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Abstract

Wu. Z. (2020). Small chicken, big story: Detection of the genetic background of
dwarfism in chicken using genomic analyses. PhD thesis, Wageningen University and
Research, the Netherlands.

Body size of animals is a trait that has received a lot of interest and emphasis during
domestication and breeding. The wide variation in size of domesticated animals is
reflected in their genomes. An extreme size variation is dwarfism, a condition of
unusually reduced growth caused by a variety of genetic components. In chicken,
dwarfism is a complex trait studied and utilized for a long time. Because of the
reduced body size, incorporating the dwarf trait into the breeding scheme can provide
potential advantages and benefits. In this thesis, | focus on two types of dwarfism and
analyze the genetic background of these dwarf phenotypes with respect to underlying
genetic variants, gene expression, and population genomics. More specifically, |
perform fine-mapping to detect the causative genetic variant underlying the autosomal
dwarfism (adw) in chickens. Results demonstrate that a novel nonsense mutation in
the TMEM263 gene is associated with the adw phenotype resulting in the premature
termination of the open reading frame, and a truncation of the transmembrane protein.
Moreover, | study the genetic basis of the bantam phenotype in Dutch traditional
chicken breeds by using a variety of genomic analyses. Genome mapping and
differential gene expression analysis identify novel candidate genes responsible for
the bantam phenotype. The results further demonstrate the heterogeneity of this trait
and the signaling pathways involved in growth. Furthermore, | focus on the admixed
population structure of Dutch chicken breeds and show how human-mediated
crosshbreeding may influence the genomic landscape of a population in a complex
manner. Collectively, | provide a comprehensive understanding of the genetic
background of dwarf phenotypes in chicken, which not only can be utilized in poultry
breeding but also provides a case study of utilizing multi-omics data to study the
phenotype-genotype relation.






Contents

1 General Introduction

2 A novel loss-of-function variant in transmembrane protein 263
(TMEM263) of autosomal dwarfism in chicken

3 Heterogeneity of a dwarf phenotype in Dutch traditional chicken
breeds revealed by genomic analyses

4 Detection of differentially expressed genes in bantam chickens

5 Genomic insight into the influence of selection, geography, and
crossbreeding on population structure

6 General Discussion
Supplementary file
Summary
Acknowledgements
Curriculum Vitae

Colophon

29

47

75

99

121

141

155

159

163

168






1

General Introduction






1 - General introduction

1.1 Introduction

Unlike Alice experienced the shifting of size variation during the adventures in
wonderland (Carroll, 1865), to shrink smaller or to grow taller in the real world is not
as easy as a “drink me” potion. In nature, differences in body size and growth between
and within species were driven by the adaptation to divergent environments (Roy,
2008). Over the last millions of years, the evolutionary rate of change in body size
exhibits the bias in which favors towards small size (Roy, 2008; Polly, 2012). As one
of the extreme consequences, dwarfism is a condition characterized by restricted
growth. The definition of dwarfism is as general as reduced height (Boegheim et al.,
2017). However, measurements of the dwarf phenotype involve multiple factors
including height, adult body weight, and the length of certain bones (Boegheim et al.,
2017). Dwarfism is caused by various genetic and molecular mechanisms, including
hormonal levels, bone/cartilage and muscle development, and signaling pathways that
influence growth development. In human, dwarfism is an unusually short stature and
considered as a growth deficiency (Shirley and Ain, 2013). There are 189 entries in
the OMIM (Online Mendelian Inheritance in Man) database describing dwarf
phenotypes with known molecular basis (https://www.omim.org/). While according
to the OMIA catalog (Online Mendelian Inheritance in Animals), 37 dwarf-related
phenotypes were recorded for diverse organisms, including cattle, chicken, dog, and
pig (https://www.omia.org/). The efforts made to optimize the diagnosis and treatment
regarding the genetic causes of dwarfism in animals is important in terms of the
wellbeing of the affected individual and the merit of animal breeding.

Glossary

Heterogeneity: The state of being diverse and nonuniform in feature.

Genome-wide association study (GWAS): An approach used to identify genetic
variants across the genome that are statistically associated with a phenotype.

Meta-analysis: A statistical method that combines the results of multiple studies.
Haplotype: A set of alleles at several loci that are inherited together from a parent.

Linkage Disequilibrium (LD): The non-random association of alleles at two or
more different loci.

Population stratification: The population substructure that has a systematic
difference in allele frequencies between several subgroups.

Introgression: The transfer of genetic material (i.e., gene flow) from one
population to another by hybridization.
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1 - General introduction

1.2 Dwarfism in animals
1.2.1 Definition of dwarfism

Dwarfism is actually one of the most important traits in agriculture applied in both
plant and animal breeding (Figure 1.1). For instance, for wheat (Triticum aestivum)
and rice (Oryza sativa) breeding, introducing the dwarf or semi-dwarf character into
the germplasms has increased the yield and improved the resistant to lodging (Liu et
al., 2018; Wu et al., 2018b). As for the breeding program in domesticated animals,
such as dogs (Canis lupus familiaris) whose morphological variation is surprisingly
diverse, the diversity exhibited in body size across breeds is especially abundant
(Rimbault et al., 2013). This body size variation has been undergoing artificial
selection and has become part of the phenotypic definition of breed standards, e.g.,
for Dachshund and Chihuahua. More classic examples of reduced body size,
intentionally selected within domesticated livestock species and defined as breed
standard, include pigs (e.g., Banna miniature pig (Deng et al., 2011) and Gottingen
miniture pig (Simianer and K6hn, 2010; Reimer et al., 2018)), horses (e.g., Shetland
pony (Rafati et al., 2016)), and cattle (e.g., Dexter cattle (Cavanagh et al., 2007)). In
poultry, usually chickens and ducks, dwarf organisms are sometimes called bantam.
Human has been developing bantam fowl for the use of exhibition, decoration, pets,
and extended to assist hunting. For example the bantam duck breed Call, which likely
originated from the Netherlands, was developed to attract wild ducks for hunters
(Holderread, 2011).

-~

Figure 1.1 Dwarfism in domesticated animals (Photo adopted from published literatures). (A)
Dutch bantam chicken (Bortoluzzi et al., 2020). (B) Sex-linked recessive dwarfism (Hutt, 1949)
(C) Dog body size variation (Plassais et al., 2019) (D) The dwarf rabbit (Carneiro et al., 2017).
(E) Xingyi creeper chickens (Jin et al., 2016). (F) Standard and miniature Angus cattle
(Bouwman et al., 2018). (G) Dwarfism in the Friesian horse (Boegheim et al., 2017).

1.2.2 Phenotypic heterogeneity: (dis)proportionate short stature

The phenotype of dwarfisms can be characterized as either disproportionate or
proportionate dwarfism. The main differences between the two types are determined
by the coordinated reduction among body parts, e.g., between the limbs (arms and
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1 - General introduction

legs) and torso (trunk of the body). In typical proportionate dwarfism, the individuals
with short height tend to maintain normal body proportions, e.g., Laron syndrome in
human (Godowski et al., 1989). As for disproportionate dwarfism, individuals have
either (one pair or more) short limbs or a short torso, e.g., the short-leg but normal
torso trait in corgi (Parker et al., 2009). However, there is sometimes a discrepancy
between the definition and the measure among body parts, where the overall body
proportions are maintained in a short stature, but the head is reported to be enlarged
and/or with altered craniofacial development. An example can be found for chicken
autosomal dwarfism (adw), which is a “proportionate” dwarfism, as determined by
the measurements of skeletal elements of the hind limb (Cole, 2000). However, some
researchers indicated that an abnormally enlarged head was observed (Ruyter-Spira
et al., 1998a)(Leenstra et al., 1984, as cited in Cole, 2000). In human clinical
diagnosis, the examination of (dis)proportionate dwarfism is usually adequate to
determine certain types of dwarfism and the corresponding treatments thereafter.
While in animal studies, the difference between these two categories is not always so
prominent in practice.

A review in dwarfisms in livestock suggested that proportionate or disproportionate
dwarfism may be determined by a different genetic basis (Boegheim et al., 2017). In
general, proportionate dwarfism is mostly caused by signaling disruptions, in
particular, hormonal disruptions or signaling pathway deficiencies. Whereas
disproportionate dwarfism can be cause by signaling abnormalities or structural
disruptions, which are usually loss-of-function variants affecting bone and cartilage
development and extracellular matrix components.

1.3 Dwarf chicken as study species
1.3.1 Dwarfism in chicken

Regardless of its important role in providing proteins for humans (in forms of meat
and egg), chicken (Gallus gallus) has also been an important animal in the religious
and cultural life. Since the 18" century, chicken has been presented as fighting cocks
or fancy birds in poultry shows (Potts, 2012). This resulted in extensive human-
mediated breeding for chicken, leading to the expansion of the popularity of poultry
keeping and the creation of early breed standard guidelines. The development of
(local) chicken breeds has been further boosted by selective breeding. Although, the
emphasis of livestock breeding has always been on production, the selection for
superlative fowl with diverse phenotypes (especially morphological traits) has
contributed greatly to the conservation of traditional chickens. Particularly, attention
was paid towards dwarf/bantam chickens, which is shown by the increased breeding
activities introducing bantam traits and exploring revived indigenous breeds. The
selective breeding substantially reshaped the genetic characteristics of animals,
rapidly leaving footprints across their genomes.
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1 - General introduction

Chicken was the first livestock species to have its genome sequenced (Hillier et al.,
2004). Hence, chicken genomics comprises a rich history and diversity of genetic
resources to untangle the genotype-to-phenotype mechanisms. The genome of current
chicken has been shaped by a fascinating course of domestication (Wang et al., 2020),
but also subjected to the more recent adaptation and selection. Adaptation to a variety
of climates and environments coincided with the world-wide dispersal of chicken
populations. The long-term selection for (inbred) lines of chicken populations has
further made it an excellent model to study phenotypic differentiation. A compelling
selection experiment can be found in the Virginia lines which is a chicken population
that has undergone consecutively bi-directional selection for body weight since 1957
(Johansson et al., 2010; Sheng et al., 2015). The experimental lines showed the
phenotypic response and the genetic dynamics of long-term selection for a single trait,
which highlights the important bridge between the genetic variation and body size
diversification. Thanks to the human-mediated selection and the conservation of
chickens that exhibit contrasting size variation, we are now able to obtain a
comprehensive understanding of the genetic nature of dwarfism using chicken as a
model organism. This enables the identification of the genomic regions underlying
dwarfism on a fundamental and molecular basis.

1.3.2 Different types of chicken dwarfism

Up to now, several forms of dwarfism in chicken have been described, resulting in
distinct types of body size reduction. The performance, heredity and physiology of
these dwarf phenotypes have been studied for almost a century from the perspective
of variation in body size. Different possible genetic mechanisms of dwarfism are
shown in Box 1.1. In Table 1.1, I have listed seven classical and rather well understood
types of dwarfism in chickens. Note that there are likely more dwarf phenotypes for
which the genetic causes are studied. However, the description of the phenotype and
the mode of inheritance of those dwarf/bantam chickens are not always clearly
acknowledged. For instance, many bantam phenotypes are not identical with regards
to the body weight, and the underlying genetics may differ. I will discuss this in more
detail in the following paragraphs. In several instances of dwarfism, the body size
reduction is accompanied either by semi-lethality or poor viability (Guillaume, 1976;
Cole, 2000) . An example is the Creeper which is a short-legged semi-lethal dwarf
(Landauer, 1932). Three non-fatal types of body reduction explained in detail below
are sex-linked dwarfism, autosomal dwarfism, and bantam. Although in this thesis my
focus is on autosomal dwarfism and bantam, | will describe all three types in more
detail.
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1 - General introduction

Box 1.1 Inheritance mode of dwarfism
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According to the basic mode of inheritance, dwarfism can be classified as
Mendelian trait or quantitative trait. Mendelian inheritance has two basic modes of
inheritance for a monogenic phenotype: dominant and recessive, both can be either
autosomal or sex-linked (sex-linked is not shown here). Mendelian traits segregate
with alleles at the locus of a single gene that in itself is sufficient to cause the dwarf
phenotype. In contrast, a quantitative trait has a polygenic inheritance mode, the
mating between dwarf and normal-sized chickens produce F1 offspring of
intermediate size and F2 offspring segregating for a range of size variation. The
polygenic pattern refers to the mode of inheritance where coexistence of variants at
multiple loci and variance in environmental factors are considered to manifest the
phenotype.

Sex-linked dwarfism

Recessive sex-linked dwarfism (dw) is well studied in chickens. This trait was
described by F. B. Hutt (Hutt, 1949, 1959), where the dysfunctional growth hormone
receptor (GHR) gene on the Z chromosome is responsible for the dwarfism. A number
of different molecular variants in the GHR gene (i.e., the deletion and the missense
mutation, as described in Table 1.1) result in protein alterations affecting the signaling
of the circulating growth hormone, which subsequently affects the level of serum IGF-
| through the GH-IGF-1 axis (Guillaume, 1976; Burnside et al., 1991; Luo et al., 2016).
As a consequence, the muscle cell and myofiber hyperplasia and hypertrophy is
reduced, leading to a proportionate growth reduction (Coleman et al., 1995; Haddad
and Adams, 2004; Hu et al., 2012; Luo et al., 2016). The dw chicks show no sign of
dwarfing at hatch but become recognizable small at later age (8 to 10 weeks) (Hultt,
1949).
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1 - General introduction

Autosomal dwarfism (adw)

The discovery of the autosomal dwarfism (adw) was recorded in a Cornell K-strain of
White Leghorns (Cole and Hutt, 1973). These adw chickens were described as
“proportionally reduced in size and in good fleshing”, the effect of adw gene causes
30-40% reduced adult body weight with short shank length (Cole and Hutt, 1973;
Cole, 2000). In terms of production performance, the adw chicken performs similarly
to the sex-linked dwarf when compared with normal-sized controls. Unlike sex-linked
dwarfism, the adw trait results in an observed reduction in body size during embryonic
development (Cole, 2000). The autosomal dwarf chicken was discarded for over
twenty years, but a comprehensive understanding of its genetic basis is still of interest.

Bantam

Another fascinating type of dwarfism is bantam. The word “bantam” originally
derives from the name of a city located close to the islands Java and Sumatra and is
now used to describe miniature varieties of fowl, usually chickens and ducks. There
has been broad interest in the exhibition and production of bantam chickens as well
as utilizing the effect of bantams for modifying current populations and breeding for
small size. Currently, there are numerous (distinct) bantam breeds known across the
world (Danforth, 1929; Custodio and Jaap, 1973; Malomane et al., 2018). These
bantams can be classified into two categories, true (or traditional) bantams and
bantamized (neo-bantam) breeds. The American Bantam Association
(https://www.bantamclub.com/) reported over 400 recognized bantam breeds of
different color varieties, of which close to 30 are true bantams. True bantams are
small-sized breeds without a large equivalent. Some true bantam breeds are believed
to be at least 2,000 years old, as reported by Columella (60 AD) in “de Re Rustica”.
On the other hand, the neo-bantams are the corresponding dwarf counterpart of
normal-sized fowl which were recently developed by breeders due to the passion for
downsizing over the last decades, particularly at the end of the 19" century (Esther
Verhoef and Rijs, 2014; Bortoluzzi et al., 2018).

Studies suggested that the genetic factors for reduced size are not all identical in
bantams (Danforth, 1929; Custodio and Jaap, 1973). This probably is because of the
less rigorous definition of the bantam phenotype, which is generally considered as
exquisite and a remarkably small body size (usually with weights around 500-900
gram). For instance, the Japanese bantam breed “Chabo” actually exhibits the creeper
trait (Kinoshita et al., 2020); the dwarf traits in Serama, Chinese yuanbao, and
Daweishan bantams, harboring unique genetic makeups, appear to involve separate
molecular pathways (Wang et al., 2017). The hidden pattern of different bantam
phenotypes and the distinct histories of these breeds make that bantams are a valuable
model to study the genetic mechanism underlying this phenotypic variation.
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1 - General introduction

1.3.3 A short history of Dutch chicken breeds regarding bantam

In the Netherlands, historic chicken resources have received attention and admiration
since at least the 16™ century, and continued to be maintained in diverse forms
(Woelders et al., 2006; Dana et al., 2011). The geographic locations and phenotypic
characteristics were used to classify and name the Dutch chicken breeds, resulting in
many subdivided groups or populations under different managements (Figure 1.2).
The long tradition and diversification of Dutch chicken breeds have been profiled in
many previous studies (Hillel et al., 2003; Dana et al., 2011; Elferink et al., 2012;
Bortoluzzi et al., 2018). This in turn enhanced the utilization and preservation of the
breeds as well as the different genetic variants by various organizations (private and
governmental) (Woelders et al., 2006).

Throughout history, the traditional breeds in the Netherlands experienced bottlenecks
due to, e.g., World War Il and diseases (Bortoluzzi et al., 2018). Some breeds were
lost in time but have been re-introduced and revived in the past decades (Dana et al.,
2011; Bortoluzzi et al., 2018). Currently, populations exhibit a new ongoing
bottleneck due to a reduction in the number of breeders (mostly hobby breeders),
resulting in most breeds being vulnerable or in danger of becoming extinct (Bortoluzzi
et al., 2018). This suggests the molecular characterization will offer detailed insights
on the Dutch chicken breeds that can help in establishment of a conservation plan.

Up to now, almost half of the Dutch traditional breeds are neo-bantam breeds that
with integrated genetics from bantams into normal-sized local breeds. This bantam-
oriented integration between local breeds and existing bantams (true or neo) is
conveyed through crossbreeding, also known as bantamization. Followed by
backcrossing, the bantamization process finally resulted in numerous crossbred neo-
bantam breeds. Neo-bantams are selected to exhibit the same/similar appearance as
corresponding local breeds while having a smaller size. Usually a 50-60% reduction
in body weight is desired. Apart from the neo-bantams in the Netherlands, some true
bantam breeds including Dutch bantam, Dutch booted bantam and the Eikenburger
bantam also exhibit precious genetic resources and cultural values in the context of
body size variation (Dana et al., 2011; Bortoluzzi et al., 2018). Often these true
bantams represent very old histories, e.g., a booted bantam features in a painting
dating back to thel6™ century (van Wulfften Palthe, 1992). Bantam breeds of both
Dutch and international origins have been extensively used in the last century to
downsize the Dutch traditional breeds. Nowadays, for almost every Dutch traditional
breed there is a corresponding bantam counterpart (Esther Verhoef and Rijs, 2014)
(Figure 1.2). Despite the widened interest, the bantam phenotype in the Netherlands
is yet to be characterized in terms of its genetic basis. The neo-bantams along with the
corresponding normal-sized breeds make them a valuable proxy to study the
molecular mechanisms underlying growth reduction in a case-control study.
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1 - General introduction

Therefore, in this thesis, | aim to characterize, at the molecular level, the genetic
causes and genomic mechanisms underlying dwarfisms in chicken, including the
autosomal dwarfism and bantam traits.

Bantam breed in English (or in Dutch) Abbrev.

Assendelft Fowl Bantam AssFwB

Bamevelder Bantam BarnevB (‘ ,}
Brabanter Bantam BrabB .g

Breda Fowl Bi (Kraienkoppe ) BreFwB

Chaam Fowl ChaFw =4

Drenthe Fowl Bantam DrFwB l % U =
Drenthe Fowl Rumpless DrFwBls i vv
Dutch Bantam DB |

Dutch Booted Bantam DBdB i mvv)

Dutch Fowl Bantam DFwB v m

Dutch Owl Bearded Bantam DOwBAB 4 w

Dutch Polish Bearded Bantam DPBdB .

Dutch Polish non Bearded Bantam DPnBdB : ’) q &
Eikenburger Bantam Eikenb = g g
Frisian Fowl Bantam FriFwB S F y
Groninger Mew Bantam GrMwB

Kraienkoppe Fowl Bantam (Twentse) KraiKFwB

Lakenvelder Bantam LakVeB

North Holland Blue Bantam NHBIB

Schijndelaar Bantam SchijdB

Welsummer Bantam WelsumB

Breeds exist in both bantam and normal-sized forms are highlighted.

Figure 1.2 The table at the left shows the Dutch chicken breeds. The figure at the right displays
the map of the Netherlands with a representation of traditional indigenous breeds (adopted from
https://www.kleindierliefhebbers.nl/).

1.4 Advantages of keeping dwarf chicken

In current poultry industry, introducing the dwarf/bantam trait and incorporating it
into the breeding scheme can be of potential advantage and benefit (Merat, 1984;
Mincheva et al., 2015). First of all, an obvious advantage of keeping dwarf chickens
over the normal-sized fowl is reduced feed consumption and improved feed
conversion rate (Mincheva et al., 2015). The saving on the feed of sex-linked dwarf
(dw) hens is more than 20% during both rearing and egg production stages (Merat,
1984). In addition, thanks to their small size, keeping dwarf chickens can greatly save
the space in animal houses, which is economically efficient and may be advantageous
for animal welfare. Further interest is held for backyard breeders since less house
spacing is required. For example, there is about a 40% reduction on stocking density
in the breeding house for dw chickens (Merat, 1984). Additionally, because of the
reduced feed intake, dwarf chickens are expected to dispense with restricted feeding
which is usually adopted in the broiler industry to avoid dramatic weight gain causing
poor performance, e.g., affected reproductive fertility and leg abnormality (Haye and
Simons, 1978; Wilson et al., 1983; Bruggeman et al., 1999). Therefore, the use of
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dwarf chicken potentially improves the management regarding animal welfare and
reduces maintenance requirements. Moreover, there are hints about better heat
tolerance of dwarf chickens due to reduced metabolic heat output in dwarf animals.
Because dwarfs showed less severe heat stress and a better performance under torrid
climates (Khan et al., 1987; Islam, 2005; Mincheva et al., 2015). However, other
studies reported uncertain advantages in terms of performance under overheating
conditions (Lin et al., 2006; Gowe and Fairfull, 2008). Furthermore, the immune
response of dwarf chickens has been presumed to be better compared to that of
normal-sized birds. In particular, sex-linked dwarf fowl showed higher resistance to
Marek’s disease (Merat, 1984; Islam, 2005), which is related to the association
between growth hormone levels and Marek’s disease resistance (Liu et al., 2001).
Specifically, it suggested that dwarf birds generally demonstrate a stronger cell-
mediated immune response, and may have more competent T-cell subpopulations and
weaker B-cell reactivity (Klingensmith et al., 1983).

With the above-mentioned advantages, hypothetically, introducing a recessive
dwarf/bantam trait can be of high value in a breeding program. This can be beneficial
for both industrial animal production (e.g., a four-way crossing strategy) and
smallholder farmers (e.g., hobby breeders). However, the question remains whether
the dwarf or bantam genes are unaffected on performance (e.g., with side-effect) and
are desirable for popularization and commercial applications. This knowledge will
highlight the feasibility of utilizing dwarf and introducing the phenotype into current
poultry industry.

1.5 Challenges and open questions
1.5.1 Determination of the phenotypic heterogeneity of dwarfism

To utilize dwarf phenotypes requires better insight into the phenotype of dwarfism.
Dwarf phenotype determination is mostly based on morphological and anatomical
features of the dwarf fowl. Measuring the reduction of the trunk size and the length of
the long bones, especially the tibia and tarsometatarsus, can be particularly helpful to
determine whether the phenotype represents proportionate or disproportionate
dwarfism (Guillaume, 1976). Additional determination is based on physiological and
biochemical indexes. Examining the abundance and composition of hormones
regulating body growth (e.g., GH, IGF-1 and thyroid) can usually further help to
characterize the phenotype. One of the challenges in determining dwarf phenotypes is
that the levels of circulating hormones in the blood are highly variable during the
growth of chickens, which could lead to uncertainty and misinterpretation of the
phenotype. Moreover, distinguishing dwarf phenotypes can be difficult because the
chicks may not show any difference in size during the first few weeks after hatch (e.g.,
dw).
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1.5.2 Genetic basis of dwarfism

Another important question to answer, following the determination of phenotype, is
the genetic basis of different dwarfism phenotypes, i.e., what the mode of inheritance
is and what the causative genetic variants are. Many strategies exist for mapping
causative genetic loci for respective phenotypes in farm animals (Andersson, 2001).
Before genomic approaches became available, experimental crosses (e.g., test cross)
between contrasting sized chickens had already been applied as a solution to genetic
mapping, inspired and introduced by Gregor Mendel (Danforth, 1929; Hutt, 1949).
Since the early 90s, many experimental lines and mutant stocks have been developed
acting as a model for studying size variations (Danforth, 1929; Landauer, 1932; Hutt,
1949). Nowadays, advances in genomics have allowed genome-wide association
studies (GWAS) as a powerful approach to detect the genetic variants that may
underlie the phenotype (Hardy and Singleton, 2009; Schaid et al., 2018). Mapping the
causative genetic variant is relatively straightforward for a simple monogenic
Mendelian trait, inherited by a single locus or limited number of loci (Visscher et al.,
2017). However, whether dwarfism(s) is a monogenic or polygenic trait varies among
different types of dwarfism. So far, the reported genetic loci are mostly monogenic,
however, the growth of an animal is a generally highly polygenic trait. In human for
example, more than 700 variants have been reported to be associated with height
(Weedon et al., 2008; Allen et al., 2010; Marouli et al., 2017). Previous studies have
shown that dwarfisms in chickens can evolve from variants in separate biological
pathways, facilitated by different underlying breed histories (Wang et al., 2017; Yuan
etal., 2018). Bantams in the Netherlands appear to be caused by polygenic inheritance
(Wandelt and Wolters, 1998) indicating that the accumulation of short stature alleles
at several distinct quantitative trait loci (QTL) is an alternative scenario for growth
reduction.

The extended challenge with dwarf traits lies in untangling its genetic heterogeneity.
The genetic heterogeneity is the state of that different genetic causes determine the
similar/same phenotype. Two scenarios of genetic heterogeneity are known, allelic
heterogeneity (multiple causative variants at the same locus) and locus heterogeneity
(multiple causative genes) (Korte and Farlow, 2013). Therefore, there is no reason to
believe that different dwarf phenotypes are necessarily inherited in the same way.
Even for subclasses of sex-linked dwarfism, there are different underlying genetic
determinants (causative mutations) including a deletion and a point mutation (Table
1.1).

1.5.3 Dissection of population structure mediated by selective breeding

The ability of genomic strategies to identify genes and variants associated with
dwarfism depends largely on the study population. Segregating alleles in a
phenotypically variable population are important for identifying the candidate
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genomic regions, which usually exist as haplotype blocks composed of the causative
mutation and its surrounding variants in Linkage Disequilibrium (LD). Because
populations differ in allele frequencies and sample size, the local haplotype structure
is often difficult to disentangle (Schaid et al., 2018). Allele frequency differences can
subdivide the population based on the genetic composition (i.e., population
stratification), which leads to possible confounding effects in GWAS analyses (Price
etal., 2010). The power of a study can be increased by improving the sample size e.g.,
by pooling data from different studies or by applying meta-analyses. However, this in
turn increases the potential of phenotypic and genetic heterogeneity (Evangelou and
loannidis, 2013; Schaid et al., 2018). In particular, the population structure of local
traditional breeds can be more complex relative to that of selective inbred lines,
resulted from diverse and unsupervised human-mediated hybridizations. In particular,
this human-mediated selective breeding is a challenge in defining the genetic basis
and assigning the ancestral group of the population (Evangelou and loannidis, 2013).

1.6 Aims and outline of this thesis

In this thesis, | aimed to study the genetic and genomic basis of dwarfism(s) in
chickens. First, | investigate different phenotypes of chicken dwarfism, and perform
genomic analyses to detect the causative genes and variants underlying the phenotypes
using whole genome sequence data. With this objective, | performed a series of
analyses to map two types of dwarfism in chickens: autosomal dwarfism (adw) and
bantam. Second, | utilize the genetic resources of Dutch dwarf chickens (i.e., bantam
breeds) to study the influence of human-mediated crossbreeding. A Schematic
overview of the outline of the thesis is presented in Figure 1.3.

Dwarfism in Chickens

Chapter 3 Chapter 5
Genﬂﬁlggn‘igggmam Population structure

Chapter 2

Autosomal dwarfism

Bantam
phenotype

Chapter 4

Differential gene 3 = .
expression in bantam Explore Dutch I

dwarf breeds|

| Chapter 6 General Discussio_nll

Figure 1.3 Outline of thesis with the specific aims of the individual chapter.
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In Chapter 2, | performed genetic mapping to identify the causative variants
underlying autosomal dwarfism (adw). Applying functional and comparative analyses
provides insight how a novel loss-of-function mutation alters the body growth and
development of adw chicken. In Chapter 3 and Chapter 4, | addressed the phenotype
of bantam in different breeds, using the (neo-)bantam breeds from the Netherlands as
a proxy. In Chapter 3, | characterize the associated genetic variants underlying the
bantam phenotype. To do so, | studied the matching pairs of Dutch native breeds that
exhibit normal-sized and (neo-)bantam phenotypes. Using a series of genomic
analyses, including Genome-Wide Association Studies (GWAS) and a meta-analysis
based on whole-genome sequence data, | reveal the heterogeneity of the bantam
breeds. The genetic heterogeneity among divergent bantam groups is illustrated by
the associated patterns and haplotype diversity. | further examined how the
introgression of bantam haplotypes during the crossbreeding can contribute to and
reshape the genomic characteristics of bantam chickens. To further our insight in the
mechanisms of the bantam phenotype, | studied the bantam embryos and identified
differentially expressed genes between bantam and normal-sized samples using RNA-
Seq data (Chapter 4). In Chapter 5, | further addressed the genomic influence of
bantam crossbreeding on the complex population structure of Dutch chicken breeds
and studied the impact of phenotypic selection and geography. Finally, in Chapter 6,
| present the overall findings of this thesis contributing to the knowledge of chicken
dwarfisms, especially in the population genetics and functional genomics aspects. |
further discuss the attempt to validate the causal effect of an adw candidate mutation
in TMEM263 gene by using the genome-editing tool in a model organism (zebrafish).
Moreover, | discuss the potential utilization of dwarf phenotypes and how to apply
into poultry breeding.
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Abstract

Autosomal dwarfism (adw) in chickens is a growth deficiency caused by a recessive
mutation. Characteristic for autosomal dwarfism is an approximately 30% growth
reduction with short shank. The adw variant was first recognized in the Cornell K-
strain of White Leghorns, but the genetic causal variant remained unknown.

To identify the causal variant underlying the adw phenotype, fine mapping was
conducted on chromosome 1, within 52 to 56 Mb. This region was known to harbor
the causal variant from previous linkage studies. We compared whole-genome
sequence data of this region from normal-sized and adw chickens in order to find the
unique causal variant. We identified a novel nonsense mutation
NP_001006244.1:p.(Trp59%), in the transmembrane protein 263 gene (TMEM263),
completely associated with autosomal dwarfism. The nonsense mutation truncates the
transmembrane protein within the membrane-spanning domain, expected to cause a
dysfunctional protein. TMEMZ263 is reported to be associated with bone mineral
deposition in humans, and the protein shows interaction with growth hormone 1
(GH1). Our study presents molecular genetic evidence for a novel loss-of-function
variant, which likely alters body growth and development in autosomal dwarf chicken.

Keywords: Autosomal dwarfism, body size, recessive trait, chicken, loss-of-function
mutation
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2.1 Introduction

Unusually short body stature, known as dwarfism, is a condition of growth deficiency
and reduced body weight caused by a variety of hereditary and hormonal disruptions.
In humans, different dwarf syndromes have been characterized by genetic mutations
affecting a wide range of genes (Godowski et al., 1989; Mortier et al., 2000; Richette
etal., 2008). Various short body statures have also been investigated in animal species
including dogs, cattle, pigs, and chickens (Boegheim et al., 2017). Dwarf animals in
native or commercial breeds, have held the interest of humans over the past century,
and have been bred for either ornamental or economic reasons. For example, plenty
of distinct dwarf phenotypes have been described and studied in the chicken literature
(Hutt, 1949). One of the best-studied hereditary variations in growth deficiency is sex-
linked dwarfism, which is a proportional dwarfism, caused by the mutation in the
GHR (Agarwal et al., 1994; Burnside et al., 1991).

Autosomal dwarfism (adw) in chicken is a recessive trait resulting in reduced body
weight with short stature, despite the normal hormonal concentration of GH and
insulin-like growth factor 1 (IGF1). The locus responsible for chicken autosomal
dwarfism (adw) was first, and uniquely, found in a Cornell K-strain of White
Leghorns, and shown to be caused by a recessive single locus (Cole and Hutt, 1973).
The overall appearance of autosomal dwarf chicken was recognized as a small body
stature by short shank length, with 30-40% reduced adult body weight (Cole, 1973,
2000). Investigations into known hormonal factors related to body growth showed no
significant decrease in the plasma concentrations of GH and IGF1 compared with
normal animals, which is distinct from other types of dwarfisms (Scanes et al., 1983;
Huybrechts et al., 1985). Only a slight decrease in plasma thyroid hormones T3 and
T4 was observed (Lam et al., 1989). Therefore, autosomal dwarfism is not considered
to be determined by a direct genetic aberration in the GH-IGF1 molecular pathway,
which is known to determine body size in other vertebrates (Yakar et al., 2002). While
the metabolic and genetic factors underlying adw have been studied (Huybrechts et
al., 1985; Ruyter-Spira et al., 1998a; Scanes et al., 1983), the causative variation
determining the autosomal dwarf locus have remained elusive. The adw locus was
mapped to chromosome 1, by using bulked segregant analysis with microsatellite
markers (Ruyter-Spira et al., 1998a). In that study, genotype frequencies of markers
were evaluated respectively from affected and unaffected individuals in the autosomal
dwarf segregating population. The adw locus is closely linked to microsatellite marker
LEI0146 on chromosome 1, with a recombination fraction of 0.03 and LOD score of
31.98 (Ruyter-Spira et al., 1998a). Two potential candidate genes were harbored in
the region associated; the gene coding for the high-mobility group protein I-C (HMGI-
C), an alias for HMGAZ2, and IGF1 (Ruyter-Spira et al., 1998a). A continuation of this
research showed no mutations in the coding sequence of these two genes, and no
difference in expression of HMGA2 (Ruyter-Spira et al., 1998b). With the whole-
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genome sequence techniques, we are now able to explore the adw genome. In the
present study, we aimed to identify the adw associated region and the potential causal
variant underlying the autosomal dwarf phenotype.

2.2 Method and materials
2.2.1 Animals used for sequencing and genotyping

To identify the variant underlying autosomal dwarfism, we performed the whole-
genome sequencing on a 6-day homozygous embryo (adw/adw), collected from the
mating dwarf parents. For candidate validation; we genotyped two 6-day and one 8-
day old dwarf embryos (adw/adw), as well as two pooled sperm samples from 20
Cornish and 20 White Leghorn adw cocks respectively. In addition, two normal-sized
embryos; 6 and 8 days of age respectively, were used as controls for genotype and
expression analyses. The dwarf samples we used for this study have no genetic
relationship.

2.2.2 Whole-genome sequencing and variant calling

Whole-genome sequence data were generated for the embryos of autosomal dwarf
and normal-sized chickens. We sequenced the genomic DNA by Illumina HiSeq 2000
paired-end sequencing (2x100 bp read length). The sequence reads were then trimmed
for quality using Sickle (Joshi and Fass, 2011). The software BWA-MEM (version
0.7.15) (Li and Durbin, 2009) was used to map the clean reads to the Red Jungle fowl
genome assembly, with the build Gallus_gallus-5.0 (International Chicken Genome
Consortium, 2015). Duplicate reads were removed by using Samtools dedup function
(Li et al., 2009). Local realignment of the reads around small indel was done using
GATK IndelRealigner (McKenna et al., 2010). We performed variant calling by using
Freebayes with sound settings (-min-base-quality 10, -min-alternate-fraction 0.2, -
haplotype-length 0, -pooled-continuous, -min-alternate-count 2) (Garrison and Marth,
2012). Variant filtering was conducted towards the SNPs and indels using VCFtools
(Danecek et al., 2011), with a mean depth between 3 to 25, and genotype call rate
>0.7. In addition, we used LUMPY to identify the structural variants, with the default
settings for split-read detection (Layer et al., 2014). Functional annotation for all types
of detected variants was generated by Variant Effect Predictor (VEP) (McLaren etal.,
2016).

2.2.3 Mapping of adw candidate variant by sequence comparison

We used the previous linkage data to construct the candidate region. In the adw
linkage study published by Ruyter-Spira et al. (1998a), the adw locus was mapped 3
c¢M downstream of marker LEI0146 (NC_006088.4:9.53,274,224 53,274,474). The
average linkage resolution on chromosome 1 is around 0.3 to 0.4 Mb/cM (Groenen et
al., 2009), which suggests the most likely location of adw is at around 54.1-54.4 Mb.
Because of the mapping uncertainty, we used a margin of 2 Mb around this location
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and therefore extended the candidate region from 52 to 56 Mb, which harbors IGF1
for subsequent investigation. We used sequence data within the candidate interval
from 261 White Leghorns as controls. We compared the genetic variants, including
SNPs and indels, of the adw/adw chicken against the normal-sized controls by using
VCFtools. We compared the allele at each position, and focused on the unique allele
carried by adw for subsequent fine mapping. Schematic representations of the
candidate region were visualized using Gviz (v1.22.2) (Hahne and Ivanek, 2016) with
ideogram track and the gene of interest. For homozygosity analysis, we calculated the
Runs of Homozygosity (ROH) to estimate autozygosity for the sequenced adw
individual. ROHs for an individual were calculated based on the following criteria
specified in Bosse et al., (2012). This included the number of SNPs, in a window size
of 10 Kb, counted below 0.25 times the average whole-genome SNP count; and the
homozygous stretches contained at least 10 consecutive windows which showed a
total SNP average lower than the genomic average. Sufficiently covered windows
with 0.5 to 2 times the average depths were taken into account. The relaxed threshold
for individual windows were used within a homozygous stretch to avoid local
assembly or alignment errors, which was done by allowing for maximum twice the
genomic average SNP count, and the average SNP count within the candidate ROH
to not exceed 1/4 the genomic average.

Fine mapping inside the candidate region was conducted by a four-step filtering
procedure. In step 1, at each position, we compared unique variants that are only
present in the adw dataset, and absent in the normal-sized White Leghorns. Autosomal
dwarfism, inherited as a recessive trait, is expected to be homozygous for the adw
locus. Therefore, in step 2, heterozygous sites were filtered out, and only the adw
homozygous sites were kept for further analyses. In step 3, we filtered variants based
on the consequence annotation. We predicted the variant consequence with the
uniform terms defined by Sequence Ontology (Eilbeck and Lewis, 2004), using VEP
(McLaren et al., 2016). The consequence terms evaluate the effect that each
substitution may have, based on their properties on different transcripts, with more
than one variant consequence. To help categorize the impact of the variants, we
assessed the consequence terms with four impact categories; high, moderate, low, and
modifier, by using SnpEff (Cingolani et al., 2012). We split the variant list into two
groups: one containing variants with high and moderate impact, which likely alter
protein structure and function; another list with variants of low to modifier impact,
which are mostly non-coding variants. We investigated the expression among tissues
of long intergenic non-coding RNAs (lincRNAS) in the list, the quantification of each
lincRNAs was calculated and retrieved from two baseline transcriptome studies on
Expression Atlas (Barbosa-Morais et al., 2012; Merkin et al., 2012; Petryszak et al.,
2016, 2017). The missense variants were predicted with SIFT score (Sim et al., 2012),
to estimate the alteration of the amino acid and the degree of conservatism among
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species. The SIFT score defines a missense variant as “deleterious” (0 to 0.05) or
“tolerated” (0.05 to 1). In step 4, we screened the public sequence and SNP
repositories for novel variants. The adw mutation is not segregating within other
population, hence variants identified in these other populations were excluded to
ensure that potential causative mutations are not harbored by normal-sized population.

2.2.4 Validation of the adw mutation

Based on the fine mapping steps outlined above, three adw chicken embryos and two
mixed sperms were genotyped to validate the candidate mutation. We performed
genotyping for the mutation NM_001006244.1:c.433G>A on chromosome 1 in
transmembrane protein 263 (TMEM263) by Polymerase Chain Reaction-Restriction
Fragment Length Polymorphism (PCR-RFLP) analysis. We genotyped both dwarf
(adw/adw) and normal-sized (ADW/ADW) chickens. The mutation in TMEM263 was
amplified with the following primers; TMEM263_1F: 5'-
AGGTTCAATCAAAGACCACCCG-3; TMEM263_1R: 5'-
CCCGTTAAAGGCACTTTGCT-3'. The PCR products were then digested with the
enzyme Ddel (New England Biolabs, UK) and analyzed by 3% agarose gel
electrophoresis, the adw samples are expected to include fragments of 109 and 184
bp, while the normal-sized ones are expected with fragments of 294 bp.

2.2.5 Candidate gene expression analyses

We estimated the gene expression difference between the dwarf and normal-sized
chicken for TMEM263 and IGF1, using Reverse Transcription quantitative PCR (RT-
gPCR). RNA was extracted from the same two 6-day and one 8-day old embryos used
in genotyping, from which cDNA was synthesized. Three normal-sized embryos
(ADW/ADW) of 6 and 8 days old respectively, were used as controls. We conducted
three technical replicates for each sample. The expression differences were
determined by the AACt method using 28s rRNA as a housekeeping gene for
normalization. Target sequences were amplified from cDNA with the following

primers, TMEM263_2F: 5-GCCACCAGAAGGTTCAATCAAAG-3,
TMEM263_2R: 5'-CTGAAGATGCCACCAGTCACA-3; IGF1_F: 5'-
CTTGAAGGTGAAGATGCACACTG-3 IGF1_R:5'-

GGCAGCAGCAGAACTGGTTA-3'". The RT-qPCR was performed on an Applied
Biosystems® 7500 Real-Time PCR Systems, using MESA Blue qPCR Mix Plus for
SYBR Assay (Eurogentec, Belgium).

2.2.6 Functional comparative analyses of orthologous genes

As the function of TMEMZ263 protein in chicken is poorly characterized, we used the
orthologous gene to investigate the potential function. A multi-species alignment of
TMEM263 was generated by Clustal Omega (v1.2) (Sievers et al., 2014). The
orthologous proteins of TMEMZ263 aligned were obtained from 10 representative
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vertebrates (D.rerio, H.sapiens, P.troglodytes, M.mulatta, B.taurus, C.lupus,
M.musculus, R.norvegicus, X.tropicalis, and G.gallus) at NCBI HomoloGene. We
reconstructed a Neighbor-Joining Tree of the TMEM263 proteins with zebra fish as
the outgroup, and visualized the result using Jalview (v2.10.3) (Waterhouse et al.,
2009). The secondary topology of the transmembrane domain of TMEM263 was
predicted by TMHMM Server (v. 2.0) based on a Hidden Markov Model (Krogh et
al., 2001). The predicted protein feature was displayed using Protter 1.0 (Omasits et
al., 2014). We could not predict the three-dimensional structure in the study, due to
low coverage (< 50%) and low confidence (<20%) of the prediction. With the human
orthologous gene, a gene network analysis was generated by using the association
network predicting server GeneMANIA (Zuberi et al., 2013). Based on the function
and properties of human TMEMEZ263, the program explored the functional associated
gene networks in genomic and proteomic data sources. Each network is weighted by
the corresponding data source based on Gene Ontology biological process co-
annotation, and with label propagation algorithm, which represents how well the
genes are connected and interacted with each other.

2.3 Results
2.3.1 Identification of the candidate causal mutation for autosomal dwarfism

To study the causal variants that underlie autosomal dwarfism, we investigate the
whole-genome sequence data of an adw chicken. The adw sequence data was aligned
to the reference genome (Gallus_gallus 5.0), which resulted in an average coverage
of 9.1x. Linkage analyses previously located the adw locus downstream microsatellite
marker LEI0146 at around 54 Mb. Therefore, the gene HMGAZ2 studied by Ruyter-
Spiraetal, (1998a, b) was mapped on the current reference genome at position 34 Mb,
and was not considered as a candidate in the present study. ROH analysis for
chromosome 1 showed an ROH of 14.8 Mb, spanning the region from 51.2 Mb to
65.9 Mb, which is expected to be identical by descent. Although larger, the ROH
overlaps with the location of the candidate region (Figure S2.1) most likely as a
consequence of the strong selection for the adw haplotype in the chicken lines used.
The candidate region we defined spanned position 52-56 Mb on chromosome 1
(Figure 2.1). Within the candidate region, we found 146,070 variants, including genic
variants in 72 genes and intergenic variants; we did not observe any specific structural
variants that could contribute to growth reduction, as they were not located in the
coding region. Supplementary Table S2.1 showed the structural variation identified in
the candidate region.
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Figure 2.1 Schematic representation of the candidate region for adw locus on chromosome 1.
The upper panel showed the ideogram of the chicken chromosome 1, the candidate region, 52-
56Mb, was shown by a red box on the ideogram tracks. The lower panel showed the gene model
by the solid box, indicating the size of the coding region of the representative candidate genes
or the microsatellite marker. The associated microsatellite marker LE1146 was plotted in blue,
while the genes with interest, HMGA2, TMEMZ263, IGF1, presented in red boxes.

We performed a four-step filtering procedure for all the variants identified by variant
calling (Figure 2.2). After comparing the variants in the dwarf and normal-sized
chickens in step 1, we generated a set of 5,713 variants in the candidate region that
are unique for adw. Because adw is a recessive trait, we removed all heterozygous
sites seen in the dwarf chicken; after step 2, 4,558 homozygous variants remained. In
step 3, homozygous variants were predicted for substitution impact by VEP and SIFT,
resulting in a list of 11 variants with moderate to high impact (Table 2.1), and a list of
4,558 variants within non-coding regions, all with low and modifier impact. At step
4, of the variants list with moderate to high impact, we further excluded 10 SNPs by
screening the NCBI database, as they were not unique or exclusive for the adw
chicken. The final candidate causal mutation is a nonsense variant in TMEMZ263 gene
(NM_001006244.1:¢.433G>A). It is the only mutation with a high consequence
impact that results in a loss-of-function alteration in the transmembrane protein 263.
Among the non-coding variants, 709 variants in the dataset were shown to be absent
from the dbSNP database (Table S2.2). Of these variants, 38 SNPs are located in six
known lincRNAs. Two baseline transcriptome studies show the expression of the six
lincRNAs in chicken tissues, which are ubiquitously expressed (Figure S2.2).
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Figure 2.2 Schematic representation of the four steps filtering to identify the candidate variant
for the chicken adw locus. n=number of variants after each filtering step. Autosomal dwarfism
is represented by adw, while WL is the White Leghorn chickens. After the filtering, there is one
candidate SNP exclusively found in adw and with a high impact on the consequence, shown at
the left path. While there is a list of variants also uniquely fond in the adw chicken, they are
mainly located on the non-coding region, shown at the right path. During variant impact
prediction, each variant could have more than one impact assigned, as the impact estimation
was based on different transcript. *Note that among these variants, eleven of them contain more
than one impact. The sum of variant numbers therefore is not consistent with the result from
the last step.

The nonsense mutation in TMEM263 causes premature termination of the protein,
leading to a truncation of the transmembrane protein. The mutation alters the 59
amino acid residue from tryptophan (Trp) to a stop codon (*) at the first membrane-
spanning helix. The alteration truncates the protein to 50% and was expected to
essentially affect the protein function. We validated the loss-of-function mutation in
TMEM263 using PCR-RFLP in all autosomal dwarf samples. The five autosomal
dwarf samples indeed showed homozygous for the variant allele, whereas all normal-
sized controls do not carry the mutation (Figure 2.3). The
NP_001006244.1:p.(Trp59%*) variant in TMEM263 was identified to be the most
interesting candidate causal mutation. The RT-gPCR revealed that the expression
level of TMEM263 and IGF1 mRNA showed no significant difference between
normal and dwarf individuals (Figure S2.3).
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Table 2.1 Variants uniquely found in autosomal dwarf chicken and completely associated with
dwarfism.

Position Reference dbsnp Ref/Alt  Gene Variants Impact Database

52195787  rs736218372 TC/ICT HMGXB4  missense variant Moderate NCBI

53369104  rs14825651and AA/TT  ASCL4 missense variant and splice Moderate NCBI
rs14825651 region variant

53369406  rs741302250 G/A ASCL4 missense variant (deleterious)  Moderate NCBI

53376828  rs733697531 CIT PRDM4 intron variant Moderate NCBI

53380585  rs313232660 G/A PRDM4 missense variant Moderate NCBI

53683208  rs15270486 AlIG MTERF2 missense variant Moderate NCBI

53688583  N.A. CIT TMEMZ263  stop gained High N.A.

54232753  rs732172030 G/IA C120rf75 missense variant Moderate NCBI

54834890  rs733216275 AT/GA  STAB2 downstream gene variantand ~ Moderate NCBI

missense variant (deleterious)

54838941  rs14827457and TG/ICC  STAB2 missense variant and upstream  Moderate NCBI
rs14827458 gene variant

55461367  rs13869828 AlIG PARPBP missense variant Moderate NCBI

adw adw adw adw wt wt wt wt:-

Figure 2.3 The photo of agarose gel of amplified fragments for genotyping candidate mutation
in TMEM263. Autosomal dwarf (adw) and normal-sized (wt) samples were analyzed by PCR-
RFLP method. Amplified DNA was digested with Ddel and separated by electrophoresis.
Markers were used in both end lanes (M).The autosomal dwarf samples (adw/adw) were shown
with two sequence fragments, around 109 and 184 bp respectively, while the wild-type samples
shown with one band on the right four lanes, the size is around 294 bp.
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Figure 2.4 Comparative analyses and the predicted topology of TMEM263. (A). Multi-species
alignment of orthologous TMEM263 protein sequence. The Neighbor-Joining tree of
TMEM263 is at the top left side of the alignment, sequence of zebra fish (D. rerio) was used as
outgroup. The upper panel shows the alignment of TMEM263 protein, the bottom sequence
represents the conservation of the each amino acid. The asterisk (*) indicates position which
has a single, fully conserved residue. The period (.) indicates conservation between groups of
weakly similar properties, and the colon (:) indicates strongly similar conservative properties.
The lower panel is the prediction of the transmembrane domains, shows the location and the
orientation of transmembrane domains in the TMEM263 sequence. The x-axis refers to the
location of amino acid residue sites; y-axis represents the probability of topology for each
region. The predicted transmembrane region is shown in red (amino acid residue sites: 38-60;
80-102), blue lines stand for intracellular region, and the magenta line is the amino acid
predicted outside the membrane. The consensus line is placed at the top of the plot. The
transmembrane domains are highlighted in sequence alignment with light blue background. The
nonsense mutation (Trp59*) is demonstrated by dark red rectangle. (B). The predicted topology
of TMEMZ263 protein. The topology was illustrated with the position of the variation shown in
red. The N-terminal location and the transmembrane regions (TMRs) were generated based on
the topology prediction, and input manually. The number 1 and 2 in blue refer to the two
transmembrane regions, the cell membrane is in light orange, and N-term is predicted on the
cytoplasmic side of the membrane.

2.3.2 Functional and comparative analyses of the candidate gene

The TMEM263 gene is highly conserved across various species, from primates to
craniata (Figure 2.4A). The protein sequence identity of orthologous TMEM263 genes
between chicken and other vertebrates ranges around 73-89%. The comparison with
human homologous protein presented the conservation around 89%. The tryptophan
amino acid site at position 59, which harbors the nonsense mutation, is present fully
conserved across all species analyzed. The predicted topology of the vertebrate
TMEM263 protein is a multi-pass membrane structure, which consists of two
transmembrane domains (from amino-acid positions 38 to 60, and from 80 to 102),
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with the nonsense mutation located at the first transmembrane region (Figure 2.4B).
Based on human orthologous genes, we generated a gene network analysis to
investigate the potential function of TMEMZ263. Interestingly, TMEM263 was shown
to have physical interactions with growth hormone (GH1), and to be co-expressed
with Bone Morphogenetic Protein (BMP2) in human cells (Figure 2.5).

2.4 Discussion

In this study, we fine-map and report the likely causal variant of the chicken autosomal
dwarfism locus, located on chromosome 1, by comparing whole-genome sequence
data of an autosomal dwarf with normal-sized chickens. Given the origin of adw in
chickens, emerging from the Cornell White Leghorn strain, we used normal-sized
White Leghorn chickens as the control in this study. Moreover, the causal variant for
autosomal dwarfism is unlikely to be segregating in other non-dwarf populations. The
linkage results show the strong association between adw locus and microsatellite
marker LE10146, which defined a 4 Mb surrounding interval on chromosome 1 as the
candidate region. The ROHSs analyses show low SNP abundance in the candidate
region, and overlaps with the location of the candidate region. The candidate region
was chosen to include IGF1, known to be functionally associated with growth traits
in humans (Yakar et al., 2002). As endocrinological study revealed unaffected IGF1
concentration in adw chickens (Ruyter-Spira et al., 1998b), as well as the unaffected
differential expression we identified, the IGF1 was not considered the best candidate
of the study. After screening the variants, only one novel nonsense mutation in
TMEM263 remained as a strong candidate and proven associated with the autosomal
dwarf phenotype.

In an autosomal dwarf dataset, we found, in total, 710 variants in the candidate region
are associated with the adw phenotype, including a nonsense mutation in gene
TMEMZ263 likely underlying the autosomal dwarfism phenotype. The gene TMEM263
encodes for a transmembrane protein, but its function in chicken is not well known.
Meanwhile, the 709 variants of lower impact fall within 58 genes and six known
lincRNAs. The genic variants with lower impact in the list are mostly located within
the non-protein coding region, containing intron and UTR, and are assumed not to
disrupt the function of these genes. The six lincRNAs in the candidate region are
barely studied, their ubiquitous expression in chicken tissues makes it hard to predict
the contribution of these lincRNAs (Barbosa-Morais et al., 2012; Merkin et al., 2012;
Petryszak et al., 2017). Due to the limited annotation for non-coding variants in the
reference chicken genome, detailed studies on those variants as causal mutation is less
favorable in this study. In summary, it is unlikely, although still possible, that the 709
variants harbor the causal mutation; therefore we consider these variants as less
potential candidates for adw mutation.
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Figure 2.5 Gene association network of human TMEM263 gene. The gray dashed circle in the
center with red ring represents TMEM263. The size of the solid circles representing other genes
is proportional to the number of interactions they have. Gene GH1 and BMP2 are highlighted
with blue rings to emphasize the two network branches. Red branch stands for physical
interaction, purple branch displays co-expression, and blue branch means co-localization.

The TMEM263 protein is conserved across species, and the transmembrane protein
sequence belongs to a conserved protein domain (model UPF0444, pfam15475). This
domain is a conserved unit from a superfamily of proteins representing multi-pass
membrane structure, including two helical membrane-spanning domains. The
membrane-spanning domains are located between amino acid positions 38 to 60, and
80 to 102. The protein consists of an intracellular N- and C-terminus, along with an
extracellular loop. The nonsense mutation is uniquely found in adw chicken in the
first transmembrane-spanning domain, and is completely associated with the
autosomal dwarf phenotype. The expression level of TMEM263 in 6-8 day embryos
does not differ between dwarf and non-dwarf chickens. In two baseline transcriptome
experiments, TMEM263 expressed ubiquitously in chicken tissue, including skeletal
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muscle tissue (Barbosa-Morais et al., 2012; Merkin et al., 2012). As a consequence of
the nonsense mutation, the transmembrane protein is truncated and only contains the
N-terminal amino acids 1 to 58. Accordingly, the altered transmembrane protein loses
part of the conserved domain UPF0444, as well as one of the membrane-spanning
domains, almost certainly resulting in protein function loss.

Although little is known about the role of the TMEM263, evidence from studies in
humans implied that TMEM263 (former alias: C120rf23) is associated with growth
and bone development (Ewing et al., 2007; Estrada et al., 2012; Calabrese et al.,
2017). In a human Genome-Wide Association Study, TMEM263 was shown to be
significantly associated with femoral neck bone mineral density (FN-BMD) (Estrada
et al., 2012). The expression level of TMEM263 was also correlated with BMD and
osteoporotic fracture risk. A cortical bone co-expression network study showed the
expression of TMEM263 to be significantly correlated with the osteoblast functional
modules (OFM), which impacts bone mineral density by altering the activity of bone-
forming osteoblasts (Calabrese et al., 2017). Considering the strong positive
correlation between bone mass and bone size, the co-expression between TMEM263
and OFM indicates that TMEM263 is likely functionally involved in cartilage and
bone formation. In addition, a large-scale human disease study reported that
TMEM263 physically interacts with growth hormone 1 (Ewing et al., 2007), an
important regulation somatotropin in growth development. In the protein-protein
interaction study, TMEM263 was identified by co-immunoprecipitation with GH1
followed by mass spectrometry. Therefore, TMEMZ263 may be involved in the growth
pathway by potentially acting as a regulator in transport or signal transduction.
TMEM263 was also identified as an interaction partner of potassium channel genes
Slick and Slack, which is a sodium-activated channel widely expressed in the central
nervous system (Rizzi et al., 2015). Taken together, these studies in humans suggest
a potential role of TMEM263 in skeletal development, like cartilage and bone
formation. This supports our hypothesis that the loss-of-function mutations in gene
TMEM263 will likely influence the deposition of bone mineral, thereby affecting
skeletal development and body growth, which were observed in autosomal dwarf
chickens.

2.5 Conclusion

We describe a novel nonsense mutation on chromosome 1, located in the highly
conserved gene TMEM263, which is associated with chicken autosomal dwarfism
(adw). The adw associated NP_001006244.1:p.(Trp59*) mutation in the TMEM263
protein was expected to functionally affect the protein and exclusively found in adw
chicken. The novel premature termination is the most likely variant that underlying
the chicken autosomal dwarfism. Functional information in humans supports its
potential role in bone development and growth. Our results suggest a potentially vital
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role of TMEM263 in growth reduction and provide the basis for future systematically
verifying the function of the transmembrane protein 263.
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The sequence data of autosomal dwarf chicken was deposited in ENA, under the
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Figure S2.1 ROHs analyses and the distribution of nucleotide diversity over chromosome 1.
The x-axis displays the physical position on the chromosome and the y-axis shows the corrected
number of SNPs that was called in bins of 10 kb. The black rectangle illustrates the homozygous
stretch, located around 51.0 Mb to 65.9 Mb, supporting to the candidate region of autosomal
dwarfism.
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Abstract

The growth of animals is a complex trait, in chicken resulting in a diverse variety of
forms, caused by a heterogeneous genetic basis. Bantam chicken, known as an
exquisite form of dwarfism, has been used for crossbreeding to create corresponding
dwarf counterparts for native fowls in the Dutch populations. Here we demonstrate
the heterogeneity of the bantam trait in Dutch chickens and reveal the underlying
genetic causes, using whole-genome sequence data from matching pairs of bantam
and normal-sized breeds. During the bantam oriented crossbreeding, various bantam
origins were used to introduce the bantam phenotype, three major bantam sources
were identified and clustered. The genome-wide association studies revealed multiple
genetic variants and genes associated with bantam phenotype, including HMGA2 and
PRDM16, genes involved in body growth and stature. The comparison of associated
variants among studies illustrated differences related to divergent bantam origins,
suggesting a clear heterogeneity among bantam breeds. We show that in neo-bantam
breeds, the bantam-related regions underwent a strong haplotype introgression from
the bantam source, outcompeting haplotypes from the normal-sized counterpart. The
bantam heterogeneity is further confirmed by the presence of multiple haplotypes
comprising associated alleles, which suggests the selection of the bantam phenotype
is likely subject to a convergent direction across populations. Our study demonstrates
that the diverse history of human-mediated crosshreeding has contributed to the
complexity and heterogeneity of the bantam phenotype.

Keywords: chicken, dwarfism, bantam, heterogeneity, whole-genome sequencing,
genome-wide association study, convergent selection



3 - Heterogeneity of bantam

3.1 Introduction

Human activities influence the demographic history and phenotypic diversity of
animals through artificial selection and crossbreeding (Andersson, 2001; Bruford et
al., 2003). In the course of domestication, the human-mediated selection was a major
force that drove the phenotypic differentiation, which has been further enhanced by
the breed formation during recent centuries (Andersson and Georges, 2004). The
selection of body size in animals has been a major focus during domestication
(Andersson and Georges, 2004; Mignon-Grasteau et al., 2005; Zeder, 2012). Albeit
the rapid growth and the large body size are of great interest to commercial breeders,
attention for small-sized animals has been raised as well.

Dwarf animals are characterized by a short body stature (Boegheim et al., 2017).
Despite the general description of varying growth reduction, comprehensive
phenotypic heterogeneity has been shown for dwarfism. A clear example is the
extreme stature variations across dog breeds (Sutter et al., 2007; Parker et al., 2009;
Hulsegge et al., 2013). The dwarf phenotype in chickens is observed and measured by
different narratives, including but not limited to body weight, height, and shank length
(Cole, 2000; Boegheim et al., 2017). Three distinct types of dwarfism have been
described in chickens based on the physiological and genetic properties: sex-linked
dwarfism, which is well studied and caused by mutations in the growth hormone
receptor gene (GHR) (Burnside et al., 1992; Agarwal et al., 1994); autosomal
dwarfism (adw) that is associated with a nonsense mutation in the transmembrane
protein 263 gene (TMEM263) (Wu et al., 2018); and third the bantam phenotype, for
which the genetic cause is unknown. The origin of the word 'bantam’ refers to a region
in south-east Asia (Java island) and came to be known as a form of small fowl of
exquisite appearance that became prevalent in Europe.

Compared to other typical dwarfisms, bantam is unique in the way it shows the
reduction in body weight, yet no clear other malformations and no evidence of
affected viability. Bantams in the Netherlands usually have around 50-60% reduced
body weight compared to their corresponding counterparts (Figure S3.1A-B,
Supplementary file 3.1). Traditional bantam breeds or true bantams are known for
their existence without a large form counterpart. Examples of true bantams from the
Netherlands are the Dutch bantam, the Dutch booted bantam, and the Eikenburger
bantam (Esther Verhoef and Rijs, 2014). Nowadays, the bantam chicken has become
an important component of the Dutch chicken breeds, which encompasses a recent
history of human-mediated crossbreeding of the bantam phenotype. Neo-bantam
chickens are the hybrid bantam counterparts produced by this crossbreeding
procedure with the goal of miniaturizing, which is called bantamization (Bortoluzzi
et al., 2018). The creation of the neo-bantams is based on crossing the normal-sized
indigenous breeds with existing bantam breeds, followed by repeated backcrossing
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with the normal-sized indigenous breeds and selecting for the bantam phenotype. In
other words, the normal-sized Dutch breeds have been artificially crossed with
existing bantams, which resulted in neo-bantams that represent the dwarf stature, but
meanwhile keep similar breed appearances as their normal-sized counterparts (Esther
Verhoef and Rijs, 2014). The F1 offspring produced by a crossing between bantam
and normal-sized chickens are expected intermediate in size, and offspring of F2
generation contain a range of segregating phenotypes (Wandelt and Wolters, 1998).
Many neo-bantam breeds were developed in the past decades mediated mainly by
hobby breeders for different cultural reasons (Dana et al., 2011; Bortoluzzi et al.,
2018), resulting in diverse historical and genetic backgrounds. Currently, almost every
Dutch native breed has a corresponding neo-bantam counterpart (Esther VVerhoef and
Rijs, 2014).

However, our knowledge about bantam is very limited when it comes to the historical
background and genetic mechanism. Understanding the bantam phenotype and the
underlying genetic basis requires a wide variety of bantam chicken resources, as the
genome landscape is influenced by various factors. The genetic background differs in
Dutch chicken breeds (Bortoluzzi et al., 2020a), and the backcrossing performed by
breeders complicates the genetic tracing of bantam origin (Bortoluzzi et al., 2018), as
well as the selective breeding for other phenotypes besides bantam, such as plumage
color and comb morphology. The various bantams in the Dutch populations contain a
unique and documented history of crossbreeding, which enables us to disentangle the
genetic nature of the bantam phenotype. In this study, we used whole-genome
sequence data for comprehensive genomic analyses to investigate the genetic
architecture of the bantam phenotype. Understanding the genomic basis of bantam
phenotype will help to understand how the practice of bantam-orientated
crossbreeding has contributed to and reshaped the phenotypic and genetic
heterogeneity of bantam chickens. The utility of the evolutionary analytical
approaches in this study provides a phylogenetic perspective of how the genetic
variations were subjected to the convergent or divergent human-mediated selection.

Given the complex history and limited knowledge of the bantam phenotype, the
objectives of this research are: 1) identify the bantam associated genes in Dutch
chicken breeds; 2) investigate the characteristics of associated genes in historical
heterogeneous groups of bantam; 3) understand the molecular mechanisms underlying
the bantam phenotype.

3.2 Materials and Methods
3.2.1 Sample collection and heterogeneous bantam backgrounds

Genomic DNA was isolated from 135 samples of 37 breeds (Table S1). We collected
samples representing: 1) true bantams, which include the Dutch true bantam breeds
and true bantams of Asian origin; 2) normal-sized Dutch traditional native breeds and
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3) neo-bantam counterparts of the Dutch native breeds. We collected information
from breed associations on the specific bantam breeds that have been used to create
the neo-bantams. From the crossbreeding record, the Dutch breeds show various and
divergent bantam origins among breeds (Table S2). The potentially non-uniform and
heterogeneous genetic background in the population is suggested by the observation
that some of the neo-bantam breeds share the same ancestral bantam breeds. Based on
the neo-bantam crossbreeding record, we identify three clusters derived from the three
major bantam sources reported, which are the Dutch bantam (cluster 1), Sebright and
Java bantam (cluster 2), and other miscellaneous bantams including South East Asian
and productive breeds (cluster 3). In the three cluster-based genome-wide association
studies, we correspondingly analyzed the pairs of neo-bantam breeds and normal-
sized native counterparts.

3.2.2 Whole-genome sequencing and variant calling

Samples collected were sequenced on the Illumina HiSeq 3,000 platform, including
samples described in previous studies by Bortoluzzi et al. (Bortoluzzi et al., 2020a,
2020b), in total, we achieved 135 samples of 37 breeds. The number of animals for
each breed varies from 1 to 9. Whole genome sequence data was processed by using
an in-house analysis pipeline. In short, raw reads were first trimmed by Sickle (Joshi
and Fass, 2011) using paired-end mode. The cleaned reads were mapped to the latest
Red Jungle fowl reference genome assembly, build GRCg6a (GenBank Accession:
GCA _000002315.5) by using default options in BWA-MEM (version 0.7.17) (Li and
Durbin, 2009). With the markdup option in sambamba v0.6.3 (Tarasov et al., 2015),
duplicated reads were removed. Mapping quality and coverage of the aligned samples
were assessed with Qualimap v2.2 (Okonechnikov et al., 2016). Variant calling for
SNPs and InDels was performed using Freebayes (Garrison and Marth, 2012) with
the following criteria: minimum base quality 10; minimum mapping quality 20; and
alternative calls need to have alternate fraction > 0.2 and min-alternate-count > 2.

3.2.3 Quality control

Variant quality control was performed using information from the depth of coverage,
call rate, and minor allele frequency. We used VCFtools (Danecek et al., 2011) to
include variants with a quality score over 10, call-rate more than 0.8, a mean depth
between 3 and 100, and genotypes with a depth between 3 to 100. When more than
one alternative allele is present at one genomic position, in order to track all possible
alternatives, multi-allelic loci were split into few bi-allelic sites by using BCFtools (Li
et al., 2009) and PLINK (V1.9) (Chang et al., 2015). We assigned different names for
the alleles to avoid ambiguities, which ensures the use of complete information for
every locus. Rare variants were then filtered out by using a threshold of minor allele
frequency < 0.05.

3.2.4 Population structure analyses
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The population structure of Dutch chickens was estimated by the principal component
analysis (PCA) and Neighbor-Joining (NJ) tree. We calculated the principal
components using PLINK (V1.9) (Chang et al., 2015) with all genomic autosomal
variants and visualized the first two principal components using ggplot2 (v3.1.0)
(Wickham, 2016). The 1-ibs distance matrix was computed in PLINK and then
converted to a NJ-tree using the R package "ape" (Paradis and Schliep, 2019). The
phylogenetic  tree  was  visualized by using FigTree v1.4.4
(http://tree.bio.ed.ac.uk/software/figtree/). Additionally, in order to estimate the
relative genetic relationships within the grouped population, the phylogenetic tree
analyses were conducted in a similar fashion within each cluster using only neo-
bantams of each cluster and the bantam sources.

3.2.5 Association study

Genome-wide association studies (GWAS) were performed based on a clustering
strategy. In this cluster strategy, we identified three clusters based on heterogeneous
bantam backgrounds (Table S2), and each cluster contains matching pairs of normal-
sized breeds and corresponding bantam counterparts as the individual case and control
phenotype. The number of individuals is 34 in cluster 1 (15 cases and 19 controls), 66
in cluster 2 (25 cases and 41 controls), and 35 in cluster 3 (12 cases and 23 controls).
In each cluster, we employed the complete set of SNPs and InDels, and fitted a
univariate linear mixed model including a relatedness matrix as the random effect by
using the program GEMMA (Zhou and Stephens, 2012). The identity-by-state (IBS)
relatedness matrix was computed by using the subset of SNPs corresponding to the
chicken 60K SNP array, which is a good representation of Dutch chicken diversity
(Bortoluzzi et al. 2018) and is computationally less demanding. The relatedness
matrix was computed using (--distance square ibs) in PLINK (V1.9) (Chang et al.,
2015). The significant level P-values were derived from the Wald-test. The
corresponding significance threshold followed the suggestive threshold of P-value
<=5x10"8. A genomic control inflation factor lambda was calculated in each study to
evaluate the confounding due to population stratification. The GWAS results were
visualized using the R package qg-man (Turner, 2018).

3.2.6 Structural variation analysis

In order to investigate whether structural variation (SV) affects the bantam phenotype,
the association analyses with SVs were performed as described in the GWAS
analyses. Considering the peak signals of the three clusters, we detected structural
variation (SV) on chromosomes 1 and 4 by using Smoove
(https://github.com/brentp/smoove). Smoove combines various SV tools and removes
spurious alignment reads to reduce the noise. Smoove first extracts discordant and
split-reads from the alignment BAM file per individual. Subsequently, Lumpy (Layer
et al., 2014) is used to call SVs, and genotyping of SVs is performed using SVtyper
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(Chiang et al., 2015) after merging all SVs to generate a consensus output across
samples. Mosdepth (Pedersen and Quinlan, 2018) was used to further filter SV calls,
to discard reads from regions where the sequencing depth of split or discordant reads
was extreme (>1,000), to remove regions that contribute to spurious calls. Duphold
(Pedersen and Quinlan, 2019) was used to annotate depth changes within and on the
breakpoints of SVs.

3.2.7 Meta-analysis

A meta-analysis was conducted to combine the evidence from independent GWAS
analyses of the three clusters by using a fixed-effects inverse-variance weighting
approach. Because the three cluster-based analyses were conducted in a uniform way,
we used the classical estimate approach in METAL (Willer et al., 2010), in which
each study provides the effect size of variants (beta), and the standard error was used
to weight the study according to the inverse of squared standard error. In addition, we
applied a genomic control correction for the P-value. The between-study
heterogeneity was tested and addressed using ANALYZE HETEROGENEITY in
METAL, which additionally evaluates the (in-) consistency of the effect among
studies. Additionally, to minimize the effect of population structure for comparison,
we tested the overall association without using the clustering strategy. We performed
the fifth association analysis directly pooling all 135 individuals together. The
analysis of “pooled” GWAS was conducted in the same fashion as described in
cluster-based GWAS. Finally, although the bantam is not considered as a sex-linked
phenotype according to its mode of inheritance, a sex-linked analysis was performed
in order to examine and confirm this. We first inferred the gender of individuals using
sequence coverage on the Z and W chromosome. The ratio of sequence coverage
(W/Z) was used to discriminate between ZZ (male) or ZW (female) individuals. The
sex-linked association analysis was performed in three clusters respectively and the
results were synthesized in the meta-analysis. The gene associated with sex-linked
dwarfism (GHR) and the flanking region was investigated in more detail.

3.2.8 Annotation of the variants

The significant GWAS variants were further annotated for protein-coding genes or
known non-coding elements. In order to have eligible associations and reasonable
control for the false-positive, the significantly associated variants were selected using
the conventional threshold of P <=5x10. This roughly corresponds to a Bonferroni
correction for 1 million common variants to maintain a 5% genome-wide false
positive rate (Panagiotou et al., 2012). We used Ensembl gene sets (version 95) for
annotation including both coding and non-coding genes. We firstly annotated the
variants based on their chromosomal position and distance to known genes. We
reported significantly associated variants located within a gene range and the 1 Kb up-
and down-stream regions to consider the promoter region. Secondly, we used Variant
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Effect Predictor (McLaren et al., 2016) to further estimate the potential effect of
variants (--biotype --buffer_size 5000 --check_existing --distance 5000 --sift b --
species gallus_gallus --symbol ). We investigated and annotated the variants with
existing SNPs, the affected gene, and the effect of the variant on the transcripts. To
compare the results of the three association studies and one meta-analysis, we
visualized the shared and unique genes or variants among the four analyses using a
Venn diagram (Heberle et al., 2015). Genes were listed when there is at least one
variant annotated within the region. Functional annotation was performed using
PANTHER v.11 (Mi et al., 2019) based on the chicken to human one-to-one
orthologues. The Gene Ontology (GO) enrichment analysis was then conducted using
package clusterProfiler (Yu et al., 2012).

3.2.9 Genetic differentiation (Fst) and haplotype sharing (IBD)

Haplotypes were phased for all individuals per chromosome using Beagle (version
5.0) (Browning and Browning, 2007) with a sliding window size of 0.02 ¢cM and 0.01
cM overlap between adjacent windows. The analysis consisted of 12 iterations and
the chromosomal genetic distances are based on (Elferink et al., 2010). Identity-by-
descent (IBD) segments were detected by Refined-ibd (Browning and Browning,
2013). Note that our goal was not to detect segments that are derived from a single
co-ancestor, but segments that come from the same population. Therefore, in order to
detect these segments, we set relatively flexible criteria as follows: window=0.06 cM,
length=0.03cM, trim=0.001 cM, finally LOD=3.

To infer the relative fraction of haplotype shared with the traditional bantam versus
the normal-sized counterpart, we studied the relative IBD (rIBD) frequency in each
cluster. We followed the rIBD calculation specified in Bosse et al. (2014). In short,
the count of IBD segments (cIBD) that is shared between the traditional bantam and
neo-bantam was computed in windows of 10 Kb and normalized for the total possible
pair-wise comparison (tIBD). The normalized IBD (nIBD) was then compared with
the nIBD computed between normal-sized counterpart and neo-bantam. The relative
value of nIBD sharing was defined as rIBD.

Count of IBD segments that were shared between the traditional bantam and neo-
bantam: cIBDgantam_Neo-bantam

Total possible pair-wise comparison between the traditional bantam and neo-bantam:

tiB DBantamfNeo-bantam
Normalized IBD between neo-bantam and traditional bantam:
nl BDBantam_Neo-bantam=C| BDBantam_Neo—hantam/ tIB DBantam_Neo-bantam

Normalized IBD between normal-sized counterpart and neo-bantam was computed
respectively: nIBDcounterpart_Neo-bantam=Cl BDcounterpart_Neo-bantam/t1BDcounterpart_Neo-bantam
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The relative value of nIBD sharing: rIBD=nIBDgantam_Neo-bantam—N1BDcounterpart_Neo-bantam

If rIBD>0, the neo-bantam haplotypes within the region are considered more similar
to the traditional bantam breeds compared to their normal-sized counterparts, and vice
versa.

To measure the genetic differences between clusters, we estimated the fixation index
(Fst) between the neo-bantam with either their inferred bantam source or with the
normal-sized counterpart from the same cluster. The Fst was calculated in windows
of 10 Kb using Vcftools with the method from Weir and Cockerham (Weir and
Cockerham, 1984). We performed a similar comparison as for rIBD, the Fst between
neo-bantam and traditional bantam was compared against the Fst between neo-bantam
and normal-sized counterpart. The same approach was applied to the three bantam
clusters separately.

3.2.10 Haplotype analysis: "PhyloGWAS" for topology comparison between
groups

To identify genetic regions that might have been selected from a common source, we
borrowed the concept of "PhyloGWAS" (Pease et al., 2016) that correlates phenotypes
with a subset of standing genetic variation regardless of overall relatedness. The
"PhyloGWAS" approach was originally designed to detect the sorting of common
ancestral variation among populations that are subject to common environmental
conditions or similar selection pressures (e.g., parallel evolution). We applied a
similar comparative strategy studying the different pairs of bantam and normal-sized
Dutch traditional breeds. In other words, the bantam variants selected from the
common ancestry might group populations according to shared body size variation,
despite the differences among breed pairs. To be more specific, such variants may be
divergently fixed among the neo-bantam and normal-sized pairs, resulting in the
expected topology that groups (neo-) bantams together according to the phenotype
rather than following the overall relatedness.

We constructed the genetic relatedness using regional information of candidate
regions, both variant and haplotype based. For the significant variants identified in the
meta-GWAS, the genetic distance and phylogenetic tree were reconstructed similarly
as described above including flanking regions. As for haplotype-based analyses,
sequences were extracted around the lead variants including 1kb phased extending
regions. As a next step, we computed 1-ibs distance matrix and constructed the
phylogenetic tree using the two phased haplotypes of every individual. In order to
compare the haplotype blocks of each cluster and the linkage disequilibrium (LD)
around the HMGA2 gene, we computed the r? between the markers of this region
against the highest associated variant.
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3.3 Results
3.3.1 Population structure of Dutch chickens

The Dutch chicken breeds show a diverse and admixed population structure. To
perform a genomic analysis for the Dutch chicken population, whole-genome
sequence data of 135 individuals representing 37 breeds was generated. After filtering,
13.5 million autosomal bi-allelic variants (including 11.6 million SNPs and 1.8
million InDels) were processed and used in the analyses to investigate the population
structure. We classified the three clusters according to the bantam sources, which are
the Dutch bantam in cluster 1, Sebright and Java bantam in cluster 2, and other
miscellaneous bantams such as productive breeds in cluster 3. A clear structure of the
population (Figure 3.1A) is shown by the Principal Component Analysis (PCA) and
supported by the population tree (Figure 3.1B). Overall, neo-bantam breeds show the
distribution of closely clustering with the corresponding normal-sized counterparts
instead of a phenotype-specific substructure, showing the higher genetic similarity
between normal-sized and neo-bantam counterparts than among true bantams.
Individuals from the same defined clusters (Table S2) of bantam origin are generally
clustered closely, especially for cluster 3. Some breeds in cluster 1 show considerable
overlap with cluster 2, suggesting the overall normal-sized breed relationship,
whereas cluster 3 disperses from most of the population in the first component.
Particularly, the within cluster relationships of neo-bantams and true bantams are
supported by additional population tree analyses (Figure S3.1C-E). For the second
component, the true bantams, namely Dutch bantam (cluster 1), Sebright bantam, and
Eikenburger bantam (cluster 2) separate from the majority of the traditional native
breeds, which indicates definite divergence among breeds. Note that the clustering is
based on the origin of bantam, not necessary on the relatedness of large fowls.

3.3.2 Cluster-based GWAS results show different signals

Because of the presupposed heterogeneous background of bantams, we performed
genome-wide association studies on the bantam phenotype using autosomal genomic
variants in the three bantam clusters independently. Independent GWAS for each
cluster was performed accounting for the population structure. The lambda values of
all GWAS were close to one (1.063 to 1.132), suggesting the population stratification
was controlled. For the association studies with structural variants, we only found one
putative bantam associated structural variant in cluster 2, whose effect however needs
to be further studied (Figure S3.2). The analyses of the sex chromosomes confirmed
that the bantam phenotype is not caused by a variant on sex chromosomes (Figure
S3.3C-D). We did not find any association signal around the causative gene (GHR)
for the sex-linked dwarfism, which supports the inheritance mode of the bantam
phenotype. The three GWAS results show autosomal variants statistically associated
with bantam phenotypes, however, notably different signals are found among
clusters(Figure 3.2A-C). For cluster 1, we found a total of 133 variants surpassing the
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threshold (5x10%), 78 of which are annotated with 32 known protein-coding genes or
non-coding elements. In cluster 2, in total 28 variants and 11 genes are significantly
reported. With respect to cluster 3, 116 variants and 47 genes were denoted as
significant. For the association, we found three major consistent signals in cluster 1
and cluster 2. First, we report an interesting association on chromosome 1, located in
the High Mobility Group AT-hook 2 gene (HMGAZ2). In this candidate gene, cluster-
specific signals reach the significance of P=1.1 x10%6 (in cluster 1) and P= 1.1x10®
(in cluster 2). The significant variants are in the upstream and intronic regions of the
gene. Other overlapping signals found in clusters 1 and 2 are signals in the PR/SET
domain 16 gene (PRDM16) on chromosome 21, as well as a signal proximal 170 to171
Mb on chromosome 1. However, the variants within these peaks show definite
heterogeneity among the three clusters.
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Figure 3.1 Population structure of Dutch chickens. (A) Principal Component Analysis, the
breeds of chicken are displayed in different colors and shapes showing the three identified
clusters. (B) The unrooted Neighbor-Joining tree of Dutch chicken presents 135 individuals,
the bantam individuals have clades and nodes colored according to the phenotype and the
clusters: bantams in defined clusters (cluster 1 in red, cluster 2 in yellow, and cluster 3 in blue),
while the normal-sized breeds are colored black. The abbreviation of the breed name is used
according to Table S3.1.
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When explicitly looking at each cluster, several unique associated genes are reported
(Table S3.3). For instance, in cluster 2 we observed an associated SNP
(NC_006089.5:9.16,453,888C>T) passes the Bonferroni significance threshold
(P<3.97x10°) that is located in the intergenic region between the myosin IHA
(MYO3A) and G protein-coupled receptor 158 (GPR158) genes. We also identified a
cluster 3 specific intronic mutation (NC_006089.5:9.1,255,851T>C) in the Growth
Hormone Releasing Hormone Receptor gene (GHRHR). Another example within
cluster 3 is the highest associated SNP (rs13643124) on chromosome 4, located in the
third intron of ENSGALG00000047072, which is orthologous to Bromodomain and
WD repeat domain containing 3 (BRWD3). Neither this leading SNP nor the BRWD3
gene was found as a candidate in the analyses of cluster 1 and cluster 2, suggesting
distinct genetic determinants.

3.3.3 Meta-analysis and comparison of associated variants and genes across
studies

A meta-analysis was performed across the three clusters with the aim to detect shared
loci and potentially new ones (Figure 3.2D). We used the meta-analysis to combine
the results of the three cluster-based GWA studies and were able to detect shared
bantam associated regions among different backgrounds. In total, the meta-analysis
resulted in 627 variants overlapping with 129 genes that surpassing the significant
threshold (P<= 5x10%), of which 15.9% have not been described by the Ensembl
variation set (version 95). In total 145 variants and 47 genes are shared by at least two
of the four studies (three cluster-based GWAS and the meta-analysis). In the meta-
analysis, the most significant association (NC_006088.5:9.34,326,548G>C) is located
within the first intron of HMGA2 (P=5.1x10-%), accompanyied by other 52 variants
enriched in this gene, suggesting the important role of HMGA2 (Table S5). The
direction of the allelic effect in the three studies is consistently positive, with the
alternative allele (C) statistically associated with the bantam phenotype. The lead
variant shows disparate frequency of the associated allele of 93.3%: 0% in bantam
against normal-sized in cluster 1, and in cluster 2 the frequency is 60.9%: 3.7%;
whereas the frequency in cluster 3 is 27.8%: 0%. Particularly, no variant located in
HMGAZ2 is significantly associated with the bantam phenotype in cluster 3 (Figure
S3.3B). The meta-analysis also showed that an abundant number of associated
variants (29 variants) were enriched for PRDM16. Interestingly, HMGA2 and
PRDM16 are the only two genes commonly associated in cluster 1, cluster 2, and the
meta-analysis (Figure 3.2E). As for common variants between analyses, three
significantly associated SNPs (rs313721485, rs313723493, rs1058489589) are in the
upstream and intronic region of HMGAZ2, while another SNP (rs735861847) is located
in the first intron of PRDM16 (Figure 3.2F). Although the aforementioned QTL
(around 170-171Mb on chromosome 1) has no specific SNP shared between the
clusters, the region stands out in the meta-analysis too. The meta-analysis revealed a
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candidate peaks around 171.30 Mb (P=2.1x10""). The reported QTL covers several
functional genes, for example, coding for WD Repeat and FYVE Domain Containing
2 (WDFY2), serpin family E member 3 (SERPINE3), integrator complex subunit 6
(INTS6), tripartite motif containing 13 (TRIM13), and non-coding elements, e.g.,
ENSGALG00000053256 and ENSGALG00000052822. By comparison, cluster 1
shows a significant association at 171.30-171.58 Mb, whilst cluster 2 and cluster 3
have candidates around 170.70 Mb and 170.91 Mb, respectively. The subtler
differences in the interval between three association studies resulted in a proximal
associated region in meta-analysis. The heterogeneity test in the meta-analysis
confirmed that 48.1% of the significant variants were heterogeneous. Typically, many
variants reach significance in one analysis, while in other analyses they are either not
associated or inconclusive. From the Venn diagram (Figure 3.2E-F) cluster 3 does not
share any significant gene or variant with the other two clusters, implying
heterogeneous genetic backgrounds between the three bantam clusters. In addition,
the meta-analysis also identified many unique variants and genes, showing the
potential of discovering new genetic loci that might not reach significance in the single
cluster GWAS. For example, four missense mutations were identified in the meta-
analysis, of which one (NC_006088.5:g. 34,324,401C>A) is expected to alter the 2"
amino acid residue from Serine to Arginine in the aforementioned candidate gene
HMGA2.

Furthermore, we compared the results of the meta-analysis and a “pooled” GWAS
without using the clustering strategy (Figure S3.3A); the latter is directly pooling all
cases and controls in one analysis. With the same sample size, the meta-analysis
shows higher significance levels than the “pooled” GWAS without the clustering
strategy. Moreover, although the major associations were also revealed by the
“pooled” GWAS as in the meta-analysis, the majority of the signals failed to be
detected using this approach. This suggests that the variants are likely only associated
with a subset of the population, and the tests may lose power by simply pooling
animals together. These results demonstrate the power of meta-analysis in detecting
the potential association between analyses.

With respect to the functional annotation of significant genes across studies (170
genes), we identified GO terms related to development, though the enrichment
analysis was not significant (Figure S3.4, Table S6), some of the GO terms are of
explicit interest: bone morphogenesis, regulation of skeletal muscle tissue
development, bone development, and negative regulation of cellular response to
growth factor stimulus.
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Figure 3.2 Manhattan plots show the GWAS results of (A-C) the three cluster-based association
and (D) the meta-analysis. The -log10 P value on the y-axis is plotted by autosomal variants on
the x-axis. The blue horizontal line indicates the suggestive cut-off threshold (P=5x108). The
variants are annotated with gene symbols, or long non-coding RNAs (LncRNAs). Detailed gene
information can be found in Table S3.4. The Venn diagrams display the comparison between
clusters 1 to 3 and the meta-analysis, representing (E) associated genes and (F) significant
variants among four association results.
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3.3.4 Exploring HMGA2 associated region: Fst and rIBD analyses

To further investigate the bantamization history and the introgression pattern of neo-
bantam breeds, we explored the haplotype sharing and genetic differences on
chromosome 1 using Fst and relative IBD sharing (rIBD). We computed the Fst and
shared IBD segments between neo-bantam and their normal-sized counterpart, as well
as that between neo-bantam and the corresponding bantam source. Overall, we
observed a generally lower mean Fst (0.03-0.07) between the neo-bantams and their
normal-sized counterparts than between the neo-bantams and the bantam sources
(0.04-0.22). Similarly, we found more extensive and longer shared IBD segments
between neo-bantams and normal-sized counterparts than between neo-bantams and
bantam sources (Figure S3.5), in line with the expected close genetic relatedness
between the native breeds and neo-bantams. However, when zooming in into the
bantam-associated interval containing HMGA2 on chromosome 1, positive rIBD
signals were found in clusters 1 and 2, which suggests that the neo-bantams share
more similar haplotypes with bantam sources in this interval than with normal-sized
counterparts (Figure 3.3). The regional introgression from the bantam sources to neo-
bantams is also supported by a lower regional Fst estimation. As a contrast, the
regional negative rIBD and higher Fst displayed in cluster 3 are in accordance with
the absence of an association signal. Another example is the regional pattern of Fst
and rIBD in the cluster 3 specific interval on chromosome 4 (Figure S3.6). Our results
confirm the introgression of these regions in which the neo-bantams are more similar
to their bantam sources, suggesting a regional strong introgression from the bantam
source rather than from the normal-sized counterpart.

3.3.5 Constructing haplotype ""PhyloGWAS"" across breeds

Finally, to investigate bantam introgressed haplotypes that might have been selected
from segregating ancestral variation, we estimated the genetic relationship among
clusters using both information from overall significant loci, and haplotype blocks
within intervals. Specifically, the PCA and phylogenetic tree were used to test if the
topologies of genetic variants came from confounding effects. Firstly, we analyzed
this using all the significant variants (n=755) across the genome. A clear separation
between bantams and normal-sized individuals is observed in both the PCA and the
phylogenetic tree (Figure 3.4). Interestingly, the associated variants not only separated
the case and control individuals but also distinguished the bantams of cluster 1 from
the rest of the bantams. More variations were found within the (neo-) bantams than in
the normal-sized breeds, supported by the longer branch lengths in the phylogenetic
tree and the disperse distribution of bantam breeds in the PCA. Moreover, the
topology of all the bantam breeds from cluster 1 demonstrates a stronger genetic
relatedness than the other two clusters. These results show that although we observed
limited overlap in associated genetic variants between three clusters, there is still a
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clear overall similar selection for the bantam phenotype in the neo-bantam breeds.
Secondly, we narrowed down to the haplotypes of specific lead variants. The
associated haplotype in each cluster confirmed that the three clusters have clearly
different association patterns as well as haplotype blocks (Figure S3.7A-C). In
particular, the haplotypes in cluster 1 and cluster 2 both showed association patterns
in the HMGAZ2 related region whereas the haplotypes of cluster 3 showed no
association in the corresponding region. Moreover, the regional phylogenies illustrate
the presence of multiple haplotypes in clusters. For example, the haplotype around the
lead SNP (NC_006088.5:9.34,326,548G>C) comprised in HMGA2 (Figure S3.8A)
displays a general cluster of haplotypes stemming from bantams from cluster 1, with
a few other bantam breeds from cluster 2 and even fewer from cluster 3. As this SNP
is located in a clear introgressed region, the surrounding haplotype is almost
completely associated with the bantam phenotype in cluster 1, while the level of
association gradually declines in clusters 2 and 3. The phylogenetic topology in cluster
1 demonstrated that the bantams were grouped in close clades, but we also observed
the haplotypes of few bantam individuals (e.g., Dutch Bantam) were grouped next to
this lineage showing the haplotype diversity. This implies that even when studying a
small haplotype block (2 Kb), the strongly associated SNP in different clusters may
be present on multiple haplotypes. The haplotype diversity can be further evidenced
by the illustration of LD measured in the three clusters. In agreement with the
haplotype patterns, the haplotype blocks in cluster 2 show lower LD but are relatively
longer in size when compared with the haplotype blocks of cluster 1 (Figure S3.7D).
The approximate intervals with high LD (r? >0.9) in cluster 1 and 2 are between 34.32-
34.33 Mb and 34.32-34.36 Mb respectively.

This selection on multiple bantam haplotypes across clusters and breeds, considered
together with the phenotype related separation shown by overall associated variants,
could potentially be explained by the convergent selection on the ancestral variations.
The comprehensive allelic heterogeneity is confirmed by similar distinct patterns of
other associated variants (Figure S3.8).
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Figure 3.3 Distribution of the rIBD and Fst of the three clusters (A-C) around the HMGAZ2
corresponding interval (34-35 Mb). The x-axis displays the chromosomal coordinates, while
the y-axis shows the value of rIBD and Fst. In each cluster, the upper panel shows the estimation
of rIBD. The positive value of rIBD suggests more similarity between neo-bantam and bantam
source than between neo-bantam and normal-sized counterpart; the negative rIBD value, on the
contrary, shows the high haplotype sharing between neo-bantam and normal-sized counterpart.
The lower panel displays the Fst estimation, the blue solid line represents the Fst between neo-
bantam and bantam source, while the orange dashed line displays Fst between neo-bantam and
normal-sized counterpart.
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Figure 3.4 PCA and Neighbor-Joining tree of Dutch chickens using all the significant markers.
(A) The phenotype of individuals is displayed by colors, and clusters of individuals are shown
in different shapes. (B) All individuals are displayed by clades and nodes with different colors
(cluster 1 in red, cluster 2 in yellow, and cluster 3 in blue), the normal-sized breeds are colored
black. The bantam individuals are highlighted with background colors by the three clusters.
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3.4 Discussion
3.4.1 Bantam breeding information enables untangling the complexity of the
bantam phenotype

The human-mediated bantamization reshaped the genetic characteristics of neo-
bantam chickens through crossbreeding. Here, we focus especially on the historical
bantam breeding in the Dutch indigenous breeds. Bantam breeding in the Netherlands
has been performed by hobby breeders adhering to breed standards. Despite the
absence of an exhaustive crossbreeding scheme, the complexity of the bantam
phenotype was revealed by our investigation showing that different (sub-)types of
bantam breeds were utilized.

Body size, known as a highly polygenic trait in animals, has distinct forms of the
phenotype presented in different breeds. The success of using genome-wide
association studies to identify genetic variants in complex traits and diseases has been
remarkable (Hardy and Singleton, 2009; Schaid et al., 2018). An appropriate GWAS
population is based upon the matching of cases and controls and avoids the cryptic
relatedness that might lead to population stratification (Tam et al., 2019). Here, we
utilized the unique model of Dutch traditional chicken breeds involving matching
counterparts of the normal-sized native breed and neo-bantam breed. Previous studies
on dwarfism have focused on specific genetic variants in the genome (Burnside et al.,
1992; Agarwal et al., 1994; Boegheim et al., 2017; Wu et al., 2018), whereas diverse
backgrounds and heterogeneous phenotypes in different breeds have received little
attention. Additionally, the formation of neo-bantam breeds requires us to account for
the historical records of bantam crossbreeding and to study the bantam phenotype
within specific clusters.

In this study, we integrated within cluster association studies and a meta-analysis
across the populations to study the unknown genetics underlying the bantam
phenotype. Such an approach has successfully identified genetic loci in previous
studies, such as human height (Weedon et al., 2008), bovine stature (Bouwman et al.,
2018), and canine hypothyroidism (Bianchi et al., 2015). The clustering in our study
is explicitly based on the source of bantam used and shared during crossbreeding, and
not necessarily on the genetic relatedness of the normal-sized breeds, which is
nevertheless largely consistent with previous studies (Elferink et al., 2012; Bortoluzzi
et al., 2018). We focused on the bantam genetic variants shared across various breeds
with similar historical bantamization background and used the matching pairs of cases
and controls (the normal-sized and its neo-bantam breed), which are breeds with the
same appearance but only differ in size. This allowed us to use a relatively small
population to detect eligible bantam associated genes. We also obtained many more
significant signals in the meta-analysis at detecting bantam associated variants,
outcompeting pooling the breeds while treating bantams as one single population.
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With breed pooling, cryptic population structure in the genetic background was
introduced to the study, therefore variants that should show association in a subset of
the population failed to be discovered.

3.4.2 Heterogeneity of bantam and its sources

Our study provides insight into the heterogeneity of genotype-phenotype associations
across diverse bantam ancestral clusters. Genetic heterogeneity was observed for the
lack of sharing significant variants in the four major association analyses (three
cluster-based GWAS and the meta-analysis), especially for cluster 3. The haplotype
blocks surrounding HMGA2 reported in cluster 1 and cluster 2 are significantly
associated with bantam phenotype, but this association is not observed in cluster 3.
Based on the size of LD blocks observed in clusters 1 and 2 we anticipate that multiple
haplotypes are associated comprising the causal variant. Furthermore, the definite
heterogeneous genetic architecture was illustrated in both the variant heterogeneity
test and regional phylogeny structure, showing the complexity of the bantam trait is
comprised of distinct subtypes.

There are three basic sources that can introduce heterogeneity in our study. First,
heterogeneity can be caused by a non-standard phenotypic definition. In the case of
complex traits, phenotypic determination sometimes is difficult to standardize and
define, almost inevitably resulting in phenotypic heterogeneity. Previous studies
suggest that dwarfism in chicken is a phenotype involving many forms of variation
(Agarwal et al., 1994; Andersson and Georges, 2004; Boegheim et al., 2017; Wu et
al., 2018). In agreement with this, we observed differences in the reduction of standard
bodyweight across breeds (Figure S3.1A-B). Second, the heterogeneity may result
from different ancestral origins (Evangelou and loannidis, 2013). In our study, we
utilized the bantam historical record as a key basis for the association study. The
cryptic ancestral groups are interpreted from the crossbreeding histories and
confirmed by the definite differences in association patterns between the three
clusters. This is further supported by the introgression signals showing rIBD and Fst
fractions across the three clusters are different. Lastly, we observed heterogeneity in
the allele effect across different analyses. We performed a heterogeneity test in the
meta-analysis to estimate the variance effect between studies (Table S3.4). As
described above, we confirmed that multiple variants are associated with only a subset
of the population, and the effect of alleles can be found different across clusters.
Furthermore, the haplotype analysis demonstrates that one specific haplotype could
not completely explain the phenotypic differences among clusters. Within one cluster,
even within one breed, the variation in haplotypes cannot present a complete
phenotype-specific topology, which is evidence of genetic heterogeneity and
haplotype diversity. The haplotype diversity is additionally evidenced by the LD
between markers within the associated region (Figure S3.7D). In cluster 1 and 2, the
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relatively short size of haplotype blocks and the degree of LD observed in the nearby
sites suggested that the genetic variants surrounding the lead variant are not
completely fixed in the bantam breeds. This implies the presence of more than one
haplotype where the most significant SNPs are located on. The genomic analyses in
this study show the fact that the Dutch chicken breeds contain diverse and complex
bantam resources. In future studies, in order to control the unknown phenotypic and
genetic heterogeneity, a standard phenotypic definition and measurement are
desirable, especially for meta-analyses (Evangelou and loannidis, 2013).

3.4.3 Overview of candidate genes found in GWAS

Bantam associated genes were investigated for function in the growth of animals. Our
results show that bantam is a typical polygenic trait, thus the integrative approach we
implemented provides a unique opportunity to study it. The overlap between the meta-
analysis and cluster-based GWAS demonstrates two genes in particular: HMGAZ2 and
PRDM16. Both of these genes have been reported to correlate with the growth of
myoblasts (Li et al., 2012)(Seale et al., 2008). Variants (i.e., deletion, missense, and
UTR variants) in HMGA2 have been reported to be associated with reduced growth
and stature in several other species, including human, mouse, rabbit, and cattle (Zhou
et al., 1995; Weedon et al., 2007; Rimbault et al., 2013; Carneiro et al., 2017
Bouwman et al., 2018). HMGAZ2 controls the proliferation of myoblasts and muscle
development by regulating the expression of IGF2-binding protein 2 (IGF2BP2),
which subsequently regulates multiple genes important for cell growth (Li et al.,
2012). A variant in HMGAZ2 was previously reported to be correlated with body weight
in chicken (Song et al., 2011), but our study is the first to report the association
between HMGAZ2 and chicken dwarfism. In our study, most of the variants in HMGA2
are intronic and upstream variants and not directly affecting the protein coding
sequence. The significant variants are in a region that spans from the upstream till the
first intron of HMGAZ2, containing signals of introgression and selection from the
bantam origin to the neo-bantam, particularly in cluster 1. Similarly, variations
detected in PRDM16 were reported to be associated with growth and fatness traits in
chicken and other species (Seale et al., 2008; Wang et al., 2010; Han et al., 2012). It
is known that variation in PRDM16 controls the cell fate switch between skeletal
myoblasts and brown fat cells (Seale et al., 2008). Apart from that, the candidate
region around 170-171Mb on chromosome 1 stretches across a widely reported
proximal 1.5 Mb QTL (170.52 -172.04 Mb (Xie et al., 2012) ). The QTL region
influences growth and body weight, and contains IncRNAs and microRNAs (e.g., gga-
mir-16-1) that are reported to regulate the expression of growth related genes
(Wahlberg et al., 2009; Xie et al., 2012; Sheng et al., 2013). In this candidate region,
clusters show slightly different refined intervals for the association, and candidate
SNPs in each cluster do not overlap. In addition, the predicted consequences of the
variants in this QTL are mostly intronic, upstream and downstream variations, which
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makes it difficult to directly conclude the consequence on the expression of genes.
Our study showed the importance of this QTL in regulating body growth in bantam
chickens, the biological function and the genetic heterogeneity around this QLT
should be confirmed and investigated in future studies. We found cluster 3 to
extensively exhibit a heterogeneous association pattern compared to the analyses of
clusters 1 and 2. Specially, a unique signal on chromosome 4 peaks within the gene
ENSGALG00000047072, a fruit fly BRWD3 homologue. In humans, this gene
correlates with intellectual disability and macrocephaly and may alter developmental
signaling (Field et al., 2007; Chen et al., 2015).

3.4.4 Overall convergent selection and regional introgression

By comparison, the “PhyloGWAS” and haplotype analyses show clear haplotype
diversity across the three clusters, yet a potential convergent selection on the overall
associated variants. For example, according to the presumed history of cluster 1,
Dutch Bantam was repeatedly used as the (in-) direct source of bantam donor, which
can be supported by a relatively consensus haplotype around the lead variant shared
between the bantams within this cluster (Figure S3.8A-B). In Dutch traditional
chickens, it is likely that selection for the bantam phenotype was performed in
multiple clusters containing different underlying haplotypes with bantam alleles. As
a result, the multiple haplotypes in different clusters and breeds can undergo a
convergent selection for the bantam phenotype in the Dutch populations.

Generally, due to the intense crossbreeding and selection for a similar appearance as
their normal-sized counterparts, the neo-bantams are genetically closely related to
their normal-sized counterparts. Therefore, different from the majority of the genome,
the regional high rIBD and low Fst signals in neo-bantams when compared to the
bantam source indicate that these bantam-related genomic regions undergo a stronger
introgression from the bantam source rather than from the normal-sized counterpart.
Moreover, this suggests that most of the genomic contribution of the true bantam
breeds is flushed out so that only haplotypes relevant for the bantam phenotype remain
in the neo-bantams.

Finally, the intronic and up-stream variants found in the candidate list remain to be
prioritized regarding their functionality. Currently, to improve the annotation of the
causative alleles and functional regulatory elements, investigations are on the way
performed by the international consortium Functional Annotation of Animal Genomes
(FAANG) (Andersson et al., 2015), which will refine the causative variants and
biological mechanisms that underlie the bantam phenotype.

Taken all together, we conclude that different bantam associated genomic regions are
observed in the three clusters of the Dutch chicken population, accompanying by
heterogeneity and diverse crossbreeding histories. Within the Dutch chicken
populations, neo-bantam breeds were derived from the normal-sized counterpart by

67



3 - Heterogeneity of bantam

using bantams as the donor for the dwarf phenotype. Therefore, making use of
matching pairs of (neo-)bantam and normal-sized breeds provided us with a powerful
proxy to understand the bantam phenotype. We used genomic analyses to show that
the bantam phenotype is a complex trait caused by multiple underlying genes, which
shows heterogeneity across the historical clusters. We report bantam associated genes
in these cluster-based studies, including HMGA2 and PRDM16, some of them are
reported to correlate with dwarfism in chicken for the first time. Among Dutch bantam
breeds, we show the selection for the bantam phenotype is likely subjected to a
convergent direction across populations. As a result of crossbreeding, neo-bantams
show regional introgression signals from the traditional bantam sources in the
associated genomic regions. Overall, the genomic analyses on Dutch bantam breeds
and the bantamization history demonstrate how human-mediated crossbreeding
diversely reshape the genome and phenotype.

3.5 Data Archiving Statement

Whole genome sequence data were deposited in the European Nucleotide Archive
(ENA). The data can be accessed through the three project numbers: (1) PRIEB34245,
described 88 traditional chickens from the Netherlands in a previous study (Bortoluzzi
et al., 2020a). (2) PRIEB39725, the data of 44 Dutch chickens has been submitted.
(3) PRIEB36674, three samples (two Seabright bantams and one Sumatra) were
described in a previously published study (Bortoluzzi et al., 2020b).
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3.8 Supplementary materials
The complete supplementary material for this article can be found online at:

https://osf.io/927kp/?view only=195fd6cdd3124652b2b63820c361e6f5
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Figure S3.1 The breed reduced body weight and the phylogenic structure of the three clusters.
The Breed standard bodyweight of Dutch chicken is collected (Supplementary file 1) and the
breed reduced body weight of each breed was summarized in three clusters. Figure (A) shows
the mean ratio of reduced body weight (shown in the y-axis) summarized according to three
clusters (displayed by the x-axis). Figure (B) shows the reduced ratio of breeds. The figures (C-
D) show the NJ-tree topology of neo-bantams of each cluster and the bantams source in the
complete dataset, namely Dutch bantam (cluster 1), Java bantam and Sebright bantam (cluster
2); true bantams in cluster 3 were not sampled in this study, therefore three representative neo-
bantams that possess diversification are used to represent the group. The color scheme is based
on the cluster, red nodes show individuals from cluster 1, yellow shows cluster2, and cluster 3
is in blue nodes.

Figure S3.2 The association studies of structural variations for three clusters on GGA1 and
GGA4 respectively (online).

Figure S3.3 Manhattan plot of GWAS results of the “pooled” analysis, HMGAZ2 analysis in
cluster 3, and sex-linked analysis (online).

Figure S3.4 The enrichment analysis of Gene Ontology (GO) terms (online).

Figure S3.5 The histogram shows the comparison of the count of IBD fragments in the three
clusters (online).
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Figure S3.6 Distribution of rIBD and Fst estimation on GGA4 the cluster 3 specific region
(online).
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Figure S3.7 The haplotype of genomic associated sites in three clusters. (A-C) The horizontal
axis represents the significant variant sites surrounding GGAZ1:34-35Mb ordered by
chromosome and position, each row represents one individual, the breed name is on the right
vertical axis and annotated by the left colored boxes. The bantam and normal-sized breeds are
separated by a black horizontal line. The highlighted SNP in the orange box on the horizontal
axis is the most significant peak variant (NC_006088.5:¢9.34326548G>C) found in the meta-
analysis. (D) Manhattan plot shows the computed linkage disequilibrium (r?) between markers
in the three clusters (cluster 1 to 3) and meta-analysis. The value of r? was calculated for each
variant against the peak SNP (NC_006088.5:9.34326548G>C). The colors of points indicate
the values of r?, ranging from 0 (blue) to 1 (red).

Figure S3.8 NJ-tree topology of haplotype and PCA structure (online page 9-10).
Table S3.1 The Dutch chicken population breeds and Clusters (online).

Table S3.2 The presumed bantam origin of each bantam breed (online).

Table S3.3 Significant genes associated with bantam phenotype (online).

Table S3.4 List of significant variants including shared ones and ones uniquely found in one
cluster (online).

Table S3.5 The significant genes in meta-analysis and the number of variants enriched in the
gene (online).

Table S3.6 Enrichment of Gene Ontology (online).
Supplementary file 3.1 Information on the bodyweight of Dutch chicken breeds (online).
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Abstract

To obtain insight in the gene expression influencing the reduced growth in bantam
chicken, a type of dwarfism. RNA-Seq data was generated and derived from chicken
embryos of contrasting sizes, which were sampled at two developmental stages: an
early (E5) and a later (E13) stage. After detecting differentially expressed genes
(DEGS) in different chicken breeds at each stage, we identified genes involved in
growth related signaling pathways (e.g., FGF, COL), biological processes like
myogenesis and osteogenesis, as well as genes reported previously as bantam
candidates (e.g., RNASEH2B). We were able to identify the DEGs associated with
bantam phenotype as early as embryonic stage E5. Overall, DEGs compared between
breeds showed limited overlap, supporting the expected heterogeneity contributing to
the bantam phenotype. The DEGs and signaling pathways identified in this study
provide new insights into the molecular basis underlying growth reduction in chickens.

Keywords: RNA-seq, differentially expressed genes, chicken, dwarfism, bantam,
embryonic development
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4.1 Introduction

Dwarfism is a growth reduction condition leading to short stature, that can be found
in many species. Bantam phenotype, characterized by the exquisite form of growth
reduction in poultry, is one of the most important genetic resources in indigenous
chickens, which has become popular and prevalent across the world. In the
Netherlands, crossbreeding to create bantam forms of the local breeds, has been used
extensively since the end of the 19" century (Esther Verhoef and Rijs, 2014). The
crossbred bantams (neo-bantams) were created by mating the local traditional breeds
with existing bantam breeds, followed by backcrossing. This resulted in counterparts
of traditional breeds that share the same features but differ in size. Typically, the
bantams in the Netherlands show approximately 50% to 60% reduction in body
weight (Wu et al., 2020). Moreover, there is a significant difference between the
bantams and normal-sized breeds with regards to the size of eggs and chicks at hatch.
Recently, we identified genes and genetic variants associated with bantam phenotype
by using genome-wide association studies (GWAS) based on whole genome sequence
data (Wu et al., 2020). We have shown that the bantams of the Netherlands can be
subdivided into subtypes characterized by heterogeneous bantam introgression
backgrounds. However, gene expression profiles and signaling pathways that
modulate embryonic development in bantams remain to be understood.

The molecular mechanisms underlying dwarfism are controlled by coordinated
development of bone and skeletal muscle during growth. Dwarfism that is heritable
can result from genetic mutations triggering protein alterations and signaling or
hormonal disruptions (Boegheim et al., 2017). One example of these signaling
pathways can be seen in the genetic basis of achondroplasia, the most common form
of dwarfism in humans (Shiang et al., 1994; Richette et al., 2008). The mutations in
the fibroblast growth factor receptor-3 gene (FGFR3) induce disturbance of
endochondral ossification (Richette et al., 2008). Another example is the genetic
mutations in the growth hormone receptor gene (GHR) resulting in the sex-linked
dwarfism in chickens (Agarwal et al., 1994; Tahara et al., 2009). As part of the GH-
GHR-IGF1 axis, the affected GHR signaling transduction can reduce skeletal muscle
growth, leading to short stature (Lin et al., 2012; Luo et al., 2016). Understanding the
gene expression associated with growth reduction in bantam embryos will expand our
knowledge about myogenesis and osteogenesis in chicken.

In this study, we performed differential gene expression analyses between different
bantams and normal-sized samples at two developmental stages using RNA-seq data.
Analyses were explicitly performed at the developmental stage E5 (early stage) and
E13 (later stage) to identify differentially expressed genes (DEGS) in growth variation.
In particular, we also compared between respective bantam counterparts, i.e., a Dutch
traditional breed exhibiting both normal-sized and bantam phenotypes, to provide
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insights into the breed specific DEGs and signaling pathways involved in bantam
phenotypic and genetic heterogeneity.

4.2 Materials and Methods
4.2.1 Sample collection and RNA-seq data

In order to understand the gene expression underlying the bantam phenotype, chicken
embryonic samples of contrasting sizes were sampled at two time points. The two
sampling time points are embryonic day 5 (E5) and day 13 (E13) of incubation,
corresponding to the Hamburger Hamilton Stage 26 and 39, respectively. We
collected tissues from the upper-body and right leg with the removal of head and
organs from the samples. Animal material was cut in pieces and transferred to
RNAlater (QIAGEN) for stabilization. Tissues from the upper-body and the right leg
were grinded in liquid nitrogen and subsequently used for RNA isolation. In total, we
generated RNA-seq data of 31 samples representing 8 breeds. We collected 15
samples for E5, and 16 samples for E13. The table of samples can be found in Table
S4.1. There are two types of bantam breeds sampled in this study each with 2 animals
per breed. First, traditional/true bantams, representing the Dutch Bantam (DB) and
the Sebright Bantam (SB), are bantam breeds for which no large counterpart exists.
The second type are the neo-bantam breeds; Frisian fowl bantam (FriFwB), Dutch
Polish Bearded bantam (DPBdB) and Schijndelaar Bantam (SchijdB), for which we
also sampled the corresponding normal-sized counterpart breeds as controls. The three
neo-bantam breeds in this study represent the three heterogeneous bantam
backgrounds identified in a prior bantam GWAS analysis (Wu et al., 2020; chapter 3).
The neo-bantam breeds in combination with their non-bantam counterparts form the
three breed pairs for DEGs identification for specific breed. Moreover, according to
the historical classification, FriFw(B) belong to country fowl, DPBd(B) are
ornamental fowls, and Schijd(B) belong to the past productive type, representing
diverse management purposes of the Dutch breeds in the dataset.

RNA-seq data was generated by paired-end 150 bp Illumina sequencing. The reads
were mapped to the chicken reference genome, GRCg6a, using STAR v2.4.0 (Dobin
et al., 2013). We used featureCounts for the quantification of transcript abundance
(Liao et al., 2014). The Ensembl gene set (version 95) was used as the genetic feature.
The expression count matrix was obtained and pre-filtered by using the DESeq2
package (Love et al., 2014). The schematic outline of the analyses in this study is
shown in Figure 4.1.
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Figure 4.1 Workflow of data processing and the analyses. From left to the right, three main
analyses were conducted to study the RNA-seq data generated by this study. Breed names in
the green and yellow boxes are in abbreviation, representing the normal size breeds and their
neo-bantam counterpart breeds (indicated by the “B” in bracket). For instance, FriFw(B)
represent the DEGs identification between Frisian Fowl and its neo-bantam counterpart Frisian
Fowl Bantam.

4.2.2 Sex determination

Because all the samples were collected at embryonic stages, the sex of the samples is
unknown and requires prior determination. In order to reduce the influence of the
dynamic gene expression level between samples and stages, we determined the sex by
comparing the number of specifically expressed genes on the sex chromosomes (Z
and W). We excluded the recombining pseudo-autosomal regions by filtering for the
Z and W paired paralogous genes with >80% identity. As a result, we excluded 21
and 28 paralogous genes from the gene set on Z and W chromosomes respectively.
The gene expression level was then pre-filtered to remove genes with unexpressed or
extremely low expression level by filtering out genes with, on average, less than one
count per individual. Then for each individual, the number of expressed genes (count >
0) on sex chromosomes were summarized. We used the number of expressed genes
on the W chromosome to discriminate between males and females, while accounting
for the number of expressed genes on the Z chromosome of the same individual:
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number of expressed genes on W /All genes on W

ti d=
ratio of gene expresse number of expressed genes on Z/All genes on Z

where a female (ZW) sample is expected to have a ratio of gene expressed (W/Z) close
to one, and a male sample (ZZ) should have a value close to 0 (due to complex
characterization of the pseudo-autosomal regions in chicken (Nam and Ellegren, 2008;
Zhou et al., 2014), this value is not expected to be equal to 0 in ZZ samples). In
addition, we used the plotPCA function in DESeq2 (Love et al., 2014) to perform a
PCA analysis decomposing the variation of gene expression level on the W
chromosome of all individuals.

4.2.3 Expression profile and effect of developmental stage and sex

In the expression profile analysis, we examined the pairwise correlation between
samples across all genes. The expression count matrix was first normalized by using
the counts per million function (cpm) in edgeR (Robinson et al., 2009), then log2
transformed. The pairwise correlation coefficient between samples was calculated
following the “spearman” method.

To examine the factors that potentially influence the expression profile, we performed
the one-way analysis of variance (ANOVA\) to detect the effect of the developmental
stage and the sex of samples. To consider the variance of each gene across samples
for similar dynamic range, gene expression data was transformed using the variance
stabilizing transformation implemented in DESeqg2. We performed a principal
component analysis (PCA) including all 31 samples from the two developmental
stages (E5 and E13) and of both genders using the plotPCA function in DESeg2. We
subsequently applied the ANOVA test to the two top principal component axes in
order to test the effect of developmental stage and the sex of samples. We used the
one-way ANOVA implemented in the R package stats (R Core Team, 2019).

4.2.4 Detection of differentially expressed genes

We detected DEGs associated with bantam phenotype by comparing the gene
expression between the bantam and normal-sized samples. The R package DESeq?2
was used for normalization and detection of DEGs (Love et al., 2014). Detection of
DEGs was performed with a multi-factor design using sex as an additional fixed effect
variable in the model. An internal normalization implemented in DESeq2 was
performed to account for differences in read depth and expression patterns. First, we
detected the DEGs using all samples of eight breeds at the two developmental stages
respectively, which correspond to Hamburger Hamilton Stage 26 (E5) and HH 39
(E13). Secondly, for each developmental stage, DEGs were detected for the three
specific breed pairs: FriFwB vs FriFw, DPBdB vs DPBd, and SchijdB vs Schijd. The
P values were adjusted using the “BH” method (Benjamini and Hochberg, 1995), and
the significant threshold of adjusted P value was set at 0.05. The fold changes (FC) of
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expression and the “up-" or “down-regulated” levels were determined by comparing
the bantams against the normal-sized samples. Due to the limited number of
individuals in the breed specific comparisons, the FC for these breed specific DEGs
was carefully interpreted. In addition, the same procedure was used to identify DEGs
between the embryonic stages, E13 and E5, to identify DEGs associated with
developmental dynamics.

4.2.5 Gene ontology enrichment analysis of DEGs

The functional annotation of the DEGs was performed using the Gene Ontology (GO)
enrichment. We used the human orthologous genes for GO enrichment using
ClusterProfiler (Yu et al., 2012). The DEGs detected between bantam and normal-
sized phenotypes at each developmental stage were used for the functional annotation
analysis. The DEGs identified between two development stages were also analyzed.
The P values were adjusted using the “BH” method (Benjamini and Hochberg, 1995),
and P > 0.05 was considered significantly overrepresented. We also tested the
overrepresentation of pathways additionally using the reactome pathways database
(Jassal et al., 2020).

4.3 Results
4.3.1 RNA sequence data

We sequenced the RNA of 31 samples representing 8 breeds from two developmental
stages (Table S4.1). At each developmental stage, we collected samples from true
bantams (two breeds), neo-bantams (three breeds) and the corresponding normal-
sized counterparts (three breeds). On average, 89.11% of the sequence reads was
aligned to the reference genome (GRCg6a) representing approximately 32 million
uniquely mapped reads. We observed around nineteen thousand expressed genes
(count > 0) after pre-filtering to remove genes with exceptionally low average value
in the count matrix.

4.3.2 Sex determination using transcriptomic data

We considered and examined the effect of sex across the samples due to the sex
differences in the growth of chicken embryos (Burke and Sharp, 1989). To determine
the sex of the animals we employed two methods. The first to infer the sex of the
embryos, is by inferring the gene expressed ratio on the sex chromosomes (W and Z).
After filtering, we used 845 genes on the Z chromosome and 51 genes on the W
chromosome for subsequent analyses. Results showed the samples of different sex
had distinct number of expressed genes on W chromosome (Figure S4.1), which
enabled us to utilize this to determine the sex of samples. Based on that, we found a
discriminant pattern of gene expressed ratio (W/Z) between females (ZW) and males
(ZZ) (Figure 4.2A). This result was further supported by the second method where we
used a Principal Component Analysis (PCA) determining the sex based on the
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expression pattern of genes on the W chromosome (Figure 4.2B). For the PCA, the
first component explaining 78% of variance clearly separates the two genders despite
the stage and the phenotype of the samples. The inferred sex was assigned for all
individuals and used in the subsequent analyses. Of the 31 samples, 18 samples were
assigned as male (ZZ) and 13 as females (ZW) (Table S4.1).
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Figure 4.2 Sex determination of the samples. (A) The ratio of gene expression (W/Z) between
females (ZW) and males (ZZ). (B) PCA plot displays the expression pattern of all samples using
the genes located on the W chromosome, the inferred sex of the samples is shown by a circle
(female) or a triangle (male).

4.3.3 Expression profile shows the effect of developmental stage and sex

As for the expression profile, the correlation of all genes across samples demonstrated
a stage-specific pattern (Figure 4.3A-B). First, samples from the same developmental
stage clustered together despite their phenotype or sex. The PCA using all genes
across the genome revealed a further divergent pattern of separation by stage and sex.
For the first component (71% variance), samples were separated by the two
developmental stages (E5 and E13); while for the second component (10% variance),
samples were distinguished by the sex of the samples. This is supported by the
ANOVA results (Figure 4.3C-D), which shows that the samples from E5 and E13 are
significantly different along PC1 (P=2.2x10¢), whereas the expression between
females and males is significantly different for PC2 (P=2.2x10%). These results
identified a clear stage-specific pattern in the expression profile. Furthermore, the sex
of samples can also influence the expression profile as a secondary factor.
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Figure 4.3 Gene expression profile across the two stages and samples. (A) The correlation
heatmap shows expression pattern of 31 samples across all genes. The sex, phenotype (i.e.,
bantam or normal-sized), and stage of samples are shown on the left of the figure. (B) PCA
shows the overall gene expression pattern of 31 samples. The breed of the samples was shown
in different colors, while the shapes display different stages combined with sex. (C-D) The
variance of the two factors (stage and sex) along the first two principal components (PCs). The
PCs represent the gene expression across the genome, including the autosomes and the sex
chromosomes.

4.3.4 ldentification of DEGs between developmental stages

When comparing the gene expression between the two developmental stages E5 and
E13, we detected 832 DEGs (Table S4.2). A GO enrichment analysis presented a large
number of enriched terms regarding muscle development and differentiation process,
including muscle organ development, muscle system process, skeletal muscle tissue
development and regulation of ossification (Table S4.3). In terms of the biological
process and cellular component, we found many genes involved in the formation of
myofibril (42 genes) and sarcomere (40 genes), supported by the overrepresentation
of GO terms associated with muscle development. In particular, 52 DEGs comprised
the GO term “muscle organ development” (P = 2.13x10°%°). In addition, the term
“skeletal muscle tissue development” was found to be enriched (P = 5.32x103),
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supported by 22 up-regulated and 5 down-regulated DEGs. We further observed the
muscle structure development pathway to be enriched with 47 DEGs, including the
gene encoding Insulin-like Growth Factor 1 (IGF-I). In addition to IGF-1, 11 other
DEGs were found to be associated with the “regulation of Insulin-like Growth Factor
(IGF) transport and uptake by Insulin-like Growth Factor Binding Proteins (IGFBPs)”
pathway, which is responsible for the binding and targeting of IGFs in human (Jassal
etal., 2020). Expression of IGF-I is upregulated at stage E13 compared to E5 by more
than 10-fold (P = 8.44x10%).

4.3.5 Identification of DEGs between the bantam and normal-sized phenotypes

To detect the DEGs involved in the differentiation of body size, we compared the gene
expression between the two phenotypes, bantam and normal size, at time point E5 and
E13, respectively. We first performed an overall DEGs detection at every stage using
all eight breeds, comparing the bantam breeds (true and neo-bantams) against the non-
bantam samples. In addition, to better understand specific transcriptomic differences
for the breeds that exist in both small and normal size, we subsequently identified
DEGs within the three pairs of counterparts at each stage.

4.3.5.1 DEGs detected at stage E5

At embryonic stage E5, we detected DEGs among the eight breeds. In total 10 genes
were significantly differently expressed between bantam and non-bantam individuals,
of which 9 were down-regulated and 1 up-regulated (Table S4.2). In particular, the
gene encoding Ribonuclease H2 subunit B (RNASEH2B) showed 1.27-fold decreased
expression in bantam samples compared to non-bantam ones (P = 0.02) (Figure 4.4).
Of the true bantams, Dutch Bantam (DB) showed significantly lower expression
levels compared to the controls at this stage. When looking at DEGs detected in the
specific breed pairs, we identified a higher number of DEGs and more down-regulated
than up-regulated genes. The numbers of DEGs identified between FriFwB vs FriFw
are 65 up-regulated and 257 down-regulated genes; between DPBdB vs DPBd are 79
up-regulated and 215 down-regulated genes; between SchijdB vs Schijd are 4 down-
regulated genes and no up-regulated. For the SchijdB vs Schijd comparison, not many
DEGs were detected, which might be explained by the single individual sampled for
Schijd leading to the restricted power at detection. The GO enrichment analysis
combining all these genes resulted in the top overrepresented GO terms related to
muscle development, such as muscle organ development, myofibril, and structural
constituent of muscle (Figure S4.2, Table S4.3). In particular, we showed six
paralogues encoding chains of different types of collagen that were down-regulated,
which are involved in the gonadotropin-releasing hormone (GnRH) pathway. For
instance, genes encoding collagen type VI and IX alpha subunits (e.g., COL6A2 and
COL9A1) exhibited significantly lower expression in bantam samples. Moreover, in
bantam samples, we observed many down-regulated genes involved in the term
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“muscle tissues development”. For instance, the expression of both myogenin (MYOG)
and myogenic differentiation 1 (MYOD1) is over 2.5-fold decreased in bantam
samples compared to normal-sized samples. In addition, the gene insulin like growth
factor 2mRNA binding protein 1 (IGF2BP1) exhibited 1.65-fold increased expression
in the DPBdB samples (P = 0.02).
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Figure 4.4 Transformed expression level (log2) of differentially expressed genes (DEGs) at E5.
The upper panel displays gene expression among all the 8 breeds tested at developmental stage
E5. The lower panel shows the DEGs detected in the specific breed pairs. The sex of samples
is displayed by different shapes.

4.3.5.2 DEGs detected at Stage E13

A similar analysis approach as described above, resulted for embryonic stage E13 in
4 up- and 7 down-regulated genes in the bantams compared to normal-sized samples
(Table S4.2). In the GO annotation results, the top significant terms include cell fate
commitment and pattern specification process, collagen-containing extracellular
matrix, myofibril, response to BMP and bone morphogenesis (Figure S4.2, Table
S4.3). Two differently expressed genes were involved in osteogenesis, i.e., gene TBX2
and TBX4 encoding members of a conserved gene family T-box transcription factor,
which were down-regulated in bantams with 2.11-fold and 3.50-fold change,
respectively. The true bantams, DB and SB, showed similar levels of expression as
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the three neo-bantam breeds in the TBX4 gene, which is down-regulated compared to
normal-sized samples (Figure 4.5).
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Figure 4.5 Transformed expression level (log2) of differentially expressed genes (DEGSs) at
E13. The upper panel displays gene expression among all the 8 breeds tested at developmental
stage E13. The lower panel shows the DEGs detected in the breed pairs. Different shapes
display the sex of the samples.

The DEGs detected in the specific breed pair comparisons resulted in 262 up-regulated
and 236 down-regulated genes in FriFwB vs FriFw; 89 up-regulated and 26 down-
regulated in DPBdB vs DPBd; 29 up-regulated and 28 down-regulated in SchijdB vs
Schijd. In the GO-term analysis we found genes overrepresented for GO terms
influencing bone development, including bone morphogenesis, mineralization,
ossification, and cartilage development. It is to be noted, genes encoding the bone
morphogenetic proteins, BMP2 and BMP4, and genes encoding fibroblast growth
factor and its binding protein or receptor (FGF10, FGFBP2, and FGFR2), all
exhibited around 2-fold lower expression in bantam samples compared to normal-
sized samples for the FriFwB vs FrFw comparison. Genes encoding proteins of the
matrix metalloproteinase (MMP) family, MMP9, MMP10, and MMP13, were
detected to be downregulated in DPBdB samples relative to DPBd. Among these three
genes, MMP9 showed a substantial decreased expression in DPBdB with 4.71-fold
change. In addition, the Indian hedgehog (IHH) gene showed decreased expression in
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the bantams of SchijdB with over 2-fold change. Moreover, besides the differences in
expression of IHH between bantam and non-bantam we also observed a clear
difference in expression between males and females in spite of the body size. The
difference between the two sexes suggests that the expression of IHH might also have
a sex-specific pattern at E13.

4.4 Discussion

In this study, we used RNA-seq data to compare the gene expression of chicken breeds
with dwarf phenotype (bantam) against the normal-sized breeds. With the RNA-seq
data of 31 samples representing 8 Dutch chicken breeds and two developmental stages,
the expression profile analysis showed a developmental stage-specific pattern. The
expression of all genes across breeds can be distinguished and separated by the two
developmental stages, E5 and E13. This shows that within the developmental stages
the gene expression patterns were very similar. The effect of the developmental stage,
therefore, needs to be taken into account when detecting growth related differently
expressed genes (DEGSs). Furthermore, we also showed the presence of a significant
sex effect on the expression patterns. These results clearly show that both
developmental stage and sex should be taken into account when analyzing DEGs
between the bantam and non-bantam phenotypes.

By comparing the gene expression between the two developmental stages, we
anticipated that for embryonic development there are significant temporal differences
regarding the physiological aspects that involved the myogenesis and osteogenesis of
the embryo. During the development of embryonic growth, the bones and muscles
begin to form at early stage, e.g., E5, involving the process of ossification and
myogenesis. The appearance of epiphyseal growth plate can be observed in the
chicken embryo as early as 2-5 day at embryonic age (Hamburger and Hamilton,
1992), which is responsible for the initial and elongation of bone development, and
the defects in which can lead to deficient cartilage formation and thus growth disorder
(Leach et al., 2007). Whereas, at later embryonic stages, the embryo is at a high speed
of growing and developing. For instance, the IGF-I expression level showed
significantly increased at stage E13 compared to E5, suggesting the considerable
increased of embryonic tissues differentiation and musculoskeletal development
(Figure S4.3A) (Liu et al., 2016; Ouyang et al., 2017).

We focused on the DEGs identified between bantam and normal-sized phenotypes at
stage E5 and E13. A large number of DEGs between bantam and non-bantam chickens
can be observed at both E5 and E13, and the bantam samples exhibited more down-
regulated DEGs than up-regulated ones at stage E5. The DEGs identified at both
stages were annotated with GO terms significantly enriched for muscle and bone
development. These muscle and bone development pathways are relatively less
overrepresented at stage E13. To further discover the roles of the identified DEGs,
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those associated with bantam at each stage (E5 or E13) were compared to the bantam
associated genes identified in our previous GWAS (Wau et al., 2020; chapter3). In total,
it showed eight genes that were identified in both GWAS and RNA-seq studies
(Figure 4.6). Two genes were found to be shared in the gene sets of E5, E13 and
GWAS, which are COL9AL and KRT7. Over a hundred genes (106) were shared by
the DEGs identified from E5 and E13, but these were not identified in our GWAS. In
addition, the gene set derived from the GWAS shares three genes with E5;
RNASEH2B, interleukin 1 receptor accessory protein like 2 (ILLRAPL2) and protein
phosphatase 1 regulatory subunit 12B (PPP1R12B), and three genes with E13;
Homeobox B9 (HOXB9), bridging integrator (BIN1), and ENSGALG00000010854.
Of special interest is the significant down-regulation of the RNASEH2B gene in
bantam samples at embryonic stage E5. In previous studies, the RNASEH2B gene has
been reported to be located in a growth related QTL on chromosome 1 (Zhang et al.,
2010; Xie et al., 2012), and it was suggested as one of the bantam candidates in our
previous GWAS study (Wu et al., 2020; chaper 3). This gene is known to degrade the
RNA which is thought to regulate DNA replication, and RNASEH2B knockout mice
exhibit smaller embryos compared to the controls (Hiller et al., 2012). The affected
RNASEH2B expression supports its functional role in the development of bantam
chickens during embryonic growth.

Several genes involved in myogenesis, muscle tissue development and contraction
were downregulated in the bantam samples. For instance, we found in total twelve
paralogous genes encoding different types of collagen (COL 1, 3, 6, 8, 9, 12, and 18)
to be down regulated in the bantam samples. Interestingly, the COL9AL gene was also
identified as a bantam candidate gene in our previous GWAS analysis (Wu et al., 2020;
chapter 3). The expression of this gene is downregulated at both stages, providing
further transcriptomic evidence for the genetic association. In human, collagen
formation or degradation has been shown to be closely associated with body growth
(Vihervuori et al., 1997). Genetic mutations in collagen encoding genes can lead to
human muscular disorders (e.g., COL6As) or diseases associated with short stature
like the Marshall syndrome, which is associated with COL11A1 or COL2A1 gene
(Lampe and Bushby, 2005; Guo et al., 2017; Bolduc et al., 2019; Wang et al., 2019).
Down-regulated genes involved in myogenesis including MYOG, MYOD1, and MYLs.
Myogin plays a role as a muscle-specific transcription factor enhancing myogenesis,
and it is important for skeletal muscle development (Chen et al., 2011).
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Figure 4.6 VVenn diagram shows the overlapping between the gene sets identified by differential
expression analyses related to bantam at E5 and E13, as well as gene set derived from a prior
bantam GWAS analysis (a total of 170 genes were retrieved from the three cluster-based GWA
studies and a meta-analysis).

DPBd(B) Schijd(B) DPBd(B) Schijd(B)
FriFw(B) ES FriFw(B)

Figure 4.7 Venn diagrams showing the comparison of DEGs identified at developmental stage
E5 (left) and E13 (right), the upper number stands for the number of up-regulated genes, and
the lower number is the down-regulated genes. At each stage, the four gene sets are identified
DEGs for FriFw(B), DPBd(B), Schijd(B) and among all breeds.

We further showed overrepresentation of genes involved in bone development, like
bone morphogenesis, mineralization, ossification and cartilage development. Genes
encoding MMP9, MMP10, and MMP13, which have been described to be expressed
during endochondral ossification (Ortega et al., 2004), showed reduced expression in
bantams. In addition, genes from the FGF/FGFR gene family, together with FGFBPs
showed decreased expression in the bantams compared to normal-sized samples.
Members of the FGF/FGFR gene family extensively moderate chondrogenesis and
osteogenesis during skeletal development (Marie et al., 2019). Dwarfisms in many
species are caused by mutations in FGFs/FGFRs. For instance, the dominant
achondroplasia in human is caused by mutations in FGFR3 (Shiang et al., 1994), and
the short-legged dwarfism in several dog breeds (e.g., Corgi) is associated with the
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expression of FGF4 (Parker et al., 2009). Therefore, expression changes in those
genes of the FGF signaling pathway are likely to affect the growth of animals through
influencing the skeletal growth and bone formation, especially ossification
(Eswarakumar et al., 2002; Marie et al., 2019). In addition, the down-regulated
transcription factor TBX4 was reported in previous chicken studies, showing that
TBX4 is expressed specifically in hindlimb buds, which suggests an essential role for
this gene in the initiation of hindlimb development (Rodriguez-Esteban et al., 1999;
Takeuchi et al., 2003). Furthermore, expression of TBX4 also control the activation of
the FGF and Whnt signaling pathways (Takeuchi et al., 2003).

As for the members of the BMP family, these are considered to affect almost all
aspects of bone, cartilage and joint formation (Salazar et al., 2016). In our study,
BMP2 and BMP4 both showed reduced expression in bantam embryos. In human
studies, genetic alterations (e.g., deletions) in BMP2 and BMP4 both cause syndromes
including short stature (Reis et al., 2011; Tan et al., 2017). In the Chinese Yuanbao
bantam chicken, the gene expression of another member of this family, BMP10, was
suggested to potentially control the dwarf body size (Wang et al., 2016). Interestingly,
the FGF signaling interacts with BMP and IHH signaling in a complex manner. First,
FGF (e.g., FGF9 and FGF18) can regulate osteogenesis (Marie et al., 2019). FGF and
BMP signaling cooperate to modulate osteogenesis in osteoblasts. Functionally, FGF
(e.g., FGF2) can directly enhance BMP (e.g., BMP2) function as well as positively
control BMP function through inhibition of its antagonist noggin (e.g., FGF9)
(Warren et al.,, 2003; Fakhry et al.,, 2005; Marie et al.,, 2019). Whereas for
chondrogenesis, there have been studies showed that in the mature growth plate, the
FGF signaling pathway negatively regulates IHH signaling and is antagonized by the
BMP signaling (Minina et al., 2002; Marie et al., 2019). BMP and IHH signals act in
parallel to induce chondrocyte proliferation, whereas FGF signaling suppress
chondrocyte proliferation (Minina et al., 2002). At E13, the expression of the IHH
gene exhibited a reduction in female Schijndelaar bantam samples compared to the
Schijndelaar controls. IHH is known as a regulator for bone and cartilage development
(Wu et al., 2001). Deletion of this gene has been reported as the causative variant for
the creeper trait in chicken, an autosomal dominant semi-lethal mutation.
Homozygous embryos are lethal while the heterozygous ones are characterized as the
short-legged dwarf chicken. Furthermore, IHH plays a significant role in bone
morphology and development underlying bone dysplasia in human and mouse (St-
Jacques et al., 1999; Gao et al., 2009).

The DEGs identified in the three specific breed pairs counterpart and in all breeds
showed limited overlap (Figure 4.7). The breed-specific DEGs showed the most
overlap between the breed comparisons of FriFwB vs FriFw and DPBdB vs DPBd at
both stages, suggesting similar genes and molecular mechanisms are involved in the
bantam formation of these two breeds, which is in line with our previous GWAS
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results. Of special note is the small number of DEGs identified in all breeds at the two
developmental stages. This implies between different breeds genes involved in
bantam phenotype have unique and different expression patterns, therefore treating
these bantam breeds in a simply homogenous manner will constrain the power to
identify DEGs. This observation further supports the genetic and/or phenotypic
heterogeneity we discovered between the three bantam clusters in the previous GWAS
analysis, which were represented deliberately by the three neo-bantam breeds in this
study. Moreover, this result suggests that the genetic heterogeneity can be studied and
further investigated in the context of gene expression as well, which in turn can
provides insights into the biological mechanisms underlying phenotypic heterogeneity
of dwarfism (Zeggini and loannidis, 2009). Suppose such mechanism may function
through the precise allelic effect and complex signaling pathways, the future analyses
of heterogeneity between bantam breeds can be studied with the temporospatial
dynamics of musculoskeletal development or cell differentiation and proliferation in
a diverse fashion (Minina et al., 2002; Marie et al., 2019).

Finally, the expression of the IGF-1 and HMGA?2 genes was not significantly different
between bantam and non-bantam samples (Figure S4.3). However, we found a
considerable number of genes involved in the regulation of IGF-I transport and
signaling to be differentially expressed. For instance, the down-regulated gene
IGF2BP1 encoding a binding protein that can regulate the mRNA translation by
binding to mRNAs of these genes (e.g., IGF2l). Moreover, mice embryos with
deficient IGF2BP1 protein exhibit growth retardation (Hansen et al., 2004); a
continuous expression of IGF2BP1 after hatch increases body size in ducks (Zhou et
al., 2018). Although the expression of IGF-I is not affected at the two analyzed
developmental stages, the differentially expressed genes encoding the protein in the
GH-IGF axis and other protein that plays a role in the signaling pathway may
contribute to the bantam phenotype.

To summarize, in this study we used RNA-seq data to study differential gene
expression between the contrasting body sizes, bantam and normal-sized chicken
embryos. Overall, DEGs compared between breeds or developmental stages showed
limited overlap, but genes involved in certain overlapping signaling pathways (e.g.,
FGF) or biological processes (myogenesis and osteogenesis) were substantially
identified. Although the comprehensive understanding of how these signaling
pathways interact with each other to regulate a short stature phenotype remain largely
unknown, this study provided further insights into the genes involved in the growth
reduction in chickens.
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Figure S4.1 The ratio of genes expressed on the chromosomes Z and W. The box plots show
the of number of genes expressed on the Z or W chromosome of each individual divided by the
total number of genes on this chromosome.
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Figure S4.2 The enrichment analysis of Gene Ontology (GO) terms using DEGs identified at
(A) stage E5 and (B) E13. The three GO categories, BP, CC and MF are shown by the three
facets in each plot, with colored circle as the adjusted P value, the x-axis as the count of the

terms, and the size of the circle as the gene ratio.
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Figure S4.3 Transformed expression level (log2) of genes at the two stages among all breeds.
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expression of HMGAZ2. Different shapes display the two developmental stages of sample, and
colors display the 8 breeds.
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Table S4.1 Sample list used for transcriptomic data with sex imputed for individuals.

ID Breed_name* Stage** Phenotype Sex
DB_E5 01 DB 5 bantam YA
DB_E5 02 DB 5 bantam YA
DPBdB_E5 01 DPBdB 5 bantam 7z
DPBdB_E5 02 DPBdB 5 bantam yAY
DPBd_E5 01 DPBd 5 normal YA
DPBd_E5 02 DPBd 5 normal 7z
FriFwB_E5 01 FriFwB 5 bantam ZW
FriFwB_E5 02 FriFwB 5 bantam YA
FriFw_E5 01 FriFw 5 normal ZZ
FriFw_E5 02 FriFw 5 normal ZZ
SB_E5 01 SB 5 bantam ZW
SB_E5 02 SB 5 bantam ZW
SchijdB_E5_01 SchijdB 5 bantam ZW
SchijdB_E5_02 SchijdB 5 bantam YA
Schijd_E5_01 Schijd 5 normal YA
DB_E13_05 DB 13 bantam 7z
DB_E13_06 DB 13 bantam 7z
DPBdB_E13 05 DPBdB 13 bantam W
DPBdB_E13 06 DPBdB 13 bantam 7z
DPBd_E13_05 DPBd 13 normal A
DPBd_E13 06 DPBd 13 normal ZW
FriFwB_E13 05 FriFwB 13 bantam YA
FriFwB_E13 06 FriFwB 13 bantam ZW
FriFw_E13 05 FriFw 13 normal ZW
FriFw_E13 06 FriFw 13 normal YA
SB_E13 05 SB 13 bantam 7z
SB_E13 06 SB 13 bantam 7z
SchijdB_E13 05 SchijdB 13 bantam ZW
SchijdB_E13 06 SchijdB 13 bantam YA
Schijd_E13 05 Schijd 13 normal ZW
Schijd_E13 06 Schijd 13 normal ZW

*The breeds shown are Frisian Fow! (FriFw) and Frisian Fowl Bantam (FriFwB), Dutch Polish
Bearded (DPBd) and Dutch Polish Bearded Bantam (DPBdB), as well as Schijndelaar (Schijd)
and Schijndelaar Bantam (SchijdB). And the two true bantams, Dutch Bantam (DB) and
Sebright Bantam (SB).

**Stage: embryonic day for sampling, E5 and E13 correspond to Hamburger Hamilton Stage
26 and 39, respectively.

Table S4.2 List of DEGs identified between two stages or between bantam and normal-sized
at each stage (online).

Table S4.3 Enrichment of Gene Ontology (online).
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Abstract

The population structure of indigenous breeds is usually complex. Local chicken
breeds offer an interesting proxy to understand the complexity of population structure
due to the human-mediated development of diverse morphology and variety. We
studied diverse Dutch chicken breeds to investigate the population structure using
whole-genome sequence data.

Looking at the genetic differences between breeds, the Dutch chicken breeds
demonstrate a complex and admixed subdivided structure. The dissection of this
complexity highlighted the influence of selection adhering to management purposes,
as well as the role of geographic distance within subdivided breed clusters.
Identification of genetic differentiation signatures showed genomic regions associated
with diversifying phenotypic selection between breeds, including dwarf size (bantam)
and feather color. In addition, by a case study of a recent bantam crossbreeding we
demonstrated the hybrid history of the breed and offer a genomic perspective on the
effect of crossbreeding. This study demonstrates the complex population structure of
Dutch chicken, offering insight into the genomic basis and the factors involved in the
formation of this complexity.
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5.1 Introduction

Following the process of domestication, chicken populations, during subsequent
agriculture revolutions worldwide, have been diversified with distinct morphological
features. During this process, chicken populations have been selectively bred for
specific types of management, which led to genetic differentiation and population
subdivision. Based on human interventions, chicken populations can be generally
classified into commercial breeds and local indigenous breeds. The commercial
breeds were bred under the specialized and extensive selection for either egg-laying
(layers) or meat production (broilers) (Rubin et al., 2010). Whereas breeding for local
traditional breeds was contingent on diverse and complex mechanisms which lack
strict supervision, such as migration, random drift, geographic dispersal followed by
environmental adaptation, and selective breeding adhering to breed characteristics
(Woelders et al., 2006; Wilkinson et al., 2012; Bortoluzzi et al., 2018; Zhang et al.,
2018). For instance, several studies showed that geographic dispersal distances can
lead to genetic differentiation in local indigenous populations (Yang et al., 2017; Nie
et al., 2019), as well as in pure breeds (Parker et al., 2017). The most extreme
influence of geographic pattern can lead to isolation and speciation which is known
as allopatry (Zink, 1997; Wang et al., 2020).

Various factors or forces influencing population structure may coincide with each
other and/or outcompete one another, which was subsequently comprised in the
complexity of population structure. To understand the complex structure of
populations, many studies have been performed to untangle the differentiation
between populations by initially looking for genomic regions with divergent genetic
signals. Identification of genetic differentiation serves as a good starting point to
understand the genetic basis underlying phenotypic variation. Phenotypes like body
stature, comb type, and coat/plumage pattern may reflect the history of selection
(Hillel et al., 2003; Sheppy, 2011; Imsland et al., 2012; Rochus et al., 2018; Wu et al.,
2020). Genomic analytical approaches, like signatures of selection by identifying
genomic regions with pronounced differentiation between populations or breeds,
enable us to understand the differentiation and complex structure in the population.

In the Netherlands, historic chicken resources have received attention and admiration
from the 16™ century onwards, and continued to be managed in diverse forms
(Woelders et al., 2006; Dana et al., 2011). The long tradition of breed development
resulted in various organizations (private and governmental) making efforts to utilize
and preserve the native breeds as well as their genetic resources (Woelders et al.,
2006). Dutch chicken breeds were defined mostly based on geographic location (e.g.,
Groningen Mew Fowl) and phenotypic characteristics (e.g., Dutch Polish Bearded).
These breeds are comprised of many subdivisions determined by the management
types of the breeds and historical clustering, which was profiled in many relevant
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studies (Hillel et al., 2003; Dana et al., 2011; Elferink et al., 2012; Bortoluzzi et al.,
2018). This historical clustering includes the past-productive breeds developed for
rapid production (especially egg production), ornamental breeds used for fancy
breeding, and country fowls represented by primitive traditional breeds. At the same
time, the Dutch traditional chicken breeds contain a unique variety of bantam forms
(a dwarf phenotype with 50-60% reduced body weight). Besides the traditional or
true bantam breeds, Dutch chicken breeds exhibit an important history of bantam
crossbreeding, so-called bantamization. The bantamization process utilized donors
from existing bantams and/or neo-bantams of local breeds to create corresponding
neo-bantams, the dwarf counterparts of native ‘large’ chickens (Esther VVerhoef and
Rijs, 2014; Bortoluzzi et al., 2018; Wu et al., 2020). As a common practice, bantam
crossbreeding was followed by repeated backcrossing, which has proven to effectively
dilute the contribution from bantam ancestries (Bortoluzzi et al., 2018; Wu et al.,
2020). From a genomic perspective, because of backcrossing, the introgressed
genomic segments are expected to be broken and recombined over time. Therefore,
the genomic composition of neo-bantams is expected to contain only a few genomic
segments derived from the original bantam donors, apart from loci that contribute to
the bantam phenotype. The introgressed contribution of bantam donors in the neo-
bantams should reach equilibrium due to purifying and artificial selection (e.g.,
backcrossing) (Gompert et al., 2017).

In this study, we focused on multiple factors that may play a significant role in recent
breed formation revealing the complex population structure of the Dutch traditional
chicken breeds. In particular, we used whole genome sequence data, representing the
genetic basis of various breeds. We revealed a complex population structure and
admixture between breeds, resulting from management type, geographic distribution,
and phenotypic selection. Lastly, by using a case of a recent crossbreeding in Drenthe
Fowl bantam we demonstrated the recent hybrid history of this breed and offer a
genomic perspective to show the effect of selective breeding.

5.2 Results and Discussion
5.2.1 Complex and admixed population structure

In total, we assessed the population structure of 136 chickens from 37 breeds using
whole-genome sequence data (Figure 5.1). The Dutch traditional chicken breeds are
grouped into three historical clusters according to the conventional management
classification. Breeds within the same cluster have similar management and breeding
aims and consist of past-productive fowl (CL1), ornamental breeds (CL2), and
country fowl (CL3). As shown in Table S5.1, CL1 is represented by 24 individuals
from 6 breeds, CL2 comprises 38 samples from 10 breeds, and CL3 is represented by
65 chickens from 18 breeds. Besides these clusters, 9 individuals from the
Lakenvelder breed and its bantam counterpart were included in the analyses as well
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(CL4), for the breed has a unique genetic composition relative to the others
(Bortoluzzi et al., 2018). For almost every Dutch traditional breed there is a
corresponding bantam counterpart (neo-bantam) included in each cluster, with the
exception in the Chaam Fowl. Additionally, the two true bantam breeds, the Dutch
Bantam and Eikenburger bantam, are allocated to the cluster of country fowl. We
employed three approaches to assess whether the genetic population structure matches
the historical clustering: a principal component analysis (PCA) decomposing genomic
variants, a Neighbor-Joining Tree (NJ-tree) illustrating the Reynold’s distance
between breeds, and an admixture analysis estimating the proportion of ancestry.

The principal component analysis revealed that at PC1 (eigenvalue = 10.06) three
breeds and their bantam counterparts were separated from the other breeds,
WelSummer (WelSum), Barnevelder (Barnev), and North Hollands Blue (NHBI)
(Figure 5.1B). These breeds are considered as the past-productive breeds in the
Netherlands, therefore confirming the clustering. The second principal component
(PC2, eigenvalue = 6.21) separated the two true bantam breeds, Dutch bantam (DB)
and Eikenburger bantam (Eikenb), from the other breeds. However, the remaining
breeds, including ornamental breeds and country fowl, clustered closely together in
the PCA plot, suggesting an underlying genetic relationship. The unique population
structure is supported by the unrooted NJ-tree as presented in Supplementary Figure
S5.1. The historical clustering of breeds is generally demonstrated in the population
phylogeny, the branch length of each breed shows the diversification between them.
We observed that most Dutch native breeds and their bantam counterparts are closely
clustered. Nevertheless, the close breed relationship was found between intermingled
breeds, such as between breeds of ornamental fowl (i.e., Brabanter (Brab) and Dutch
Owl bearded (DOwBd)) and of the country fowl cluster (i.e., Frisian Fowl (FriFw),
Assendelft Fowl (AssFw) and Groningen Mew (GrMw)). This pattern of the close
relationship between intermingled breeds has been reported before based on SNP-
array data (Bortoluzzi et al., 2018), suggesting a profound genetic similarity and
potential gene flow between these breeds. One explanation for this observation is the
similar selection for management types and morphological traits within clusters.
Another exception is seen for Drenthe Fowl bantam (DrFwB), where the neo-bantam
shows a closer relationship with Dutch Bantam rather than with its large counterpart,
DrFw.
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The ADMIXTURE analysis complements the other two approaches. The results of
ADMIXTURE (Figure 5.1C) subdivided the clusters, showing varied proportions of
presumed ancestry. In agreement with the PCA and phylogenetic analyses, the
clustering of past-productive breeds (CL1) and the group of Lakenvelder (CL4) is
clearly separated at both K= 4 and 6, whereas the breeds of ornamental purpose (CL2)
and country fowl (CL3) seemed to be more related. Strong admixture signals for
breeds such as Twentse Fowl (KraiK), Schijndelaar (Schijd) and Drenthe Fowl
(DrFw), as well as their bantams, showed population subdivision at K=6, implying
their complex ancestry. Compared with other breeds, the country fowls showed
varying levels of admixture. Among them, the Dutch Bantam and Eikenburger were
distinguished from the rest, conforming to the second principal component in the
PCA. In addition, the Kraienkoppe Fowl (BreFw) and its bantam, belonging to
country fowl, share a large proportion of genetic ancestry with the ornamental
chickens (CL2). By considering the history and features of the breed, we anticipated
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that the relatedness may be derived from the shared characteristics of these breeds,
like the shared form of a crest (Dana et al., 2011) or from the common bantam source.
This relatedness is less likely associated with a geographic factor since BreFw(B) and
breeds from CL2 are not located at a significantly close geographical distance
compared to other breeds.

Taken together, the population structure of Dutch traditional chickens suggests a clear
substructure showing a complex ancestry. The influence of breed management on the
substructure is pronounced. The genetic relationships between the three clusters may
reflect that the selection for breed standards and management categories can be a
major force subdividing the population structure and reshaping the characteristics of
breeds during breed formation. Compared to other animals with more refined and
specialized purebreds (e.g., dogs), the indigenous chicken breeds are expected to have
diverse genetic variations within the breeds and there is usually extensive gene flow
between local regions among breeds with similar characteristics (Dana et al., 2011,
Luo et al., 2020). As a result, a pattern of complex population structure and signatures
of admixture are observed within the chicken population, accompanied by some
distinguished substructure.

5.2.2 Isolation-By-Distance

In order to study the role of geographic dispersal in the population structure and the
genetic differences between the breeds, we performed an Isolation-By-Distance (IBD)
test to assess the correlation between genetic and geographic distances. The IBD test
was performed for the dataset with all the Dutch breeds, as well as in the three
historical clusters of breeds: past-productive (CL1); ornamental (CL2); country fowl
(CL3).

The result of the IBD test among the overall Dutch chicken breeds showed a
nonsignificant pattern of IBD (mantel r = -0.09, P = 0.99), suggesting no clear
correlation between genetic and geographical distance across the population (Figure
5.2A). While looking at IBD patterns within historical clusters, a positive correlation
was observed in CL1 (mantel r = 0.73, P = 1x10#) and CL3 (mantel r = 0.33, P =
1x10%), while breeds in CL2 showed a positive but rather weak correlation (mantel r
= 0.13, P = 0.034) (Figure 5.2B-D). The significant correlation between the genetic
and geographical distances within clusters suggests that the breeds at increasing
geographical distance are also accompanied by increased genetic differences.
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Figure 5.2 The correlation between genetic distance (1-ibs) and geographic distances (in Km)
(A) among all breeds from the Dutch population, (B-D) and those in CL1, 2 and 3. (E-G)
Distribution of shared identity-by-descent blocks identified within each subdivided cluster (red)
and between clusters (green).

We observed that genetic distance is correlated with geographic distance only within
the clusters, which is likely due to gene flow within each cluster and the management
“barrier” between clusters. Given the limited dispersal distance between chickens in
the Netherlands (maximum 227 Km), strong artificial selective breeding may
dramatically pose a human-driven “barrier” reshaping the genetic landscape over
geographic distance. Nevertheless, when we look at dispersal distance within each
cluster, breeds that shared management purposes are also distributed evenly across
the country at a maximum distance of 200 Km (with the exception of CL1 at a
maximum dispersal distance of 80 Km), suggesting that the geographic distance plays
a role in the genetic difference within clusters. The exception in CL1 showed limited
geographical dispersal across those breeds, which can be partially explained by the
assumption that homogenous specialization of past-productive purpose was popular
only regionally. Although the productive specializations of breeds from CL1 are
generally homogenous, i.e., for egg production, it is to be noted that breeds could have
sub-divergent purposes, e.g., North Holland Blue was kept for dual purpose for both
egg-laying and production of meat (Esther Verhoef and Rijs, 2014). This divergence
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within this cluster may subsequently have contributed to the genetic differentiation,
therefore confounding with geographical distance. When compared across clusters,
the management purposes are different and unique, even for breeds from different
clusters at a close geographic distance, and gene flow between them therefore will be
limited resulting in a higher genetic distance. As a consequence, the exclusive
exchange of genetic materials within subdivided management groups leads to a
“barrier” between clusters.

To test our hypothesis of a management based “barrier”, we examined haplotype
sharing (identity-by-descent) across breeds within and between clusters. Haplotype
sharing of identity-by-descent fragments has been used to reveal recent relatedness
and demographic history between individuals in previous studies (Bosse et al., 2014;
Parker et al., 2017). Within the three clusters, the haplotype sharing patterns were
consistent. We found extensively shared haplotypes between individuals within
clusters rather than between individuals belonging to different clusters (Figure 5.2 E-
G). The limited haplotype sharing between clusters further confirmed the distant
genetic relationship between management groups and is likely due to restricted recent
gene flow. Moreover, the haplotype sharing within clusters demonstrated some recent
common ancestry and genetic exchange within clusters, rather than a deep
phylogenetic split with restricted gene flow.

Overall, we observed a stronger effect of management than of geographic distance on
the subdivision of the Dutch traditional chicken breeds. In other words, the breeds in
the same management cluster tend to show higher genetic similarity, outcompeting
and masking the geographic separation at a population level. During the last century,
selective breeding to maintain the breed characteristics of the traditional breeds has
been intense in the Netherlands (Dana et al., 2011; Bortoluzzi et al., 2018). Based on
the historical management purposes of the breeds, these breed characteristics can be
complicated because of the dynamic and changing breeding goal. One example is the
coexistence of maintaining management types while breeding for the bantam trait.
These diverse purposes are sometimes confounded or competing, which complicates
the overall genetic layout. Future study with the aim to disentangle the underlying
interaction of factors involved in the complex population structure (e.g., between
clusters CL2 and CL3) is needed. Moreover, it is common practice to include
morphological variation (e.g., color varieties) in the breeding goal for indigenous
chicken breeds. It is important to note that the number of individuals from each breed
in this study is relatively small, and more widespread sampling across the country,
including more morphological varieties, is desired.

5.2.3 Detection of genomic regions with differentiation between breeds

One of the causes of the complex genetic population structure of Dutch traditional
chicken breeds is selective breeding adhering to desired traits and/or management
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types. The breed features shared between multiple breeds have resulted from
extensive crossbreeding and recycling of the genetic basis of these phenotypes. Of
many desired phenotypic features, selection has been focused on downsizing the local
breeds and to increase morphological varieties, especially color varieties, over the past
decades. To identify genomic regions underlying unique and shared traits, we tested
the dataset comprising of the 37 breeds for genetic differentiation of all kinds of breed
specific or breed overlapping traits. We employed the FLK approach (extended LK
test) using both the single variant and haplotype information. The single variant
approach FLK was used to detect genomic regions comprising genetic differentiation
between populations, such as signatures of selection, meanwhile accounting for the
hierarchical structure of the populations (Bonhomme et al., 2010). Likewise, the
haplotype-based approach, hapFLK, was used to detect differences in haplotype
frequencies.

We observed a total of 387 significant signals (FDR 5%) in 299 genes across the
genome by using the FLK test, suggesting potential genetic differentiation of the
population (Figure 5.3). Using the genes identified by the FLK test, we did not find
any GO term that was significantly overrepresented, which is expected because these
breeds were selected for multiple phenotypes rather than one single trait. Compared
with previously reported candidate genes associated with the bantam phenotype (Wu
et al., 2020; chapter 3), eight bantam candidate genes overlapped with selective sweep
signals of FLK. These signals confirm that the bantam related genomic regions were
part of a strong selection regime. Interestingly, we found selective sweeps overlapping
with the genes encoding High Mobility Group AT-hook 2 (HMGAZ2) and the PR/SET
domain 16 (PRDM16). These genes have been reported to moderate body growth or
short stature in diverse organisms (Weedon et al., 2007; Seale et al., 2008; Han et al.,
2012; Rimbault et al., 2013; Bouwman et al., 2018), further supporting the strong
association signals in our bantam GWAS analysis phenotype (Wu et al., 2020; chapter
3). Although we did not find hapFLK signals reaching the significance threshold
(Figure S5.2); suggestive signals were observed which supplement the signals
discovered by FLK analysis. The hapFLK signals revealed signals surrounding the
genes ENSGALG00000052273 and ENSGALGO00000049778 on chromosome 4,
encoding two long non-coding RNAs (IncRNAS). In addition, a strong selective sweep
is observed around 170.72 Mb on chromosome 1, proximal to the QTL reported to be
associated with growth and body weight (170.52 -172.04 Mb) (Xie et al., 2012). Given
the bantam phenotype is one of the most prominent phenotypes in the Dutch
population, the identified genomic regions associated with body growth and size
variation are of great interest. This QTL region is composed of several genes,
encoding potassium channel regulator (KCNRG), tripartite motif containing 13
(TRIM13) and the microRNAs, gga-mir-15a and gga-mir-16-1 (Figure S5.2B).
Focusing on chromosome 1, we integrated the results of FLK with hapFLK and
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observed two suggestive signatures surrounding the genes encoding SRY-box 10
(SOX10), and SRY-box 5 (SOX5). According to previous studies and OMIA
(https://omia.org/home/) database for chicken, a deletion upstream of the SOX10 gene
is associated with dark brown feather color in chickens (Gunnarsson et al., 2011),
while a copy number variation in the SOX5 gene is responsible for the shape of the
comb through the epistatic interaction with the MNR2 gene (Imsland et al., 2012).
Feather color and comb shape are both phenotypes related directly with breed
standards, and thus especially important for chickens kept for ornamental purposes
and fancy breeding. These signatures of selection at these two genes suggest
morphological diversification among Dutch breeds, reflecting the breeding interest
associated with phenotypic variation. In particular, we confirmed that comb shape and
plumage color are very variable within and among breeds. For instance, there are over
20 different feather plumage varieties recorded in Dutch Bantam (Esther VVerhoef and
Rijs, 2014). However, due to the limited sample size and incomplete phenotypic
records, we were unable to validate these selective signatures. It is further important
to note that our interpretation of the signatures of selection are based on previous
knowledge from the online catalogue OMIA, which may be improved when the
annotation of the phenotype database is better understood (e.g., through Functional
Annotation of Animal Genomes (FAANG) (Giuffra and Tuggle, 2019)).

FLK plot
10 — .
~ 8
3 6-
g
2 |
0 -
1 2 3 4 5 7 9 13 20
Chromosome

Figure 5.3 Manhattan plot of FLK across the genome detected in Dutch chicken breeds.
Significant variants (FDR>5%) of FLK are indicated with green dots.

5.2.4 The impact of recent crossbreeding: A case study in Drenthe Fowl Bantam

We have addressed the selective signatures related to introducing desired phenotypes
and especially the strong selection at bantam associated loci. Therefore, we take a
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neo-bantam breed as a case study to show the hybrid nature of these genomes and the
consequences of crossbreeding to introduce desired traits. The bantam-oriented
crossbreeding to introduce the bantam phenotype to native breeds is an excellent
model to understand the introgression of bantam.

Drenthe Fowl bantam (DrFwB) as a corresponding neo-bantam counterpart of the
traditional breed Drenthe Fowl (DrFw), has a recently developed history in the bantam
crossbreeding process. According to the bantamization record, the DrFwB was
created by mating DrFw with existing bantam breeds, particularly Dutch Bantam
(DB) (Esther Verhoef and Rijs, 2014). The relatively recent crossbreeding for DrFwB
is an ongoing trajectory, which has resulted in a unique genomic characteristic of the
breed. Unlike the other neo-bantam breeds that share a similar crossbreeding history
with the same presumed bantam donors (e.g., GrMwB), DrFwB shows a closer
genetic distance with the bantam donor DB (0.199), whereas it is more distantly
related to its normal-sized counterpart DrFw (0.213). This unique relationship is
supported by the admixture signal of DrFwB (Figure 5.1C). One possible explanation
is that the crossbreeding to create DrFwB is relatively recent, and the subsequent
backcrossing has not yet played its role to effectively dilute the other components of
the bantam donor. In many studies of introgression from an evolutionary perspective,
the focus was on the introgression event that happened many generations ago, often
spanning thousands of years (Patterson et al., 2012; Bosse et al., 2014; Wang et al.,
2020). The three breeds (i.e., the donor breeds DrFw and DB, and the derived breed
DrFwB) provided us with an excellent proxy to investigate the recent event of
hybridization which leaves many “hitchhiking” segments derived from the donor in
the recipient genome. The removal of these genomic segments requires time to
effectively take place by backcrossing, which enables us to estimate the effect of this
ongoing process.

To understand crossbreeding in the context of bantamization, we used the genetic
haplotype sharing (identity-by-descent) method to address the contribution of bantam
ancestry towards the neo-bantam breed, which is from DB to DrFwB. Based on the
number and length of identity-by-descent fragments between bantam donor and
recipient, we observed abundant segments of shared haplotypes between DB and
DrFwB (Figure S5.3). In contrast, a smaller number of haplotype blocks is shared
between the breed counterparts, DrFw and DrFwB.

To further detect the haplotype sharing signals across the genome, regional haplotype
sharing is summarized by relative identity-by-descent (rIBD) after normalization
(Figure 5.4). In general, almost all chromosomes contained regions similar to either
the counterpart (DrFw) or the true bantam (DB) donors, suggesting overall signals of
haplotype sharing across the genome (Figure S5.4). However, when focusing on
specific chromosomes (e.g., chromosome 1), we observed large and consecutive
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rIBD

stretches of rIBD in DrFwB displaying higher similarity with DB. As a confirmation
of the relative haplotype sharing signals captured by rIBD, we examined the region
around the HMGAZ2 gene underlying the bantam phenotype based on the results of our
bantam association study (Wu et al., 2020; chapter 3). As expected, the haplotype
blocks around the HMGA2 gene are almost completely shared between DB and
DrFwB, which confirms the shared signals are at the bantam related region. This result
supports the bantamization history of the breed, that these segments surrounding the
HMGA2 gene are likely introgressed from DB or the co-ancestral population.
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Figure 5.4 The relative haplotype sharing and the genotypes of individuals from DrFwB, DrFw,
and DB. (A) Distribution of relative identity-by-descent (rIBD)on chromosome 1, showing the
relative fraction of haplotype blocks shared between DrFwB and DB (positive rIBD) and
DrFwB and DrFw (negative rIBD). (B) The HMGAZ2 related interval is highlighted by the red
dashed lines. (C) The DB introgressed region (49.2-51.3Mb) is indicated by the blue dashed
lines. (D) Individual genotypes of the representative DB introgressed region (50.7-51.0 Mb) are
visualized for each locus: homozygous reference allele (blue), homozygous alternative allele
(yellow), heterozygous locus (green).
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Interestingly, we noticed a large region containing extensive and consecutive DB
haplotypes between 49.2-51.3 Mb on chromosome 1, which outcompeted the bantam
associated locus (around the HMGAZ2 gene) in terms of length and sequence similarity.
The function of genes in this region is overrepresented in the oxygen transport process
(e.g., oxygen binding and haptoglobin binding). We inferred and compared the
localized haplotypes between DrFwB with both the counterpart (DrFW) and the
bantam donor (DB). Within this introgressed region, the distribution of genotypes of
2000 variants demonstrates that the sequence of DrFwB is highly homozygous and
highly similar to the sequences from DB individuals (three out of six) (Figure 5.4D).
While in DB, the haplotypes were observed to be diverse within the breed, suggesting
the corresponding region is not completely fixed among individuals. In particular, two
individuals were extensively comprised of heterozygous loci, which is more similar
to the normal-sized DrFw. This regional haplotype diversity in DB individuals implies
that there is no evidence showing specific selection for this region. One possible
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explanation for the consecutive introgressed signals in the genome of DrFwB is
genetic drift. The DB introgressed haplotypes in DrFwB may be a result of genetic
drift, which was subsequently retained in the genome due to the short time since
bantamization and/or the lack of recombination. The shared haplotypes represented
by only some of the DB chickens further suggests that chance played a role in
determining this region was passed on from the DB donor to the DrFwB recipient.

To partially obtain a view of the outcome of this ongoing procedure of crossbreeding,
we compared this region with another neo-bantam breed, Groningen Mew Bantam
(GrMwB). GrMwB is believed to have a similar bantam crossbreeding origin (from
DB) but that has been established for a relatively longer period (Figure S5.5). We first
detected the bantam associated signal (around HMGA?2) in its genome, confirming the
consecutive selection for the bantam trait. Then we observed that haplotype blocks in
the corresponding region around 49.2-51.3 Mb are completely shared between
GrMwB and its normal counterpart, GrMw. This result showed a reverse pattern as
seen in DrFwB. In addition, since positive selection and genetic drift are both expected
to change the frequency of certain alleles or haplotypes, it is to be noted that the
observation of some of the fixed introgression signals may suggest potential selection
or a coincided “hitchhiking effect”, which can be favorable for performance or
morphology. However, it lacks direct evidence and additional observation to support
the possibility that the DB introgressed regions are under selection.

The current study has provided insight in the complex population structure of Dutch
chicken breeds and the factors that influence this complexity. The complex population
structure can be attributed to selection for management standards and phenotypic
differentiation, like crossbreeding processes to introduce the bantam trait. We also
obtained evidence for the role that geographic dispersal plays in the distribution of
breeds within the subdivided populations. We detected a large set of signatures of
selection suggesting diversifying selection in these breeds, including bantam related
selection and breed standard phenotypes selection. Finally, the DrFwB case study
showed the power of genomic data to understand the recent demographic history and
ongoing breed development.

5.3 Materials and Methods
5.3.1 Whole-genome sequencing and processing of genetic variants

The chickens sampled for whole-genome sequencing included a total of 136
individuals from 37 breeds, in which the neo-bantam and the normal-sized
counterparts were considered as different breeds (Table S5.1). Paired-end sequencing
(PE125) was performed on the lllumina HiSeq 3,000 platform, with insert sizes of 350
bp. The processing of whole genome sequence data was conducted following an in-
house analysis pipeline. In brief, raw sequencing reads were trimmed by Sickle (Joshi
and Fass, 2011) then mapped to the latest chicken reference assembly, build GRCg6a
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(GenBank Accession: GCA_000002315.5) using BWA-MEM (V0.7.17) (Li and
Durbin, 2009). Duplicated reads were marked and removed using sambamba V0.6.3
(Tarasov et al., 2015). Whole-genome SNPs and Insertion and Deletion (InDels) were
genotyped using Freebayes (Garrison and Marth, 2012). After filtering for base
quality and genotype quality, we further processed the variants with the following
criteria: minor allele frequency (MAF) >1% and call-rate >80%.

The raw data of whole genome sequencing, including novel and published data, has
been submitted to the European Nucleotide Archive (ENA). The data of 88 traditional
chicken breeds from the Netherlands can be accessed through the project number:
PRJEB34245, described in a previous study (Bortoluzzi et al., 2020).The data of 44
Dutch chicken breeds has been described in previous work under accession number:
PRJEB39725 (Wu et al., 2020). Additional data of four samples (2 DrFwBIs and 2
ChaFw) will be submitted.

5.3.2 Haplotype sharing (Identity-by-descent) detection

We used the genotype phasing program Beagle (version 5.0) (Browning and
Browning, 2007) to construct the haplotypes for all individuals using a sliding window
size of 0.02 cM and 0.01 cM overlap between adjacent windows with 12 iterations.
The chromosomal genetic distances were based on Elferink et al. (2010). However, in
this genetic map, not all chromosomes are covered. Therefore, only the chromosomes
with a reported genetic map were included in this analysis, and uninformative
chromosomes (GGA16 and GGAS30-33), linkage groups without chromosomal
location, and the sex chromosomes (Z and W) were excluded. An exception is the
genetic map for GGA25 which was derived from an earlier study by Groenen et al.
(2009) because it was missing in the study of Elferink et al. (2010).

The haplotype of individuals was used for detection of Identity-by-descent segments
using Refined-ibd (Browning and Browning, 2013). This analysis aims to detect
Identity-by-descent segments derived from the same population rather than from a
single common ancestor. The segments of Identity-by-descent were detected using the
following requirements: window size of 0.06 cM, length=0.03 cM, trim for length <
0.001 cM, and LOD score > 3. To infer the relative fraction of haplotype sharing in
regions across the genome, we computed the relative ldentity-by-descent (riIBD)
frequency following Bosse et al. (2014). The rIBD in this study was calculated
between the DrFwB and the two donors (the bantam donor, DB; and the normal-sized
donor, DrFw) in bins of 10 Kb. And the rIBD in different bins of the genome was
essentially compared and plotted by chromosome (see below for more details).

5.3.3 Population structure analysis

The population structure analyses were performed using three approaches: a principal
component analysis (PCA), a population phylogeny constructed using Reynold’s
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distance, and an admixture analysis. (1) The PCA was computed using PLINK (V1.9)
(Chang et al., 2015) with autosomal variants, and visualized using the R package
“plotly” (Sievert, 2020). (2) The pairwise Reynolds’ genetic distances between breeds
were computed as in Fariello et al. (2013) and the phylogenetic tree is fitted using the
Neighbor-Joining algorithm. We visualized the genetic distance by using FigTree
V1.4.4 (http://tree.bio.ed.ac.uk/software/figtree/). The phylogenetic relationship was
used in the FLK and hapFLK analysis. (3) We used the genetic analysis software
ADMIXTURE to estimate ancestry in the individuals (Alexander et al., 2009). The
software was run with different numbers of ancestral populations, and representative
output of K=4 and K=6 is presented in this study.

5.3.4 Isolation-by-distance (IBD) test

The geographical distance is determined by haversine distance given the longitude
and latitude of the location of the origin of the breeds using the “geosphere” package
(Robert J Hijmans, E Williams, 2015) in R V3.6.1. The individual pairwise genetic
distance was computed by 1-ibs distance using the autosomal whole-genome variants
with the command (--distance square 1-ibs) in PLINK (V1.9). Because of the
unknown geographic location for 9 of the 37 breeds, these were excluded from the
IBD test. These 9 breeds are listed in table format in Figure 5.1A. We performed a
mantel test and determined the level of significance with permutation for 9999 times.
We tested the IBD with individuals from all populations, and also examined it within
groups based on historical clustering, the groups of Dutch breeds were profiled in
Elferink et al. (2012) and Bortoluzzi et al. (2018): CL1 past-productive, CL2
ornamental, CL3 country fowl, CL4 Lakenvelder and Lakenvelder bantam. Because
CL4 only contained Lakenvelder and its bantam, we excluded it for the IBD test. In
order to show the haplotype similarity within clusters and between clusters, the
detection of identity-by-descent segments was performed in each cluster accordingly.
The count and the length of identity-by-descent segments between individuals were
visualized for comparisons within the cluster and that between this cluster and the
rest.

5.3.5 FLK and hapFLK

The FLK and hapFLK analyses were conducted to detect the signatures of selection
between different populations (Bonhomme et al., 2010; Fariello et al., 2013). The
autosomal variants were pre-processed before computing FLK and hapFLK. To save
computational time, we filtered out the variants with MAF < 8% and linkage
equilibrium pruning (r?> >0.3). In total, we ended up with 2.30 million variants
covering the genome. The hierarchical structure (Reynolds’ distance matrix) of the
populations was accounted for in the genomic scans for selection signatures. For the
single-marker analysis, we performed the FLK test on all variants by chromosome.
As for the haplotype-based FLK (hapFLK) test, we set the number of haplotype
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groups in the population to K=15, as suggested by the authors, where the P-values
were derived by scaling the hapFLK statistic to a chi-square distribution as described
in Boitard et al. (2016). The significant signals were determined at a false discovery
rate (FDR) of 5%.

We annotated the variants if they are within 5 Kb up- or downstream distance to a
gene or regulatory element (Ensembl gene sets version 95). Selective sweeps
annotated with more than one significant variant were considered for further
investigation. First, we compared the genes with the Online Mendelian Inheritance in
Animals (OMIA) dataset, searching for “likely known” causative genes for Mendelian
traits in chicken (https://omia.org/home/). Second, a Gene Ontology enrichment
analysis was employed using PANTHER v.11 (Mi et al., 2019) based on the chicken
to human one-to-one orthologues. Gene enrichment analysis was then performed by
using the package clusterProfiler (Yu et al., 2012).

5.3.6 Haplotype sharing in the case study

In the case study of Drenthe Fowl bantam chicken, haplotype sharing was measured
by identity-by-descent among the three breeds (Dutch Bantam, Drenthe Fowl, and
Drenthe fowl bantam). The pairwise identity-by-descent segments between two
breeds were estimated by bins of 10 Kb and then normalized by the possible count
between these two breeds (nIBD). The relative fraction of identity-by-descent (rIBD)
was computed by comparing the nIBD between DB and DrFwB (nIBDpg_prrws) With
the nIBD between DrFw and DrFwB (nIBDprrw_prrws)- A positive rIBD shows more
haplotype sharing between DB and DrFwB than between DrFw and DrFwB, whereas
a negative rIBD shows more haplotype sharing between the counterparts (i.e., DrFw
and DrFwB) correspondingly. In order to compare the rIBD pattern in another neo-
bantam breed with a similar crossbreeding history, we selected individuals from
GrMwB and GrMw breeds to show the introgression signals. To keep the samples
comparable, we chose one individual from each breed, and the average coverage of
the samples should be adequate and as good as the coverage of DrFwB. Likewise, we
computed the rIBD between DB, GrMwB, and GrMw. The DB introgressed regions
were highlighted at visualization.
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5.7 Supplementary materials

The supplementary materials can be found at online repository through:
https://osf.io/ec652/?view_only=183b449e45ea4dc085a6¢c6a6b2567c9f

Table S5.1 Dutch chicken breeds and groups.

Breed (abbrev.) Breed name (in English) Cluster N
Barnev Barnevelder CL1 8
BarnevB Barnevelder Bantam CL1 3
NHBI North Holland Blue CL1 1
NHBIB North Holland Blue Bantam CL1 1
Welsum Welsummer CL1 7
WelsumB Welsummer Bantam CL1 4
Brab Brabanter CL2 7
BrabB Brabanter Bantam CL2 3
DOwBd Dutch Owl Bearded CL2 5
DOwBdB Dutch Owl Bearded Bantam CL2 3
DPBd Dutch Polish Bearded CL2 5
DPBdB Dutch Polish Bearded Bantam CL2 2
DPnBd Dutch Polish non-Bearded CL2 3
DPnBdB Dutch Polish non-Bearded Bantam CL2 2
KraikK Twentse Fowl CL2 5
KraikKFwB Twentse Fowl Bantam CL2 3
AssFw Assendelft Fowl CL3 5
AssFwB Assendelft Fowl Bantam CL3 2
BreFw Kraienkoppe Fowl Bantam CL3 6
BreFwB Kraienkoppe Fowl CL3 3
ChaFw Chaam Fowl CL3 2
DB Dutch Bantam CL3 6
DBdB Dutch Booted Bantam CL3 1
DFw Dutch Fowl CL3 9
DFwB Dutch Fowl Bantam CL3 2
DrFw Drenthe Fowl CL3 1
DrFwB Drenthe Fowl Bantam CL3 1
DrFwBIs Drenthe Fowl Rumpless CL3 2
Eikenb Eikenburger Bantam CL3 4
FriFw Frisian Fowl CL3 6
FriFwB Frisian Fowl Bantam CL3 2
GrMw Groninger Mew CL3 7
GrMwB Groninger Mew Bantam CL3 4
Schijd Schijndelaar CL3 1
SchijdB Schijndelaar Bantam CL3 1
LakVe Lakenvelder CL4 6
LakVeB Lakenvelder Bantam CL4 3
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Figure S5.1 Unrooted Neighbor-Joining Tree (NJ-tree) illustrates Reynold’s distance between
breeds (online).
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Figure S5.2 Manhattan plot of hapFLK results (A) across the genome. (B) The plot of hapFLK
signals on chromosome 1 (GGA1), showing suggestive signatures of selection, highlighting
genes HMGA2 (grey), SOX10 (blue), SOX5 (red), as well as gga-mir-15a and gga-mir-16-1
(green).

Figure S5.3 Distribution of shared identity-by-descent blocks identified between breeds
(online).

Figure S5.4 The distribution of regions of rIBD across the genome, showing the relative
fraction of the haplotype sharing between DrFwB and DB and that between DrFwB and DrFw

(online).
Figure S5.5 Distribution of relative identity-by-descent (rIBD) on chromosome 1, showing the

relative fraction of haplotype blocks shared between GrMwB and DB (positive rIBD) and
GrMwB and GrMw (negative rIBD) (online).
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6.1 Introduction

Body size variation occurs in many organisms. One of the extreme forms is short
stature also known as dwarfism. In genomics, one ultimate goal of forward genetics
is to understand a certain phenotype including the underlying genetic and genomic
basis. This thesis focused on two types of dwarfism in chickens, autosomal dwarfism
(adw) and bantam, aiming to reveal the genes and genetic variants underlying the
reduction of growth. The results presented in this thesis have provided further insights
into the complexity of the phenotypic differences, genetic heterogeneity and the
human-mediated hybridization process for the dwarf/bantam. Genetic mappings have
resulted in the discovery of novel candidate genes, such as TMEM263 and HMGA2,
which have not been reported to be responsible for dwarfism in chickens in previous
studies. Heterogeneity of bantam has subsequently been found in phenotypic and
genetic (in variants or haplotypes) aspects. Furthermore, | showed how the regulation
of gene expression and signaling pathways may contribute to the embryonic
development in bantam chickens. Finally, | addressed how population structure of
Dutch chicken breeds was influenced in a complex manner by multiple factors, such
as selective breeding for diverse purposes (e.g., management type, morphological
characteristics or bantamization) and geographic dispersal isolation.

In this general discussion, | address the opportunities and challenges with regards to
genomic analyses of dwarfism (i.e., population genomics and genetic mapping
methods), the utilization of dwarf traits in poultry breeding, and the advent of
biotechnology, with a special focus on the CRISP-Cas genome-editing system. First,
I discuss how the genetic nature of local traditional breeds may influence the option
of methodological approaches and analytical strategies employed in genomic analysis.
Then, | place the findings of this thesis into an evolutionary perspective and discuss
the similarity between natural and artificial selection, and how to translate the
knowledge into the study of bantam crossbreeding history. | further discuss questions
that remain unanswered in genetic mapping where | highlight the importance of
accounting for (phenotypic and genetic) heterogeneity. To show genome-editing as
an alternative solution to validate the function of the adw candidate gene, TMEM263,
I explicitly present an assay to create a knock-out in an easier accessible animal model,
zebrafish. Finally, | discuss the implementation of how to utilize dwarf phenotypes in
poultry industry.

6.2 Working with local traditional breeds

In the context of animal production, local traditional or indigenous breeds have not
been intensively used or commercialized for the world food production. Nevertheless,
the phenotypic and genetic diversity harbored by these breeds offers a valuable
opportunity to bridge the genotype-phenotype gap. Considered the historical
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formation of traditional breeds, what differs from commercial lines is that these breeds
have experienced a series of selection and forces that are related to various purposes.
This has resulted in the subdivision of local populations that usually contain several
phenotypically diverse breeds, and which can be clustered into a few subgroups. In
this section, I discuss the challenges researchers have to face when working with local
traditional breeds in genomic analyses, including the deconstruction of the subdivision
among local traditional breeds and the determination of hybrid origin of breeds. |
explicitly address these challenges by using the Dutch traditional chicken breeds as a
model system.

6.2.1 Subdivided population: two clustering approaches

The essence of population subdivision is the differentiation between clusters of breeds
and the convergence within clusters. In this thesis, | employed two approaches
according to different rules and factors to determine the subdivided clusters in Dutch
traditional chicken breeds. The first clustering approach, used in chapter 3, is based
on the recorded bantam breeds used for the introgression of the bantam trait. By
assessing the historical records, we identified three bantam clusters with
heterogeneous ancestral sources tracing back to: cluster 1, Dutch bantam; cluster 2,
Sebright and Java bantam; and cluster 3, bantams mainly with a South East Asian
background. This information enabled us to perform the genetic mapping of bantam
associated variants in heterogeneous clusters. In chapter 5, | used another clustering
approach substantially exploring the population structure of Dutch traditional chicken
breeds. Multiple and complex factors that influence the subdivide pattern were
identified. | attributed the complex structure among breeds to management standards,
geographic distribution, as well as phenotypic selection and crossbreeding. Among
others, the conventional classification on the management basis enabled me to define
three groups of breeds, representing (1) country fowl, (2) ornamental breeds, and (3)
breeds with past-productive characteristics. | showed that some factors can be
(partially) confounded with each other or outcompete one another. In particular, |
hypothesize that the management-based barrier among Dutch traditional chicken
breeds outcompetes the geographic barrier on a population level.

Interestingly, when comparing the two clustering approaches used in the different
chapters, namely based on bantam ancestries and management standards, there is a
general consensus on the subgroups that individuals are assigned to. | showed that
although the two clustering approaches are based on different determinants, the
assignments of breeds are still significantly correlated between the two clustering
methods as shown in Figure 6.1 (P< 2.2x10%6, spearman’s correlation coefficient =
0.78). This observation suggests that the general management of Dutch neo-bantam
breeds is partially confounded by the selective breeding for the bantam phenotype.
This consensus highlights the complexity of a population structure made up by
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multiple factors and the underlying relatedness between approaches. Although it is
clear that clustering approaches to be applied strictly depend on the objectives of the
study. As | highlight here, it is equally important to take into account the population
substructure.
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Figure 6.1 The correlation of assignments of individuals based on the two clustering
approaches. The x-axis displays the three bantam clusters defined by bantam ancestries (as
described in chapter 3). The y-axis shows the three clusters determined by the management
standards (as described in chapter 5). The circles illustrate the assignment of breeds between
two clustering approaches, with the size and color of circles demonstrating the number of breeds
for the assignment.

The relationship between the factors that subdivide a population of traditional breeds
are complex. Often, traditional breeds are physically separated by geographic
dispersal followed by adaptation to the environment and/or human interventions (e.g.,
selective breeding for specific features). Subsequent adaptation or selection further
enhances the (ancestral) genetic differentiation by constraining gene flow among
breeds. This will eventually result in several sub-populations showing distinguishable
characteristics. In genomic analysis, to detect and account for population stratification
has been challenging, especially in genome-wide association studies (GWAS) (Price
et al., 2010). | will more extensively discuss this aspect in section 6.4. In genomic
analyses, the strategy to detect population substructure and pool related breeds into
specific groups has the advantage in reducing stochastic effects compared to treating
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the population as a whole. This advantage is commonly used in many genomic studies
for various species (Elferink et al., 2012; Rochus et al., 2018; Liu et al., 2019).
However, thanks to the complexity of the population structure, valuable biodiversity
is retained in traditional breeds, which makes them excellent reservoirs of phenotypic
variation (Hillel et al., 2003; Elferink et al., 2012; Bortoluzzi et al., 2020).

6.2.2 Determination of hybrid origin

In traditional breeds, it is important to understand the hybrid origin on a genomic level
and to evaluate crossbreeding consequences or heterosis. Several approaches have
been developed to assign origin of breeds for improving genomic prediction (Baran
et al., 2012; Vandenplas et al., 2016). Likewise, determination of allelic origin of
specific variants in three-way crossed pigs has been successful (Sevillano et al., 2016).
However, this is different for the crossbreeding in traditional breeds. The neo-bantams
usually originated from various bantam ancestries and the crossbreeding activities can
date back to more than two generations ago. Moreover, repeated backcrossing was
observed following the hybridization event. The introgressed genomic segments and
genetic components derived from the bantam ancestries have been broken down by
recombination and are largely diluted (or “flushed out”) by human-mediated
backcrossing. During the backcrossing, only the bantam associated regions were
positively selected for, which in turn makes these crossbred breeds interesting models
to study the bantam genotype-phenotype relationship. Therefore, the genetic
composition and haplotype blocks of the crossbred neo-bantams are essentially
different and more diverse compared to that of commercial crossbreds.

Another challenge in determining a bantam’s origin is the elusive genetic makeup of
ancestral populations (or donors). This depends on the divergence between ancestral
populations and the genetic diversity of ancestries. | showed that using the genetic
relatedness between breeds to determine the hybrid origin of neo-bantams may not be
sufficient (chapter 3). This is probably due to the fact that the divergence time between
the ancestral breeds used in bantamization is assumed to range from decades to
centuries, and therefore may limit the difference between the ancestral breeds to
distinguish them. Genetic diversity of ancestries is commonly seen in the recorded
history of bantam introgression, | therefore demonstrated the importance of taking the
ancestral genetic diversity into account. Furthermore, this diversity and variation
found in the ancestral breeds are complicating the interpretation of hybrid origin
through the effect such as genetic drift during bantamization; it could result in a lower
estimation of haplotype sharing between the donor and recipient breeds.

Future studies to understand the hybrid origin, should take into account the genomic
complexity of the traditional breeds. By incorporating multiple aspects of the complex
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bantamization history, simulations like demographic modelling can be potentially
improved (Silverman et al., 2018).

6.3 Evolutionary perspective on dwarf/bantam genetic studies

When studying the gene function in domesticated animals, the knowledge of
evolutionary biology, particularly the information of conserved sequences, usually
provides important clues about functionality. Furthermore, knowledge of evolutionary
models and methodologies can be translated to study artificial selection and model
demographic history of populations. In this section, | first discuss how the
evolutionary conserved information can assist in predicting unknown gene function.
I then address the similarity between events of naturally occurring introgression and
human-mediated bantamization, and how this can be used in bantam analyses.

6.3.1 Orthologous genes and beyond

The information of conserved sequences between species has been broadly used to
predict unknown gene function and to identify genomic regions that are likely to be
functional, especially when there is no adequate functional annotation or phenotype
associated information in the studied organism. In chapter 2, | predicted the genetic
consequence of a loss-of-function mutation in a highly conserved gene, TMEM263,
by comparing the sequences of orthologues across vertebrate species.

However, the information provided solely by orthology is insufficient in its ability to
interpret the biological function, even more so for non-coding elements and sequences.
Recently, a framework was developed to combine additional sources of data to
supplement the prioritization of genetic variants, known as ch(icken) Combined
Annotation-Dependent Depletion (chCADD) (Grof et al., 2020). | here employed the
chCADD score to give prominence to the substantial amount of candidate variants
identified in the bantam association studies presented in chapter 3. The distribution of
the chCADD scores for the associated SNPs discovered by the meta-analysis is shown
in Figure 6.2. The most significant SNP discovered by the meta-analysis is located in
the first intron of the HMGAZ2 gene and has a high chCADD score of 12.98. This is
much higher than the chCADD score of SNPs generally found in introns (score
ranging from 2.00 to 3.00) (Grof et al., 2020). In addition, there are a few variants in
the candidate list that even have a higher score than this variant, but their significance
P-values are all lower in the GWAS meta-analysis. This illustrates how the
evolutionary conserved information combined with integrative annotations can help
us in our attempt to identify likely functional variants also in the non-protein-coding
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fraction of the chicken genome that subsequently can be prioritized for further
functional validation.
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Figure 6.2 Distribution of chCADD scores for a total of 591 SNPs associated with bantam
identified in the meta-GWAS. The dashed line displayed the most significant SNP in meta-
analysis (NC_006088.5:9.34,326,548G>C), showing a value of 12.98.

6.3.2 Introgression model and bantamization demography

Darwin's analogy between selection under domestication and natural condition has
been further developed to describe the post-domestication process leading to breed
formation, i.e., selective breeding (Evans, 1984). Selective breeding with a purpose to
improve the current population or to introduce desired characteristics is an
implementation of modern artificial selection which was mediated in an intense and
rapid manner. In chapters 2 and 5, | borrowed and translated some analyses used in
evolutionary studies to assist us in understanding the bantamization history and the
genetic impact. In the theory of evolution, introgression is a process of gene flow from
one species to another, genetically divergent, species through hybridization, which is
usually followed by the event of backcrossing and selection (Anderson and Hubricht,
1938; Harrison and Larson, 2014). The bantamization therefore resembles this process
and its genetic consequences in terms of the genomic composition across the genome.
Moreover, the genetic consequence of bantamization is further comparable to soft
selective sweeps, since both scenarios can result in diverse haplotypes surrounding
the selected loci (Novembre and Han, 2012).

These similarities support the further use of analytical approaches to study the
demographic history of (neo-)bantam breeds. The backcrossing process aims to
consolidate only the bantam phenotype in neo-bantams while for the remaining
features neo-bantams are expected to resemble their ‘large’ fowl counterparts. When
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performing phylogenetic analysis, one would expect that the neo-bantam and the
normal-sized counterpart cluster together at a whole-genome level (Figure 6.3A).
Whereas at the bantam related regions, as identified in the GWAS, the neo-bantams
with the same bantam background should cluster together. (Figure 6.3B). In chapter
3, we used this concept of “phyloGWAS” (Pease et al., 2016; Wu et al., 2018) to study
the phylogenetic topology of the bantam introgressed regions of the genome.

(A) Normal-sized 1 (B) Normal-sized 1
Neo-bantam 1 Normal-sized 2
Normal-sized 2 ‘Neo-bantam 1 |
'Neo-bantam 2 | 'Neo-bantam 2 |

Figure 6.3 Schematic illustration of the initial concept of “phyloGWAS” in the context of
bantam phenotype. Suppose there are two normal-sized breeds both with a neo-bantam
counterpart, denoted by breed 1 and 2. (A) The phylogenetic tree displays the theoretical
topology of breed relatedness at the whole-genome level. The normal-sized and neo-bantam
breeds cluster in two groups representing the corresponding counterparts, which are similar in
appearance but differ in size. (B) The phylogenetic tree displays the topology of only the bantam
associated regions of the genome showing breeds that group according to the bantam
phenotype.

The similarity between the natural selection and human-mediated selection enables
the usage of the evolutionary theory and analytical approaches to study the breeding
history and genetics of bantamization process, providing a broader perspective for
understanding breed formation of (neo-)bantams. Furthermore, the bantamization
process is an accessible model to reveal the influence manifested in introgression.
However, in the majority of introgression studies, the focus has been on introgression
events between much more divergent populations than in our study of bantams. E.g.,
in the study of Bosse et al. (2014), the eastern and western pig populations that were
introgressed some 200 years ago, diverged approximately 1.2 Mya (Groenen et al.,
2012). This is in sharp contrast to the bantamization history which is assumed to cover
a range from decades to approximately a hundred years.

6.4 Genetic mapping and functional validation

The major aim of this thesis is to identify the genes and genetic variants associated
with the two types of chicken dwarfisms. In this section, | discuss the optimization of
the genetic mapping for a complex phenotype, with the awareness of phenotypic and
genetic heterogeneity. Moreover, | address validation approaches employed to study
the biological function of the effect of genetic variants post genetic mapping. There
are different ways to perform a validation and here | specifically discuss a genome-
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editing experiment using CRISPR-Cas9 to study the gene function of the TMEM263
gene by producing a knock-out in zebrafish.

6.4.1 Accounting for phenotypic heterogeneity

The performance of genetic mapping approaches, such as GWAS, depends on a
number of factors (Andersson and Georges, 2004; Visscher et al., 2017; Schaid et al.,
2018), one of which is the underlying biology (e.g., the number of causative variants
and phenotypic heterogeneity). Although the heterogeneity of complex traits within
domesticated animals is expected to be lower relative to more outbred populations
like human (Andersson and Georges, 2004), different subtypes of the bantam
phenotype exist among Dutch breeds shown in chapter 3 and 4. Such a set of varied
subtypes within a breed suggests phenotypic heterogeneity. This heterogeneity is
mostly caused by heterogeneous genetic factors, derived from unidentified different
ancestries, or simply by chance events like drift (Evangelou and loannidis, 2013,;
Korte and Farlow, 2013). The difficulty of disentangling this heterogeneity is usually
due to a weak definition of the phenotype, which applies to, not only polygenic, but
sometimes also monogenetic traits (Evangelou and loannidis, 2013).

Accounting for heterogeneity is especially important when studying complex traits or
diseases, such as growth or susceptibility to Salmonella infection (te Pas et al., 2012;
Xu et al., 2013; Johnsson et al., 2018). These polygenic phenotypes, measured by
continuous indexes, harbor a multitude of loci and alleles within each locus that can
cumulatively determine the phenotype (Andersson and Georges, 2004). The polygenic
nature of complex traits has been significantly characterized by large-scale meta-
analyses incorporating multiple studies, thereby increasing the power in identifying
genuine associations (Evangelou and loannidis, 2013; Magosi et al., 2017). Although
the biological mechanisms underlying monogenic traits are considered to be less
complex, sometimes to refine the (sub)phenotypes may help to enhance the power to
identify the underlying molecular cause.

6.4.2 Genetic heterogeneity in gene expression

The genotype-to-phenotype model essentially involves the expression of genes. It has
been shown that failing to incorporate informative heterogeneity may influence the
power and rigor of expression studies (Leek and Storey, 2007; Sasaki et al., 2018). In
chapter 4, | showed two important variables that can influence gene expression
analyses of bantams. First, | demonstrated that sex has a significant effect on the gene
expression between individuals with contrasting body sizes. For instance, at
embryonic stage E13, | showed that the expression of the IHH (Indian hedgehog) gene
is much higher in male than in females independently of the body size. Second, genetic
heterogeneity was displayed in the differentially expressed genes identified between
different bantam breeds. This suggests that in gene expression studies, discovering
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informative heterogeneity may reveal interesting biological mechanisms, e.g., the
precise effect on phenotype (Zeggini and loannidis, 2009). Such mechanisms may
function through complex signaling pathways (e.g., how FGF, BMP and IHH
signaling pathways interactively regulate the chondrocyte proliferation contributing
to musculoskeletal development).

Negating such heterogeneous associations may hamper and reduce the optimal power
in genetic mapping. However, how much of the heterogeneity is truly informative and
reflects the biological facts or just results from errors and biases between datasets,
needs to be answered carefully (Zeggini and loannidis, 2009). Moreover, reducing
phenotypic heterogeneity does not necessarily increase genetic homogeneity (Chaste
et al., 2015).

6.4.3 Validation of causative candidate variants

A crucial step in understanding the genotype-phenotype mechanism is the post GWAS
validation of associated genes and genetic variants. Because of the refined quality of
the chicken genome assembly (GRCg6a) and the advance of variant effect prediction
methods (e.g., VEP, SIFT, and CADD), the whole-genome sequence data now allows
us to verify and predict the function of genetic variants at locations across almost the
complete genome. In chapter 2 and 3, the genetic variants associated with dwarf
phenotypes were predicted for its functional importance based on the annotation of
the genome. As discussed in section 6.3.1, the high impact of a nonsense mutation in
the gene coding for a transmembrane protein (TMEM263) is much easier to predict
than that of non-protein coding candidates, such as the intronic or upstream variants
of HMGA2. Validations targeting specific loci might consist of laboratory
experiments (e.g., gene expression assays, western blots, or reproduce variants in
animal models) or of in silico predictions (e.g., protein modelling) (Hou and Zhao,
2013). One particular powerful approach is reproducing the causative variants in
animal models e.g., by gene knock-in, knock-down or knock-out experiments in mice
and other model organisms using tools, such as RNA interference and genome-editing.
| specifically focus on using the genome-editing tool, CRISPR-Cas (clustered
regularly interspaced short palindromic repeats-CRISPR associated protein) systems
(Terns and Terns, 2011; Wiedenheft et al., 2012; Cong et al., 2013; Mali et al., 2013),
to generate knock-outs in a model animal. Because of its features of time-efficiency,
low cost and ease of customization, the CRISPR-Cas system is used broadly to modify
certain regions of the genome and cells of diverse organisms (Wang et al., 2016).
Creating a customized guiding RNA, enables localizing and targeting specific
genomic regions to obtain a functional understanding of the genome, theoretically, on
a single base level.

6.4.3.1 Cross species validation: an attempt to knock-out TMEMZ263 in zebrafish
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In this section, | discuss the genome-editing experiment we performed by using
CRISPR-Cas9 to validate the gene function of TMEM263 in zebrafish. This is
especially useful in the case of the autosomal dwarfism (adw) demonstrated in chapter
2. Approximately twenty years ago, the adw chickens were discarded and abandoned,
thereby hampering the creation of the adw trait and the direct validation of the
consequence of the nonsense mutation (Trp59%) in chicken. Therefore, a gene editing
experiment was attempted to create a dysfunctional TMEM263 protein in zebrafish
(see Supplementary file). Although a mutant knock-out zebrafish was not
successfully created, | nevertheless am able to present a workflow in Supplementary
file and discuss the challenges encountered to optimize future attempts to do so
(Figure 6.4).

A W |
Figure 6.4 Experimental setup of the genome editing in zebrafish. From left to right, (1) the
setup of experimental animals; (2) microinjection; (3) zebrafish embryos and larvae under a
microscope.

To validate the gene function potentially associated with a phenotype or disease,
zebrafish has been an ideal model organism being used increasingly in experiments
(Hwang et al., 2013; Varshney et al., 2013; Li et al., 2016), including CRISPR-Cas9
method. This can only be applied when the gene of interest shows a high degree of
conservation or identity on DNA and protein level between zebrafish and the target
organism. For the TMEM263 genes in chicken and zebrafish, that appeared to be the
case. The identity of the orthologous TMEM263 genes between chicken and zebrafish
is around 72.4% (of DNA sequences) and 74.1% (of protein sequences), which
enabled us to design the assay targeting the exons of the adw candidate gene
TMEMZ263. Nevertheless, the divergence between chicken and zebrafish is ~400 Mya
(Zhang et al., 2018) and it is unknown whether the gene has the same function in these
two species. This might hamper the success rate to produce a similar dwarf phenotype
in zebrafish as in chicken.

6.4.3.2 Efficiency of CRISPR-Cas systems

In general, the efficiency of the editing depends largely on the features of the single-
guide RNA (sgRNA) as well as on the property of the genomic context (Hiranniramol
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etal., 2020). This may be a possible explanation for the lack of success in our genome
editing experiment. | will address the following three challenges encountered in a
CRISPR-Cas assay, (1) the efficiency of the target sgRNA; (2) the mosaic and
unpredictable mutant sequence; (3) the potential lethal effect of an edit in the
orthologous gene in another species.

First of all, one of the challenges for the effective application of CRISPR-Cas9 is to
carefully design the sgRNA, which contains a complementary sequence to anchor the
target region in the genome. Three sgRNAS were designed and employed in our assay,
however, not all sgRNAs exhibit similar levels of efficiency at introducing on-target
mutation. In short, the sequence and structural features of sgRNAs, including
(position-specific) nucleotide composition and the folding of RNA, are usually
considered for optimum affinity and specificity (Hiranniramol et al., 2020). Moreover,
the epigenomic properties of the target genome (e.g., open chromatin structure)
affecting accessibility and efficiency of the mutagenesis (Wu et al., 2014; Horlbeck
etal., 2016; Chuai et al., 2018; Uusi-Makela et al., 2018).

The second challenge is the identification of the mutant sequence post editing. The
challenge relates to the DNA non-homologous end joining (NHEJ) repair mechanism
in a gene knock-out. NHEJ has long been considered error-prone which triggers
almost random sequence alterations at the breakpoint, resulting in insertions, deletions
or point mutations (Bétermier et al., 2014; Guo et al., 2018). The resulting mutant
sequence is not predictable in knock-out assays, thus in order to determine the set of
desired mutations for subsequent analysis, it is necessary to test the sequence
surrounding the target region. One additional challenge is the accurate identification
of mosaic mutant sequences (i.e., ambiguous base calls spanning the target region).

Finally, the third challenge, is the potential lethality or affected viability caused by the
induced mutation. The lethal effect may be caused by the sgRNA (Shin et al., 2017),
the loss-of-function effect of the gene of interest (Wang et al., 2016), or even by the
physical damage caused by microinjection.

To date, various in silico tools have been proposed to predict the optimized sgRNA
design to maximize efficiency and minimize off-target effects avoiding excessive
experimental screening. However, our understanding of accurately predicting optimal
genome-editing is still incomplete. Therefore, it is desired to screen a considerable
number of sgRNAs to increase the possibility of a highly efficient CRISPR-Cas
design.

6.5 Utilization of dwarf traits in poultry industry

Animal breeding is currently facing changes and challenges that require commercial
breeding to become more sustainable and more animal welfare friendly. Introducing
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the dwarf trait into commercial poultry breeding can be a valuable option to overcome
some of the problems in breeding due to its advantages regarding feed efficiency and
animal well-being. For a recessive dwarf trait, incorporating one or multiple dwarf
lines in a commercial four-way crossing strategy can still allow the final offspring to
be unaffected in terms of both body size and viability. Figure 6.5 is showing one of
the different options of introducing dwarfism in commercial broiler breeding, where
the roosters of the dam line are kept dwarf. Similarly, one could even make use of
(two or more) different recessive variants or traits in parallel in the core lines without
affecting the size of the final offspring. Alternatively, dwarfism can be introduced into
a layer breeding system even with the final layer line producing smaller sized eggs
which has economic benefits and has been accepted by the market. In China, the initial
development of a sex-linked dwarf brown layer line named “Nongda No.3” has been
promoted to the market holding with at least a 5% market share (Zhang et al., 2005;
Ning et al., 2013). The wide interest for small birds is the merit saved from feed costs
which compensates the reduced income from egg production (Ning et al., 2013). The
reduced feed consumption may lower the ecological footprint, therefore dwarf
animals can provide a sustainable alternative under the increased global food crisis
(Food Security Information Network, 2020).

However, one of the concerns to use dwarf/bantam is that breeders need to adjust the
existing facilities and management for the small-size animals (e.g., in commercial
settings). In addition, studies about using dwarf poultry in industry have been mainly
limited to the sex-linked recessive gene (Merat, 1984). This, most likely, because it is
the only known dwarf mutation(s) that reduces the size without the cost of viability or
production performance (Hutt, 1959; Cole, 2000). A comprehensive understanding of
the performance (i.e., the economic modelling of the margin rate) and biological
characteristics (including the side-effect) of additional dwarf phenotypes is needed to
better exploit, conserve, and utilize dwarf chickens.
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Male strain Female strain

Core line

Parental line

Terminal line

Figure 6.5 A typical four-way crossing scheme used in broiler breeding. Suppose the dwarf is
of autosomal recessive inheritance, the ‘A’ stands for normal-sized allele, the ‘a’ allele stands
for the dwarf allele. The terminal line is from the cross of male (AxB) and female (CxD) crossed
strains.

6.5.1 Introducing a new phenotype into another population

There are multiple applications to introduce a dwarf phenotype into a population. Here
I discuss the opportunities and challenges in the rather traditional interbreeding
approach as well as by genome-editing. First of all, the interbreeding approach is
performed through crossbreeding and the subsequent selection of desired
characteristics, which has been successfully used in plants and animal breeding. In
addition, the utilization of genomic information (such as genomic selection) has
considerably reduced the breeding interval compared to the conventional breeding
solely based on phenotypic selection (Cabrera-Ponce et al., 2018; Nadeem et al., 2018).
Nevertheless, the selection efficiency regarding the time is still substantial when
extensive backcrossing is required. When introducing a dwarf trait into an existing
breed, it can take many generations of backcrossing to reduce other loci that may
hitchhike with loci of interest. An experimental study to introduce a dominant
monogenic trait, blue eggshell, from indigenous breeds to a high performing White
Leghorn chickens started in 2016 (http://www.imageh2020.eu/). In this model,
backcrossing and intercrossing have been performed for four generations. The still
ongoing study suggests that this interbreeding approach is powerful, but is time
consuming and at a considerable cost. The backcrossing process needs to be
monitored every generation by genotyping or sequencing to ensure the frequency of
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the introduced mutation and to decrease the genome content of the undesired donor
line.

A faster way of introducing a new phenotype is by genome-editing. Precisely
modifying genomic regions and introducing bantam alleles using CRISPR-Cas offers
a new opportunity to accelerate the rate of breeding for dwarfisms. In the traditional
intercrossing process, repeated backcrossing often results in a population bottleneck.
The resulting hitchhiking and genetic drift effects can potentially introduce the risk of
genomic inbreeding and increased genetic load (Bosse, 2019; Bortoluzzi et al., 2020).
I show this hitchhiking effect in chapter 5 where a multitude of genomic regions in
the genome of the recipients is assumed to be irrelevant to the bantam phenotype.
Recent studies have focused on how genome-editing techniques like CRISPR-Cas can
change traditional animal breeding. Bastiaansen et al. (2018) compared scenarios of
genomic selection in combination with or without genome-editing with the aim to
increase the desired allele frequency of a monogenic trait (polledness). They showed
that the combination of genome-editing and genomic selection can speed up the
selection for a monogenic trait in the population, thereby potentially revolutionizing
the implementation of genetic improvement of livestock and other species. When
comparing the two approaches, genome-editing is particularly valuable for small
populations like Dutch chicken breeds. However, there is a trade-off between the
benefits of shortening the time to fix a desired allele and the number of animals to be
edited. Its potential role as a “game changer” in animal breeding depends on future
validations on the costs and the polygenic nature of the economic trait of interest. In
addition, ethical regulations and animal welfare of genome-edited livestock have not
reached a global consensus, also limiting its widened application.

6.6 Concluding remarks

The small size of the chicken genome provides many opportunities for genomic
studies. With this thesis, | focused on the topic of dwarfism in chickens. | investigated
the genetic backgrounds of the autosomal dwarfism and the bantam phenotype. Using
resources of Dutch traditional chicken breeds, | presented a genomic perspective of
how human-mediated breeding activities consequently influence the population
structure. These findings are valuable to comprehend the genetic basis underlying
growth and body size variation in animals, which shows the opportunities for
detecting and using dwarfism on a broader scale.
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Genome editing in zebrafish

Gene function validation using CRISPR-Cas9 editing: an attempt
to knock-out TMEMZ263 in zebrafish

1. Introduction

The advent of genome-editing techniques has greatly changed the field of molecular
biology and functional genomics. CRISPR-Cas (clustered regularly interspaced short
palindromic repeats-CRISPR-associated protein) systems are involved in the adaptive
immunity of bacteria and archaea (Terns and Terns, 2011; Wiedenheft et al., 2012),
which now has been making breakthroughs as a convenient genome-editing tool
(Cong et al., 2013; Mali et al., 2013). Of many applications of CRISPR-Cas, one is to
study the gene function by either disrupting target sequences or introducing desired
genetic variants. Creating a gene knock-out in zebrafish is a powerful platform to
validate candidate genes and genetic variants identified in other less accessible
organisms (Hwang et al., 2013; Varshney et al., 2013).

The aim of this report is to present our design of a genome-editing assay using
CRISPR-Cas9 mediated knock-out in zebrafish. Our objective is to perform a cross-
species validation in order to understand the function of a causative loss-of-function
mutation that was suggested to alter body growth and to affect the development in
autosomal dwarf chickens (Wu et al., 2018). We will use it as an example to show the
following aspects in designing and performing a genome-editing assay in zebrafish:1)
design the target guide-RNA; 2) the microinjection; 3) evaluate the phenotype; 4)
analyze the sequence data.

2. Methods
2.1 Design and create the target guide-RNA

In this article, we present an experimental strategy for designing and performing
genome-editing to generate a knock-out in zebrafish using the CRISPR-Cas9 system.
The experimental design and setup are based on the protocol provided by Sylvia
Brugman (Wageningen University& Research) modified from Den Hertog (2017).
Note that our aim is to verify gene function by creating a cross-species genome editing,
therefore, it is essential to first examine the conservation of the gene in terms of the
DNA and protein sequence identity. In this study, the target gene encoding
transmembrane 263 (TMEM263) is a highly conserved gene among many vertebrate
species. For the purpose of validating the function of the gene, we designed three
sgRNA oligos (named oligo 17, 31, and 33, respectively) targeting different exons of
TMEMZ263 in zebrafish. The target sequence for the three oligos is presented in Figure
1.
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We determined the targeting sites of the gene using the online tool, CHOP-CHOP
(https://chopchop.cbu.uib.no/). The guide target site sequence is preferably around 20
bp and located at the beginning of a gene or exon. We ordered the specific oligos that
used to transcribe to guide RNA, containing the following sequences: T7 promotor
sequence, the guide target oligo without the PAM site, and the oligo overlapping with
the constant oligo (Figure 2). These three sequences are located adjacent to each other.
In order to generate the single-guide RNA (sgRNA), annealing and extension of guide
RNA with the constant oligo for the double stranded template was performed in a
single step. The protocol for the extension reaction is presented in Table 1. Cleaning
up of the reaction product is performed with 2 pl of EXoSAP at 37 “C for 15 min to
remove primers and dNTP, this reaction is stopped by incubation at 80°C for 15 min
(deactivation of ExoSAP-It enzymes). Next, using the cleaned double stranded
sequence as the template, we transcribed the sgRNA by using the in vitro transcription
single stranded template (T7 kit from Ambion). The single stranded RNA is purified
with ammonium acetate and ethanol. The final product of sgRNA oligo was stored in
aliquots of 1 ul at a concentration of 600 ng/ul at -80°C. Note that for the final
injection, the desired concentration of the RNA is 100 ng/ul in a volume of 6 pl,
together with 4 ng Cas protein.

2.2 Microinjection

1. One day before the injection, we set up the experiment by preparing a set of one
female and (usually two to three) male adult zebrafish maintained under the
standard protocol by WUR. We prepared them in a single breeding tank with a
nest as a divider that the males stay above the nest while the female was separated
below.

2. We prepared the following solutions for the injection in low protein binding
tubes: 1 ul prepared sgRNA oligo (600 ng/ul), 3.9 ul KCl, 0.8 ul Cas9 (5 ng/ul)
(product: IDT Alt-R s.p. Cas9 nuclease V3), and 0.3 pl phenol red for the
visualization during the injection. Solutions were mixed and incubated at 37 °C
for 5 min. To avoid precipitation, we did not put the solution back on ice.

3. Embryos were obtained from natural spawning, and we collected them around
15 min post mating.

4. Load the injection solution and calibrate the approximate volume under the
microscope. We carefully adjusted the position of the embryo and injected the 1
nl solution in the cell when the embryos are at the one-cell stage. It is desired to
inject into the cell or in the yolk where it is extremely close to the cell. Make
sure the injection is conducted when the embryos are at the one-cell
developmental stage to avoid mosaicism (Figure 3).
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Figure 2 Schematic illustration of the annealing and extension of the target-specific oligo with
the constant oligo.

Single cell
injection

Yolk

One cell stage zebrafish embryo

Figure 3 Schematic representation of microinjection to a one-cell stage zebrafish embryo. The
grey line indicates the desired single cell injection.

Table 1 Reaction used for annealing and extension of the guide RNA with constant oligo.

Reagents (Diamond Tagq kit) Reaction (ul)
Constant oligo (10uM) 2

Gene specific oligo (10uM) 2

dNTPs (10 uM; 2.5 uM each dNTP) 2

10x Reaction Buffer 2

25ug Mg solution 1.2
RNase/DNase free water 10.3

Taq polymerase (Diamond) 0.5

TOTAL 20

2.3 Post-injection evaluation of the phenotype and malformation

After the microinjection, various phenotypes can be collected and studied. Here, we
studied the phenotype of reduced growth, therefore, we measured the phenotype of
the fish at 5 dpf (day post fertilization); we also daily recorded the number of dead or
malformed embryos/larvae post fertilization. Morphological evaluation of the fish
enabled us to record the development on a daily basis. To simplify the phenotyping,
we focused on the mortality and malformation of the zebrafish. To obtain a standard
rule to evaluate malformation, we considered embryos or larvae as malformed
according to a morphology scoring system. The principle for determining the
malformation in embryos or larvae can be referred to the standardized scoring system
described in Hermsen et al. (2011) and Beekhuijzen et al. (2015). A summary note

146



Genome editing in zebrafish

for the scoring system is available online at
https://osf.io/xbkgs/?view only=2e2f430c1feb4117b490465fd8c5d32d.

1. At 1dpf, we checked the mortality by comparing injected versus non-injected
siblings. Damaged embryos were removed.

2. At 2dpf until 5dfp, we collected the data of malformed embryos (and removed
dead ones), un-hatched eggs (kept if not dead), and when hatched, the
morphology of the larvae was evaluated.

3. At the end of 5dpf, we collected the larvae and measured the body size under a
microscope (for an example see Figure 4).

4. The body length of the larvae was measured using the Java based program ImageJ
(Schneider et al., 2012). Note that sometimes in the image, the fish were shown
in lateral or dorsal view. We ensured that the length measurements were
consistent and standardized.

5. Finally, the larvae were collected in lysis buffer for later DNA isolation.

Figure 4 Dorsal view of a 5dpf zebrafish, with E;l scale bar representing the scale of the image
at the bottom left.

2.4 Sequencing the target region

Before growing the injected larvae to maturity, it is important to test the efficiency of
the sgRNA for generating mutations. There are various ways of assessing the sgRNA
efficiency. For example, perform a T7EI assay to detect heteroduplexes formation of
the DNA (Yinetal., 2015); clone into a vector (e.g., plasmid) and screening individual
clones; alternatively, perform a PCR assay to amplify the sequence surrounding the
target region of the FO siblings. Below we present a PCR assay and the subsequent
sequence analysis for mutation detection in the FO mosaic siblings. Samples were
collected from both injected embryos and un-injected controls.

DNA isolation protocol

1. Take enough tissue of one zebrafish at 5dpf

2. Add 300ul lysis solution, vortex to dissolve the tissue.

3. Add 5pl proteinase K to the lysate

4 Incubate overnight at 55°C, if necessary, add the second time proteinase K and
mix in the middle of incubation, and make sure the larvae dissolved.

5. Protein precipitation

147


https://osf.io/xbkgs/?view_only=2e2f430c1feb4117b490465fd8c5d32d

Genome editing in zebrafish

a) Cooldown the samples to room temperature
b) Add 10ul protein precipitation solution to the lysate
¢) Vortex vigorously at high speed for 20 seconds to mix the solution
uniformly with the lysate
d) Incubate samples on ice for 30 minutes
e) Centrifuge at 14000rpm for 5 minutes.
Note: The precipitated protein should form a tight pellet, if not repeat steps c-d-e
with longer incubation on ice.
6. DNA precipitation
a) Pour the supernatant containing the DNA into a clean tube containing
30ul 100% isopropanol
b)  Mix the sample by inverting
c) Centrifuge at 14000rpm for 30minutes (A white DNA pellet should form)
d) Carefully pour off supernatant
e) Add 30ul 70% ethanol to wash the DNA pellet
f)  Centrifuge at 14000rpm for 5 minutes
g) Pour off the ethanol
h)  Air dry pellets for 30 minutes at room temperature
7.  DNA hydration
a) Add 10 to 50ul Milli-Q water to the pellet
b) Rehydrate DNA by incubating sample for 1 hour at 65°C or overnight at
room temperature
c)  DNA concentration is measured on the Nanodrop
d) Use 30 to 60 ng of DNA for PCR amplification based on the primers
targeting the mutant region or store the DNA at -20°C for later usage.
8.  Check the PCR products on the agarose gel and prepare samples for
sequencing (here we employed the Sanger sequencing).

2.5 Analyze the heterogeneous sequence data

The mechanism of a gene knock-out is not only based on the CRISPR-Cas system to
produce the DNA cleavage of a double strand break (DSB) but also on the non-
homologous end joining (NHEJ) mechanisms to trigger DNA repair thus induce
mutagenesis. NHEJ has long been considered error-prone and causes almost random
sequence alterations at the breakpoint, which results in insertions, deletions (InDels),
or sometimes site mutations (Bétermier et al., 2014; Shin et al., 2017; Guo et al.,
2018). The resulting mutant sequence is not predictable, thus in order to determine the
set of desired mutations for subsequent analyses, it is necessary to test the sequence
surrounding the target region. One challenge for the interpretation of the sequence is
the mosaic nature of the mutant sequence due to the unpredictability of the method.
Because in general, zebrafish FO embryos are mosaic for the target locus, validation
using Sanger sequencing directly on the PCR products will result in a chromatogram
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with "double peaks” (an indication of ambiguous base calls) at the start of the region
that has been edited. Approaches using computational models like the Poly Peak
Parser can be used to interpret this heterogeneous sequence and to distinguish the
probable breakpoint (Hill et al., 2014). The main function of the tool is to untangle
the sequence data into wild-type and mutant allele sequences (consisting of deletions
or insertions) from "double peak" data. We used the R-based package "sangerseqR”
(Hill et al., 2014).

3 Results
3.1 The TMEM263 gene is highly conserved between chicken and zebrafish

In this study, we used CRISPR-Cas9 to validate a nonsense mutation found in the
TMEMZ263 gene that is associated with chicken autosomal dwarfism (adw). Because
adw chickens were discarded over a decade ago, to recreate adw chickens and perform
the validation in chicken was not feasible. Thanks to the high conservation of the
TMEM263 gene across species, it is possible to validate the function in a more
accessible experimental animal by creating a mutation within this gene in zebrafish.
The identity of the DNA sequence of the orthologous TMEM263 genes between
chicken and zebrafish is around 72.4%, and the identity in the protein sequence is 74.1%
(Figure 5).

3.2 The three sgRNAs used in this study

We designed three sgRNA oligonucleotides (oligo 17, 31, and 33) targeting the second
(oligo33) and third exon (oligo17 &31) of TMEM263 as showen in Figure 1 A-C. For
oligo 31 and 33, we collected phenotypic data of fish body length and daily mortality.

In total, two batches for oligo 31 and three batches for oligo 33 were generated for the
zebrafish (Table 2-3).

Table 2 Number of embryos used for sgRNA Oligo31.

Oligo31_Batch Injected Un-injected
1 106 31
2 29 17

Table 3 The number of embryos used for sgRNA Oligo33.

Oligo33_Batch Injected Un-injected
1 68 16
2 88 92
3 31 8
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3.3 Phenotypic estimation showed no difference at the early stage

In order to validate the potential alteration in body growth, we recorded the mortality
on a daily basis, and the body lengths of fish were measured at 5 dpf. The results of
the mortality rate, including the damaged or dead eggs, un-hatched, and malformed
embryos is shown in Figure 6. There is no statistical difference regarding the mortality
rate, however, there is a trend showing that controls have lost fewer embryos over the
course of development compared to the injected ones from the same batch. When
looking at the length of the larvae at 5 dpf, we found no significant difference between
controls and injected individuals for both of the sgRNAs (oligo 31 and 33).
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Figure 5 Multi-species alignment of TMEM263 orthologous protein sequences. The red arrows
indicate the zebrafish and chicken sequence respectively. The conserved amino acid 59,
highlighted by the dashed box, is the associated mutation site in adw chicken. The asterisks (%)
shown below the sequence alignment indicate positions, fully conserved in all species. The
period (.) indicates conservation between groups of weakly similar properties, and the colon (:)
indicates strongly similar conservative properties.
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Figure 6 (A-B) The mortality rate of zebrafish embryos or larvae after the injection of the two
SgRNA (31 and 33). The x-axis shows the injected embryos and un-injected controls for
different batches (two for 31, three for 33). For the injection of SgRNA 31, we also recorded
the damaged or dead eggs at 0.5 dpf (day-post-fertilization). At 3 and 4 dpf, we evaluated the
malformed morphology or the un-hatched eggs, of which many resulted in dead embryos. (C)
The measurement of body length of the fish (in mm) at 5 dpf. The first two columns show
sgRNA 31, ¢31 displays the control individuals and inj31 shows the injected ones. The last two
columns are for sgRNA 33 showing the size of injected and un-injected fish. The cross inside
the box displays the mean value.
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3.4 Sequence of target regions shows no mutations

We amplified the PCR products around the target region and made alignment using
the sequences to detect InDels or SNP. Among the 10 sequenced individuals per
sgRNA, we did not find any indication of mutations at the expected edit site. The
sequence of the injected individuals did not show any variation as shown by the
example in Figure 7. The expected edited site is close to the guided target sequence,
typically 3 to 4 bp before the PAM sequence (-NGG). Researchers showed the median
deletion size using sgRNA is 9 bp in mouse (Shin etal., 2017), while a study screening
indels in zebrafish showed variants of a maximum size of 182 bp for deletion and 52
bp for insertion respectively (Varshney et al., 2015).

A

CTCCTGCAGA TGCCAACAAAGACCATCCCCAGHCTCAGCCTGRCAT BT TCTCCAGGGTGECOGGTBGECTGTTCAGTG CGCTGTTGGEGCT ACAGTGG6TGRAGTGECCT GEGTCOGAGBAAAAAGCTTCGATCTGACT

53 TBCECEN 04 ABTCOBTATES TOCLECEAT TACDECAE ACCADTOCHOBETTA CTCTECACO TAARCE CT AACC AT T4 T d

Figure 7 (A) A multi-sequence alignment to detect the sequence of an injected sample. There
are 5 sequences in the alignment, from top to bottom; (1) the reference sequence of zebrafish
genome; (2) the sequence of a non-injected control sample; (3) A designed target single guide
RNA sequence; (4) the primary peak call and (5) the secondary peak call of an injected
individual (labeled 31105). (B) The chromatogram of the same sample confirms that there is no
pattern of double peaks. The target SgRNA oligo is highlighted by blue boxes.

4 Conclusion

To summarize, here we presented a detailed workflow from designing the target single
guide RNA to the microinjection, as well as the usage of the downstream analytical
tools to identify mosaic sequences. Although the example we presented here shows
no mutagenesis, this nevertheless highlights the importance of further understanding
the undesired outcomes and the hidden factors underlying the results in this assay, e.g.,
the efficiency of the sgRNA, the property of the genome context, or the potential
lethality caused by the induced mutation in zebrafish. These aspects will need to be
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improved by future studies with optimized tools to definitely answer the question
about the involvement of the identified mutation in the TMEM263 gene for the adw
phenotype in chicken.
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Summary

The phenotype of individuals is determined by the genome together with the
environment. The diverse phenotypic variation of domesticated animals is reflected
in their genome. With this thesis, I employed genomic analyses to obtain valuable
insights into the underlying genetic causes of size variation in chickens. The genetic
causes of two dwarf phenotypes (autosomal dwarfism and bantam) in chickens were
identified, prioritized, and validated. | addressed the genetic basis of the dwarf
phenotypes in terms of the underlying genetic variants, gene expression, and the
human-mediated bantamization history. | provide a comprehensive understanding of
the function of dwarf related genes, which can potentially be utilized in poultry
breeding.

In chapter 2, | describe a fine-mapping experiment to identify the causal gene and
genetic variant underlying autosomal dwarfism (adw) in chickens. Within the earlier
detected candidate region on chromosome 1 (52-56 Mb), a novel nonsense mutation
NP_001006244.1:p.(Trp59%) was identified in the transmembrane protein 263 gene
(TMEM263). The effect of the associated nonsense mutation is expected to truncate
the transmembrane protein within the membrane-spanning domain, resulting in a loss-
of-function alteration. The results point towards a potentially causative role of
TMEMZ263 in growth reduction and provide the molecular basis of the development
in autosomal dwarf chickens.

Chapter 3 focuses on a study to identify the genetic basis of the bantam phenotype in
Dutch traditional chicken breeds by using Genome-Wide Association Studies and a
meta-analysis. The Dutch breeds can be divided into three different clusters. Different
bantam associated genomic regions were identified depending on different bantam
clusters of breeds, which include the growth-related genes HMGA2 and PRDM16.
The bantam associated regions clearly show distinct bantam introgression signals and
haplotype diversity across the bantam clusters. The observation of heterogeneity
indicates that the bantam phenotype in the Dutch chicken breeds is a complex trait
caused by multiple underlying genes and variants. Collectively, the genomic analyses
on the bantam phenotype offer valuable insights into the human-mediated bantam
crossbreeding history.

The objective of chapter 4 is to provide a comprehensive understanding of the bantam
phenotype from a gene expression perspective. RNA-seq data of embryonic samples
derived from bantam and normal-sized chickens was generated to identify
differentially expressed genes (DEGs) associated with size variation at two
developmental stages (E5 and E13). Overall, the gene expression data shows a
developmental stage-specific pattern across the samples. | was able to detect DEGs
associated with growth in bantam chickens as early as E5. DEGs compared between
breeds or developmental stages showed limited overlap, in agreement with the
expected heterogeneity of the bantam phenotype. Many of the detected genes are
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involved in growth-related signaling pathways (e.g., FGF) and biological processes
(myogenesis and osteogenesis) in the expression study.

In chapter 5, | describe the population structure of Dutch traditional chicken breeds.
Using the Dutch chicken breeds as a model, | demonstrate the complexity of the
admixed subdivided population structure. This complexity was dissected and
attributed to human-mediated selection and crossbreeding, of which | highlight the
influence of selection based on different management purposes and for phenotypic
diversification. In particular, | identified signatures of selection involved in
phenotypic selection between Dutch traditional chicken breeds, such as loci associated
with the bantam trait and the plumage color. In addition, | describe a case study (of
Drenthe fowl bantam) providing further genomic insight into the ongoing process of
bantamization and the effect of human-mediated crossbreeding.

Finally, in the general discussion (chapter 6), | address the challenges and
opportunities for the genomic study and the utilization of dwarf phenotypes. With
regard to genomic analyses, | emphasize the importance of accounting for population
structure in local traditional breeds as well as the phenotypic and genetic heterogeneity
in dwarfisms. Moreover, | discuss how to translate the methodological approaches
and analytical strategies used to study naturally occurring introgression into studying
human-mediated bantamization. In addition, | discuss an experimental attempt to
knock-out the ortholog of the adw candidate gene (i.e. TMEM263) in zebrafish using
CRISPR-Cas. | end my discussion by highlighting the potential implementation of
dwarf phenotypes in poultry breeding by addressing the options to introduce a dwarf
phenotype into a population, with specific emphasis on the option of using genome-
editing.
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