on the high end of the 4 to 5 year range suggested by Jonas &

de Koning (2015) for beef cattle, or above the range.

1.3.6.2. Genomic-based population analysis

Genomic diversity and the population structure can also be investigated with the use of DNA
markers and information obtained from SNP arrays (Mannen, 2017). Population analyses performed
with the use of genomic data provide results of higher accuracy in comparison with pedigree data
(Eusebi et al., 2019). It is advised that a minimum of 100 animals should be genotyped with at least an
array of 50K SNP density. The sample has to be representative of the whole population, including all
ages, generations and both sexes (FAO, 2023). The outcomes of genetic characterization studies are
largely influenced by a reduced sample size, since it impairs the accuracy of allelic frequency estimates
(Ajmone-Marsan et al., 2023). Genomic characterization and diversity studies in cattle make use of
various parameters to analyse the genomic variation and relationships within and between breeds
and to gain insight into the history of the population structure (Leroy et al., 2013). Assessing gene
origins, or the proportion of genes inherited from specific individuals or subpopulations, provides
valuable insights into genetic variability (Decker et al., 2014).

Population structure analyses are utilized to determine the relatedness of individuals within a
given population, where a Principal Component Analysis (PCA) can be used to visualize relatedness
among individuals (Gurgul et al., 2021). The proximity of animals in clusters is indicative of the
relatedness of individuals (Sehgal et al., 2014; Gurgul et al., 2021).

The genetic structure of a population and ancestry proportions for predefined ancestral
populations can be assessed using ADMIXTURE (Alexander et al., 2009) or STRUCTURE (Pritchard et
al., 2000) analyses. ADMIXTURE plots indicate genetic substructure within populations, uncover
admixture between breeds or lines, and assess the level of genetic uniformity. The results provide
valuable information, such as breed composition and selection of foundation animals (Alexander et
al., 2009; Decker et al., 2014).

PCA and ADMIXTURE are well-known and used techniques in population structure studies in all
species and have been utilized in multiple diversity studies in cattle (Yonesaka et al., 2016; King et al.,
2021). Literature based on PCA and ADMIXTURE analysis, indicated that the four different Wagyu
cattle breeds have distinctly different ancestries (Yonesaka et al.,2016; Mannen, 2017; Kawaguchi et
al., 2022). The influence of European breeds in the establishment of the Japanese Shorthorn and
Japanese Polled Wagyu breeds has been evident throughout the available literature (Gotoh et al.,
2014; Yonesaka et al., 2016; Mannen, 2017; Kawaguchi et al., 2022). The Japanese Polled and
Shorthorn breeds in particular clustered closer to European breeds, which agrees with previous

findings by Gotoh et al. (2014) and Mannen (2017) that the breeds were established by crossing
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Mishima cattle with Angus Aberdeen and Shorthorn, Devon and Ayrshire cattle, respectively
(Yonesaka et al., 2016).

Nucleotide diversity (m), effective population size (Ne), observed and expected heterozygosity
(Ho and He), inbreeding coefficient (Fis), LD estimation and Hardy-Weinberg Equilibrium (HWE) are
parameters which can all be used to quantify genetic diversity (Eusebi et al., 2019). The Hardy-
Weinberg equilibrium (HWE) presupposes a direct correlation between genotypic and allelic
frequencies that are intended to stay consistent throughout generations (Eusebi et al., 2019;
Saravanan et al., 2023). In a Wright-Fisher population with random mating, without selection,
mutation, and migration, the HWE is applicable (Crow, 2010). The subdividing of a population,
recessive lethal mutations, selection, non-random mating, inbreeding, and genotyping errors can all
result in a significant divergence from HWE for a given SNP (Garnier-Géré & Chikhi, 2013). The HWE
test yields a P-value which assesses the significance of the HWE deviance (Chen et al., 2017). Insight
into deviance from HWE can indicate potential inbreeding, non-random mating or selection pressures
in cattle breeding (Chen et al., 2017; Saravan et al., 2022).

In terms of heterozygosity, when autosomal loci are considered, the Ho of an individual is the
percentage of heterozygous genotypes or possessing two distinct alleles at a given locus (Engelsma et
al., 2010). To determine the genetic distances expected heterozygosity (He) between different breeds,
allelic frequencies are used (Ajmone-Marsan et al., 2023). An underestimation of He and exaggerated
genetic distances between different breeds may be a result of a small sample size of less than 20
animals (Eusebi et al., 2019; Saravanan et al., 2023). Individual heterozygosity tends to be variable
within populations; nevertheless, values exceeding +3 SD three standard deviations (SD) may indicate
crossbreeding or inbreeding, respectively (Ajmone-Marsan et al., 2023). Comparing Ho with He, which
was determined using the population's allele frequencies, is also significant. Due to sample bias
and non-random mating, the Ho is typically lower than the He. If the Ho is larger than the He, it may
indicate recent crossbreeding, whereas if the Ho is smaller than the He it may indicate population
subdivision or inbreeding (Ojango, 2011). Both circumstances could affect calculations based on the
assumption of a homogeneous population.

Runs of homozygosity (ROH) are contiguous stretches of homozygous genotypes along the
genome. They arise due to the inheritance of identical haplotypes from both parents, indicating
autozygosity or regions of the genome where the individual is homozygous by descent (Keller et al.,
2011) The recognition and characterization of ROH offer valuable insights into the historical evolution,
structural dynamics, and demographic changes within populations over time. These population
dynamics can significantly influence the patterns of homozygosity across the genome, with ROH

serving as indicators of such events (Purfield et al., 2012). By detecting ROH, we can gauge the levels
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of inbreeding and delineate the genetic relatedness among individuals, thereby aiding in the
estimation of autozygosity levels at both individual and population scales (Peripolli et al., 2017).
Moreover, ROH analysis can unveil the influence of selection pressures and mating strategies on
genomic diversity (Abied et al., 2020; Liu et al., 2021). ROHs could be employed to track the passing
down of haplotypes (Biscarini et al., 2014) and genomic regions that were historically under selection
pressure could be identified (McQuillan et al., 2008; Browett et al., 2018; van Marle-Késter et al.,
2021). Multiple different studies on the ROH in cattle genomes have been done (Szmatota et al., 2019;
Suezawa et al., 2021). A lower number of ROH in the genome and the average sum of length of ROH
per animal is associated with breeds such as the Polish Red cattle (23.3 ROH per animal; 131.7MB) in
comparison to the Hereford breed (80.6 ROH per animal; 378.0Mb) which are more regularly mated
with related individuals due to the widespread use of Al with semen from a limited amount of sires
(Szmatola et al., 2020).

The length of ROH and the number of generations since the inbreeding or selection occurred
are negatively correlated (Howrigan et al., 2011). Shorter ROH (< 5 Mb) is indicative of ancestral
mating of related individuals or bottlenecks, due to the breakdown of the longer segments of ROH
caused by recombination events (Purfield et al., 2012; Liu et al., 2021). In contrast, long ROH segments
(>12 Mb) may have originated from closely related parents whose common ancestors emerged at
most 4 generations ago, which has been the discovery in multiple studies of Holstein-Friesian cattle
populations (Purfield et al., 2012; Peripolli et al., 2017; Abied et al., 2020). According to Mastrangelo
et al. (2017; 2018), an ROH of 1Mb in size has been linked to ancient inbreeding of as many as 50
generations ago and ROH segments with a length of 4Mb are associated with inbreeding up to 12
generations ago (75 years), depending on the generational interval (Liu et al., 2021; van Marle-Koster
et al., 2021). ROH segments in the 9 to 16 Mb range suggest moderate levels of inbreeding within the
population, which means that individuals within the population share recent common ancestors, and
there may have been some degree of mating between close relatives (Sumreddee et al. 2020; Liu et
al., 2021).

The degree of inbreeding or crossbreeding can be determined with the use of a population’s
inbreeding coefficient (Fis), calculated based on the level of observed and expected heterozygosity (Fis
= (He - Ho)/ He). When there is inbreeding, Fis is larger than zero; when heterozygosity is higher than
predicted, as in the case of crossbreeding, Fis is less than zero (Eusebi et al., 2019). Runs of
homozygosity can also be used to determine genomic inbreeding within a population (McQuillan et
al.,, 2008; Abied et al.,, 2020). The genomic inbreeding coefficient (Fron) can be calculated
using:

LroH

FROH: LayT
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, Where Lron is the total length of ROH of each individual and Laur is the specific length of the
autosomal genome covered by SNPs. ROH segments have been utilized in determining the inbreeding
in cattle (Purfield et al., 2012), including other Wagyu populations (Scraggs et al., 2014) and have also
been employed in the assessment of recent selection signatures in various cattle breeds (Purfield et
al., 2012; Biscarini et al., 2014). Multiple software is available for detecting ROH in a genome and
determining the inbreeding based on ROH (Fgon), such as PLINK (Purcell et al., 2007) and detectRUNS
(Biscarini et al., 2018). Inbreeding levels determined with the use of genomic data, as well as Ho and
He values enable a more precise assessment of inbreeding without the need for pedigree information
(Purfield et al., 2012 & Alemu et al., 2021).

Genomic-based effective population size (Ne) is an important factor in population genetics
(Wang et al., 2016). It monitors the rate of inbreeding and genetic drift and influences the
effectiveness of systematic evolutionary forces like mutation, selection, and migration (Wang et al.,
2016). It also has significant implications in evolutionary biology, conservation genetics, and animal
breeding. According to the FAO (2023c) the most used methodologies to estimate the Ne based on
genomic data is with the use of either the extent of LD (Qanbari et al., 2010) or the rate of inbreeding
(AF). The average AFgon for each generation can be calculated from Fron calculations performed on the
population, whereafter Ne = 1/2AFron is one of the advised methods to calculate genomic based Ne
(FAO, 2023).

Alternatively, genomic Ne can be estimated based on LD (Waples & Do, 2010). High-throughput
technologies enable the estimation of the pattern of LD at a genome-wide level (Porto-Neto et al.,
2014). A population's non-random genetic relationship between two loci is shown by the LD, and the
LD pattern can be used to infer information about the evolutionary history and the size of the
ancestors' effective populations (Ne) (Hayes et al., 2003; Bovine HapMap et al., 2009; Porto-Neto et
al., 2014). Parameters such as r> and D', the latter of which is greatly impacted by population size, can
be used to estimate LD. Ne can supply useful insight into population evolution (Niu et al., 2016). Past
generations’ effective population size can be calculated with the estimated r? value (Hayes et al., 2003;
Gautier et al., 2007). One possible software package to determine the genomic-Ne based on LD is the
SNeP package (Barbato et al., 2015). Effective population size based on LD has been determined for
Wagyu cattle in China by Xu et al. (2019). The decrease in Ne\p of 1 696 to 34 animals, from 1 000
generation ago to the recent generation, provided insight into the population history, suggesting that
strong selection took place, and a limited number of sires has been utilized for breeding (Xu et al.,
2019). There are various software programs for genomic-based population analysis, some of which

are summarized in Table 1.11.
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Table 1.11 A selected summary of available software for genotypic-based population analyses

Software Main parameters Source
Programme

PLINKv 1.9 Minor allele frequency (MAF); Hardy-Weinberg equilibrium  Purcell et al. (2007)
(HWE); Heterozygosity (Observed & Expected); Inbreeding
coefficient; Linkage disequilibrium (LD, r?); Ne

GCTAv 1.24  Eigenvectors; Eigenvalues Yang et al. (2011)
ADMIXTURE  Cross-validation error; K-value Alexander et al. (2009)
STRUCTURE LnP(K); K-value Pritchard et al. (2000)
SNeP Ne Barbato et al. (2015)
detectRUNS ROH; Fron Biscarini et al. (2018)

Numerous genetic diversity studies on beef cattle breeds, including Wagyu, have been
conducted. Literature on genomic inbreeding rates in Japanese Black populations in Japan and the
USA have reported between 5.8% (Suezawa et al., 2021) and 9.1% (Scraggs et al., 2014) inbreeding,
respectively. A general trend of a decreasing effective population size in Wagyu cattle is reported in
literature (Nomura et al., 2001; Suezawa et al., 2021; Kawaguchi et al., 2022), which is associated with
the loss of genetic variation and a higher risk of inbreeding. Literature reported effective population
sizes for Japanese Black cattle ranging from 10.8 to 23.2 (Scraggs et al., 2014; Suezawa et al., 2021).
For comparison to SA beef breeds, Makina et al. reported effective population sizes of 87 for
Drakensberger and 77 for Bonsmara cattle. The results of multiple genomic-based genetic diversity

studies performed on the four Wagyu cattle breeds are summarized in Table 1.12.

Table 1.12 Summarized results of multiple genomic-based genetic diversity studies performed on
the Wagyu cattle breeds

Wagyu

N He Ho Fis Source

breed

B 30 0.343 0.326 Yonesaka et al. (2016)
48 0.278 0.287 -0.034 Kawaguchi et al. (2022)

1Br Tosa 29 0.320 0.338 Yonesaka et al. (2016)
42 0.262 0.283 -0.080 Kawaguchi et al. (2022)

1Br Higo 27 0.308 0.315 Yonesaka et al. (2016)
48 0.284 0.299 -0.055 Kawaguchi et al. (2022)

is 29 0.336 0.352 Yonesaka et al. (2016)
48 0.280 0.290 -0.035 Kawaguchi et al. (2022)

P 29 0.314 0.331 Yonesaka et al. (2016)
48 0.269 0.291 -0.035 Kawaguchi et al. (2022)

N — Number of samples, JB — Japanese Black, JBr Tosa — Japanese Brown (Tosa), JBr Higo — Japanese Brown
(Higo), JS — Japanese Shorthorn, JP — Japanese Polled.

The heterozygosity observed in the Wagyu populations in Table 1.12 is similar to the range
reported on SA cattle breeds (SA Hereford, Drakensberger, Bonsmara, among others) by van Marle-

Koéster et al., (2021), which indicated moderate levels of genetic diversity.
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2.6. Conclusion

The SAW population, still a relatively young breed in the country, originates from a small
population of Wagyu originally exported from Japan. Although the Japanese Black and Akaushi are
separate Wagyu breeds and treated as such by the rest of the world, they are still being treated as
one breed within the Society’s regular genomic evaluations. It is important to determine the genetic
diversity and population structure with the use of a genomic characterization study to better
understand the composition of the breeds and to improve management and selection practices as

well as to conserve the genetic resources of the Wagyu breeds in SA.
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Chapter 2 Materials & Methods

2.1. Introduction

In this study, both pedigree and genotypic data were used to characterise the SA Wagyu
population. Pedigree records were obtained from the SAW association and SNP genotypes were
obtained from the Livestock Registering Federation (LRF). The pedigree and genomic data were used
to calculate genetic diversity and population structure. Ethics approval (NAS255/2022) was obtained
from the Ethics Committee of the Faculty of Natural and Agricultural Sciences at the University of
Pretoria for the use of data with the required consent from the Wagyu Society of SA and Strathdale

Wagyu, a Wagyu breeder in Australia.

2.2. Materials

Wagyu cattle are registered with the Herd Book of the Wagyu Society of SA after approval of
minimum visual and production standards (Wagyu South Africa, 2022). Certified Wagyu breeders are
distributed throughout SA with a minimum of eight breeders per province. At the time of this study,

there were a total of 134 Wagyu Members (Boshoff, 2023).

2.2.1. Pedigree data

The number of animals included in this study was based on the information in the SAW database
on the 6™ of April 2023. The analysis was limited to animals with a minimum of 50% Wagyu content.
There are 42 631 Japanese Black and 5 131 Akaushi animals registered in SA. There were three
datasets utilized for the pedigree-based analysis, which consisted of the SA Akaushi (AK_ZA), SA
Japanese Black (JB_ZA) and a combined dataset (ALL_ZA) consisting of animals that has a minimum of
50% combined Wagyu genetic content (AK and JB genetic content combined > 50%). Table 2.1
summarizes the number of animals in the pedigrees included in the pedigree-based analysis for each

dataset.

Table 2.1 A summary of the number of animals in the pedigrees included for each dataset utilized in
the pedigree-based analysis

Dataset Number of pedigrees made Number of animals in the pedigrees between 2000
available and 2022 included in pedigree-based analysis

AK ZA 5126 5108

JB_ZA 42 374 42 237

ALL_ZA 51895 51632

* AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; ALL_ZA — a combined dataset consisting of animals with a
combined minimum Wagyu genetic content of 50%.

The Akaushi pedigrees ranged from the years 1993 to 2022 and the Japanese Black pedigrees

from 1980 to 2023. Due to insufficient pedigree data for the earlier years, especially concerning the
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Akaushi (AK_ZA) population, the analysis was performed on pedigree data from the year 2000
onwards. The pedigree data for 2023 was also excluded due to the lack of completeness for both
populations at the time of analysis.
2.2.2. Genotypic data

SNP genotypes from both SA and Australia was availed for this study. The genotypic analysis
was performed on four datasets, consisting of the combined (ALL), SA Akaushi (AK_ZA), SA Japanese
Black (JB_ZA) and the Australian Japanese Black (JB_AU) as defined in Table 2.2.

Table 2.2 The definitions of the four datasets utilised in the genotypic analysis

Dataset Description

Combined (ALL) All the fullblood and purebred Wagyu animals from the SA Japanese
Black and Akaushi datasets, as well as the Australian dataset.

SA Akaushi (AK_ZA) All the fullblood and purebred Wagyu animals from the SA Akaushi
dataset

SA Japanese Black All the fullblood and purebred Wagyu animals from the SA Japanese

(JB_ZA) Black dataset

Australian Japanese All the fullblood and purebred Wagyu animals from the Australian

Black (JB_AU) Japanese Black dataset

According to the classification system of the SA Wagyu society, an animal classified as Fullblood
(FB) has 100% Wagyu genetic content and shows no evidence of any outcrossing with other breeds,
whereas a Purebred (PB) Wagyu has greater than 93% Wagyu genetic content e.g., it is the progeny
of a fullblood Wagyu bull and a Wagyu F2 dam. Before performing statistical analysis, the decision was
made to only include fullblood (FB) and purebred (PB) genotypes to investigate Wagyu genetic

content. In Table 2.3 a summary of the available genotypes is shown.

Table 2.3 Summary of Wagyu genotypes made available for the study

Country South Africa Australia

Breed composition JB AK JB Total
FB 378 182 295 855
PB 61 23 436 520
F3 2 9 419 430
F2 28 9 547 584
F1 94 3 31 128
Total 563 226 1728 2517

JB —Japanese Black; AK — Akaushi; FB — Fullblood; PB — Purebred; F3 - third generation crossbred; F2 -
second-generation crossbred; F1 — first-generation crossbred.

A total of 2 517 SNP genotypes were made available for this study, which consisted of 789 SA
and 1 728 Australian Wagyu genotypes. The SA Wagyu animals were genotyped using either Unistel
BovineSNP50 v3 BeadChip or Neogen GGP Bovine 100K SNP array. The animals from Strathdale
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Wagyu, in Australia, were genotyped using Neogen’s GGP Bovine 100K SNP array. Table 2.4 shows the

composition of the genotypes utilized within this study.

Table 2.4 Summary of the breed composition of genotyped data utilized in this study

Dataset Subset Unistel BovineSNP50 v3 BeadChip Neogen GGP Bovine 100K Subtotal Total

FB = 182 182

AK_ZA PB . ’3 23 205
FB 107 271 378

1B_2A PB 18 43 61 439
FB = 295 295

1B_AU PB = 436 436 731

Total 125 1250 1375

AK_ZA —SA Akaushi; JB_ZA —SA Japanese Black; JB_AU — Australian Japanese Black; FB — Fullblood; PB — Purebred

2.3. Methods

2.3.1. Pedigree-based population analysis
The pedigree-based population analysis was only performed on the SA Wagyu population from

2000 to 2022. Earlier pedigree records from both populations were omitted. The population structure
of the SA Wagyu population was analysed using the PopReport software application (Groeneveld et
al., 2009) from the Institute of FLI-Farm Animal Genetics in Germany (Scraggs et al., 2014). The
completeness of pedigree records was determined as well and the number of generations from the
most distant known ancestor were calculated. Before computation, pedigree files of 5 126 Akaushi
animals and 42 374 Japanese Black animals with input data consisting of unique animal ID, sire ID, dam
ID, birth date, and sex of the animals were prepared in Microsoft Excel, and uploaded into PopRep
software following the removal of duplicate animals and sex inconsistencies. Pedigree completeness,
generation interval, inbreeding coefficient, and effective population sizes were obtained and
calculated on 5 108 Akaushi and 42 237 Japanese Black animals as follows:
2.3.1.1.  Pedigree completeness

Pedigree completeness was computed based on the pedigree completeness index (PCl)
algorithm devised by Maccluer et al. (1983) and revised by Groeneveld et al. (2009) according to the

following equations:

Id = 4Idpat1dmat/1dpat + Idmat

1 d
Idk = az ai
i=1

,where k represented the paternal (pat) or maternal (mat) line of an individual and ai is the
proportion of known ancestors in generation i, whereas the d represented the number of generations

considered in the calculation of pedigree completeness.
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2.3.1.2.  Generation interval (Ig)
The average age of the sire and dam at the time of the birth of their offspring was used to
define Ig (Falconer & Mackay, 1996). An animal was regarded as selected in the generation interval

calculation if it provided a minimum of one progeny.

2.3.1.3.  Average inbreeding (F)

The likelihood that two alleles at any given locus within an individual is identical by decent
(1BD) is known as inbreeding (Pefiagaricano, 2020). It measures the population's genetic diversity and
was calculated by averaging the inbreeding coefficient by year of birth. The rate of inbreeding per
generation (AF) was calculated for the two Wagyu breeds using a method suggested by Falconer &

Mackay (1996):
Fr —Fey

AF = ———
1-F4

, Where F, is the average inbreeding of the offspring and F;_; is the mean inbreeding of their

parents (Falconer & Mackay, 1996).

2.3.1.4.  Effective population size (Ne)

Effective population size was calculated by means of three different formulae for each Wagyu
dataset. The PopRep software (Groeneveld et al., 2009) was utilized to determine the pedigree-based
Ne with the use of methodology described by Wright (1923), Falconer & Mackay (1996) and Gutiérrez
et al. (2009) as described in Table 2.5.

Table 2.5 Different approaches for calculating effective population size (Ne) based on pedigree data
calculated by PopRep software (Groeneveld et al., 2009)

Method Formula Source
4N, N,
N,=—"7T %07 :
Ne-Cens Ny, + Ng Wright (1923)
F, —F;_
AF — 1t Ft 1
Ne-AF - 1f—1 Falconer & Mackay (1996)
Ne = —
¢~ 24F
AF; =1- ““/1—F,
Ne-Ecg : t Gutiérrez et al. (2009)
NeE —_—= —
6 2AF,

All three methods were applied in this study and compared.

34



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

2.3.2. Genotypic-based population analysis

The decision to treat the data as separate sets was made after a principal component analysis
(PCA) revealed distinct differences between the two SA breeds, Japanese Black (JB) and Akaushi (AK),
within the population. Since the Akaushi and Japanese Black animals are seen as the same breed,
namely Wagyu, in SA to date a combined dataset (ALL) analysis was also performed. Therefore, four
datasets were utilized in the genomic-based population analysis namely, the combined (ALL), SA

Akaushi (AK_ZA), SA Japanese Black (JB_ZA) and Australian Japanese Black (JB_AU).

2.3.2.1.  Quality Control

The raw data received from both The SAW association and Strathdale Wagyu through the LRF
was converted into PLINK-based files (.ped and .map file extensions) including PLINK-based binary files
(.bed, .bim and .fam file extensions). The MAP (SNP panel) files and PED (pedigree) files were
generated as PLINK (Purcell et al., 2007) input files using GenomeStudio version 1.90 software
(Hlumina). Since the available data has been genotyped using two different SNP arrays, common SNPs
were first identified and extracted from each data set (Purcell et al., 2007). This data was analysed in
four separate datasets, based on breed (Akaushi (AK) and Japanese Black (JB)) and country of origin
(South Africa (ZA) and Australia (AU)). The data was merged using the --merged command in PLINK
(Purcell et al., 2007) to generate the combined population (ALL), which consisted of a total of 1 375
genotypes (855 of fullblood and 520 of purebred animals, respectively).

Quality control (QC) was performed on each dataset separately. A two-step filter approach was
applied for quality control. Individuals with a sample call rate below 95% were removed as individual-
based quality control. SNPs with a call rate below 95%, which digressed from Hardy-Weinberg
equilibrium (HWE) were eliminated as a SNP-based QC. Table 2.6 summarises the PLINK (Purcell et al.,

2007) commands and threshold values that were considered for each QC parameter.

Table 2.6 PLINK (Purcell et al., 2007) commands and threshold values used to remove uninformative
individuals or SNPs for quality control

Parameter Command Threshold value
Sample call rate --mind <95%

SNP call rate --geno <95%

HWE --hwe P <0.001

Binary files (.fam, .bed and .bim) were created after QC measures and utilized for subsequent

analysis. The number of animals and SNPs that passed QC for each dataset is summarized in Table 2.7.

35



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(o<

Table 2.7 The number of animals and SNPs that passed quality control for each dataset
Number of SNPs remaining after

Dataset Number of Animals application of quality control (QC)
ALL 1265 23 348
SA Akaushi (AK_ZA) 205 30994
SA Japanese Black (JB_ZA) 437 30 806
Australian Japanese Black (JB_AU) 624 25254

*ALL - a combination of all the fullblood and purebred Wagyu animals from the SA Japanese Black and Akaushi
datasets, as well as the Australian dataset. AK_ZA — SA Akaushi; JB_ZA —SA Japanese Black; JB_AU — Australian
Japanese Black.

The genotypes that passed QC in the combined population (ALL) was utilised for the population
structure and principal component analysis (PCA). The genotypes of the four datasets listed in Table

2.7 were utilized in the downstream analysis in all the subsequent experiments.

2.3.2.2.  Principal Component Analysis

Genotypes of the 1 265 animals in the combined dataset (ALL), that passed QC, were utilized to
generate genomic relationship matrices (GRM; GCTA command —make-grm), with the use of GCTA
(Genome-Wide Complex Trait Analysis) version 1.24 software (Yang et al., 2011). This, in turn, was
utilized to estimate the genetic relatedness between individuals from the set of genome-wide SNPs.
The estimation of eigenvectors and eigenvalues followed and was used for principal component
analyses (PCA; GCTA command --pca). The PLINK binary files were used as input files for the --make-
grm command to construct a relationship matrix, and the --pca 3 command was used to obtain the
eigenvectors and eigenvalues for the first three principal components (values for principal component
one on the x-axis and values for principal component two or three on the y-axis). Scatter plots were

generated with the use of Microsoft Excel for the combined dataset.

2.3.2.3.  Model-based clustering algorithms

ADMIXTURE version 1.23 (Alexander et al., 2009) was used to investigate population structure
through the utilization of maximum likelihood estimation of the ancestry for each of the remaining
Wagyu cattle. ADMIXTURE was run using the --cv command to obtain cross-validation error estimates
for each K-value. For each K-value a .Q file, containing the ancestry fractions, and a .P file, containing
the allele frequencies of the inferred ancestral populations, were obtained as output. The K-value that
produced the lowest cross-validation error estimate was identified as the ideal K-value for population
structure plot visualisation. The ideal K-value was then visualised by the Genesis software 0.2.3
(Buchmann & Hazelhurst, 2014) to generate a bar plot to visualise the Wagyu population structure
and degree of relatedness of the Akaushi (AK_ZA) vs Japanese Black (JB_ZA) Wagyu populations in SA
(Browett et al., 2018). A .Q file generated by ADMIXTURE, as well as a PLINK .fam file was required as
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input for the compilation of these plots. The proportion of membership of each breed to each of the

inferred ancestral populations was further calculated from the .Q file.

2.3.2.4. Population Statistics

PLINK (Purcell et al., 2007) was used to generate marker-based population statistics for
observed (Ho) and expected (He) heterozygosity, minor allele frequency (MAF) per SNP and LD
between SNPs on a chromosome. Heterozygosity (Ho and He) was calculated by means of the --hardy
command in PLINK. Individual inbreeding coefficients (Fis) were estimated with the use of the --het
command. MAF estimates were generated using the --freq command. LD was assessed by calculating
pairwise r? values per chromosome in the population using the --r2 command. PLINK (Purcell et al.,
2007) makes use of the following formula to calculate r? (Hill & Robertson, 1968):

(Pab — PaPb)’ )

Pa(1 = pa)pp(1 = pp)

Where p, represents the allele frequency of allele a at locus one and ps, represents the

r2(DaPbPap) = <

frequency of allele b at locus two, and pas represents the haplotype frequency of two SNPs (ps and pp).
By not setting minimum r? and minimum SNP mapping distance restrictions, all possible allelic pair
comparisons per chromosome were allowed. Table 2.8 summarises the software, parameters and
commands used for the evaluation of genetic diversity in this study. These parameters were applied
before population statistics and structure analysis to reduce the influence of closely related animals

on the principal component analysis (PCA) and estimation of runs of homozygosity (ROH).

Table 2.8 Summary of parameters, commands and software used for the evaluation of genetic
diversity in this study

Parameter Description Command Program
Ho & He Observed and expected heterozygosity --hardy PLINK (Purcell et al.,
F Inbreeding coefficient per individual --het 2007)
MAF Minor allele frequency per SNP --freq
Linkage disequilibrium between SNPs on
LD -r2
the same chromosome
GRM Genetic relationship matrix generation --make-grm  GCTA (Yanget al., 2011)
Computing eigenvalues and
PCA eigenvectors for PCA for three principal  --pca 3
components
The .csv files generated were exported and further analysed in Microsoft Excel.
2.3.2.5. Runs of homozygosity

The detectRUNS package (Biscarini et al., 2018), was used to detect and assess the presence of
ROHs, using a sliding window approach (slidingRUNS.run) on the filtered SNP data obtained after QC.

This package is run in RStudio (RStudio Team, 2020) with the use of .map and .ped files generated
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using the PLINK software (Purcell et al., 2007). ROH were defined by a minimum ROH length of 0.5Mb,
a maximum of one heterozygous SNP, and up to two missing SNPs. The maximum distance between
consecutive SNPs in a window which was still considered a potential run was kept at the default of
108. The following formula was used to calculate the minimum number of consecutive homozygous
SNPs of one ROH segment (minSNP), for each dataset, which was utilised to analyse overall ROH and

individual ROH (Purfield et al., 2012):

a representing the false-positive identifications proportion, ng representing the number of
SNPs, n; representing the number of individuals, and het representing the average heterozygosity of
the SNPs. The het value was determined with the use of the mean observed heterozygosity (Ho) values
estimated using PLINK. The following length classifications were used to group the ROH: 0 — 4 Mb, >4
— 8 Mb, >8 — 16 Mb, > 16 — 32 Mb and >32 Mb. Default detectRUNS settings (Biscarini et al., 2018)
were used for the remaining parameters. The different datasets and their minSNP values are displayed

in Table 2.9.

Table 2.9 The minimum number of consecutive homozygous SNPs (minSNP) calculated for each
population’s dataset

Population Minimum number of consecutive homozygous
SNPs (minSNP)

ALL 55.82

AK_ZA 47.06

JB_ZA 52.49

JB_AU 57.19

*ALL - a combination of all the fullblood and purebred Wagyu animals from the SA Japanese Black and
Akaushi datasets, as well as the Australian dataset. AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU —
Australian Japanese Black.

2.3.2.6. Genomic inbreeding (Fron)

The average individual inbreeding coefficient (Fron) was determined by the presence of ROHs in
the SAW population (Howrigan et al., 2011). The genomic inbreeding coefficient (Fron) was calculated
using the R package, detectRUNS (Biscarini et al., 2018) and made use of the following equation:

ZLROH)

LAUT

FR0H= (

, Where Lgoy is the total length of ROH of each individual and L,y is the specific length of the
autosomal genome covered by SNPs. The results from the genome_wide and per_chromosome

parameters were exported from R as .csv files and analysed using Microsoft Excel. The Fron was
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determined for the different length categories: 0 — 4 Mb, >4 — 8 Mb, >8 — 16 Mb, > 16 — 32 Mb and
>32 Mb and overall.
2.3.2.7. Effective population size (Ne)

The recent and past genomic-based effective population sizes (Ne) were estimated through the
results of linkage disequilibrium (LD) by applying the SNeP package (Barbato et al., 2015). SNeP
predicts Ne following the equation derived by (Corbin et al., 2012):

Nty = (4f(Ct))_1 (E[razdj |Ct]_1 - °()
, where Nty is the Ne at t generations ago calculated as t = (2f(c¢ )) -1 (Hayes et al., 2003).
Here, c; denotes the recombination rate for a given physical distance between SNPs determined using
Sved and Feldman approximation (Sved & Feldman, 1973), rgd]- is the adjusted LD value considering

sample size and « serves as a correction factor for mutation events. The Ne estimates were then

plotted over different generations using Microsoft Excel.
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Chapter 3 — Results
3.1. Pedigree-based Population Analysis

3.1.1. Pedigree completeness
The overall weighted average for the pedigree completeness for the combined SAW population
(ALL) in five-year intervals from 2000 to 2022 was 36.47%, with an overall increasing completeness

per successive time interval and generation (Addendum Table A1).

Table 3.1 The completeness of pedigree (%) for six generations of the combined Wagyu cattle
population (ALL) on the SA database in five-year intervals

Completeness of Pedigree (%) per Generation

Years N Animals* 1 3 3 a 5 6

2000 - 2004 326 48.15 32.57 22.66 17.11 13.67 11.40
2005 - 2009 596 50.86 37.85 29.94 2373 19.00 15.86
2010- 2014 2063 70.78 51.67 38.28 30.17 24.44 20.41
2015 -2019 20908 67.39 48.11 34,56 26.46 21.40 17.88
2020 - 2022* 27 739 66.52 49.43 36.40 27.91 22.53 18.76

*N Animals = Number of animals per time interval.

**The last time interval does not consist of five years, but only 2020 to 2022. The year 2023 had incomplete
data on the date the data was extracted from the society database and was therefore excluded from this
study.

Generation 1 had a completion of pedigree data weighted average of 66.75% for the years 2000
to 2022, which is the highest of all the generations. The 2020 — 2022 time interval consisted of only
three years instead of five like the other time intervals, however it contained the most animals (27
739). The completeness of pedigree (%) for the SA Akaushi (AK_ZA) population is displayed in Table
3.2.

Table 3.2 Completeness of pedigree (%) for six generations of the SA Akaushi population in five-year
intervals

Completeness of Pedigree (%) per Generation

Years N Animals* 1

2 3 4 5 6
2000 - 2004 14 50.00 25.00 16.64 12.50 10.00 8.36
2005 - 2009 14 100.00 54.74 36.53 27.40 21.89 18.27
2010 - 2014 9 88.89 46.31 30.86 23.18 18.53 15.46
2015 - 2019 1876 90.49 55.26 36.99 27.71 22.17 18.52
2020 - 2022** 3195 81.93 57.44 39.06 29.30 23.44 19.54

*N Animals = Number of animals per time interval.

**The last time interval does not consist of five years, but only 2020 to 2022. The year 2023 had incomplete
data on the date the data was extracted from the society database and was therefore excluded from this
study.

From 2000 to 2014 only 37 Akaushi animals were registered on the database (Addendum Table

A2). Generation 1 had a pedigree completion weighted average of 85.05%, which was the highest of
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all the generations for the Akaushi population. The completeness of the pedigrees for the preceding
generations (Generations 2 — 6) was lower, which was a similar trend observed in the combined
population. There was an increasing trend in terms of pedigree completeness observed for successive
generations. The completeness of pedigree (%) for the SA Japanese Black population is displayed in

Table 3.3.

Table 3.3 Completeness of pedigree (%) for six generations for the SA Japanese Black population in
five-year intervals.

Completeness of Pedigree (%) per Generation

Years N Animals* 1 2 3 2 5 6

2000 - 2004 308 47.72 32.59 22.72 17.16 13.72 11.42
2005 - 2009 545 52.30 39.56 31.49 25.00 20.05 16.73
2010-2014 2031 71.19 52.11 38.65 30.47 24.66 20.59
2015 - 2019 17 997 68.64 49.54 35.92 27.59 22.31 18.64
2020 - 2022** 21356 67.07 48.86 36.06 27.68 22.28 18.60

*N Animals = Number of animals per time interval.

**The last time interval does not consist of five years, but only 2020 to 2022. The year 2023 had incomplete
data on the date the data was extracted from the society database and was therefore excluded from this
study.

From 1980 to 1999 a total of only 85 Japanese Black animals were registered (Addendum Table
A3). From 2000 to 2006, an average of 63 animals were registered per year. From 2007 to 2014 an
average of 305 animals were registered each year, and from 2015 onwards an average of 4 378 animals
per year. The year with the highest average pedigree completeness for the Japanese Black population
was 2014 (44.77%) consisting of 638 animals.

For each time period, Generation 1 had the highest level of pedigree completeness. The
completeness of pedigree improved from Generation 6 to 1 in each time interval. Overall, the
completeness of pedigree increased for each respective generation from 2000 to 2022. This is an
indication of improved record keeping of pedigrees. A similar upward trend with each succeeding
generation as with the other two datasets, were also observed in the completeness of the Japanese
Black pedigree. Based on weighted averages, the Akaushi (85.05%) dataset had the most complete
pedigree for Generation 1 (from 2000 to 2022) in comparison to the other two datasets, the combined

(66.75%) and the Japanese Black (67.61%).
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3.1.2. Generation interval (Ig)

The results of the total generation interval are displayed in Figure 3.1 for the SA Japanese Black

— N
— —
o o
o o~

Year
mAK ZA WIB_ZA

(JB_ZA) and Akaushi (AK_ZA) datasets.

Generation interval (years)
o = N w » wu
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Figure 3.1 The generation interval (Ig) for the South African Akaushi (AK_ZA) and Japanese
Black (JB_ZA) datasets over the years

From Figure 3.1, it was clear that the pedigree records were very limited for the Akaushi
population of SA, and therefore limited the generation interval data. The average overall generation
interval for the combined population was 4.5 years, while the Japanese Black and Akaushi populations

respectively had average overall generation intervals of 4.6 and 3.0 years.

3.1.3. Average inbreeding (F) and effective population size (Ne)
The average inbreeding level of the animals of the SA Japanese Black (JB_ZA), Akaushi (AK_ZA)
and combined populations (ALL) was calculated by averaging the inbreeding coefficient by year of

birth (Figure 3.2).
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Figure 3.2 Pedigree-based average inbreeding per population.

The average inbreeding calculated in this study varied between 0.0063 for the Akaushi
population and 0.0097 for the Japanese Black population. The difference between the average
inbreeding calculated for the Japanese Black population and the combined (ALL) and Akaushi
population (AK) were 0.004 and 0.0034, respectively (Addendum Table A4). The lack of sufficient
pedigree data for the Akaushi population limited the ability for the pedigree-based inbreeding to be
calculated before 2019. For the Japanese Black population, it was inferred from Figure 3.2 that there
were marginally higher inbreeding rates in 2001 and 2009. The highest level of inbreeding observed
was in 2009 for the Japanese Black population with an inbreeding coefficient of 0.0448.

The pedigree-based effective population size (Ne) was calculated with the use of the three
methods listed in Table 2.5 incorporated by PopRep (Groeneveld et al., 2009). Table 3.4 summarizes

the pedigree-based effective population sizes.

Table 3.4 Pedigree-based effective population sizes of the SA Wagyu population as calculated using
PopRep (Groeneveld et al., 2009)

Pedigree-based Ne method

Pedigree-based Ne based on Pedigree-based Ne Pedigree-based Ne
Dataset jndividual inbreeding and all based on the rate of based on the number
known ancestors (Ne-Ecg) inbreeding of parents
ALL_ZA 216 -32 439
JB_ZA 167 -95 370
AK_ZA 104 24 113

*ALL_ZA - a combination of all the fullblood and purebred Wagyu animals from the SA Japanese Black and
Akaushi datasets. AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black.
** Values are provided to the nearest whole number.
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Only two of the three pedigree-based methods of determining effective population sizes
delivered a valid population size. The method utilizing the rate of inbreeding produced negative values
and can be deemed inaccurate due to the lack of pedigree records. Although the effective population
sizes (Ne) produced by the remaining two pedigree-based methods differed, the three populations
remained in the same order, where the combined population (ALL) had the largest Ne, followed by
the Japanese Black and Akaushi populations, respectively.

3.3. Genomic-based population structure
3.3.1. Principal Component Analysis

The genetic links between the Wagyu cattle were investigated using principal component

analysis (PCA). The principal components explaining the most variation between samples (PC1 and

PC2) were compared to one another. Figure 3.3 is a scatter plot displaying the principal components

0:1

0.08

@ FB_JB_ZA
®PB_JB ZA

FB_AK_ZA

PC2

PB_AK_ZA

®FB_JB_AU

-0.08 -0.06 0.04

®PB JB AU

Figure 3.3 The Principal Component Analysis (PCA: PC1 vs PC2) for the combined dataset (ALL),
consisting of all Wagyu animals that are Fullblood or Purebred animals
*ZA — South African; AU — Australian; JB — Japanese Black; AK — Akaushi; FB — Fullblood; PB — Purebred.

one and two (PC1 vs. PC2).

PC1 declared a variance of 34%, while PC2 declared 15% variation. Two distinct clusters, Akaushi
(AK) and Japanese Black (JB), were observed in Figure 3.3. The SA Akaushi population was separated
from both the SA and Australian Japanese Black clusters. Based on the results of the PCA, the
subsequent genomic analysis treated the SA Akaushi and Japanese Black sub-populations as different
populations entirely. The two Japanese Black populations (SA and Australian) clustered together and

even overlapped.
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3.3.2. Model-based clustering algorithms

An inflexion point, where the cross-validation point started to increase again, indicates the K-
value with the lowest error. This was not observed between K-values 2 and 36. There was a slight
increase between K-values 34 and 35. The K-value of 34 was therefore used to generate the population
structure with the use of ADMIXTURE (Alexander et al., 2009) and compared with the ADMIXTURE
plots generated from the K-values of two and three, all of which are displayed in Figure 3.4.a - c.

PB_AK_ZA PB_JB_ZA PB_JB_AU
1|

a. K=2
Y Y
FB_AK_ZA FB_JB_ZA FB_JB_AU
PB_AK_ZA PB_JB_ZA PB_JB_AU
= o .
b. K=3
¥ Y
FB_AK_ZA FB_JB_ZA FB_JB_AU
PB_AK_ZA PB_JB_ZA PB_JB_AU
I

FB_AK_ZA FB_JB_ZA FB_JB_AU

Figure 3.4 The Admixture plot for the combined population (ALL) at k = 2, 3 and 34, respectfully

From Figure 3.4.3, k = 2, it was clear that there is a distinct difference between the ancestral
backgrounds of the Japanese Black and Akaushi populations. Another distinct divergence between the
Australian and SA Japanese Black populations was observed at k = 3 (Fig. 3.4.b). Figure 3.4.c, k = 34,
indicated a high degree of within population diversity observed in each of the respective Japanese
Black populations.

3.3.3. Genomic diversity
The average individual inbreeding coefficient (Fis), as well as the mean Hg and H,, for the four

datasets were estimated using PLINK. The results are summarized in Table 3.5.
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Table 3.5 Inbreeding coefficients and heterozygosity estimates for the separate Wagyu datasets

Average Individual

Dataset ,:\E/erage :\;erage inbreeding Qv:;age rszerage
coefficient (Fis)

ALL 0.310 0.304 0.013 0.257 0.408

AK_ZA 0.320 0.327 -0.025 0.267 0.486

JB_ZA 0.300 0.309 -0.020 0.256 0.425

JB_AU 0.280 0.290 -0.029 0.244 0.429

*ALL — a combined dataset which was made up of all the genotypes (AK_ZA, JB_ZA and JB_AU); SA Akaushi

(AK_ZA), SA Japanese Black (JB_ZA) and the Australian Japanese Black (JB_AU).

The combined population (ALL) showed a loss of heterozygosity (He> Ho), while each of the

individual populations had a higher observed heterozygosity, compared to the expected

heterozygosity. This also resulted in negative individual inbreeding coefficients (Fis) for the separated

populations. The average MAF observed was similar in each population. The average r? observed for

the populations was relatively high.

3.3.4. Runs of homozygosity

The individual datasets, SA Akaushi (AK_ZA), SA Japanese Black (JB_ZA) and Australian Japanese

Black (JB_AU), were analyzed for runs of homozygosity (ROH). The number of runs per size class was

generated with the use of the command summary_ROH_count on detectRUNS and is represented in

Table 3.6.

Table 3.6 The number of ROH per size class for the fullblood (FB) and purebred (PB) animals of each

individual Wagyu dataset

Number of ROH per size class

Size class (Mb) Fullblood Purebred
FBAKZA FBJB ZA FBJB AU PB AKZA PBJB ZA PB_JB AU
n=182 n =368 n =259 n=23 n=58 n =364
0-4 121 196 126 22 30 178
>4 -8 1277 1225 1010 178 174 1524
>8-16 2269 2012 1995 275 288 2 890
>16-32 991 953 894 163 114 1289
>32 276 231 180 43 23 328

*FB — fullblood; PB — purebred; AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian

Japanese Black.

**n — number of animals in each population

The results from Table 3.6 of the fullblood (FB) and purebred (PB) animals from each population

were combined and divided by the number of animals (n) in each respective population to determine

the average number of ROH per animal in each respective size class, which is displayed in Figure 3.5.
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Figure 3.5 The average number of ROH per animal in each respective size class

For each of the three populations, the largest number of ROH per animal was within the >8 —
16 Mb class (Figure 3.5). The Akaushi population had the most ROH per animal in each of the classes,
followed by the Australian Japanese Black population. The >4 — 8 Mb class had the second highest
number of ROH for each of the populations. An overview of the number of ROHs and the length of

ROHs detected within each population is listed in Table 3.7.

Table 3.7 An overview of the number of ROHs and the length of ROHs detected within each Wagyu
population

Number of runs  Total length of ROHs (Mb)  Average

. Total peranimal per population per animal length per Average.number
Population ROH (Mb) of SNPs in ROH
AK_ZA 5615 27 276 174.03 1347.19 10.99 140
JB_ZA 5246 12 243 282.94 571.09 10.78 137
JB_AU 10414 17 496 049.19 796.23 12.87 134

*FB — fullblood; PB — purebred; AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian
Japanese Black.

From Table 3.7 it was observed that even though the Australian Japanese Black had the highest
number of runs, the SA Akaushi had the highest number of runs per animal (27). The average length
per ROH was the longest in the Australian Japanese Black animals (12.87 Mb) in comparison to the SA
Akaushi (10.99 Mb) and Japanese Black (10.78 Mb) populations. A summary of the ROH detected per

chromosome within each of the three populations is displayed in Table 3.8.
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Table 3.8 Summary of the ROH detected per chromosome in each of the three Wagyu populations

AK_ZA JB_ZA JB_AU
Chrom No of Ave. Length No of Ave. Length No of Ave. Length
SNPs (Mb) SNPs (Mb) SNPs (Mb)
1 138 10.6 131 9.7 163 14.7
2 163 12.7 156 13.0 150 15.3
3 165 12.8 141 10.6 152 13.1
4 143 11.7 144 11.9 131 12.9
5 163 14.7 159 13.7 164 16.8
6 139 10.3 122 8.9 144 13.3
7 167 13.1 138 10.8 146 13.8
8 161 13.0 141 11.5 159 15.3
9 146 12.2 146 12.3 152 14.0
10 121 9.2 140 10.5 138 12.8
11 137 11.0 131 11.0 127 12.7
12 124 10.6 133 12.3 120 13.3
13 140 10.6 145 11.6 130 12.2
14 149 12.3 135 11.2 121 12.4
15 138 11.4 145 12.0 142 14.2
16 117 9.1 116 8.8 125 12.4
17 161 12.8 141 11.7 123 12.2
18 128 9.8 130 10.1 122 11.6
19 125 8.4 116 7.1 118 9.9
20 175 12.7 182 12.6 152 13.5
21 138 10.3 126 9.6 129 12.1
22 122 9.6 129 10.2 155 14.7
23 150 9.9 122 8.4 108 9.2
24 144 12.0 127 10.5 146 15.0
25 125 8.7 130 9.2 109 9.7
26 114 8.8 134 10.2 113 10.1
27 129 10.1 139 11.3 126 12.4
28 112 9.4 131 11.1 109 11.4
29 131 10.8 130 10.7 120 12.3

* AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian Japanese Black.

Detailed summaries of the ROH detected in each population are available in the addendum
(Addendum Table A5 — A7). The shortest ROH detected in all of the populations was found on BTA2 of
the Australian Japanese Black population with a length of 0.5 Mb. The longest ROH segment was also
detected in the Australian Japanese Black population, with a length of 111.9 Mb, on BTA5. A summary

of the average total length of ROH per size class per population is summarized in Table 3.9.
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Table 3.9 The average total length of ROH per size class for each individual Wagyu dataset

Size class Subset The length of ROH (Mb) in each population
(Mb) AK_ZA JB_ZA JB_AU
0-4 FB Average 424.12 187.26 226.69
Min 148.12 3.61 24.88
Max 894.95 835.97 524.89
PB Average 481.34 154.04 24417
Min 335.97 9.83 30.58
Max 626.31 448.61 1048.66
ALL Average 430.54 182.72 236.90
Min 148.12 3.61 24.88
Max 894.95 835.97 1048.66
>4-8 FB Average 411.95 184.13 225.66
Min 128.88 4.69 24.88
Max 883.90 835.97 518.35
PB Average 468.66 150.22 243.23
Min 318.60 9.83 30.58
Max 616.01 443.88 1 048.66
ALL Average 418.31 179.48 235.93
Min 128.88 4.69 24.88
Max 883.90 835.97 1048.66
>8-16 FB Average 328.46 146.54 194.64
Min 66.98 8.50 12.29
Max 758.73 731.56 464.48
PB Average 380.00 116.34 210.64
Min 216.89 8.58 16.91
Max 534.20 397.06 1028.18
ALL Average 334.24 142.39 203.99
Min 66.98 8.50 12.29
Max 758.73 731.56 1028.18
>16—32 FB Average 189.12 89.58 113.81
Min 17.52 16.10 17.11
Max 579.67 648.39 374.35
PB Average 239.63 74.32 126.14
Min 75.78 16.21 16.09
Max 410.83 236.08 903.99
ALL Average 194.81 87.73 121.05
Min 17.52 16.10 16.09
Max 579.67 648.39 903.99
>32 FB Average 90.39 69.69 57.88
Min 32.03 32.06 32.01
Max 373.89 379.00 191.08
PB Average 101.86 61.71 74.33
Min 40.64 33.06 32.07
Max 216.27 128.42 771.90
ALL Average 91.81 68.87 67.75
Min 32.03 32.06 32.01
Max 373.89 379.00 771.90

* AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian Japanese Black; FB — fullblood; PB —
purebred; ALL —a combination of the FB and PB genotypes for the given population
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The Akaushi population on average had the longest segments of ROH present within each size
class, especially in the fullblood animals. The SA Japanese Black population generally had the shortest
average length of ROH within each size class, except for the >32 Mb class. The longest ROH (Max)
within each size class was from the Australian Japanese Black population. Figure 3.6 is a visual

representation of the total length of ROH per size class (Mb) for each dataset.
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Figure 3.6 Total length of ROHs per size class (Mb) for each dataset
* AK_ZA — South African Akaushi; JB_ZA — South African Japanese Black; JB_AU — Australian

Japanese Black; FB — fullblood; PB — purebred; ALL — a combination of the FB and PB genotypes for
the given population
From Figure 3.6 it was observed that the Akaushi population on average, had longer total
lengths of ROH in every size class, irrespective of whether looking at the entire population or just the
fullblood or purebred population. The fullblood SA Japanese Black population had longer total lengths
of ROH in each size class in comparison to their purebred population, whereas the purebred Australian
Japanese Black population had more ROH in each size class in comparison to their fullblood

population.

3.3.5. Genomic inbreeding (Fron)
The Fron per size class (Mb) was calculated for each population (SA (ZA) Japanese Black and
Akaushi, and the Australian (AU) Japanese Black). In Table 3.10 the Frou for each data set (ALL) and

their fullblood and purebred subsets are displayed.
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Table 3.10 The average genomic inbreeding (Fron) per size class for each Wagyu population
Average genomic inbreeding (Fron) per size class for each population

Size class (Mb)

AK_ZA JB_ZA JB_AU
0-4 0.171 0.073 0.094
>4-8 0.166 0.071 0.094
>8-16 0.133 0.057 0.081
>16—32 0.077 0.035 0.048
>32 0.037 0.027 0.027

* AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian Japanese Black; FB —fullblood; PB —
purebred; ALL —a combination of the FB and PB genotypes for the given population

From Table 3.10 a higher level of genomic inbreeding (Fron) per size class for the Akaushi
population was generally observed in comparison to the Fron Observed in the two Japanese Black
populations. A general trend for all three populations was that the smaller the size class, the higher
the Fron Observed in the given population. In Table 3.11 a summary of the Fgron over all class sizes is

given.

Table 3.11 A summary of the genomic inbreeding (Fron) over all class sizes for all three Wagyu
populations

Fron
Population Subset Mean Median Lower Upper
quartile quartile
FB 0.169 0.168 0.141 0.196
AK_ZA PB 0.192 0.197 0.161 0.212
ALL 0.171 0.171 0.142 0.201
FB 0.075 0.070 0.049 0.094
JB_ZA PB 0.061 0.060 0.037 0.076
ALL 0.073 0.067 0.048 0.092
FB 0.090 0.089 0.063 0.113
JB_AU PB 0.097 0.093 0.072 0.118
ALL 0.094 0.092 0.070 0.116

* AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black; JB_AU — Australian Japanese Black; FB —fullblood; PB —
purebred; ALL —a combination of the FB and PB genotypes for the given population.

The SA Akaushi population had an average genomic inbreeding of 0.17, which was the highest
of all three populations. Genomic inbreeding was also calculated on a per-chromosome basis, the
results of this analysis for each population are displayed in Addendum Table A8. The highest level of
genomic inbreeding per chromosome was detected on BTA29 (0.305) from the Akaushi population.
The fullblood Akaushi animals had a genomic inbreeding level of 0.311 on BTA29. Violin plots of the
levels of genomic inbreeding, Fron, Within each population, were created and are displayed in Figure

3.7.a-c.
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Figure 3.7 Violin plots of Froy values generated with the use of detectRUNS software for each Wagyu

dataset: a) SA Akaushi (AK_ZA), b) SA Japanese Black (JB_ZA) and c) Australian Japanese Black (JB_AU). FB —
Fullblood & PB — Purebred.

It is noticeable from Table 3.10 and Figure 3.7.a that the purebred SA Akaushi subset had the
highest median Fron detected per chromosome (0.171). The Australian (0.092) and SA (0.067)
Japanese Black populations had lower median Fron values. The highest median Fron value was
calculated for the purebred SA Akaushi population (Figure 3.7.a) (0.197), with an upper and lower
quartile of 0.212 and 0.161, respectively. The subset with the overall lowest Fron Was the purebred
Japanese Black population from SA with a median Fron of 0.060. Multiple outliers with a higher level

of genomic inbreeding (Fron) were observed within the fullblood subsets of the SA populations. The
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purebred subset of the Australian Japanese Black population also had multiple outliers with higher

levels of genomic inbreeding (Fron)-

3.3.6. Effective population size (Ne)
Figure 3.8 displays the genomic population size (Ne) against the subsequent average

generations ago. The graph displays the data from the latest to the most ancestral generations.
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Figure 3.8 The genomic-based effective population size (Ne) per Wagyu population against the number of
generations ago

Overall, a similar trend was followed by all three Wagyu populations, where the average
effective population size decreased as generations passed. The genomic-based effective population
size was the largest for the SA Japanese Black population throughout most of the generations, it was
followed by the Australian Japanese Black and then the SA Akaushi population. The largest Ne for both
the SA Japanese Black and the SA Akaushi populations were found at an average of 914 generations

ago with a Ne of 1 707 and 1 217, respectively.
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Chapter 4 — Discussion
4.1. Introduction

In this study, a genomic characterisation of the SA Wagyu cattle was performed based on
available pedigree and genotypic data. Wagyu is a young breed in SA, only being introduced in 1999
and follows an upgrading program. The pedigree-based analysis in this study was limited to animals
with a minimum of 50% Wagyu genetic content. The combined (ALL) SA Japanese Black and Akaushi
Wagyu population consists of animals with a minimum of 50% Wagyu genetic content, be that
Japanese Black, Akaushi or a combination of the two Wagyu breeds. A significant number of animals
were unconfirmed, so the Wagyu born in 2023 were not included in the pedigree-based research. Due
to this and the fact that the Wagyu breed was originally brought to SA in 1999, the investigation of
pedigree completeness was limited to the data spanning from 2000 to 2022. The genotypic analysis
was limited to fullblood and purebred genotypes (a minimum of 93% Wagyu genetic content). The
genotypic datasets were determined by the country of origin (SA and Australia) as well as treating the

Wagyu breeds (Akaushi and Japanese Black) separately.

4.2. Pedigree-based Population Analysis
4.2.1. Pedigree completeness

The majority of the Wagyu cattle in SA are the product of a terminal crossbreeding system. It is
a requirement of the SA Wagyu Society that all Wagyu animals, F1-cross to fullblood animals, are sire
verified with the use of microsatellite data. Animals are required to be DNA verified as a minimum of
50% Wagyu genetic content to be approved for slaughter. This negatively influences the pedigree
completeness, since the focus is placed on verifying and ensuring that the sire lines are recorded, while
dam lines aren’t always recorded, nor verified. Another contributing factor to the incompleteness of
pedigree records is the cost of SNPs and genotyping of all animals, as well as the duration it takes to
verify parents with the use of SNP data.

The pedigree analysis highlighted the limitations of a relatively young breed, with a lack of
pedigree depth. Pedigree completeness indicates how many known ancestors there are per
generation (Groeneveld et al., 2009). The completeness of pedigrees is however showing a positive
trend as more accurate pedigree records are being kept in recent years.

The close relation between the completeness of pedigree for the combined population and the
Japanese Black population can be attributed to the fact that the Japanese Black is the dominating
breed within the combined population, making up about 89.49% of the combined population for the

years 2000 — 2022. The composition of the SA Wagyu population is therefore consistent with the
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findings of Sasaki et al. (2016) and Mannen (2017), which reported a 97% Japanese Black Wagyu
population in Japan.

The completeness of pedigree was assessed based on the completeness of the past six
generations. The Akaushi population lacked pedigree data for more years compared to the Japanese
Black population, but due to the low number of animals, the Japanese Black population still had a
lower overall average completeness of pedigree (36.88%) than the Akaushi population (41.75%). The
pedigree completeness of the SA Wagyu populations is considerably lower than the pedigree
completeness reported on both other SA beef cattle breeds, for example Brangus cattle: 73.8%, 3
generations deep; Afrikaner cattle: 87.2%, 3 generations deep; Boran cattle: 100%, 1 generation deep
and 63.6%, 2 generations deep, respectively (Steyn et al., 2012; Abin et al., 2016; Lochner et al., 2018)
and other Wagyu populations (Japanese Shorthorn in Japan: 75% , 3 generations deep and 50%, 5
generations deep) (Uemoto et al., 2021). Completeness of pedigree is vital for the accurate estimation
of pedigree-based inbreeding and the important selection and breeding decisions with the use of EBVs
(Steyn et al., 2012; Nyman et al., 2022).

The completeness of pedigree for both breeds can be increased for future generations of Wagyu
cattle when the importance of accurate recording and complete pedigrees are relayed from the SA
Wagyu Society to the breeders since the Wagyu breed is much smaller than other cattle populations
in SA. The additional focus from the SA Wagyu Society on pedigree data and accurate recording can
greatly affect the accuracy and therefore the usability of pedigree-based inbreeding analysis
(Nwogwugwu et al., 2020). Overall, the Akaushi population of SA have the highest level of pedigree
completeness compared to the Japanese Black population. It is important to note that the number of
SA Japanese Black animals included within each interval is more than seven times larger than the

number of Akaushi animals.

4.2.2. Generation interval

The SA Japanese Black population in this study had an average generation interval of 4.6 years,
whereas the SA Akaushi population had an average generation interval of three years. Previous studies
on the generation interval reported values of 5.4 (Scraggs et al., 2014) and 6.4 years (Zhang & Banks,
2021) for Japanese Black Wagyu in America and Australia, respectively. The generation interval of both
populations is shorter than the range of 6 to 7.6 years reported in other studies (Uemoto et al., 2021;
Zhang & Bank, 2021; Toral et al., 2023). Jonas & de Koning (2015) suggested an average generation
interval of 4 to 5 years for beef cattle. The Japanese Black cattle fall within that range, while the
Akaushi population’s generation interval is shorter. The incompleteness of pedigree records and the

wide use of artificial insemination in SA are both contributors to the shorter generation interval. The
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use of artificial insemination thereby shortening the generation interval has the potential to increase

the rate of genetic improvement (Doublet et al., 2020).

4.3. Genomic-based Population Analysis

4.3.1. Population Structure

The Wagyu genetic composition was investigated with the use of fullblood (FB) and purebred
(PB) genotypes to characterize the SA Wagyu population. The principal component analysis (PCA)
confirmed two separate populations namely the Akaushi and Japanese Black. The result of the PCA in
this study is similar to that of Kawaguchi et al. (2022) performed on all four Japanese Wagyu breeds
in Japan, indicating that the Japanese Black and Akaushi Wagyu breeds cluster separately from one
another. Two other studies performed by Yonesaka et al. (2016) and Mannen (2017) also indicated
that the Japanese Black and Akaushi are separate breeds. The results of the PCA also indicates the
close relatedness between the Japanese Black populations from SA and Australia, which is further
supported by the records of imported Japanese Black embryos from Australia to SA in 2007 (Bennett,
2013; Wagyu Breeders Manual, 2022).

The influence of the high rate of crossbreeding of the Wagyu animals in SA with different breeds
attributed to the increased variability observed within the ADMIXTURE plot from this study. This is
explained by the development of the ‘up-grading’ programme of the Wagyu Society of SA, where
multiple different breeds are utilized as base cows for breeding (Wagyu Breeders Manual, 2022). The
ADMIXTURE plot highlights an observable difference between the Akaushi and Japanese Black
genotypes, which agree with the findings of the PCA plot in this study and results from previous studies
performed by Mannen (2017) and Kawaguchi et al. (2022) which also indicated different ancestral
backgrounds for the four Wagyu breeds in Japan. The distinct ancestral backgrounds between the two
Wagyu breeds suggest that the Akaushi and Japanese Black Wagyu animals should be considered and
dealt with as two separate, individual breeds. The Australian Wagyu population is more closely related
in comparison to with the SA Japanese Black genotypes, which is to be expected since the Australian

Wagyu genotypes are all from one herd.

4.3.2. Population Statistics

In terms of genomic diversity, the combined population was the only dataset to indicate a loss
of heterozygosity (He> Ho) and have a positive inbreeding coefficient (Fis). The population substructure
caused by the variation between the Akaushi and Japanese Black breeds result in a decrease in the Ho
(Ajmone-Marsan et al., 2023). This is because subpopulations have lower levels of heterozygosity
within themselves but higher levels of heterozygosity when considered together. The three individual

datasets indicated higher Ho in comparison to their He. All three reported a negative individual
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inbreeding coefficients (Fis), which is similar to the findings of Kawaguchi et al. (2022) in a study
performed on all four Japanese Wagyu breeds. The Fs values were less negative in comparison to the
results of the study performed by Kawaguchi et al. (2022), which suggests that there is slightly more
inbreeding in the populations included in this study.

The SA Akaushi population indicated a moderate to high level of observed heterozygosity (Ho)
(0.327), and the Australian Japanese Black population had a lower observed heterozygosity of 0.290.
The average observed (0.309) and expected (0.3) heterozygosity of the SA Japanese Black population
aligned with the observed and expected heterozygosity values reported for Japanese Black cattle from
Japan by Yonesaka et al. (2016) and Kawaguchi et al. (2022). The Ho levels from this study are similar
to the Ho levels reported for SA cattle breeds (Boran, Drakensberger, Nguni, Tuli, Bonsmara,

Beefmaster, SA Hereford and Charolais) by van Marle-Koster et al. (2021) (Ho = 0.296 — 0.403).

4.3.3. Runs of Homozygosity

All three datasets displayed a variety of the number of ROH and the ROH lengths, varying from
short to medium and long segments of ROH within each genome. This suggests that each population
has experienced selection, as well as both ancestral and recent mating of related individuals. The
Australian Japanese Black animals indicated the highest number of runs (10 414) but also consisted of
the most animals included in the analysis (n = 623). The SA Akaushi population (n = 205) had a higher
number of runs per animal (27) in comparison to the Japanese Black populations (ZA = 12, AU = 17).
The Australian Japanese Black population had the longest average length per ROH of 12.87 Mb
(including 134 SNPs), while the SA Japanese Black (10.78 Mb, 137 SNPs) and Akaushi (10.99 Mb, 140
SNPs) had shorter ROHs on average, which included more SNPs, respectively.

All three populations had the highest percentage of ROH within the > 8 — 16 Mb class (AK_ZA =
45.31%, JB_ZA =43.84%, JB_AU =46.91%). This suggests that the largest proportion of the relatedness
between the individuals is due to the mating of related ancestors between 6 and 3 generations ago,
respectively (Purfield et al., 2012; Liu et al., 2021). Since the 0 — 4 Mb size class represented the least
ROHs per population (AK_ZA = 2.55%, JB_ZA = 4.31%, JB_AU = 2.93%), it can be deduced that the
relatedness within each population is associated with more recent inbreeding compared to the mating
of related individuals from 50 years ago (Liu et al., 2021). This aligns with the limited amount of sire
lines utilized within the Wagyu populations in SA.

There is no discernible variation observed in the percentage of ROH between the purebred and
fullblood subsets of any population within each size class. This suggests similar ROH presence and
distribution throughout the genome between both fullblood and purebred subsets. The shorter ROH
segments (< 5 Mb) are indicative of a slightly higher genetic diversity. It indicates that a specific part

of a chromosome has experienced lower levels of recent inbreeding or indicates that there has been
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gene flow from individuals with varying genetic backgrounds, e.g., recombination events introduced
by crossbreeding with other breeds. These recombination events “break up” the longer segments
resulting in many smaller ROH compared to one larger ROH (Peripolli et al., 2017; Sumreddee et al.,
2020). This confirms the use of upgrading in the Wagyu population of SA.

BTA2 contained 7,7% of all the ROH detected in the Akaushi genome. ROH segments could be
used to benefit breeders once the genes affecting certain production or carcass traits are identified.
Zhu et al. (2021) reported that genes located on BTA7 and BTA23 affect wither height of Wagyu cattle.
The shortest ROH segment in the SA Akaushi population was detected on BTA1. Hirano et al. (2000)
linked the CL16 gene disorder in Wagyu cattle to BTAL.

4.4. Inbreeding and effective population sizes

The inbreeding and effective population sizes (Ne) were investigated based upon both pedigree
and genotypic data. The pedigree-based analysis indicated higher levels of inbreeding in the SA
Japanese Black (0.97%) population compared to the Akaushi (0.64%) population. Based on the
pedigree analysis, both the SA Japanese Black and Akaushi populations are showing much lower levels
of inbreeding in comparison to the pedigree-based inbreeding study on the Japanese Black population
(4.8%) of the American Wagyu Association by Scraggs et al. (2014). The lack of pedigree data,
especially for the SA Akaushi population, limited the pedigree-based inbreeding analysis and must be
interpreted with caution.

Genomic inbreeding is indicated by the parameter Fron, which is the proportion of the genome
covered by ROH segments (McQuillan et al., 2008; Purfield et al., 2012). The SA Akaushi population
has a higher mean Fron (0.171) compared to the two Japanese Black populations (Fron: JB_ZA = 0.073,
JB_AU=0.094). A genomic inbreeding level of 0.3 is considered a high level of inbreeding in beef cattle
(Pilon et al., 2021), therefore moderate to low inbreeding is observed in this study. The slightly higher
level of inbreeding indicated in the Akaushi dataset can be explained by the small population size in
comparison to the Japanese Black population. Although small populations have an increased risk of
inbreeding (Addo et al., 2021; Ajmone-Marsan et al., 2023), all Wagyu animals in SA undergo
crossbreeding. The Wagyu populations from SA still have an open herd book which allows for
crossbreeding and “up-grading” (Wagyu Breeders Manual, 2022). Therefore, the Akaushi population
of SA does not have as high a risk of direct inbreeding and the effects of inbreeding depression, as a
closed population would have (Wagyu Breeders Manual, 2022). The marginally higher level of genomic
inbreeding within both the fullblood and purebred subsets of the SA Akaushi subset, also suggests that
there was a limited number of contributing sires utilized during the ‘up-grading’ of the F1 populations
to purebred Akaushi populations. It would be advised to ensure the addition of a few genetic lines of

Akaushi cattle that are unrelated to the sire lines that are currently being used in SA. Overall, the levels

58



UNIVERSITEIT VAN PRETORIA
UNIVERSITY OF PRETORIA
YUNIBESITHI YA PRETORIA

(e

of genomic inbreeding within the Japanese Black populations detected in this study are similar to the
genomic inbreeding detected in the Japanese Black population of the Okinawa province reported by
Suezawa et al. (2021) (Fron = 0.083) and lower than the inbreeding reported in Japanese Black cattle
in the USA by Scraggs et al. (2014) (Fron = 0.108).

The autosome BTA2, BTA4 and BTA7 had significantly higher levels of genomic inbreeding for
the SA Akaushi dataset in comparison to the same chromosomes in the two Japanese Black datasets.
There are no known recessive genetic disorders in Wagyu cattle linked to the abovementioned
chromosomes (Wagyu Breeders Manual, 2022). In the Australian Japanese Black dataset, the fullblood
subset indicated higher levels of genomic inbreeding on BTA1 and BTA9, whereas the SA Japanese
Black dataset indicated higher levels of Fron on chromosome 5 in comparison with the other datasets.
All three datasets have indicated that the average longest segments of ROH have been found on BTAS.
Tan et al. (2023) stated that BTAS contains areas that are significant for both production and fertility
attributes. A study with a focus on traits of economic importance and selection signatures in the
Wagyu cattle of SA might deliver more insight into the historic and current selection signatures
experienced by the SA Wagyu population.

The pedigree-based inbreeding (Fpep: AK_ZA = 0.0097, JB_ZA = 0.0034) is much lower in
comparison with the genomic inbreeding (Fron) values calculated, which in this regard is consistent
with the results of both Decker et al. (2012) and Scraggs et al. (2014), who reported that the levels of
inbreeding calculated based on genomic data delivered higher inbreeding levels compared to the
pedigree-based inbreeding calculations. The pedigree-based inbreeding is also negatively affected by
the lack of pedigree completeness of the SA Wagyu population. This suggests that the pedigree-based
inbreeding of the SA Wagyu populations may underestimate the actual relatedness of the animals
within the population, and therefore also underestimate the actual inbreeding level (Decker et al.,
2012; Scraggs et al., 2014).

In terms of the pedigree-based effective population size (Ne), the Ne based on the number of
parents is much larger than the other two methods, which suggests that it overestimates the Ne based
on the assumption that all members of a population have an equal probability of passing on genetic
information to the following generation, with a 1:1 ratio between breeding male and female animals
(Groeneveld et al., 2009). The method based on the rate of inbreeding delivered the lowest values.
This method disregards individuals with less than two successive generations in the pedigree from the
calculation, which due to the lack of completeness of pedigree records, suggests that the Ne based on
the rate of inbreeding is underestimating the actual Ne (Gutiérrez et al., 2009).

The NE-Ecg was considered the most accurate of the three pedigree-based methods used in this

study. This method was also described as one of the most advanced methods by Leroy et al. (2013)
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since it is free from bias caused by changes in sample size, population substructure, or IBD decline.
The pedigree-based Ne- Ecg was calculated by taking into account all known ancestors (Gutiérrez et
al., 2009) and ranked the SA Wagyu populations from smallest to largest effective population size:
Akaushi (104), Japanese Black (167) and the combined population (216). The pedigree-based Ne values
from this study agreed with the findings of Nomura et al. (2001) regarding the decreased population
size and loss of genetic diversity of Wagyu cattle in China. The study does, however, report larger
population sizes for the datasets, in comparison to the study on Japanese Black populations in Japan
by Nomura et al. (2001) (Ne =32.1in 1986 and 17.2 in 2001). The pedigree-based Ne for the Japanese
Black cattle calculated in this study is similar to the Nepep determined by Steyn et al. (2012) for Brangus
cattle in SA (Nepep = 166.7).

The genomic-based effective population size (Ne) drastically decreased over the succeeding
generations. The findings of this study are therefore in agreement with the findings of Xu et al. (2019)
who suggested that the decrease in population size is due to strong directional selection and utilization
of a few numbers of top sires for breeding. The SA Japanese Black had the largest effective population
size (108) thirteen generations ago, while the SA Akaushi dataset has the smallest calculated effective
population size of 48. The Australian Japanese Black dataset had a genomic effective population size
of 88 animals. An effective population size between 50 and 100 is acceptable beef cattle in SA
(Sorensen et al., 2005), which agrees with the minimum Ne of 50 stipulated by the FAO (1992). Based
on this, the two Japanese Black datasets have more or less appropriate Ne, with the SA dataset slightly
higher than the recommended Ne range. The SA Akaushi dataset, on the other hand, has a Ne value
lower than the recommended Ne range. It is important to take note that the analyses of this study
were performed on the fullblood and purebred animals of each Wagyu population. This suggests that
the fullblood and purebred SA Akaushi population has a smaller gene pool with less genetic diversity
in comparison with the fullblood and purebred animals of two Japanese Black breeds. These results
highlight that the Akaushi Wagyu breed is the less genetically diverse population in SA, with a smaller
population size. This is attributed to the fact that the majority of the Wagyu animals in SA are Japanese
Black, which is also the preferred and growing Wagyu breed in the country.

The pedigree-based Ne of 167 and 106 for the SA Japanese Black and Akaushi populations,
respectively has therefore been overestimated in comparison with the genomic-based effective
population sizes which were 108 and 48, respectively. This overestimation can be explained by the
lack of completeness of the pedigree, which greatly affects the accuracy of the pedigree-based analysis

(Heffernan et al., 2021).
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4.5. Conclusion

In this study, the Wagyu population of SA was genomically characterised with the use of
genomic diversity and population structure analysis performed using both pedigree and genotypic
data. Pedigrees of 42 237 SA Wagyu animals and 1 375 genotypes (205 SA Akaushi, 439 SA Japanese
Black and 731 Australian Japanese Black) were included in this study.

This was the first genomic-based population study, to my knowledge, that was performed on
the SA Wagyu population. The SA Wagyu society and breeders use the term Wagyu as interchangeable
between the Japanese Black and Akaushi breeds. However, the PCA and ADMIXTURE results revealed
that the Akaushi and Japanese Black Wagyu breed from SA are genotypically significantly different.
Due to their different ancestral origins, it is suggested that they be regarded and evaluated as two
separate breeds.

The results obtained from this study also emphasize the difference between pedigree and
genomic-based population analysis and emphasise the dependence of pedigree-based analysis on the
completeness of pedigree, as well as the increased accuracy of studies based on genetic data. The
pedigree-based genetic diversity and population analysis revealed a low pedigree completeness. This
adversely affected all pedigree-based results and therefore underestimated the inbreeding levels and
overestimated the effective population sizes. Due to this inaccuracy, it can be concluded that the
pedigree-based genetic diversity and population analysis were inconclusive and that the genomic-
based analysis provided more accurate results. Once the completeness of pedigree and animal
recording is increased and maintained at a high completeness level, the pedigree-based effective
population size can be utilized to maintain and manage the inbreeding in the Wagyu population of SA
(Heffernan et al., 2021). This in turn will assist the breeders of the society in making important
breeding decisions to manage the level of inbreeding within the population and is supported by the
findings of a study conducted on Korean Hanwoo cattle by Nwogwugwu et al. (2020).

The population structure results (genetic diversity, inbreeding, ROH and Ne) were consistent
with that of previous studies done on other international Wagyu populations. The importance of the
effective population size (Ne) and the risk of inbreeding and loss of genetic variation should be heavily
considered in breeding decisions made in the future of these breeds. It is advisable to import multiple
genetic sire lines from other countries that are unrelated to the SA Japanese Black and Akaushi
animals, to improve and maintain the current levels of inbreeding and prevent the loss of genetic
variation.

Since the Akaushi Wagyu breed has significantly fewer animals in SA in comparison with the
Japanese Black Wagyu breed, the smaller effective population size was to be expected. Breeding

programs must keep track of genetic variation to avoid an irreversible loss of genetic variation in both
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the Wagyu populations of SA, maximizing their capacity to adapt to changes. To improve the accuracy
of estimating the genetic variation between the animals of each Wagyu breed in SA, it is necessary to
genotype more animals that are representative of all the diverse provinces within SA. It would be
beneficial to do an extensive study including all the breeds that are crossed with and utilized as base
animals in the SA population; to determine the effect each base breed has on the structure of the
Japanese Black and Akaushi populations in SA, as well as the effect each breed has on the different
economically important traits such as carcass yield, marbling, and eye muscle area. An investigation
into the selection signatures and areas where selection pressure was applied to the two Wagyu breeds

in SA could also provide beneficial results to the Wagyu Society of SA and its members.
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Addendum

Table A1 The completeness of pedigree (%) for six generations of the combined Wagyu population
from SA (ALL_ZA) from 1972 to 2003

Completeness of Pedigree (%) per Generation Average

N
Year Animals 1 ’ 3 a 5 6 completeness
per year

1972 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1980 1 - - - - - - -
1984 1 - - - - - - -
1985 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1986 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1988 2 50.00 25.00 16.70 12.50 10.00 8.30 20.42
1989 3 33.30 16.70 11.10 8.30 6.70 5.60 13.62
1990 8 50.00 27.10 18.10 13.50 10.80 9.00 21.42
1991 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1992 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1993 6 33.30 16.70 11.10 8.30 6.70 5.60 13.62
1994 5 80.00 40.00 26.70 20.00 16.00 13.30 32.67
1995 9 66.70 35.20 23.50 17.60 14.10 11.70 28.13
1996 6 83.30 50.00 33.30 25.00 20.00 16.70 38.05
1997 4 50.00 25.00 16.70 12.50 10.00 8.30 20.42
1998 43 86.10 44.60 29.80 22.30 17.90 14.90 35.93
2000 38 68.40 37.70 25.20 18.90 15.10 12.60 29.65
2001 46 58.70 46.40 31.10 23.30 18.60 15.50 32.27
2002 66 66.70 42.90 29.60 22.20 17.80 14.80 32.33
2003 82 24.40 15.00 10.20 7.70 6.10 5.10 11.42
2004 94 42.50 31.80 23.50 18.00 14.40 12.00 23.70
2005 63 23.80 17.00 12.80 9.80 7.90 6.60 12.98
2006 89 37.10 29.80 23.60 18.20 14.50 12.10 22.55
2007 135 61.50 43.30 32.60 24.90 19.90 16.60 33.13
2008 162 52.50 37.00 28.20 21.90 17.50 14.60 28.62
2009 147 59.20 47.60 40.60 34.00 27.30 22.80 38.58
2010 225 56.40 44.20 34.90 28.10 22.60 18.80 34.17
2011 259 66.80 49.20 37.60 30.10 24.30 20.30 38.05
2012 353 70.80 50.90 37.00 28.80 23.30 19.40 38.37
2013 572 67.00 49.20 36.10 28.30 22.90 19.20 37.12
2014 654 80.60 57.80 42.30 33.30 27.10 22.60 43.95

2015 1153 74.00 50.30 36.20 28.10 22.80 19.00 38.40
2016 1832 66.50 52.00 38.10 29.50 24.00 20.10 38.37
2017 3862 59.60 44.00 31.80 24.40 19.70 16.50 32.67
2018 5020 65.50 46.50 33.50 25.60 20.70 17.30 34.85
2019 9041 71.10 49.70 35.40 27.00 21.80 18.20 37.20
2020 11 332 54.60 40.50 29.70 22.80 18.40 15.30 30.22
2021 11105 75.50 54.60 39.90 30.50 24.60 20.50 40.93
2022 5302 73.20 57.70 43.40 33.40 27.00 22.50 42.87
2023 154 29.90 23.90 18.20 14.30 11.70 9.80 17.97
Average 1265.73 61.47 38.83 27.65 21.20 17.06 14.23 31.88
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Table A2 The completeness of pedigree (%) for six generations of the Akaushi (AK) Wagyu
population from SA from 2000 to 2022

N Completeness of Pedigree (%) per Generation Average
Year Animals 1 2 3 4 5 6 completeness
per year

2000 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2001 4 - - - - - - -

2002 3 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2003 5 40.00 20.00 13.30 10.00 8.00 6.70 16.33
2004 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2005 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2006 5 100.00 53.30 35.60 26.70 21.30 17.80 42.45
2007 5 100.00 53.30 35.60 26.70 21.30 17.80 42.45
2008 2 100.00 66.70 44.40 33.30 26.70 22.20 48.88
2009 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2012 4 100.00 54.20 36.10 27.10 21.70 18.10 42.87
2013 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
2014 4 75.00 37.50 25.00 18.80 15.00 12.50 30.63
2015 67 97.00 48.80 32.50 24.40 19.50 16.30 39.75
2016 46 93.50 50.40 33.60 25.20 20.10 16.80 39.93
2017 417 91.80 54.50 36.30 27.20 21.80 18.20 41.63
2018 554 89.30 51.40 34.30 25.70 20.60 17.20 39.75
2019 792 89.90 59.20 39.80 29.80 23.80 19.90 43.73
2020 1157 65.10 46.70 31.50 23.60 18.90 15.80 33.60
2021 1573 93.40 63.20 42.50 31.90 25.50 21.20 46.28
2022 465 85.00 64.70 46.20 34.70 27.80 23.20 46.93
Average 222 87.83 49.33 33.08 24.82 19.85 16.57 38.58
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Table A3 The completeness of pedigree (%) for six generations of the Japanese Black (JP) Wagyu
population from SA from 1980 to 2023

Completeness of Pedigree (%) per Generation Average
Year Animals 1 2 3 4 5 6 completeness
per year

1980 1 - - - - - - -
1984 1 - - - - - - -
1985 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1986 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1988 2 50.00 25.00 16.70 12.50 10.00 8.30 20.42
1989 3 33.30 16.70 11.10 8.30 6.70 5.60 13.62
1990 8 50.00 27.10 18.10 13.50 10.80 9.00 21.42
1991 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1992 1 100.00 50.00 33.30 25.00 20.00 16.70 40.83
1993 4 25.00 12.50 8.30 6.20 5.00 4.20 10.20
1994 4 50.00 25.00 16.70 12.50 10.00 8.30 20.42
1995 6 50.00 25.00 16.70 12.50 10.00 8.30 20.42
1996 4 75.00 50.00 33.30 25.00 20.00 16.70 36.67
1997 2 - - - - - - -
1998 34 82.40 42.60 28.40 21.30 17.10 14.20 34.33
1999 12 75.00 38.90 25.90 19.40 15.60 13.00 31.30
2000 36 69.40 38.00 25.30 19.00 15.20 12.70 29.93
2001 41 63.40 50.40 33.80 25.30 20.30 16.90 35.02
2002 62 64.50 42.20 29.10 21.90 17.50 14.60 31.63
2003 77 23.40 14.50 9.90 7.40 5.90 4.90 11.00
2004 92 41.30 31.20 23.20 17.80 14.20 11.80 23.25
2005 59 22.00 16.10 12.30 9.50 7.60 6.30 12.30
2006 78 34.60 29.80 24.10 18.60 14.90 12.40 22.40
2007 121 64.50 46.20 34.90 26.70 21.30 17.80 35.23
2008 147 55.80 39.40 30.10 23.40 18.80 15.70 30.53
2009 140 60.70 49.30 42.20 35.30 28.40 23.70 39.93
2010 223 56.50 44.10 34.80 28.10 22.60 18.80 34.15
2011 256 66.80 49.30 37.80 30.20 24.40 20.30 38.13
2012 347 70.90 51.30 37.40 29.10 23.50 19.60 38.63
2013 567 67.20 49.40 36.20 28.40 23.00 19.20 37.23
2014 638 81.80 58.90 43.20 34.00 27.60 23.10 44.77
2015 1015 73.90 51.70 37.50 29.20 23.70 19.80 39.30
2016 1758 66.50 53.00 39.10 30.40 24.70 20.60 39.05
2017 3481 59.40 44.40 32.40 24.90 20.20 16.90 33.03
2018 4526 67.50 49.50 36.10 27.70 22.40 18.70 36.98
2019 7217 73.60 50.90 36.50 27.90 22.50 18.80 38.37
2020 9132 55.30 39.80 29.30 22.50 18.10 15.10 30.02
2021 8717 76.30 54.60 40.20 30.80 24.80 20.70 41.23
2022 3507 74.80 58.20 43.40 33.40 26.90 22.50 43.20
2023 52 28.80 21.00 15.40 11.70 9.40 7.90 15.70
Average 1059 57.74 37.40 26.82 20.61 16.58 13.83 28.83
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Table A4 Pedigree-based average inbreeding coefficient per Wagyu population

Year ALL_ZA JB_ZA AK_ZA
2001 0.0231 0.0259 -
2002 0.0076 0.0040 -
2003 0.0015 0.0016 -
2004 0.0068 0.0070 -
2005 0.0057 0.0061 -
2006 0.0098 0.0112 -
2007 0.0206 0.0230 -
2008 0.0172 0.0189 -
2009 0.0427 0.0448 -
2010 0.0113 0.0114 -
2011 0.0131 0.0132 -
2012 0.0015 0.0016 -
2013 0.0038 0.0038 -
2014 0.0155 0.0160 -
2015 0.0045 0.0052 -
2016 0.0044 0.0049 -
2017 0.0032 0.0035 -
2018 0.0023 0.0030 -
2019 0.0024 0.0021 0.0010
2020 0.0019 0.0020 0.0011
2021 0.0024 0.0023 0.0008
2022 0.0041 0.0023 0.0105
Average 0.0093 0.0097 0.0034

* ALL_ZA — both SA Akaushi and Japanese Black animals; AK_ZA — SA Akaushi; JB_ZA — SA Japanese Black.
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Table A5 Summary of the ROH detected using detectRUNS (slidingRUNS) in the SA Akaushi population

Shortest Longest Average

BTA nSNP from to Length (Bps) nSNP from to Length (Bps) nSNP from to Length (Bps)
1 57 132417157 132983082 565925 709 4052161 64788160 60735999 138 72046360 82642963 10596603
2 74 127192536 127782861 590325 1032 36228793 127614663 91385870 163 67225763 79947752 12721989
3 133 32825671 35133372 2307701 1032 38661143 121275236 82614093 165 59892828 72718698 12825870
4 49 117339600 120227878 2888278 912 33496136 111140851 77644715 143 67508386 79211472 11703087
5 50 8063248 10940707 2877459 894 24214641 106930295 82715654 163 62165372 76899070 14733697
6 48 38133743 40557209 2423466 1163 16972963 106386383 89413420 139 49191959 59512991 10321033
7 49 63901946 66880535 2978589 884 24594731 94573436 69978705 167 53630131 66770982 13140851
8 51 110455623 113367096 2911473 1011 22362375 104621424 82259049 161 59244318 72223451 12979133
9 80 10739968 11390953 650985 639 70012 52162143 52092131 146 43180577 55395427 12214851
10 49 144506 2847964 2703458 605 25732248 75403132 49670884 121 52078294 61229968 9151674
11 50 22373870 25092349 2718479 773 37110008 106804258 69694250 137 44476031 55493784 11017754
12 51 52032777 54891162 2858385 552 21441958 70224733 48782775 124 39843850 50483801 10639951
13 48 76330479 79052142 2721663 897 2004958 75742150 73737192 140 39837641 50419069 10581429
14 55 6203679 8659069 2455390 767 3297177 64151328 60854151 149 35446374 47727894 12281520
15 72 23339130 25981699 2642569 486 24632628 65078912 40446284 138 34373804 45793281 11419477
16 53 25709923 26613598 903675 681 25911857 81322588 55410731 117 36840964 45921960 9080997
17 51 61744405 65149194 3404789 867 0 71503614 71503614 161 36838860 49661977 12823117
18 60 64316116 65626629 1310513 624 818901 49690172 48871271 128 28397101 38221140 9824039
19 82 56072306 56816549 744243 680 960031 54078160 53118129 125 32200512 40610132 8409620
20 106 21964412 22641142 676730 818 13842919 71535445 57692526 175 31553889 44248288 12694399
21 78 57230746 58060052 829306 853 1013846 68589138 67575292 138 32938798 43201095 10262297
22 49 4534118 7077833 2543715 435 25551900 61258859 35706959 122 24154952 33707178 9552226
23 61 39209740 40203865 994125 536 60163 40870270 40810107 150 23662108 33590958 9928850
24 50 541784 3601352 3059568 632 8717068 62618436 53901368 144 24804046 36845106 12041060
25 48 33958794 36361835 2403041 426 1045725 32672869 31627144 125 13290438 22022654 8732215
26 48 28368749 31520567 3151818 413 837967 32716808 31878841 114 23442609 32198001 8755392
27 49 11142845 14250534 3107689 568 36664 45347958 45311294 129 17142346 27260210 10117864
28 50 25421150 28342445 2921295 372 41088 33897208 33856120 112 18305927 27711801 9405875
29 50 25421150 28342445 2921295 467 400533 38535744 38135211 131 18659362 29417669 10758307
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Table A6 Summary of the ROH detected using detectRUNS (slidingRUNS) in the SA Japanese Black population

Shortest Longest Average

BTA nSNP from to Length (Bps) nSNP from to Length (Bps) nSNP from to Length (Bps)
1 70 132370021 132896318 526297 645 34679130 88150843 53471713 131 84336409 94054349 9717941
2 75 127309459 127834529 525070 1043 19259873 111870534 92610661 156 59916233 72894515 12978283
3 69 32527488 33051872 524384 731 24149985 81945861 57795876 141 52965369 63593766 10628397
4 53 117412387 120532487 3120100 769 28262688 92289023 64026335 144 62854552 74721376 11866824
5 82 55989100 56864864 875764 987 14838419 107590490 92752071 159 59620205 73327351 13707146
6 54 60692672 63347756 2655084 722 50887205 106421077 55533872 122 53952278 62898681 8946403
7 58 75336419 78672889 3336470 975 33229902 112628884 79398982 138 59532213 70319388 10787175
8 55 52724898 56343552 3618654 627 6742493 60319936 53577443 141 49301929 60804720 11502791
9 54 10874883 11698024 823141 622 38575112 97624409 59049297 146 44568115 56878629 12310514
10 58 18574907 22227480 3652573 541 25732248 69785726 44053478 140 49737577 60255890 10518313
11 53 10557842 13870240 3312398 1122 7434860 104856815 97421955 131 43552721 54533950 10981229
12 56 52641232 56173146 3531914 674 10322436 70224733 59902297 133 36951860 49255922 12304062
13 54 78732465 81606009 2873544 659 6724839 63323694 56598855 145 33385168 44996328 11611161
14 55 7612098 10307071 2694973 577 17833828 68962221 51128393 135 31756007 42924297 11168290
15 55 23213346 24351620 1138274 601 30409179 81540854 51131675 145 33393554 45372306 11978752
16 57 25223828 25919398 695570 440 13922553 48936190 35013637 116 35379496 44132305 8752809
17 54 61624831 65188947 3564116 901 0 74998349 74998349 141 31148596 42857318 11708722
18 53 64758244 65626629 868385 427 18449746 53498385 35048639 130 33867471 43978095 10110624
19 79 56475281 57098859 623578 576 22223293 60044907 37821614 116 37868218 45010125 7141908
20 88 22145977 22985128 839151 1008 741839 71535445 70793606 182 26971619 39548388 12576769
21 63 57573531 58409066 835535 735 802673 59759420 58956747 126 37037089 46681827 9644738
22 56 3073232 6617917 3544685 712 574301 58873440 58299139 129 30883451 41119880 10236429
23 81 38412668 39484629 1071961 528 60163 40154308 40094145 122 20706308 29067300 8360991
24 54 35834333 39365195 3530862 570 13010579 62593028 49582449 127 23836777 34314320 10477544
25 55 39312988 42768470 3455482 378 47181 28974015 28926834 130 14419610 23594019 9174409
26 61 8501096 12364119 3863023 650 726780 51638650 50911870 134 20922278 31119810 10197531
27 54 39916848 43851804 3934956 530 36664 42673983 42637319 139 15226576 26570048 11343472
28 57 26302597 29854462 3551865 491 5343495 46224056 40880561 131 19023508 30080840 11057332
29 58 673312 4687135 4013823 604 400533 50202589 49802056 130 18516394 29240300 10723906
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Table A7 Summary of the ROH detected using detectRUNS (slidingRUNS) in the Australian Japanese Black population

Shortest Longest Average

BTA nSNP from to Length (Bps) nSNP from to Length (Bps) nSNP from to Length (Bps)
1 60 132370021 132896318 526297 836 64207146 141460090 77252944 163 88532190 103207842 14675652
2 58 127309459 127814244 504785 841 45643391 131305612 85662221 150 62348484 77615737 15267253
3 82 32912523 33691011 778488 671 57005233 116781408 59776175 152 57547947 70678966 13131019
4 58 16174334 21118823 4944489 1013 253919 105169576 104915657 131 55921472 68862414 12940942
5 71 56237069 56879776 642707 1026 7175086 119071205 111896119 164 53414917 70165408 16750491
6 59 58752585 62430437 3677852 1116 16541679 119057557 102515878 144 64380903 77649811 13268907
7 60 70621019 74476430 3855411 628 47213804 107940320 60726516 146 55816620 69590790 13774170
8 58 85183773 89824596 4640823 597 2357514 63435892 61078378 159 46913137 62239824 15326687
9 97 9815418 11178996 1363578 995 3029814 102996425 99966611 152 44684068 58715089 14031021
10 65 89350 4415581 4326231 625 30159278 91720092 61560814 138 41292221 54050152 12757932
11 60 1153551 5768629 4615078 449 4799594 47361429 42561835 127 38811344 51548283 12736939
12 63 48984802 53756393 4771591 531 11555315 70224733 58669418 120 38496857 51783757 13286901
13 61 77222219 81701980 4479761 592 313308 59072057 58758749 130 29075654 41239121 12163467
14 58 3956956 7150724 3193768 499 15657396 68199931 52542535 121 31232728 43604695 12371967
15 72 23213346 26863687 3650341 433 26371559 68288320 41916761 142 32184524 46364307 14179783
16 59 25223828 25953743 729915 721 12365230 81322588 68957358 125 41008726 53415673 12406947
17 58 61624831 65923565 4298734 491 24486734 74965918 50479184 123 32931272 45158389 12227117
18 59 63960153 65626629 1666476 482 14208633 64231273 50022640 122 26376867 37927256 11550389
19 58 56499004 57075809 576805 563 465815 55212508 54746693 118 30165305 40082287 9916982
20 86 22006676 22598594 591918 687 12246582 71793734 59547152 152 34910984 48407008 13496024
21 60 56601433 57765296 1163863 595 1013846 60146851 59133005 129 37211856 49331262 12119406
22 60 53944830 58458470 4513640 569 5353497 61378199 56024702 155 28542863 43201672 14658808
23 65 38921550 39896138 974588 409 14101481 48563085 34461604 108 23108868 32322691 9213824
24 61 28668981 33205943 4536962 546 541784 57163094 56621310 146 18239626 33238362 14998736
25 64 28974015 33293815 4319800 384 9774118 42726313 32952195 109 14202904 23920779 9717876
26 58 13573878 18477722 4903844 395 13573878 50082843 36508965 113 22666517 32741130 10074613
27 60 36342691 41341380 4998689 377 97306 37315792 37218486 126 17278217 29647614 12369396
28 58 41574265 46072629 4498364 439 41088 46072629 46031541 109 17870444 29251414 11380970
29 59 33353664 38154672 4801008 353 630087 35964691 35334604 120 18365608 30687151 12321543
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Table A8 The genomic inbreeding, Fron, per chromosome for each Wagyu population

Japanese Black (ZA)

Akaushi (ZA)

Japanese Black (AU)

BTA FB PB ALL FB PB ALL FB PB ALL
1 0.122 0.119 0.121 0.182 0.261 0.191 0.182 0.184 0.183
2 0.136 0.150 0.137 0.254 0.295 0.259 0.160 0.161 0.160
3 0.138 0.093 0.134 0.213 0.272 0.220 0.154 0.168 0.163
4 0.135 0.162 0.138 0.217 0.200 0.215 0.135 0.146 0.141
5 0.187 0.157 0.183 0.226 0.266 0.230 0.219 0.248 0.237
6 0.110 0.112 0.110 0.170 0.236 0.178 0.146 0.179 0.165
7 0.138 0.089 0.133 0.225 0.250 0.228 0.171 0.173 0.172
8 0.145 0.136 0.144 0.227 0.303 0.237 0.197 0.166 0.179
9 0.171 0.142 0.167 0.212 0.215 0.212 0.185 0.170 0.177
10 0.137 0.143 0.138 0.180 0.134 0.175 0.168 0.177 0.174
11  0.148 0.142 0.148 0.199 0.182 0.197 0.166 0.160 0.162
12 0.152 0.210 0.163 0.203 0.210 0.204 0.200 0.206 0.203
13 0.170 0.181 0.172 0.185 0.203 0.188 0.186 0.192 0.190
14 0.165 0.200 0.168 0.241 0.200 0.236 0.164 0.198 0.185
15 0.189 0.136 0.182 0.196 0.263 0.205 0.183 0.212 0.201
16 0.179 0.124 0.170 0.186 0.227 0.192 0.193 0.183 0.187
17 0.204 0.184 0.200 0.271 0.240 0.267 0.197 0.226 0.214
18 0.193 0.159 0.190 0.210 0.197 0.209 0.206 0.211 0.209
19 0.143 0.152 0.144 0.185 0.176 0.184 0.201 0.200 0.201
20 0.237 0.134 0.226 0.274 0.163 0.263 0.245 0.240 0.242
21 0.180 0.198 0.182 0.231 0.177 0.224 0.222 0.218 0.220
22 0.187 0.171 0.185 0.213 0.292 0.223 0.293 0.272 0.280
23 0.228 0.227 0.228 0.287 0.209 0.280 0.203 0.228 0.218
24 0.198 0.184 0.197 0.266 0.259 0.265 0.263 0.264 0.264
25 0.229 0.238 0.230 0.257 0.169 0.245 0.254 0.244 0.248
26 0.264 0.161 0.257 0.260 0.245 0.258 0.250 0.259 0.255
27 0.262 0.259 0.261 0.273 0.264 0.273 0.292 0.298 0.296
28 0.271 0.231 0.262 0.239 0.232 0.238 0.261 0.291 0.280
29 0.248 0.204 0.244 0.311 0.263 0.305 0.248 0.249 0.248
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