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Indigenous breeds develop their genomic characteristics by adapting to local
environments over a long period of time. Most of them have abilities to survive in
harsh environments or tolerate particular diseases but are not productive in
commercial terms. Moreover, climate changes, particularly those that contribute to
weather extremes like a long dry season, excessive humidity, and high precipitation,
may result in reduced performance and reproduction and could compromise the
organism’s immune function. Their adaptive characteristics could be in response to
natural selection and artificial selection for production traits that over time may leave
selection signatures in the genome. The goal of this study is to analyse genome
sequence data of Nigerian indigenous chickens from diverse ecotypes to assess their
genetic diversity and to identify selection signatures that may be involved in their

adaptation to tropical environments.

The study started by unravelling genomic diversity, which is presented in Chapter 2.
I analysed Whole-Genome Sequencing (WGS) data from 120 Nigerian indigenous
chickens from 14 populations and detected ~17 million SNP variants after applying
some filtration steps. About 24% of these SNPs are novel from the catalogue present
in public databases. Genomic sequence data generated under this study have been
submitted to the European Nucleotide Archive (ENA) under the Accession:
PRJEB39536 (publicly released in 2023) for wider research use. In Chapter 2, several
analyses were performed on autosomal SNP data to assess genetic diversity within and
among the Nigerian indigenous chicken populations, including assessing nucleotide
diversity and inbreeding co-efficients of individual populations, investigating
population structure and ancestry based on Principal Component Analysis (PCA),

pairwise population differentiation (FST and Mantel test), genetic admixture, and
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assessing linkage disequilibrium decay (LD decay). The result at the autosomal
genome level indicates high genomic diversity but a low population structure across

the Nigerian indigenous chicken populations.

In Chapter 3, | conducted a selection signature analysis from the same individuals
genotyped in Chapter 2. The aim here was to identify candidate genomic regions
related to climatic heat stress and rainfall pattern based on temperature and
precipitation data from the WorldClim database. Eighty-seven samples from 12
regions, which were not significantly different in terms of average annual temperature,
were analysed together to unravel the adaptation for heat stress using a pooled
heterozygosity (Hp) method, whereas two extreme groups based on precipitation data
(high and low) - with ten samples per group - were analysed using an FST approach to
identify genomic regions of differential selection. The result of Hp analysis uncovered
seventeen candidate genes for heat stress adaptation that are either overlapping or
residing close to the putative selection signature regions. These genes have either
direct involvement in thermal or heat tolerance or have other stress-response related
functions such as important roles in the oxidoreductase pathway (oxidative stress),
hypoxia and angiogenesis, immune system, and thermogenesis, e.g., HSF1, CDC37,
SFTPB, HIF3A, and ILF3 genes. Meanwhile, thirty-three genes were found
overlapping the candidate regions from the FST analysis between high versus low
precipitation groups and many of them are related to immune response (e.g., DGKB,
REL, EGFR) while the rest were involved in heat stress and oxidative stress (AHSA2)

and reproductive performance (e.g., LRP8, GRM3).

In Chapter 4 | investigated the same WGS dataset in a different way; this time the
analyses were done based on Nigeria’s agro-ecological zones which were considered
distinct ecotypes. Eight ecotypes from the northern part to the southern part of Nigeria

Vil
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were classified as: Sudan savanna, Northern Guinea savanna, Southern Guinea
savanna, Derived savanna, Mid-Altitude, Rainforest, Freshwater swamp, and
Mangrove Swamp. The first two ecotypes were living under warm-arid conditions, the
next two ecotypes were from warm semi-arid regions, while the last three ecotypes
were living in a warm-humid zone. Only the Mid-Altitude ecotype was located in a
cool region. Analyses of the selective sweeps within ecotypes (using the Hp approach)
and among ecotypes (using the FST approach) found several genes (differently) linked
to oxidative stress and immune response. Besides, heat response-related genes
dominated in the chicken ecotypes living in warm-arid, warm semi-arid, and warm-
humid zones, while cold response, hypoxia response and osmaotic stress contributed to

the adaptation in cool and warm-humid zones, respectively.

To sum up, my project identified a number of important candidates for adaptation to
be under selection in Nigerian indigenous chickens, especially in relation to
thermotolerance and immune response as a consequence of living under tropical
conditions. Furthermore, this study, for the first time, has performed high coverage
WGS on a large number of Nigerian indigenous chickens from diverse ecotypes and
has unravelled significant genomic diversity in them. The results of this study offer
valuable insight into the genetic diversity of Nigerian indigenous chickens and their
population structure, which will guide their improvement by helping design specific
breeding programs as well as poultry management strategies to minimise heat stress
and enhance disease resistance and productive performance. Put together, the findings
of this thesis introduce the fact that Nigerian indigenous chickens are a group of unique
birds whose genetic resources could be employed for the genetic improvement of
livestock productivity. | hope that our results will be the baseline for further

investigation into the genomic landscape of the Nigerian chicken.
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1.1  Background

Chickens (Gallus gallus domesticus) are the most ubiquitous of all livestock species.
They may be found in nearly all agro-ecologies, where they are particularly valued for
their short-generation time and efficient feed conversion (FAO, 2010). Thus, they
provide the first response of the agricultural sector to the growing demand for livestock
products. In 2020 has reported that the global chicken population was over 33 billion,
with more than 1,600 different chicken breeds as the result of centuries of natural
selection, crossbreeding and breeding within flocks (FAO, 2022). It comprises world
poultry meat production (soared from 9 to 133 million tonnes between 1961 and 2020),
and egg production (shot up from 15 to 93 million tonnes). To meet the the current
worldwide demand, poultry meat represented almost 40 percent of global meat
production, while in the last three decades, world egg production has increased by 150
percent. Interestingly, poultry is raised by approximately 80 percent of rural

households in developing countries (FAO, 2022).

The Nigerian poultry industry comprises about 180 million birds, and Nigeria has the
second-largest chicken population in Africa after South Africa (SAHEL, 2015). The
poultry production systems in Nigeria have been classified into three types: free-range
(extensive), semi-intensive, and commercial (intensive). Free-range or extensive types
are where farmers keep indigenous chicken flocks and leave them to roam around to
scavenge for food and water. Production from these types of farming is subsistence-
oriented, mainly for family consumption, and these types are present mainly in the
northern parts of Nigeria. The semi-intensive types constitute keeping flocks of about
50 to 2,000 birds, including both improved and unimproved breeds, and the farmers
tend to sell live birds through informal marketing channels; these farming practices

are mainly located in the southern regions of the countries. The commercial system
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(intensive) is where the producers keep more than 2000 exotic birds of one breed,
producing either meat or eggs for the consumer market. This production system is the
dominant one in the southern parts of Nigeria (FAO, 2018). About 80 million chickens
(44%) are raised in extensive systems, 60 million (33%) in semi-intensive systems and

the remaining 40 million (22%) in intensive systems (FAO, 2018).

The local breeds of chicken, also referred to as indigenous chickens, are genetically
adapted to the harsh conditions prevalent in their origin environments, such as
surviving on limited feed resources, resistance to severe climatic weather, and evading
predators without much loss in production (Mwacharo et al., 2007, Dessie et al., 2011,
Orunmuyi et al., 2020) as a consequence of natural selection under scavenging
conditions (Pym et al., 2006). Moreover, the study by Bett et al. (2013) showed that
most consumers (98%) prefer to consume the indigenous chicken product compared
with exotic chicken as they look for particular qualities such as fat content, colour, and

flavour in meat as well as shell colour, size, and yolk colour in the eggs.

Advances in genomic technology or tools, along with the availability of chicken
genome references, provide us with the opportunity to perform studies aimed at
unravelling the genetic variations of Nigerian chickens as well as characterizing their
functional genomes (Okpeku et al., 2019; Perini et al., 2021) through, for instance,
Genome-Wide Association Studies (GWAS) and positive selection signature analyses
for the understanding of the genetic control of production and adaptive traits (Perini
etal., 2021). These studies mostly require the identification of a substantial number of
genome-wide Single Nucleotide Polymorphisms (SNPs) as genetic markers. The
availability of full genome DNA sequencing (2" and 3" generations) technologies and
their relative affordability is providing an increasing amount of genetic information
for all livestock species (Okpeku et al., 2019; Perini et al., 2021). Second-generation

3
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sequencers generate massive amounts of short reads, which differ in throughput and
length from reads produced by Sanger sequencers while third-generation generates
long reads with a mean length of 4.5 kbp and with randomly distributed sequencing
errors (Miyamoto et al., 2014). Allelic variants linked to traits of interest — as
determined based on genomic analyses - may be then selected or introgressed by
selective breeding programmes and/or crossbreeding schemes (Yadav A. K., 2017,

Salisu et al., 2018).

The SNPs are more commonly used in functional and neutral genetic diversity studies
compared to other different types of genetic markers (e.g., structural variants, copy
number variants (CNV)). Extremely common and with a low mutation rate, they
remain the markers of choice for diversity and full genome association studies
(Amorim and Pereira, 2005; Bush and Haines, 2010). Moreover, SNP markers are
compatible with high-throughput genotyping platforms. They are also valuable for a
variety of genetic and genomic applications such as the construction of genetic maps
and they have now been used widely in chicken studies (Jalving et al., 2004, Wong et

al., 2004).

Investigation of the genomic variations and the identification of mutation(s) that are
responsible for the adaptation of Nigerian chickens to their environments is a multi-
step process. Many studies using chicken genome sequences - mapped against the
chicken genome reference - typically analysed signatures of positive natural or
artificial selection (Rubin et al., 2010, Walugembe et al., 2019, Seo et al., 2018).
However, only a few genomic studies on African chickens are available. They include
the studies from Fleming et al. (2017) on Ugandan and Rwandan chicken, Elbeltagy
etal. (2019) and Walugembe et al. (2019) on Northern African chicken, and the studies

of Lawal et al. (2018), and Gheyas et al. (2021) on Ethiopian indigenous chickens.
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Selection signature analyses have been performed in both human and domestic species
(Qanbari and Simianer, 2014). Three different types of natural selection may occur in
a population: positive, purifying, and balancing selections. However, positive
selection is easier to detect in a population as a result of an increase in the prevalence
of advantageous alleles, which is noticed as a unique pattern of genetic variation in
the genome of the population. This type of selection increases the number of alleles
observed at high frequencies and favours alleles that increase the fitness of individuals
(Lopez et al., 2015). Within (intra) or between (inter) population analysis may be
performed. Methods have been developed based on allele frequency spectrum
analysis, local variability, and haplotype structure, which are all suitable to detect
selective sweeps (Akey et al., 2002, Biswas and Akey, 2006, de Simoni Gouveia et

al., 2014, Qanbari and Simianer, 2014).

1.2 The origin and domestication of African chicken

The modern chicken (Gallus gallus domesticus) was initially reported to be
domesticated from a single wild ancestor, the Red Jungle Fowl (RJF) (Darwin, 1868),
with Southeast Asia as the centre of origin (Fumihito et al., 1994, Fumihito et al.,
1996). However, a recent study using 863 chicken genomes suggests that domestic
chickens derived from the RJF subspecies Gallus gallus spadiceus around 9,500 +
3,300 years ago, and this subspecies is currently distributed predominantly in south-
western China, northern Thailand, and Myanmar (Wang et al., 2020). Subsequently,
following its dispersion, domestic chicken hybridized with local RJF subspecies as
well as their jungle fowl species (Wang et al., 2020). Indeed, the study of introgression
in chicken reveals a polyphyletic origin of domestic chicken diversity with the RJF as
the main ancestor and subsequent introgression from the Grey, Ceylon, and Green

junglefowl (Lawal et al., 2020).
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Small-scale contact and trade along ancient land and sea routes ultimately led to the
chicken spreading and its exploitation across Asia and most regions of the world,
including Africa (Perry-Gal et al., 2015). It is a multipurpose bird being exploited as
food (egg, meat), for ornamental (e.g. fancy breeds) or for recreational (e.g.
cockfighting) purposes (Gifford-Gonzalez and Hanotte, 2011, Perry-Gal et al., 2015).
The ancient bones and linguistic sources, as well as molecular genetic evidence,
suggest that domestic chickens were introduced to Africa at least three times through
two separate routes: from North Africa through the Sahara to West Africa and from
the East African coast to Central Africa (Chaix, 2001, Mwacharo et al., 2013). The
earliest written reference to chickens in West Africa comes from Ibnu Battuta, a
Muslim Moroccan scholar, who noted the presence of chickens “for sale” along his
route from Iwalatan (Walata) to the capital of Mali in 1352 AD (Lewicki, 1974). It is
known that the chicken first arrived in sub-Saharan Africa sometime before 850 AD

(MacDonald, 1992).

The genetic evidence of the West African chicken, including in Nigeria, suggests a
single maternal origin (from the Indian subcontinent). The chicken could have reached
today’s Nigeria from the North of the African continent through trans-Saharan trading;
from East Africa through migrations along the Sahelian belt and/or they could have
also reached West Africa through trading along its coast (Adebambo et al., 2010,
Ajibike et al., 2017). Several studies have now investigated the maternal origin and
diversity of African indigenous chickens including in East Africa (Mobegi, 2006),
Zimbabwe (Muchadeyi et al., 2008), South Africa (Mtileni et al., 2011), Tanzania
(Lyimo et al., 2014), Sudan and Southern Sudan (Wani et al., 2014), Chad and Central

Africas, and Algeria and Libya (Al-Jumaili et al., 2020).
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Over the years, these domesticated chickens introduced to different localities have
acquired diverse genetic characteristics and adapted to different environmental
challenging conditions (Hall and Bradley, 1995), such as heat stress, humidity, and
diseases presence (Tirawattanawanich et al., 2011, Bobbo et al., 2013, Lawal et al.,

2018, Walugembe et al., 2019).

1.3 Nigerian chicken types and their adaptation to the tropical environments

and diseases

1.3.1 The agro-ecological zones of Nigeria

Nigeria is located mainly within the lowland tropics, characterised by high
temperatures of up to 32°C in the coastal south and as high as 41°C in the North. The
climate varies from the very wet conditions, typical in the coastal areas with an annual
rainfall greater than 3500 mm, to substantially dry conditions in the Sahel region in
the North-West and North-Eastern parts, with an annual rainfall below 600 mm.
Nigeria also has two main altitudinal regions: the high plateau, ranging between 300
m and more than 900 m above sea level, and the lowlands, which are generally less

than 300 m (Federal Department of Forestry, 2019).

The ecological zones in Nigeria followed in this study, are defined from South to
North: Mangrove Swamp and Coastal Vegetation, Freshwater Swamp Forest,
Lowland Rainforest, Derived Savanna, Guinea Savanna, Sudan Savanna and, Sahel
Savanna (Keay, 1949; Federal Department of Forestry, 2019). A few mountainous
areas are found in the Jos Plateau, Adamawa, Taraba, and the Northern part of Cross

River State (Figure 1.1).
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. Nigeria Ecological Zones
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Source: FORMECU, Federal Department of Forestry, Nigeria

Figure 1.1. Ecological zones of Nigeria.

Source: Federal Department of Forestry (2019).

1.3.2 Breed types, characteristics, and distribution of Nigerian indigenous

chicken

The term indigenous or local chicken is used interchangeably to denote unimproved,
unpedigreed and unselected population of random breeding native chickens (Ikpeme
et al., 2020). To avoid such discrepancies and limit further variations, | adopted the
naming referred to by Halima et al. (2007), which uses the term ‘indigenous’ instead
of native or local chickens. These chickens are spread throughout the rural areas of
Nigeria in different agro-ecological zones (Adetayo, 2001, Ajayi, 2010), and they are
commonly called the Nigerian Indigenous Chicken (NIC). Classification of the NICs
has been done based on the agro-ecological zones (Adetayo, 2001) and some studies

denoted the chicken found in different agricultural zones as ecotypes (Momoh et al.,
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2010). They have been classified into two breeds based on their geographic location
namely, the Fulani and the Yoruba. The Fulani chicken is found in some parts of
Nigeria mainly in the Sahel/Sudan and Guinea savanna, the cattle Kraals and Montane
parts of northern Nigeria. On the other hand, the Yoruba is located around the

Rainforest, Swamp, and Derived savanna areas (Nwogwugwu et al., 2019).

Nigerian chickens have also been characterized along genetic lines of feather types
(e.g. normal or frizzled feathered), comb styles, body structure (e.g. naked neck, dwarf
types), and plumage colour (e.g. black, white, brown, mottled, etc.) (Ajayi, 2010,
Ajayi et al., 2010, Adekoya et al., 2013; Rotimi et al., 2016). The normal feathered
birds are the most common phenotypes in comparison to the frizzled feathered and
naked neck ones (Ajayi, 2010). The naked neck (Na) and frizzle (F) loci are associated
with heat stress tolerance, and their presence in indigenous chickens in Nigeria may
be considered as adaptative phenotypes (Fathi et al., 2013), thus the high performance
of naked neck chickens is associated with less stress induced by heat load (Desta,
2021). The resilience of indigenous chickens is manifested in their ability to thrive
well under harsh conditions and their tolerance to many disease pathogens in the
tropical hot environment (Sonaiya, 1998). Hot climates are characterized by a diurnal
cycle of ambient temperature, which varies between geographical locations and
seasons. Under high-temperature conditions, chicken body heat increases. To control
its body temperature, the bird may dilate the blood vessels of the skin, wattles, and
comb, bringing the internal body heat to the skin surface favouring heat loss (Fathi et

al., 2013).
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1.3.3 Genetic diversity and potential

Genetic diversity is core to genetic improvement as well as to a species’ ability to
adapt to changing environments. With large variations within populations, it is more
likely that some individuals will possess variations of alleles that are suited to
changing environment challenges (Noni¢ and Sija¢i¢-Nikoli¢, 2019). Previously, |
mentioned that Nigerian indigenous chickens display a lot of phenotypic diversity-
supporting presence of genetic variation among the chicken populations. They are
characterized by a large variation in their body size, plumage colour, comb type, and
feather appearance, which makes them morphologically different from each other.
Ojoh et al. (2010) reported that although Nigerian indigenous chickens are low

producer type of birds, they do possess a good genetic potential for laying traits.

1.3.4 Genetic approaches to improve performance of Nigerian indigenous

chickens

Some of the approaches that have been applied to improve the productivity of
Nigerian indigenous chickens are crossbreeding with exotic commercial lines, and the
development of new improved indigenous lines selected within the indigenous
populations (Adeleke et al., 2011, Sola-Ojo and Ayorinde, 2011, Adedokun and
Sonaiya, 2002, Ogbu, 2011, Alabi et al., 2020).

Crossbreeding is mating different breeds to introgressed desirable traits from one
parental line to the others or to combine the crossbred traits of interest from both
parental breeds. Nwosu (1985 and 1990) in Peter et al., (2018) mentioned that
crossbreeding experiments in Nigeria between exotic breeds and indigenous chickens,
led to genetic improvement following hybrid vigour. One example is the significant
improvement in daily weight gain, the number of eggs, and egg weight following

crossbreeding between Nigerian indigenous chicken with the Dahlem Red exotic

10
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chicken (German breed) (Adedokun and Sonaiya, 2002). Higher performance was also
observed among crossbred Fulani ecotype and exotic egg-type compared to the native
Fulani ecotype (Sola-Ojo and Ayorinde, 2011, Adeleke et al., 2011). Padhi (2016)
indicated that body weight, egg weight, egg production, and age at sexual maturity
were found to be better in crosses compared to indigenous chickens.

An example of the development of new, improved indigenous lines is presented by
Osinbowale (2017) as reported by Nwogwugwu et al. (2019). Indigenous naked neck
and frizzled feathered birds were utilized to develop broiler lines due to their quality
of carcass traits. Following different crosses, they developed two lines of improved
indigenous commercial breeds, with 37.5% to 62.5% indigenous blood. Furthermore,
these lines were then distributed to the rural farmers in Nigeria to evaluate their

performance (Nwogwugwu et al., 2019).

1.4 Tools for chicken genome characterisation

Molecular genetic characterization aimed at assessing the genetic diversity within and
between indigenous and improved Nigerian chickens is an essential step towards
conserving the genetic resources of Nigerian indigenous chicken breeds and
improving their productivity. Analyses of DNA marker polymorphisms may provide
information about diversity and selection. Polymorphic DNA markers typically
include microsatellites, Singe Nucleotide Polymorphism (SNP), insertion/deletion
(indels), Copy Number Variations (CNV), etc (Emara and Kim, 2003, Wang and
Byers, 2014). DNA markers have been used in livestock for different genetic
population studies including diversity studies, quantitative trait loci (QTL) mapping,
and for assessing population conservation genetic parameters such as effective
population size, the identification of past bottlenecks, inbreeding status and gene flow

(Montaldo and Meza-Herrera, 1998, Gholizadeh et al., 2008, Wilkinson et al., 2011).
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Moreover, DNA markers have been used in livestock breeding programmes for the
determination of kinship, marker-assisted selection and genomic selection.

Some studies on the genetic characterization of African chicken such as genetic
diversity studies, introgression, relationships among different breeds as well as the
evolution of African chicken have previously utilized microsatellites (Muchadeyi et
al., 2007, Mtileni et al., 2011, Lyimo et al., 2014), and mitochondrial (ntDNA) DNA
sequences (Liu et al., 2006, Adebambo et al., 2010, Miao et al., 2013, Ajibike et al.,
2017, Al-Jumaili et al., 2020). SNPs are now popular as the molecular marker of
choice for chicken diversity studies with the possibility of genome analysis via high-
throughput sequencing and genotyping platforms (Fan et al., 2010, Pértille et al.,
2016).

Genome-wide characterisation of SNP polymorphism in chicken is facilitated by the
availability of low to high-density SNP genotyping arrays (e.g. 3K genotyping array
with 3,072 SNPs (Muir et al., 2008), a 60K bead chip (Groenen et al., 2011) and a high
density genotyping chip (600K Affymetrix® Axiom® array). These facilitate a wide
range of potential applications, e.g. genomic selection within breeding programs,
Genome-Wide Association Studies (GWAS) analysis and investigation of the
diversity of different chicken breeds (Kranis et al., 2013). Furthermore, these tools
have been applied in several African chicken studies such as in southern African
chickens using the Illumina chicken iSelect SNP60K (Khanyile et al., 2015), and using
the 600K Affymetrix® Array in East African chickens (Rwanda and Uganda)
(Fleming et al., 2017), North African chicken (Baladi) and Egyptian chicken
(Dandarawi and Fayoumi) (Elbeltagy et al.,, 2019), and Tanzanian chicken
(Walugembe et al.,, 2019). However, compared to SNP chip-based genome

information, genome-wide sequencing is more informative as it allows for
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identification of all genetic variants present in a species or population. Several recent
studies have now reported genome-wide sequence analysis of African chicken (Lawal

etal., 2018, Banos et al., 2020, Gheyas et al., 2021).

1.5  Sequencing of the chicken genome

The development and advances in genomic technologies have enabled the possibility
of generating the entire genome sequence of an organism. The chicken (Gallus gallus),
an important livestock species and a model organism that bridges the evolutionary gap
between mammals and other vertebrates, was the first agricultural animal to have its
genome sequenced (Hillier et al., 2004).

The chicken genome is composed of haploid content of 1.1 x 10° base pairs of DNA
and is divided into thirty-nine chromosomes, consisting of nine cytologically distinct
macrochromosomes (MACS) and thirty microchromosomes (MICs) which are much
smaller than the typical mammalian genomes whose sizes are in the order of 2,500-
3,000 Mb (Ladjali-Mohammedi et al., 1999). The sex chromosomes are denominated
Z and W and unlike in mammals, the males are homogametic (Z/Z), while the females
are heterogametic (Z/W) (Burt and White, 2007). Further distinctions have been made
among MACs and MICs, with chromosomes 1 through 5 and Z include within the
MAC group, while chromosomes 6 through 10 can be assigned within an intermediate
size chromosome group, and the remaining ones included in the MIC group
(International Chicken Genome Sequencing, 2004). The thirty chicken MICs contain
about one-third of the genomic DNA, They are gene-rich, with estimates suggesting
that MICs contain at least twice as many genes as the MACs (Smith et al., 2000), also
with differences in GC content and proportion of repetitive sequences (International

Chicken Genome Sequencing, 2004).
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At the start of the 21% century, there was a proposal to sequence the chicken genome,
and the first draft was assembled using a whole-genome sequencing (WGS) strategy
in 2004. This initial genome sequence study using a single, partially inbred RJF had
a 6.6-fold coverage of the genome with a total genome size of 1.2 x 10° base pairs
(one-third of a typical mammal). The main characteristic of this genome was the low
content of repetitive DNA (~11% compared to ~50% in mammals (Burt and White,
2007). Furthermore, the first versions of GGAZ and GGAW were sequenced only to
~3.3X due to their hemizygous state in the female bird used (Warren et al., 2017).
Over the years, advanced improvements were made to the chicken genome reference
assembly (Schmid et al, 2015). A second build (Gallus gallus 2.1;
GCA _000002315.1) of the original genome generated in 2004, had a total genome
size of 1.09 Gh, ~95% of which was anchored to autosomes 1-28 and 32, along with
the GGAZ and GGAW sex chromosomes. This genome version included information
from the targeted sequencing of BACs and fosmids (Warren et al., 2017). The third
build of the genome (Gallus_gallus-4.0; GCA_000002315.2) increased the N50 contig
and scaffold size to 252 kb and 12,4 Mb, respectively, with the total amount of
sequence mapped to the chromosomes increased by 15 Mb. In addition, nine additional
MICs were reported to be gene-rich and either not assembled or assigned, due to
mostly the lack of genetic linkage group markers to anchor the unplaced sequences
(Rubin et al., 2010, Qanbari et al., 2015, Warren et al., 2017).

The next version of the chicken genome assembly was Gallus_gallus-5.0
(GCA_000002315.3, Galgal 5), with deep coverage of ~51X. Long-range single-
molecule sequencing technology and BAC (Bacterial Artificial Chromosomes)
sequencing (International Chicken Genome Sequencing, 2004) lead to an improved

physical map of the genome with a gain of 183 Mb, including 16.4 Mb in already
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placed chromosomes (Warren et al., 2017). Moreover, in the 1.21 Gb genome, three
previously missing autosomes, GGA30, 31, and 33 were now included. Gallus_gallus-
5.0 also had an improved sequence contig length 10-fold over the previous
Gallus_gallus-4.0 reference. However, 138 Mb of the sequence was still not yet
assigned to any chromosomes. Gallus_gallus-5.0 includes 4,679 more annotated genes
(2,768 noncoding and 1,911 protein-coding) in comparison to Gallus_gallus-4.0
(Warren et al., 2017).

The Gallus_gallus-6.0 (GRCg6a) chicken assembly is 1,065 Mb in length. Six
microchromosomes (GGA29 and GGA34-38) are still, however, missing. GRCg6a
includes an 82X coverage of PacBio (Pacific Biosciences) long-reads sequence. It
shows a dramatic increase of both contig and scaffold N50, together with a shorter
overall assembly length, meaning that the number of gaps in the sequence is much
lower (Table 1.1) (Kraus, 2019), then, this chicken genome reference was being used
in this work.

The latest chicken assemblies (GRCg7b and GRCg7w) came from an F1 individual
from a broiler mother and a layer father, generated as part of the Vertebrate Genomes
Project. This provides the foundation for a substantially improved genome assembly
and annotation that leverages a diverse set of short (Illumina) and long-read (IsoSeq,
PacBio) sequencing data along with high resolution scaffolding data. These reference
genomes provide information lacking in the previous reference, such as missing
micro-chromosomes, and have corrected misassembled chr31, chr32 and chr33 of
GRCg6a. The broiler and layer references represent assembled pseudo-haplotype

genomes (VGP, 2022).
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Table 1.1. Assembly contiguity metrics of chicken genomes by version (in base pairs)

Assembly Gallus_gallus- Gallus_gallus- GRCg6a GRCqg7b
statistics

Total 1,046,915,324  1,230,241,782 1,065,348,650 1,053,332,251
sequence

length

Total 1,032,841,023 1,218,476,783  1,055,564,190 1,049,948,333
ungapped

length

Gaps between 68 0

scaffolds

Number of 524 214
scaffolds

Scaffold N50 12,877,381 20,785,086 90,861,225
Scaffold L50 12 4

Number of 1,402 677
contigs

Contig N50 17,655,422 18,834,961
Contig L50 19 18

Total 34 42

number of

chromosomes

Sources: https://www.ncbi.nlm.nih.gov/assembly

1.6 Full genome sequence analysis

In population genetic terms, genetic diversity reflects the interplay of mutation,

genetic drift, selection, recombination and gene flow on DNA sequence variation

(Dutoit et al., 2017). Full genome sequence analysis allows the discovery of various

types of genomic variants and provides the opportunity to assess the extent of genetic

diversity within and among populations. Genotype information on genome-wide

variants (e.g., SNPs) can also be used for many other purposes for livestock species

like chicken, such as identifying loci associated with production and performance

traits, detecting genomic regions under positive selection (either from artificial

selection or natural adaptive selection), and improving breeding performance through

the application of genomic selection.
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1.6.1 Estimation of genomic diversity

Changes in genetic diversity may be identified using SNPs and measured by
nucleotide diversity, heterozygosity, genomic inbreeding coefficient and/or using
estimates derived from runs of homozygosity (ROH) (Zhang et al., 2018). Another
parameter that is important to be considered in population genetics is linkage
disequilibrium (LD) which refers to the nonrandom association of alleles at different
loci (Amaral et al., 2008). This method has been used to determine the association
between variants and traits and efforts to understand selection pressures (Weir, 2008),
whereas natural populations are affected by many factors such as genetic drift,
population structure, migration, admixture, selection, mutation and recombination
(Hedrick, 2009).

Nucleotide diversity (n) can determine the DNA sequence diversity in a population. It
describes the average proportion of nucleotide differences between all possible pairs
of sequences obtained for that population (Marks, 1988). Allelic diversity determines
a population’s ability to respond to long-term selection over many generations;
accordingly, it may be linked to the long-term survival of a population. Genome-wide
heterozygosity may also act as a proxy for an individual inbreeding coefficient,
meaning that a decrease in heterozygosity would indicate the expression of
deleterious, recessive alleles with an associated fitness cost (Hansson and Westerberg,
2002). Also, genetic variation associated with specific loci may influence fitness (e.g.,
heterozygote advantage) (Jingade et al., 2011).

The inbreeding coefficient (F) of an individual is defined as the probability of two
randomly chosen alleles at the same locus from two gametes to be identical by descent
(IBD) from a common ancestor (Crow and Kimura, 1970). Linkage disequilibrium

(LD) is the non-random assortment of alleles at different loci, and the pattern of LD is

17



Chapter One

a powerful indicator of the genetic forces shaping a population. The decay and extent
of LD at a pair-wise distance can be used to determine the evolutionary history of
populations (Andreescu et al., 2007). For example, indigenous chicken breeds
generally exhibit a shorter extent of LD (Khanyile et al., 2015) compared to
commercial breeds. Among commercial populations, broiler lines generally show
faster decay of LD than layer layers (Seo et al., 2018). This is a consequence of a more
intensive selection scheme over many generations in layer lines resulting in a lower
population haplotype diversity and a smaller effective population size (Ne) (Qanbari,

2020).

1.6.2 Estimation of population structure

The two most widely used approaches to model population structure using genomic
data are admixture-based models, such as those implemented in the software packages
STRUCTURE (Pritchard and Donnelly, 2001, Falush et al., 2003), FRAPPE (Tang et
al., 2005), SABER (Tang et al., 2006), and ADMIXTURE (Alexander et al., 2009)
and Principal Component Analysis (PCA) as implemented in the programmes like
SmartPCA (Price et al., 2006). In admixture-based models, every individual is
assumed to have inherited some proportion of their ancestry from an inferred number
of parental populations. The proportions are known as the admixture proportions of
each individual (Engelhardt and Stephens, 2010). While PCA analysis will result in
the projection of the individuals into a low-dimensional subspace, with the locations
of individuals in the projected space showing the genetic similarities among them

(Engelhardt and Stephens, 2010).
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1.7  Signatures of selection

The diversity that exists within various species is observed as variations in their
phenotypes such as physical appearance (morphology), production traits,
environmental adaptations, and disease resistance or susceptibility. It is often
challenging to understand the underlying genetic variations and mechanisms
contributing to phenotypic diversity (Biswas and Akey, 2006). Identification of
genomic loci under selection also called “selection signature analysis”, is one of the
mainstream approaches to gaining insight into the underlying genetics associated with
a phenotypic trait. The ability to identify the molecular signatures of natural
selection(s) provides a powerful tool for identifying loci that have contributed to
adaptation.

Regions of the genome with selection signature signals also referred to as selective
sweep regions, are expected to harbour functionally important sequence variants and
therefore to have been under either natural or artificial selection (Qanbari and
Simianer, 2014; Koropoulis et al., 2020). In terms of molecular evolution, three
different forms of selection are recognized: positive selection or directional selection,
negative or purifying selection or background selection, and balancing selection. Each
of them will impact the diversity of the genome in particular ways by changing allele
frequency at the selected loci as well as surrounding loci by preferring certain
genotypes over others. Balancing selection is defined as a class of selective regimes
that maintains polymorphism above what is expected under neutrality (Charlesworth,
2006). Negative selection acts upon new deleterious mutation for removing it and
maintaining the functional integrity of the DNA sequence (Charlesworth, 2006,
Barreiro et al., 2008). Positive selection, on the other hand, is defined as any type of

selection where mutations are advantageous (have positive selection coefficients). It
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may be associated with adaptation and the evolution of a new form or function
(Nielsen, 2005). This type of selection is also important in explaining the pattern of
variability within and between species. When the frequency of the favoured allele
increases in the population due to positive selection, it causes linked alleles in nearby
regions to increase in frequency too, thereby reducing the variation at the selected
locus as well as its surrounding regions following genetic hitchhiking (Maynard and
Haigh, 2007). Even if only a single allele is being selected, it may result in a local
selective sweep (Qanbari and Simianer, 2014). The two main models of selective
sweeps are referred to as hard sweep and soft sweep. Hard sweep refers to the
phenomenon where an allele with a strong selective advantage increases quickly in
frequency in the population until eventually reaching fixation. In contrast, soft sweeps
e.g. from standing variation, or sweeps in which multiple mutations start to sweep
simultaneously at a single locus (if the favoured mutations are roughly equivalent, then
no single allele sweeps rapidly to fixation). Simulations have shown that soft sweeps
typically have weaker effects on linked sites and, therefore, may be more difficult to

detect than hard sweeps (Pritchard et al., 2010).

1.7.1 Approaches for detecting the signature of positive selection

Several approaches have been designed for the detection of selection and most of the
methods were developed and initially applied to human genomic data, with subsequent
applications in livestock species including chicken. The advances in high-throughput
sequencing and SNP genotyping technology have greatly expanded the ability to
identify the signatures of selection based on site frequency spectrum (SFS), linkage
disequilibrium, and reduced local variability. The majority of the tests are designed to
detect loci under selection either within the population or by comparison between

populations. The tests are performed either on individual variants or over genomic
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windows covering multiple variants and look for outlier regions (i.e. variants of
windows showing extreme scores) compared to the rest of the genome (Qanbari et al.,

2019).

1.7.1. a. Tests based on linkage disequilibrium pattern

An excess of allelic association between loci is termed linkage disequilibrium (LD)
(Kim and Nielsen, 2004). LD may arise from genetic drift, population admixture, and
selection, but the extent of LD will be reduced by recombination at each generation.
LD is, therefore, higher between close loci, and it will decay with increasing physical
distance (Slatkin, 2008). LD tests include LD Decay (LDD), Extended Haplotype
Homozygosity (EHH), Long Range Haplotype (LRH), integrated Haplotype Score
(iHS), Relative Extended Haplotype Homozygosity (REHH) and Cross-Population
Extended Haplotype Homozygosity (XP-EHH) calculations (Sabeti et al., 2002,
Biswas and Akey, 2006, Voight et al., 2006, Qanbari and Simianer, 2014).

Most of the LD-based methods focus on long homozygous regions with high
frequencies of specific haplotypes generated by hard sweeps (Sabeti et al., 2002,
Garud et al., 2015). Variants of the tests incorporate different modifications, i.e.
correcting for variation in the recombination rate (Sabeti et al., 2002) or using two
populations instead of one (Sabeti et al., 2007). The selective sweep also generates a
specific spatial pattern of LD owing to the independent recombination events on both
sides of the beneficial mutation (Kim and Nielsen, 2004, Weigand and Leese, 2018).
EHH is defined as the probability that two randomly chosen chromosomes carrying
the tested core haplotype are homozygous at all SNPs for the entire interval from the
core region to the distance x (Sabeti et al., 2002a). LRH is calculated by dividing EHH
on a core haplotype by EHH among all the samples not containing the core haplotype

(Huff et al., 2010).
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The recombination maps are required for some methods; in particular, iHS and XP-
EHH. As the recombination rate across a genome can vary strongly, this can influence
genetic diversity patterns (e.g. reduced recombination rate increases LD locally).
Additionally, genetic variation is reduced more rapidly by selective sweeps in regions

with intermediate or high recombination rates (Weigand and Leese, 2018).

1.7.1. b. Test based on reduced local variability

Runs of Homozygosity (ROH) and pooled heterozygosity (Hp) tests have been widely
used to detect regions of the genome where there are reduced variations (e.g.
nucleotide diversity or heterozygosity) compared to the average across the genome
(Rubin et al., 2010).

ROH test searches persistent regions of the genome with homozygosity in the diploid
state. ROH is used on a genome-wide scale to detect signals of past selection (Lencz
et al., 2007), while Hp statistics are designed to estimate variability by looking for the
regions of the genome with low heterozygosity.

The Hp test specifically involves counting the most and least abundantly observed
alleles at every detected SNP position across sliding windows. Following hitchhiking,
a reduction of local variability compared to genome average will be observed at the

selective sweeps (Braverman et al., 1995).

1.7.1. c. Tests based on alleles frequency changes

These tests rely on the assumption that selective sweeps affect the frequency of
variants (increased proportion of low and high-frequency variants and a reduced
proportion of intermediate frequency variants). Some widely used tests are Tajima’s
D (Tajima, 1989) and Fay and Wu’s H test (Fay and Wu, 2000), while a more recent

test is the composite likelihood ratio (CLR) (Nielsen et al., 2005).
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Tajima’s D is the standardised difference between two commonly used measures of
variability; 6w, which is based on the total number of segregating sites and is
influenced most by low-frequency variation (Watterson, 1975), and 0=, which is based
on average heterozygosity and is influenced most by intermediate-frequency variants
(Tajima, 1989). A negative value of Tajima’s D is a deviation from the allele
frequency spectrum. It is caused by an excess of low-frequency alleles, which indicate
positive selection whereas a value of zero is expected in a standard neutral model.
Fay and Wu’s H test (2000), estimates the scaled population mutation rate in two
different ways (average homozygosity and average heterozygosity of the derived
allele) and then the estimates are compared. For the selective sweep case, high-
frequency-derived allele excess is expected and thus leading to a higher homozygosity
estimate relative to the heterozygosity and negative H values (Weigand and Leese,
2018).

The CLR test is comparing the likelihood of a model including selection with a neutral

model for a specific genomic region (Weigand and Leese, 2018).

1.7.1. d. Tests based on population differentiation

Genetic differentiation between multiple populations can be determined from the
estimation of Wright’s fixation index FST (Wright, 1949). A more novel statistic based
on single-site differentiation is FLK with the haplotype-based extension of the FLK
statistic called hapFLK (Bonhomme et al., 2010, Fariello et al., 2013). FLK is a
parametric statistical test for the detection of selection signatures in complex
population trees. It is a quick and powerful tool for large data sets in the context of
genomic scans (Bonhomme et al., 2010). While the hapFLK statistic takes into account

both hierarchical population structure and haplotype information, it has the power to

23



Chapter One

detect soft sweeps, incomplete sweeps and sweeps occurring in several populations
(Fariello et al., 2013).

Signature of positive selection particularly between populations can be detected by
comparing the multi-locus values of the metric with the values in a neutral model. It
is expected that the FST value estimated for regions of the genome under selection
should exhibit larger divergence (i.e. high FST) among populations than neutral loci,
while regions under uniform balancing selection in all populations should be less
differentiated (low FsT) (Qanbari and Simianer, 2014). This approach has been
employed to identify selection signature and population structure in several chicken

populations including African chicken (Fleming et al., 2017, Elbeltagy et al., 2019).

1.7.2 Signatures of selection in African chickens

Since their domestication, and in line with their dispersion, chickens have been
subjected to both human selection (selective breeding) and natural selection
(environmental adaptation) leading to the development of different breeds and
ecotypes. Therefore, the investigation of selection signatures in indigenous African
chickens may provide insight into regions targeted by selection during domestication,
breed formation as well as adaptation to the tropics. Several studies on African
chickens have applied different selection scan approaches and have analysed genome-
wide SNP information from low density (60K) chips, high density (600K) chips to full
genome sequence data (Khanyile et al., 2015, Fleming et al., 2017, Elbeltagy et al.,
2019, Gheyas et al., 2021). The focus of these studies has been to identify selection
signatures related to tropical environmental adaptation (e.g., disease resistance and
heat tolerance) and production traits (e.g., egg and meat production) and with the
majority of them utilising 60K chip information instead of whole-genome sequence

data.
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Several studies have now reported candidate signature of selection in the genome is
possibly linked to environmental selection in African chickens. These include studies
on three indigenous chicken ecotypes from East Africa, North Africa and Egyptian
local breeds (Walugembe et al., 2019, Elbeltagy et al., 2019), village chickens from
Zimbabwe, Malawi, and South Africa (Hadebe et al., 2019, Khanyile et al., 2015,
Fleming et al., 2017), and indigenous Ethiopian chicken (Gheyas et al., 2020, Lawal
et al., 2018). These analyses have revealed genomic regions under selection pressure
including genes with functions that may be linked to environmental challenges.

More specifically, using several analyses Fleming et al. (2017) identified a commonly
detected FsT, iHS and Rsb candidate region on chromosome 27 of ~1-4 Mb. This
region includes two genes HSP25 and DNAJC7, both of which are directly related to
temperature variation stress tolerance responses (Jenuth, 2000, Consortium, 2015).
The study from Elbeltagy et al. (2019), based on ROH analysis in Egyptian chickens,
showed selection footprints in candidate regions with genes for adaptation to heat,
solar radiation, ion transport and immunity. The high-altitude-adapted East-African
chicken populations showed a selection signature with genes for angiogenesis,
oxygen-heme binding and transport (Elbeltagy et al., 2019). In the meantime, two
candidate genes, HRH1 and AGTR1 have been found in Ethiopian village chicken,
which are associated with “vasoconstriction regulation” and have been linked to a
reduction in peripheral blood flow leading to an increase in internal body temperature
(Lawal et al., 2018). These genes may also play important roles in thermoregulation.
Meanwhile, strong selective signals concerning high-altitude or cold temperature and
drought in Ethiopian chickens have been reported by Gheyas et al. (2020). The results

of these signature selection studies in African chickens may enhance the
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understanding of the roles of the natural selection forces in shaping African chicken

genomes for adaptation to the stressful tropical environment.

1.8  Aims and objectives of this thesis

This thesis analyses whole-genome sequence data from Nigerian indigenous chicken
populations representing diverse agro-ecological zones to investigate genetic diversity
and landscape of genomic selection signatures in relation to environmental adaptation.
As a farm animal, an understanding of the chicken genome can lead to genes or
genomic regions which are associated with advantageous traits. The study of genomic
characterization could give valuable insight into the variant information that can help
improve applications of genomic selection and access to population structure and
genetic diversity among the Nigerian chicken.

This thesis includes six chapters:

Chapter 1 (this chapter) is the general introduction.

Chapter 2 reports the genomic diversity and the population structure of Nigerian
indigenous chickens based on whole-genome sequence data.

Chapter 3 applies Hp and FsT analysis for selection signature detection in Nigerian
chicken in relation to specific climatic parameters viz. high temperature and
rainfall/precipitations variations.

Chapter 4 investigates the genomic landscape of selection signatures in different
ecotypes of Nigerian indigenous chickens based on their agro-ecological zones. The
Hp method is used to identify selective sweep regions within each ecotype and FST
analysis is used to perform comparisons between ecotypes.

Chapter 5 is a general conclusion, highlighting key contributions of the thesis and

discussing the limitation of the study and the ways forward.
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CHAPTER 2:
Genomic diversity and population structure of Nigerian

indigenous chickens
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2.1 Introduction

The term indigenous chicken, also referred to as “native”, “scavenging”, “village”,
“local”, “traditional”, or “free-range”, is used interchangeably to denote a group of
scavenging or semi-scavenging birds largely unimproved, unpedigreed and unselected
(human selection) native chickens. They are found in environmental areas either
unsuitable for exotic or commercial breeds or when farmers have not been able to
afford the high input requirement of maintaining these breeds (Kitalyi, 1998, Ogbu,
2010). Indigenous chickens are usually reared under household production systems
(Conan et al., 2012). The household production system is commonly related to poor
biosecurity conditions, small size (under 100 heads per flock), and little or no
veterinary intervention (Mapiye et al., 2008). Based on the Food and Agricultural
Organisation (FAO, 2017), farmers keep indigenous chickens in flocks, which are left
to roam around and scavenge for food and water, and the flocks may contain birds of

different species (e.g. chicken, ducks) and varying ages. Such farming practice is

referred to as a free-range system (extensive).

Nigeria has many indigenous chickens, which are able to better survive in low input
systems, are more tolerant and/or resistant to disease challenges, and can tolerate
variable production and climate conditions better than commercial birds (Ajibike et
al., 2017). Overall, it may be expected that the diversity in agro-ecological and climatic
conditions across the country has contributed to the current diversity in the adaptation
of livestock genetic resources in Nigeria, including chicken. Interestingly, Ajayi
(2010) compared the bodyweight of different chicken ecotypes. The heavier ecotypes
(often referred to as Fulani, defined by a chicken body weight of about 0.9 - 2.5 kg at
maturity) are found in the dry savanna (Guinea and Sahel savanna) and the

mountainous regions of the North of the country, while the lighter ecotypes
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(bodyweight between 0.68 - 1.5 kg at maturity) are found in the rainforest and derived

humid savanna agro-ecological zones.

Genetic studies on Nigerian indigenous chicken remain few. Adebambo et al. (2010)
were the first to study the mitochondrial DNA (mtDNA) D-loop diversity of Nigerian
indigenous chickens. Examining 232 village chickens from Southern and Northern
Nigeria, they reported that all mitochondrial DNA sequences belong to a single clade
or haplogroup; a haplogroup predominantly found today in South Asia (Indian
subcontinent) within the wild distribution of the red junglefowl. Their study also
suggested extensive genetic intermixing within the country, resulting in a lack of
phylogeographic structure among the Nigerian village chicken populations (Adeleke
et al., 2011). Furthermore, they examined the mtDNA diversity of the three major
phenotypes of Nigerian chicken (naked neck, normal-feathered, and frizzle-feathered).
The results show that frizzle-and normal-feathered chickens belong to the same

genetic cluster, which was found to be distantly related to the naked neck chickens.

The recent study on the genetic diversity of Nigerian indigenous and commercial
chickens was conducted by Ajibike et al. (2017). This study supports the results from
the previous studies with the identification of a single main mtDNA maternal lineage,
likely originating from the Indian subcontinent and with no clear mtDNA
substructuring between and within populations. So far, there have been no previous
studies that have assessed the genetic diversity of indigenous Nigerian chickens at the

whole-genome level.

In this chapter, | analysed whole-genome sequence (WGS) data from a large number
of Nigerian indigenous chickens representing different agro-ecological zones. |

examine and report for the first time, the genetic diversity and population structure of
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Nigerian indigenous chicken populations at the genome-wide level using the WGS
data. The SNP polymorphisms identified here will then be further analysed for the
identification of candidate signatures of selection for environmental adaptation

(Chapters 3 and 4).

2.2 Materials and methods

2.2.1 Chicken populations

A total of 120 chicken samples representing fourteen populations were studied. These
populations represent the eight agro-ecological zones of Nigeria (Figure 2.1): Sudan
Savanna (n = 10), Northern Guinea Savanna (n = 10), Southern Guinea Savanna (n =
20), Plateau Mid-Altitude (n = 20), Derived Savanna (n = 20), Humid Rainforest (n =
20), Humid Savanna Freshwater Swamp (n = 10), and Humid Savanna Mangrove (n
= 10). Further details regarding the populations from each agro-ecological zones are

provided in Table 2.1
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Figure 2.1. Sampling site of the studied population against the Nigerian agro-
ecological zones.

Figure modified from https://redd.unfccc.int/files/2019 submission_frel nigeria.pdf.
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Table 2.1. Details of chicken populations included in the study

Chapter Two

No  Population/Village Sample State Agro-ecological zones Longitude Latitude Bodyweight
(n) (Mean + SD in kg)
1 Sabiyal 6 Kebbi Sudan Savanna E 4°26'33" N 12023'9" 1.06 £ 0.12
2 Jiga 4 Kebbi Sudan Savanna E 4°32'5" N 12017'1" 1.10+£0.15
3 Senchi 4 Kebbi Northern Guinea Savanna  E 5°13'49" N 11°18'15" 1.14 +£0.29
4 Kwendo/Doro/Tadurga 6 Kebbi Northern Guinea Savanna  E 5°21'47" N 11°32'32" 1.09 +£0.21
5 Ogbondoroko 10 Kwara Southern Guinea Savanna  E 4°36'13" N 8° 23'49" 0.96 £0.21
6 Sanchitagi 10 Kwara Southern Guinea Savanna  E 5°7'3" N 8° 56'48" 1.06 £ 0.10
7 Wat-Karu 10 Plateau Plateau Mid-Altitude E 8°50'0" N 9943'16" 1.26 +0.25
8 Dakan-Karu 10 Plateau Plateau Mid-Altitude E 8950'52" N 9943'43" 1.06 + 0.26
9 Gitta Mbasha 10 Nasarawa  Derived Savanna E 8°36'380" N 9°00610" 1.31+0.31
10  Karu 10 Nasarawa Derived Savanna E 7°38'037" N 9°00'117" 1.09 +£0.27
11  Okpofe 10 Imo Humid Rainforest E 7°17'50" N 5°29'38" 1.13+0.20
12 Odenkume 10 Imo Humid Rainforest E 7°19'17" N 5°36'10" 0.95+0.20
13 Degema 10 Rivers m;r{;‘:ofg"a””a E6%462"  N4%538"  0.88+0.10
14 Isiokpo 10 Rivers Humid Savanna E6%52'29" N 4°5911" 0.95+0.12

Freshwater Swamp
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2.2.2 Blood samples and DNA extraction

Blood samples from 120 adult chickens (older than six months of age) were collected
from the wing vein in approximately 50 — 250 ul amounts using cryotubes filled with
1.5 ml absolute ethanol (100%) following the procedure described at

https://www.sheffield.ac.uk/nbaf-s/protocols_list (Accessed in 2017). Total DNA was

extracted using the Qiagen DNeasy Blood and tissue kit protocol and resuspended at
a final concentration of 50 ng/ul. The DNA was then sent to Edinburgh Genomics

(http://genomics.ed.ac.uk/) in the UK for whole-genome sequencing.

2.2.3 DNA quality checking and library preparation

The quality control, library preparation, and sequencing were performed at Edinburgh
Genomics as part of their whole-genome sequencing services. Genomic DNA (gDNA)
samples were evaluated for both quantity and quality using AATI Fragment Analyzer
and the DNF-487 Standard Sensitivity Genomic DNA Analysis Kit. Based on the
quantification results, gDNA samples were pre-normalised to fall within the
acceptable range (quality score > 7) of the Illumina SeqglLab TruSeq Nano library

preparation method using the Hamilton MicroLab STAR.

Next-Generation Sequencing libraries were prepared for paired-end sequencing using
Illumina SeqLab specific TruSegNano High Throughput library preparation kits in
conjunction with the Hamilton MicroLab STAR and Clarity LIMS X Edition. The
gDNA samples were normalised to the concentration and volume required for the
Illumina TruSeq Nano library preparation kits, and then sheared to a 450 bp mean
insert size using a Covaris LE220 focused-ultrasonicator. The inserts were then ligated

with blunt-ended, A-tailed size selected TruSeq adapters and enriched using eight
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cycles of PCR amplification, followed by library-quality checking and sequencing

process.

2.2.4 Sequence mapping

The quality of the sequence data was checked using the FASTQC package (Babraham
Bioinformatics, 2016) to ensure there was no adapter contamination or major issues in
quality. All the 120 whole-genome sequences were aligned to the chicken reference

genome GRCqg6a, also known as Galgal6.0

(https://www.ncbi.nlm.nih.gov/assembly/GCF_000002315.6) using the Burrows-
Wheeler Aligner (BWA) version 0.7.15 (Li and Durbin, 2010) with the option “bwa-
mem”. Following the mapping, the alignment files in SAM format were converted to
BAM files using SAMtools version 1.4.0 (Li et al., 2009). | then followed the Broad
institute recommended Genome Analysis Toolkit (GATK) Best Practices pre-

processing workflow (https://software.broadinstitute.org/gatk/best-practices/) before

variant discovery. The pre-processing steps included sorting the BAM files into
coordinate order, marking the duplicate reads, and indexing the BAM files. All these
steps were performed using Picard tools version 2.9.0

(http://broadinstitute.github.io/picard/). GATK version 3.8.0 (McKenna et al., 2010)

(Van der Auwera et al., 2013) was used for recalibrating the base quality scores
(BQSR) with the default setting to improve the base quality score estimation. About
20 million known chicken SNPs from the dbSNP (version 150) database were also
used as known polymorphic sites in the BQSR step to assess the accuracy of the SNPs

calling pipeline.
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2.2.5 Variant discovery, and quality control

To discover variants, | ran the “HaplotypeCaller” function from GATK on each BAM
file to create a gVCF file for each sample using the “-emitRefConfidence GVC”
option. Then, | performed joint genotyping by taking all gVCF files. The variant
quality score recalibration (VQSR) step was applied to increase sensitivity and
minimise false positives. The flowchart of the variant discovery analysis is described

in Figure 2.2.

About 1 M validated SNPs (Kranis et al., 2013) were used as known ‘true SNPs’ and
as a training set for the machine-learning algorithm of VQSR. The VQSR step was the
first step of filtration of variants. | used the following seven annotations or context
statistics for applying VQSR filtration: DP (Depth of coverage), QD (Quality by
Depth) to normalise the variant quality to avoid inflation caused when there is deep
coverage, MQ (root mean square of Mapping Quality), MQRankSum (Mapping
Quality Rank Sum test statistic), ReadPosRankSum (read position rank sum test
statistic), FS (Fisher Strand bias) which is the Phred-scaled probability that can tell
us the strand bias (if the alternate allele was seen more or less often on the forward or
reverse strand than the reference allele), and SOR (Strand Odds Ratio), which is also
used to estimate strand bias. Based on these annotations, | specified the tranche
sensitivity threshold to 99%, with only variants above the threshold passing the filter.
After the VQSR filtration, | selected only the bi-allelic SNPs for downstream analysis

using the GATK’s “SelectVariants” function.
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Figure 2.2. Data analysis pipeline using BWA, PICARD, and GATK.

Source: GATK website (https://gatk.broadinstitute.org/hc/en-us).

For downstream analysis, further filtration was applied using the VCFtools version

0.1.13 (https://vcftools.github.io/man_latest.nhtml) to select a set of high confidence

SNPs: Hardy-Weinberg-Equilibrium (HWE) probability > 0.00001, genotype quality
> 15, depth of coverage > 3 and maximum missing genotype rate < 20% . Further
quality checking on samples was performed by estimating the proportion of missing
genotypes per individual sample using the option “--missing-indv” in VCFtools

version 0.1.14 (Danecek et al., 2011).

For analyses of population structure and relatedness between samples, | also removed
SNPs in linkage disequilibrium (LD) by applying LD pruning on SNPs with PLINK
version 1.9 (https://www.cog-genomics.org/plink2) using the parameters “indep-
pairwise 50 5 0.5 (calculating LD between SNP pairs in a window of 50 SNPs, then
shifting the window by 5 SNPs forward to repeat the same procedure and removing
one SNP from each pair showing LD > 0.5). Relatedness among all individuals to

exclude closely related individuals was calculated using the option “--relatedness” in
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VCFtools (I filtered out any pairwise individuals with more than 60% relatedness).
For admixture analysis, further thinning of SNP data was performed following LD

pruning using the “--thin 0.3 option in PLINK (causing 30% thinning of the data).

2.2.6 Estimation of genetic diversity and population structure

For genetic diversity analysis at the genome level, VCFtools version 0.1.14 (Danecek
et al., 2011) was used to calculate the inbreeding coefficient for individual chickens,
and nucleotide diversity (w) for the individual chicken population, and pairwise
population-differentiation (Fst) between populations. The average genome nucleotide
diversity (7) or “pi” and Fst were estimated in 20 kb windows over 10 kb sliding step
using the option “--window-pi” and ‘“--window-pi-step”, while the inbreeding
coefficient was estimated using the “--het” option in VCFtools. SNP-based inbreeding
coefficient (F) in the VCFtools was calculated per individual using the equation F =
(O—-E) /(N —E), where O is the observed number of homozygotes, E is the expected
number of homozygotes (given population allele frequency), and N is the total number

of genotyped loci (Mooney et al., 2018).

Population structure among the fourteen populations was inferred with principal
component analysis (PCA) and estimation of proportion of ancestry (admixture) using
SNPs that passed the quality control. For the PCA, | ran the “smartpca” program in
“eigenstrat” version 6.0.1 (Price et al., 2006) using the pruned data. The proportion of
variance explained by the eigenvectors (or principal components) was calculated by
dividing the corresponding eigenvalue by the sum of all the eigenvalues. | then
assessed the structure of each population using ADMIXTURE version 1.3.0

(Alexander and Lange, 2011, Alexander et al., 2009) for up to five inferred ancestral
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clusters (K). The lowest cross-validation error was considered to be the optimal K

value. Population structure and admixture plots were plotted using R version 3.4.3.

2.2.7 Mantel Test

The most popular approach to evaluate spatial processes driving population structure
iIs usually performed using a Mantel test. It compares genetic distances, estimated here
by pairwise FST, with geographical distances (Diniz-Filho et al., 2013). The Mantel
test was proposed to test the association between two matrices and was first applied in
population genetics by Sokal (1979). The Mantel test formulation is given by:

m = Zgl] X dl]

n
i=1j=1

Here, g;;and d;; are the genetic and geographical distances between populations

i and j, considering n populations and Zm are given by the sum of products of the two
distances. In our case, P-value was computed using 10000 Monte Carlo simulations.
The Mantel test was performed in this study using the R packages vegan (Oksanenm,

2017).

2.2.8 Linkage disequilibrium (LD) decay

The availability of high-density SNP from genotyping or sequencing platforms makes
it possible to investigate LD at an unprecedented resolution. LD is affected by the
recombination rate and the number of generations of recombination. In this work, |
characterised LD decay by combining closely related populations (based on PCA) into
groups. A pairwise r2 estimation was used to measure LD between pairs of SNPs
within a chromosome using the PopLDdecay (v3.40) program (Zhang et al., 2018).
SNPs on both autosomal and sex chromosomes that had passed the quality control

using options “~-MAF 0.05” (minimum minor allele frequency of 0.05) and “-MaxDist
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15” (maximum window bin 15kb) were used. The decay of LD was plotted using R

version 3.4.3.

2.2.9 Annotation and enrichment analysis of detected SNPs

SNPs were classified as either ‘known’ if their position and non-reference allele was
found in the dbSNP database (version 150) or ‘novel’ if a novel polymorphism.
ANNOVAR version 2.1.1 (Wang et al., 2010) was used to ascertain genomic locations
of the SNPs relative to known genes in the Ensembl database (Version 98) and their
potential effects. The annotation of the SNPs categorises them as (1) intergenic when
the SNP does not overlap any genes but is located in between two genes; (2) upstream
or downstream when the SNP is either within 1 kb of the transcription start or end sites
of a gene; (3) UTR3 or UTRS5, when the SNP is located in the untranslated regions of
a gene (either 3° or 5°); (4) intronic, when the SNP is located in the intronic (non-
coding) regions of a gene; (5) exonic, when the SNP is located in the exonic (coding)
region of a gene, and (6) splicing, when a variant is within two bp of a splice junction.
Exonic variants are further classified as non-synonymous (missense), synonymous or
stop/gain/loss. ‘Non-synonymous’ (missense) SNPs are of particular interest because
they may lead to amino acid changes in proteins, and such polymorphisms thereby
may be associated with the phenotypic variations. ‘Stop gain’ refers to a non-
synonymous SNP that leads to the creation of a stop codon at the variant site, while
‘stop-loss’ leads to the elimination of a stop codon at the variant site. Stop gain/loss

types of non-synonymous SNPs are expected to have a functional impact.

The effects of non-synonymous SNPs on protein function were predicted using the
Sorting Intolerant from the Tolerant (SIFT) prediction algorithm, which depends on

the degree of conservation at individual amino acid (AA) positions (Sim et al., 2012).
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Using multiple alignments of homologous but distantly related peptide sequences,
SIFT calculates normalised probabilities (SIFT score) of observing all possible AA
residues at a position (Gheyas et al., 2015, Sim et al., 2012, Vaser et al., 2015). If the
SIFT score is greater or equal to 0.05 the variant is considered evolutionary tolerant
(TOL), whereas variants with a score less than 0.05 are regarded as intolerant (INTOL)

and potentially deleterious (Kumar et al., 2009, Vaser et al., 2015).

The web-based PANTHER Classification System (Thomas et al., 2003) was used to
establish the biological significance of a list of genes with non-synonymous SNPs -
either tolerated or deleterious ones - by performing over-representation tests with
Gene Ontology (GO) including biological processes, molecular functions and
pathways. | applied the Binomial-Bonferroni correction P-value < 0.05 as the default

threshold for significance.
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2.3 Results

2.3.1 Sequencing and variant discovery

The total number of paired sequences reads generated from each population ranged
between 1.5 billion and six billion depending on the total number of individuals
analysed per population (Table 2.2). For each sample, the mapping rate (MR) against
the chicken reference genome was very high (99%), and the average genome coverage
(X) after mapping was between 50X and 80X. The percentage of both mates of a read
pair (PMR) that mapped to the same chromosome and in the correct orientation was
also very high, ranging from 96% to 98% (Table 2.2). The number of SNPs detected
in each population ranged from 8.9 million to 11.8 million depending on the number
of samples analysed per population. From the combined analysis of all populations
and samples, the total number of SNPs detected before any filtration step was
17,888,119. After further filtration (HWE probability > 0.00001, genotype quality >
15, depth of coverage > 3 and maximum missing genotype rate < 20%), only a small
number of variants were removed, retaining 17,302,272 SNPs. This supports the high
quality of the sequencing data. The proportions of known and novel SNPs in this

filtered set were 76% and 24%, respectively.

The average SNP density across the genome is about 16 SNPs per kb or 1 SNP every
62 bases. While the number of SNPs detected from each chromosome generally
depended on the size of the chromosome, the SNP density per kb, however, varied
drastically in different categories of chromosomes (Table 2.3 and Figure 2.3). The
macro and intermediate chromosomes show a higher average SNP density compared
to the micro-chromosomes in line with the study of Ethiopian indigenous chickens by

Kebede (2018). There is also a large variation in SNP density between autosomes and

40



Chapter Two

sex chromosomes. The density in the sex chromosome is very low (average 3
SNPs/kb) compared to 17 SNPs/kb for autosomes. This result is supported by a
previous study in Ethiopian chicken which also reported significantly lower SNP
density on chromosome W (Kebede, 2018). Two autosomes also have very low SNP
density, viz, chrl6 and chr31. Chromosome 16 is interesting as it contains the chicken
MHC (Major histocompatibility complex) region which is known to contribute
significantly to genetic resistance/tolerance to infectious diseases (Miller and Taylor,
2016), and some chicken studies have found high SNP density in this region (about 25
SNPs/kb (Schmid et al., 2015). However, for the entire chromosome 16, | have found

a much lower SNPs density, with around 3 SNPs per kb in our study (Figure 2.3).

Table 2.2. Summary of sequencing, mapping reads, and variant discovery for Nigerian
chicken populations

Population No. of Total QC MR PMR Genome Total
Samples Passed Reads (%) (%) coverage number of
X) SNPs
Dakan-Karu 10 3,897,069,737 99% 97% 55 10,902,651
Degema 10 4,676,902,102 99% 97% 66 10,686,758
Gitta Mbasha 10 4,418425,814 99% 97% 62 11,781,070
Isiokpo 10 5,192,093,501 99% 97% 73 11,791,901
Jiga 4 1,900,574,868 99% 97% 67 8,904,888
Karu 10 4,212,152,802 99% 98% 59 11,686,153
ﬁggﬁ;‘fom 6 2,140,521,870 99% 96% 50 9,991,722
Odenkume 10 3,838,193,741 99% 98% 60 10,553,277
Ogbondoroko 10 5,978,336,143 99% 98% &4 11,690,468
Okpofe 10 5,698,975,563 99% 98% 80 11,258,930
Sabiyal 6 2,962,004,533 99% 97% 70 9,833,868
Sanchitagi 10 4,039,142,060 99% 98% 57 11,894,082
Senchi 4 1,499,013,204 99% 97% 53 9,248,477
Wat-Karu 10 4,810,439,051 99% 97% 68 11,321,073

MR (%): Percentage of paired mapped reads, PMR (%): Percentage of properly paired
mapped reads. Genome coverage (X) was calculated as: Length of read (150 bp) x
Number of Reads / Haploid genome size (1,065,365,425).
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Table 2.3. The average SNPs densities across chromosome categories based on ~17
million filtered SNPs.

Chromosomes Average SNP density (per kb)
Macrochromosomes (Chr 1-5) 18.15+£0.29
Intermediate (Chr 6-10) 18.86 £ 1.31
Microchromosomes (Chr 11-28, Chr 30-33) 14.05 + 6.52
Sex chromosomes (W =0.02, Z = 7.97) 1.01+1.42
All autosomes 17.02 + 2.60
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Figure 2.3. The chromosome-wise SNP density for the 17 million SNPs.

2.3.2. Genetic diversity of the Nigerian chicken populations

Genetic parameters, including inbreeding coefficient (F), nucleotide diversity (), and
the percentage of heterozygous and homozygous SNPs were estimated to examine the
genetic diversity among and within the different chicken populations. Inbreeding level
was estimated as the probability that any two alleles at any given locus are identical
by descent (IBD) (Leutenegger et al., 2003). As inbreeding increases, the frequency
of alleles being homozygous at a particular locus also increases, hence inbreeding

reduces the amount of variation in a population. The average inbreeding coefficients
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for Nigerian chicken populations are relatively low and range from 0% to 4.6% (Table

2.4), with the lowest value observed in Sanchitagi and the highest in Gitta Mbasha.

Table 2.4. Estimates of genetic diversity parameters among the 14 chicken

populations
Population Inbreeding Nucleotide % of % of
coefficient  diversity/kb  Heterozygous Homozygous
(F) () SNPs SNPs
Sabiyal 0.034 0.0031 29.96 70.04
Jiga 0.010 0.0032 33.90 66.10
Senchi 0.011 0.0034 35.17 64.83
Kwendo/Doro 0.038 0.0032 30.57 69.43
/Tadurga
Ogbondoroko 0.017 0.0033 27.78 72.22
Sanchitagi -0.001 0.0033 28.18 71.82
WatKaru 0.044 0.0034 28.25 71.75
Dakankaru 0.019 0.0034 29.76 70.24
GittaMbasha 0.046 0.0034 27.33 72.67
Karu 0.016 0.0033 27.71 72.29
Okpofe 0.0003 0.0035 30.46 69.54
Odenkume -0.017 0.0031 29.82 70.18
Degema 0.019 0.0031 28.24 71.76
Isiokpo 0.042 0.0035 27.87 72.13

The average nucleotide diversity (m) for the Nigerian chicken populations is

comparable across populations (in most cases the m value is about 3.0 x 10~3). Okpofe

and Isiokpo show slightly higher values (m = 0.00346 and = = 0.00345, respectively)

compared to other populations (Table 2.4), whereas the lowest nucleotide diversity is

observed in the Degema population (n = 0.00312). The percentage of homozygous

SNPs is higher for all populations than the percentage of heterozygous SNPs (Table

2.4), with Senchi having the highest percentage of heterozygous SNPs followed by

Jiga (35% and 33%, respectively), for the remaining populations it ranged from 27%

to 30%, Table 2.4).
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2.3.3. Population Structure as revealed by PCA, Admixture and Mantel Test

Population structures at the autosomal level were examined using PCA and admixture
analyses. PCA was performed using a total of 4,468,866 SNPs following the LD
pruning of the 17 million variants. The largest two principal components (PC1 and
PC2) jointly explained about 25% of the total genetic variance (Figure 2.4). Most of
the population samples cluster together but in three populations (Degema, Dakan-Karu
and Okpofe), | observe some outlier individuals separated from the other populations.
When the populations are plotted with PC1 and PC3, which together explain about
24% of the total genetic variance, three populations (Degema, Dakan-Karu, and

Odenkume) show outlier individuals.

Investigation using the Mantel test did not find any correlation between population
genetic distance (Fst) and geographic distance (P-value > 0.05) (See Figure 2.5 and

2.6, respectively, and Supplementary Table 1 (S2.1)).

Admixture analysis was performed using 583,700 SNPs, which were obtained by
thinning (retaining 30%) of the LD pruned data. The thinning approach was applied
to increase the computational speed of the admixture analysis. | then used the cross-
validation (CV) procedure to determine the optimum K with the lowest CV error
(Alexander and Lange, 2011, Alexander et al., 2009). The result of the analysis
supports K =4 as the most likely number of ancestral populations for this study (Figure

2.7).
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Figure 2.4. Principal component analysis of Nigerian indigenous chicken populations

(A) Principal component (PC 1 versus PC 2) analysis, (B) Principal component (PC 1
versus PC 3).
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Figure 2.6. Histogram of Mantel test correlation coefficients
calculated over 10000 replicates.

*The position of the significance threshold (p < 0.05) for the
correlation coefficient (rAB) is indicated by the red arrow.
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2.3.4. Linkage disequilibrium (LD) decay

Linkage disequilibrium maps are fundamental tools for exploring the genetic basis of
economic traits in chickens (Seo et al., 2018). The decay of LD at a pairwise distance
can also be used to measure the evolutionary history of populations (Wragg et al.,
2012). LD decay measures are useful for determining the resolution of association
mapping or assessing the desired number of SNPs for association analysis genome-
wide. The result of LD decay analysis for autosomes shows that LD (r2) drops very
rapidly with distance. LD decay was estimated in four groups following the results of
the PCA (Group 1 = Dakankaru / 10 samples, Group 2 = Degema / 10 samples, Group
3 = Odenkume / 10 samples, Group 4 = mix population / 90 samples) (Figure 2.8).
The plot of LD decay against genome distance indicates a LD average (r?) ranging
from 0.15 — 0.30 at a distance of about 10 to 15 kb with Groups 1, 2, 3 showing higher
average of LD while Group 4, with the largest number of samples, showed the lowest

average LD.
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Figure 2.8. LD decay result (r2 values of correlation between the closest markers).
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2.3.5. Annotation of chicken genetic variants

Annotation of the 17 million detected variants against the Ensembl gene annotation
database (version 98) reveals that 59.42% of SNPs are located within genes (intronic,
exonic, UTRs, and splicing), while 40.58% are located outside the gene (intergenic
and up/downstream locations) (Table 2.5). However, only 1.5% of the SNPs are found
in the protein-coding region (exonic) of the gene (65.1% synonymous, 34.5% non-
synonymous and 0.4% stop gain/loss). Among the non-genic SNPs, 92% were located
in the intergenic region, while the remainder were located in the downstream and
upstream regions (around 4% for each region). SNPs within gene regions were mostly
located in the introns (92%), then exons (4% respectively), while the splicing and
untranslated regions (UTR) included 1,816 and 191,999 SNPs, respectively. The
variants in the exonic region from protein-coding genes were further classified as
synonymous (66% of the variants), non-synonymous (34%) and stop gain or loss
variant polymorphisms (Figure 2.9). In terms of number, | detected about 90,000 non-
synonymous and over 1,000 stop/gain-loss SNPs. Although non-synonymous SNPs
change the amino acid sequence within a protein, the effects are not always harmful
or radical to protein function. Using SIFT, 19.44% of the non-synonymous variants (n
=26,884) were predicted as ‘deleterious’ or ‘intolerant’ (INTOL) with possible radical
effects, 60.64% (83,871) were predicted ‘tolerated’ (TOL), whereas the prediction for
other variants had low confidence level (Figure 2.10). The synonymous and non-
synonymous (AA-altering) number of SNPs are 169,980 (0.98%) and 89,964 (0.51%)
respectively. Whereas, in the other AA altering variant, the number of stop gain/loss
accounts for about 0.006% (n = 1,048). Even though non-synonymous SNPs change
the amino acid sequence within a protein, the effects are not always harmful or radical

to protein function.
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Table 2.5. Annotation of the detected SNPs based on Ensembl gene database (Version
98).

Annotation category No. of variants (%) Mean AAF + No. of variants
SD with AAF > 0.9
(%)

Exonic: 259,878 (1.5 %) 0.21+ 0.28 11,619 (0.07)
Synonymous 0.22 £0.28 8,018 (0.05)
Non-synonymous 0.17 £ 0.27 3,580 (0.02)
Stop loss; stop gain 0.15 £ 0.24* 21 (0.00)

Intergenic 6,437,529 (37 %) 0.24£0.29 32,1237 (1.86)

Splicing 1,816 (0.04 %) 0.16 +0.24 15 (0.00)

Intronic 7,986,543 (46 %) 0.24£0.29 475,759 (2.75)

Upstream;downstream 582,153 (3.36 %) 0.23+£0.29 27,737 (0.16)

ncRNA 1,838,247(10.63%) 0.24£0.29 94,982 (0.55)

UTR3;UTR5 191,999 (1.1 %) 0.22+0.28 8,814 (0.05)

Total 17,297,019

*Total mean + SD of stop gain and stop loss.

004 036

Hsynonymous ®nonsynonymous = stop loss © stop gain

Figure 2.9. Proportion (%) of different categories of exonic SNPs annotated by
ANNOVAR.
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Figure 2.10. VEP based SIFT analysis for non-synonymous and stop gain/loss SNPs
(%).

2.3.6. Allele frequency spectrum of SNPs in different annotation categories

The frequency spectrum of alternative alleles (AAF) or non-reference alleles of
variants from different annotation categories was compared (Figure 2.11 and Figure
2.12). It indicates little difference in allele frequencie between them. The allele
frequency distribution of different annotation categories shows that the largest
proportion of variants (more than 50%) fell within an AAF bin of < 0.1 (or 10%),
while in other frequency bins only 3-10% SNPs are distributed. Only 3-4% of SNPs
from different annotation categories show very high frequency (> 0.9 -1) of non-ref
alleles. Figure 2.12 shows that a much larger proportion of nonsynonymous and
stopgain/loss SNPs (67-68%) belong to low frequency bin (<0.1) compared to

synonymous SNPs (55%).
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Figure 2.11. Frequency distribution of non-reference alleles of SNPs for different
annotation categories.
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Figure 2.12. The frequency spectrum of non-reference alleles of different
categories of exonic SNPs.
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2.3.7. Functional annotation and enrichment analyses

I identified 3,600 functional coding variants (nonsynonymous and stop loss and stop
gain) (Table 2.5) overlapping with 2,286 unique genes in high frequencies for the non-
reference allele (AAF > 0.9) (see Supplementary Table S2.2 — S2.3). Moreover, |
identified 158 predicted deleterious alleles that were fixed and nearly fixed (23 and
135, respectively). To gain insight into the functions of these potential variants, I
performed functional annotation and enrichment analyses and then checked the
biological processes (GO term) for these genes using the Panther classification system.
The high frequency of these potential function altering variants indicates a possible

adaptive advantage.

The summaries of all GO terms for the genes harbouring the functional coding SNPs
in high frequency, using Fisher’s exact test with FDR correction of significance (P <
0.05) are shown in Supplementary Tables S2.4 — S2.7. Investigation of the individual
genes from these ubiquitous pathways shows involvement in a myriad of biological
processes, but prominently in processes which are expected to be necessary for the
survival of scavenging chickens. The main significant GO terms for the biological
process include DNA replication, cillium organisation, DNA repair, B cell receptor
signalling pathway, and positive regulation of protein kinase activity, while the
molecular function includes serine-type endopeptidase activity, protein kinase
activity, and olfactory receptor activity. Moreover, the basement membrane, centriole,
and nucleus are annotated for the cellular component, while gonadotropin-releasing
hormone receptor and angiogenesis were found to be related pathways of the

overlapped genes.
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The annotation terms for genes overlapped with deleterious missense mutations in
high allele frequency are involved in apoptosis, cytokine receptor interaction,
phagosome, response to virus, Salmonella infection, oxidation-reduction process, etc.
(see Supplementary Table S2.8 — S2.10). In addition, some genes that contained fixed
deleterious variants were involved in protein kinase activity (TWF1, STK39), cellular
stress response (STK39, TTI1), and ion channel activity (TMEM266),
Phosphatidylinositol 3/4-kinase (INPP5J) and immune system (TLR, RPN1).
Furthermore, gene-set enrichment analysis showed that the corresponding genes are
involved in immune cell development (e.g. Phosphatidylinositol 3/4-kinase, protein

glycosylation, methyltransferase activity) (see Supplementary Table S2.11).

2.4 Discussion

In this chapter, | report the discovery of genome-wide SNP variants in 120 Nigerian
indigenous chickens following the comparison of their genomes with the GRCg6a
chicken genome reference. About 17 million high-quality SNPs were identified from
the analysis of 14 populations. Lawal et al. (2018) detected 13, 10, and 14 million
SNPs in domestic chickens from Ethiopia, Saudi Arabia, and Sri Lanka, respectively.
Also, a recent study detected 19.5 M SNPs in 245 chickens from 25 Ethiopian
indigenous chicken populations (Gheyas et al., 2020). Factors that may contribute to
such differences in SNP number between datasets include the number of samples
analysed, the difference in filtration criteria, chicken reference genome version, and

sequence coverage.

The mean SNP density reported in this study (16 SNPs per kb or 1 SNP every 62

bases) was slightly higher than that reported by Gheyas et al. (2015), who found a
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density of 15 SNPs/kb from the analysis of diverse commercial and experimental
chicken lines. It emphasises the diversity of indigenous chickens compared to
commercial ones. However, chromosome 16, which hosts the chicken's major
histocompatibility complex shows a lower SNP density in Nigerian chickens
compared to Ethiopian chickens (Kebede, 2018), possibly the consequence of the
different number of samples examined in the two studies. Previous studies by Yan et
al. (2014) and Stainton et al. (2017) also found that Red Jungle Fowl and some inbred

lines as well as in Broiler have a low density in chromosome 16.

Genetic diversity among the different chicken populations was assessed using genetic
parameters such as inbreeding coefficient (F), nucleotide diversity (), percentage of
heterozygous and homozygous SNPs, and population differentiation (Fst). Inbreeding
level is generally low (F between -0.017 and 0.046) among the studied chicken
populations, even lower compared to a previous study in Southern African indigenous
chickens from Malawi and Zimbabwe (0.15 and 0.12, respectively) (Khanyile et al.,
2015). Muir et al. (2008) observed that the lowest percentage of inbreeding coefficient
for some commercial chicken lines was 10%; whilst Ameli et al. (1991) investigated
cumulative inbreeding in commercial White Leghorn lines under long-term reciprocal
recurrent selection and observed that the inbreeding coefficient increased on average
0.7% per year. Higher inbreeding in a population will result in the loss of genetic
variation and thereby may lead to the loss of favourable alleles within the population
(Santana et al., 2012). Compared to these values, the inbreeding level in the Nigerian
indigenous village population is indeed very low, indicating high genetic diversity.
Fst values between population pairs were generally low in most cases (<0.05)

indicating no or little differentiation between populations (Hartl and Clark, 1997,

Balloux and Moulin, 2002). Only for a few pairs (mostly involving Degama), | see
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slightly elevated FsT values (up to > 0.05 to 0.08) indicating some (but low) level of
population differentiation. As a general rule of thumb, FST < 0.05 between populations
would indicate little genetic differentiation, 0.05-0.15 as moderate genetic
differentiation and > 0.15 as large differentiation (Hartl and Clark, 1997, Balloux and

Moulin, 2002).

The average nucleotide diversity for all 14 populations is about 0.0030. This result is
lower compared to the nucleotide diversity observed in the different village chicken
populations investigated by Lawal et al. (2018), e.g. red junglefowl (m = 0.0052), Sri
Lankan domestic chicken (m = 0.0046), Ethiopian Horro (m = 0.0040), Saudi Arabian
domestic chicken (m = 0.0039) and Ethiopian Jarso chicken population (m = 0.0036).
Furthermore, the average percentage of homozygous SNPs is higher than the
heterozygous SNPs for all chicken populations examined (around 70% and 30%,
respectively). A previous study, using the Affymetrix 600K SNP array on Brazilian
commercial chicken (broiler and egg-layers) showed rather a lower proportion of
homozygous SNPs (50.6% - 57.3%) compared to heterozygous ones (Boschiero et al.,
2018). The high ratio of homozygous SNPs in Nigerian indigenous chickens is due to
many SNPs being very low-frequency, and the lower nucleotide diversity value
compared to other African indigenous chicken populations may be indicative of past
bottleneck events for these chicken populations following their arrival in Nigeria

(Kim et al., 2017, Bortoluzzi et al., 2019).

The result of principal component (PC1 versus PC2 and PC1 versus PC3) and
admixture analyses (K = 2 to 4) indicated that the fourteen chicken populations are
weakly differentiated as the majority of chicken samples clustered together. However,
only a few individuals in 9 out of the 14 populations (Gitta Mbasha, Karu,
Ogbondoroko, Sabiyal, Watkaru, Dakankaru, Degema, Odenkume, Okpofe) are
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separated from this main cluster. Furthermore, the result of the Mantel test showed no
correlation between genetic divergence and geographic distance between populations.
These results support a common ancestry for the Nigerian chicken populations
examined. Outlier individuals within the population may indicate the presence within
these indigenous populations of exotic birds and/or crossbreed exotic x indigenous.
These outlier birds will be removed for the selection signatures analysis (Chapters 3

and 4).

Annotation of the 17 M SNPs against the Ensembl gene annotation database shows
that 59.42% of SNPs are located within genes (intronic + exonic + UTRs + splicing),
with the remaining ones found outside genes (intergenic and up/downstream) regions.
Only 1.5% (n = 259,878) of the SNPs are present in protein-coding regions (e.g..
exon). In a previous study, Wong et al. (2014) reported that only ~37% of the variants
were found within genes, with only 1.2% of these within the coding regions. These
lower values may be explained by the use of a previous less complete chicken
reference genome and a previous version of the annotation database. The majority of
SNPs in coding regions are synonymous which do not cause any change in amino
acids, while the majority of non-synonymous variants including, stop gain/loss, are
present at low frequency. For most SNP annotation categories, | found no evidence of
distinct allele frequency patterns in each categories, either in coding or non-coding
region, except between synonymous and non-synonymous (including stopgain/loss)

categories at the low-frequency bin (i.e. <0.01).

About 3,400 functional coding variants were present at high frequency in selected
genes and their effect was determined using VEP (Variants Effect Predictor). These
variants were predicted to be either tolerated or deleterious. They overlap with more
than 260 genes, with the majority of these variants being missense variants rather than
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stop gain or loss variants (Supplementary Table S.2.2 — S.2.3). They are found in
genes belonging to major avian physiological pathways, and, accordingly, it may be
expected that such variants may impact the individual fitness of the bird (Makino et
al., 2018). The missense mutations that are present at high frequencies (AF > 90%)
may be regulated by selection with the overlapped genes mentioned in the result

section.

Some interesting genes were involved in several pathways, such as those associated
with the immune response (toll-like receptor signalling, apoptosis, and MAPK
signalling), e.g. CASP1, STK39, and TLR21 as mentioned by a previous study
(Hasenstein et al., 2007) or ATR, TTI1, and MSH2 involved in the related pathways
of DNA damage response and cellular response in heat stress in chicken, mice, and
humans (Ciccia and Elledge, 2010, Lian et al., 2019). Furthermore, it may be expected
that high-frequency missense mutation may be associated with improved bird fitness.
Missense mutations present at low frequency may be either neutral or weakly
deleterious or advantageous (Eyre-Walker and Keightley, 2007; Charlesworth, 2009,
Lynch, 2010). Another possibility is the presence of genetic hitchhiking that can lead
to an increase in the prevalence of deleterious variants, possibly because a missense
variant is not too harmful or may only be lowly or moderately harmful, and it is in
genetic linkage with nearby variants under positive selection (Maynard and Haigh,

2007).
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2.5  Conclusion

The results presented here confirm the existence of significant genomic diversity
within and across the indigenous chicken populations of Nigeria. This chapter
presents, for the first time the entire genome diversity of Nigerian indigenous chickens
(autosomes and sex chromosome) using high coverage whole-genome sequencing
information on a large dataset (120 samples). Seventeen million SNPs were found
after stringent filtration. Our findings on the genome diversity of Nigerian chicken,
estimated by assimilating within and between population variance, may inform
conservation and breeding improvement of these indigenous poultry populations. No
or low population differentiation suggested a common ancestry for all the Nigerian
chickens examined. Nonsynonymous variants at low-frequency show much larger
proportion compared with synonymous variants (67% and 55%, respectively),
possibly can lead to an increase in the prevalence of deleterious variants, possibly due
to the presence of genetic hitchhiking that can lead to an increase in the prevalence of

deleterious variants whis is not too harmful or weakly deleterious.
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CHAPTER 3:
Candidate signatures of positive selection in response to
extreme temperature and rainfall patterns in Nigerian

indigenous chickens
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3.1 Introduction

Nigeria is located in the tropical zone of West Africa which and lies within latitudes
4°N and 14°N and longitudes 3°E and 14°E. The country has a land area of about
923,769 km?, a North-South length of about 1,450 km and a West-East breadth of
about 800 km, located mainly within the lowland humid tropics (FRN, 2019). The
climate of Nigeria is characterized by strong latitudinal zones which become
progressively drier from the coast (in the South) to the hinterland (in the North)
caused mainly by having two seasons: wet and dry, with rainfall as the key climatic
variable. Usually, it rains for seven to eight months per year with the total annual
rainfall ranging from 3,800 mm at the coast to less than 650 mm at the extreme
North-East. The Nigerian climate is characterized by relatively high temperatures
throughout the year. The average annual maximum temperature varies from 35°C to
31°C (in the North and South, respectively), whereas the average annual minimum
temperature ranges from 23°C to 18°C (in the South and North, respectively)
(Akinwumiju et al., 2020). A summary of the temperature and precipitation in

Nigeria is shown in Table 3.1 and Figures 3.1 - 3.2.

Nigeria is seriously threatened by climate change with a significant proportion of its
terrestrial ecosystem frequently affected by desertification, sheet erosion, and
droughts, while the coastal and mangrove agroecological zones in the South are also
prone to incessant flooding because of their proximity to the Atlantic Ocean, the
riverine nature of the setting, the very low altitude, and all-year-round high volume
of rainfall. Moreover, variations in climatic conditions have resulted in undesirable
effects on food production and nutritional security. Unfortunately, the country has
very weak adaptive strategies and capacity to mitigate the effects of a changing

climate and the impacts of rising temperatures and rainfall variability on farming
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including chickens, are being felt across major agroecological zones in Nigeria

(Ayanlade et al., 2018b, Fadairo et al., 2020).

The climate projections for Nigeria predict a rise in temperature of 1.1°C to 2.5°C by
2060 and an increase in the number of extreme heat days to 260 by 2100 compared
with 10 days in 1990 (USAID, 2019). Several studies have also documented increased
variability in rainfall, dry spells during the rainy seasons, and increased irregularity in
the amount of precipitation once the rainy season sets in (Adejuwon and Odekunle,
2006, Ayanlade et al., 2017, Abatan et al., 2018). Drought is one of the extreme
climatic events which is a natural hazard, leading to water shortage, with notable
adverse impacts on crops, livestock and income of rural farmers as it leads to crop loss

and death of livestock in arid and semi-arid areas (Ayanlade et al., 2018).

Studies have shown that livestock farmers across Africa have associated changes in
temperature and rainfall patterns with reduced feed sources, increased mortality, lower
herd sizes, reduced water sources in the dry season, decreased animal productivity,
and the appearance of new animal diseases (Liverpool-Tasie et al., 2019, Ayanlade et
al., 2018). Liverpool-Tasie et al. (2019) in addition, although still largely
undocumented, increased dry spells and temperatures in the region which can affect
poultry production directly and indirectly. Climate change affects poultry (and other
livestock) production indirectly because of its effect on maize yields, the main
ingredient in poultry feed, with lower maize yields affecting the availability and price
of feed and the profitability of the poultry enterprise (Liverpool-Tasie et al., 2019).
Furthermore, chickens reduce their feed intake when faced with heat stress with the
priority of regulating their internal temperature which, in turn, affects their growth and
productivity (Nyoni et al., 2019). Additionally, increased temperature and heat stress
have been linked to losses in poultry production from death, low egg production
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(quantity and quality), and reduced growth rate in intensive poultry farming systems

commonly found in Africa and Asia (Bhadauria et al., 2014).

Table 3.1. The temperature, rainfall, and length of the wet season of seven Nigerian
agro-ecological regions.

Zones Mean Mean Annual Type of Length of Wet
Annual Rainfall (mm) Rainfall Season (days)
Temperature Distribution
CO)
Mangrove 26 - 26.3 1453 - 3553.6  Bimodal 300 - 360
Swampy Forest
Rainforest 25.8-27.3 1071.7 -1906.5 Bimodal 200 - 250
Montane Forest/ 20.3-22.7 108 -1141.7 Bimodal 200 - 300
Grassland
Derived Savanna 25.4-27.6 448.3-1314 Extended 200 - 250
bimodal
Guinea Savanna 26.4-29.2 586 -1517.5 Unimodal 150 - 200
Sudan Savanna  25.3-27.3 262.3-1052.3 Unimodal 90 - 150
Sahel Savanna 20.6-31.6 232-842.6 Unimodal < orequal to
90

Source: Sowunmi, (2010)

This chapter aims to identify environmentally selected candidate regions and
associated candidate genes in Nigerian indigenous chickens in response to extreme
temperature and rainfall patterns. To achieve this, two selection signature analysis
methods were applied for a genome-wide selection scan: Pooled heterozygosity (Hp)
and Fst. It is expected that the outcomes of this study will help to improve
understanding of the genetic basis of adaptation in response to these environmental
pressures. The candidate genes and variants could then be used in breeding
programmes for the development of climate-resilient breeds, e.g. selecting those

adapted to heat stress and water scarcity and which are also highly productive.
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3.2 Materials and methods

3.2.1 Study populations and genome-wide SNP data

Some of the samples described in Chapter 2 were analysed in this chapter for the
detection of selection signatures in relation to heat stress and extreme rainfall patterns.
Samples found in the Admixture analysis that show no admixture pattern were not
included in this analysis (to removed possible exotic and or crossbreed based in the

population). SNP data generated and described in Chapter 2 were used in this analysis.

3.2.2 Environmental contribution to genomic selection

Bioclimatic variables from a 30-year period (1970 — 2000) were available from the
WordClim database (version 2) (Fick and Hijmans, 2017) using GPS coordinates
(latitude and longitude) at each district or state level for each individual (data available
in Chapter 2). Temperature (°C) and precipitation (mm) variables included Annual
Mean Temperature (Bl1O1), Mean Temperature of the Warmest Month (BIO5),

Annual Precipitation (B1012), and Precipitation of the Wettest Month (BIO13).

3.2.3 Selective sweep detection

Autosomal SNPs generated from the analysis of 120 chicken samples from fourteen
populations (as described in Chapter 2) have been used for the selection signature

analyses in this chapter (with the criteria as mentioned in part 3.2.1).

Selection sweep detection was carried out using Hp and Fst analyses in overlapping
20 kb windows with a step size of 10 kb, incrementally advancing along the genome,
a few SNPs at a time, to ensure that every possible window region was considered
(Beissinger et al., 2015). The pool heterozygosity (Hp) method by (Rubin et al., 2010)

was applied by measuring the level of heterozygosity in the autosomal genome
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(chromosome 1-28, and 30-33). The Hp values were calculated using the following

equation:

p = ZZnMA] XN
(X npa; + ZnMIN)Z

Where Y, ny4; X nagy are the sums of major and minor allele frequencies respectively
for all SNPs in the 20 kb windows. The value for Hp calculated for each window size
was subsequently Z-transformed using this equation:

Hp — X(Hp)

Z(Hp) = oCHD)

Where X is the mean and o is the standard deviation of Hp. Only windows with at
least 10 SNPs were employed for the downstream analysis. Based on Rubin et al.

(2010), a genome-wide threshold score for Z(Hp) < - 4.0 was considered significant.

Wright’s fixation index, Fgr, iS @ useful index of genetic differentiation between
populations (Wright, 1949). If p is the average of an allele frequency in the total
population, o2 is the variance in the frequency of alleles in different sub-populations,
and o# is the variance of allele frequencies in the total population, the formula for the
Fsr is defined as:

o 0o
7 627 p(1—-Dp)

Other estimators of Fs; have been proposed as well, including a modern analogue for
multi-allele loci known as Weir & Cockerham’s Fgr estimator (Weir and Cockerham,
1984), and also another Fg estimator with a Bayesian model (Gianola et al., 2010).
In this study | were using Cockerham’s Fg; estimator as it is common to use the

fixation index (FsT) statistic measuring genetic differentiation based on variations in
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allelic frequencies among populations (Qanbari and Simianer, 2014). The loci in the
tails of the empirical distribution of Fg; are the candidate targets of selection (Akey,
2002).

Fsr is defined as the degree of differentiation between populations at any given locus,
ranging in value from 0 (no differentiation) to 1 (fixed difference between
populations). Negative or balancing selection tends to decrease Fgr, Whereas local
positive selection tends to increase Fg (Barreiro et al., 2008). Based on Myles et al.
(2008), genes responsible for phenotypic differences between populations are
expected to show large allele frequency differences and theoretically reveal the actual
genetic variants under selection. It is better to compute Fst estimates for entire regions.
Selection is expected to not only affect a single SNP but also other SNPs in linkage
disequilibrium, and the power to detect a selective sweep is thus higher for genomic
regions. The evolution of new functions and adaptation to new environments occurs
by positive selection, whereby beneficial mutations increase in frequency and
eventually become fixed in a population (Tang et al., 2007). Local environmental
adaptation and artificial selection can change the allele frequencies at specific loci,
leading to a higher level of population differentiation (Fg;) (Yang et al., 2014).
Adaptation or positive natural selection leaves an imprint on the pattern of genetic
variation found in a population near the site of selection (Xue et al., 2009). In this
study, putatively selected regions were detected based on windows that showed the

top 0.1% of Fs; values.
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3.2.4 Functional annotation of candidate genes

Genes that overlap the candidate sweep regions were identified based on Ensembl
Genes 104  database using the Ensembl BioMart online tool

(http://www.ensembl.org/biomart). Candidate gene sets were processed using the

Panther classification system (http://www.pantherdb.org/) for the functional

annotation and identification of over-represented genes involved in biological
processes (GO) and pathways. Further characterization of candidate selected regions
was performed by finding regions overlapping with the Quantitative Trait Loci (QTL)

(https://www.animalgenome.org/cgi-bin/QTLdb/GG/ontrait?class 1D=1) database.

3.3  Results

The first step toward analysing selective sweep regions in relation to extreme heat and
extreme rainfalls was to select suitable populations for analysis. Therefore, the 14
available populations were first investigated for their local temperature and rainfall

patterns.

3.3.1 Climatic parameters driving adaptations

The average of the bioclimatic variables Annual Mean Temperature (annualTemp,
B1O1), Mean Temperature of the Warmest Month (tempWM, BIO5), Annual
Precipitation (annualPrecip, BIO12), and Precipitation of the Wettest Month
(precipWM, BIO13) over the 30 years (1970 to 2000) for the 14 Nigerian chicken
populations are presented in the figures below (Figure 3.3). The distribution of
bioclimatic variables for Mean Annual Temperature (BIO1) and Mean Temperature
of the Driest Quarter (BIO5) range from 21°C to 28°C and 30°C to 40°C respectively,

with Sabiyal and Jiga from Kebbi state showing the highest temperature (Figures 3.3
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A-B). In contrast, Wat-Karu and Dakan-Karu from Plateau state have the lowest

temperatures.

The distribution for both annualPrecip and precipWM show that Degema and Isiokpo
from Rivers state have the highest annual precipitation (Figures 3.3 C-D). The annual
rainfall amounts for these two populations are 1,690 mm and 2,479 mm respectively,
while the rainfall amounts during the wettest month are 1,107 mm and 1,081 mm
respectively. Jiga and Sabiyal from Kebbi state show the lowest precipitation. These
are 775 mm and 798 mm for annual precipitation, and 508 mm to 527 mm respectively

for the precipitation of the wettest month.

Annual Mean Temperature (BIO1) Max Temperature of Warmest Month (BI10S)

Annual Precipitation (B1012) BIO13 (Precipitation of Wettest Month)

Figure 3.3. The average of the bioclimatic variables for the 14 Nigerian chicken
populations.

A.) Annual Mean Temperature / BIO1, B.) Maximum Temperature of Warmest Month
/ B105, C.) Annual Precipitation / BIO12, D.) Precipitation of Wettest Month / BIO13.
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The results for all bioclimatic variables likely driving chicken adaptation in Nigeria
are presented in Figure 3.3. The climatic elements' impact may be expressed singly or
in combinations. For example, the low temperature plus high precipitation or high
temperature plus low precipitation will have a different impact, either beneficial or

detrimental, depending on the extent of their variations.

Based on annualTemp and tempWM, | see little variation in temperature data among
the agroecological zones of Nigerian chicken populations except for the two
populations from the Plateau state (Wat-Karu and Dakan-Karu), a colder region.
Therefore, the majority of the Nigerian indigenous chicken populations are
predominantly subjected to the effects of heat stress with a range of annual temperature
between 25°C to 29°C (excluding cold regions), while the optimum ambient
temperature range for poultry is 12 - 26°C (Ayo et al., 2011). It has been suggested
that high ambient temperatures sharply reduce the chicken's physiological potential
(Ayo et al., 2011). Hence, based on the bioclimatic variables only twelve populations
with eighty-seven samples (except chicken populations from Plateau state or cold
region) were used for downstream analysis to detect the putative signatures of

selection for adaptation to heat stress.

On the other hand, the pattern of annualPrecip and precipWM variables suggest that
rainfall patterns likely drive adaptations for two types of stresses: (i) water deprivation
from low rainfall in some populations and (ii) adaptation to cope with excess rainfall
which provides conducive conditions for pathogens and parasites, in some other
populations. Southern Nigeria is known to have much greater rainfall compared to the
northern part of the country (Onyekuru and Marchant, 2014) and this is also reflected
in the patterns observed in Figure 3.3 C-D. In this study, | use populations from two
extreme ends of precipitation distribution in Figures 3.3 C-D for detecting selection
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signatures in relation to water scarcity or excess rainfall. Fst analysis is used to
compare the high precipitation population group (Degama and Isiokpo) from Southern

Nigeria with the low precipitation group (Sabiyal and Jiga) from Northern Nigeria.

3.3.2 Putative selective sweeps in relation to heat stress adaptation based on

Hp analysis

A combined analysis of SNP data from 12 Nigerian populations (87 samples;
excluding samples from the Plateau region) was performed with the Hp method to
identify candidate regions of selection for heat tolerance. The combined analysis of
populations allowed reduction of the confounding effect of demography or any other
selection pressures on selective sweep regions in relation to heat stress. A total of
92,935 windows were analysed, and 92,299 windows with more than 10 SNPs were
finally retained. Only 10 windows (0.02%) passed the genome-wide significance
threshold of ZHp < -4, which overlapped with seventeen genes (two of them are genes
void or deserted gene) and located on chromosomes 1, 2, 5, 14, 22, 30, and 32 (Table

3.2, Supplementary Table S3.1 and Figure 3.4).

The detected genes overlapping and/or nearby the candidate selection genomic regions
across the Nigerian indigenous chickens, shown in Table 3.2 and Supplementary Table
S3.3 - S3.4, are involved in different functions which appear to be highly relevant for
thermal/heat tolerance; for example, thermogenesis (TSHR, HSF1, CDC37),
oxidoreductase or oxidative stress (cytochrome P450 like genes), hypoxia and
angiogenesis (HIF3A), and immune system (SLC44A2, LIPE, ILF3). Three candidate
sweep regions are also overlapping with the chicken QTL
(https://www.animalgenome.org/cgi-bin/QTLdb/GG/ontrait?class_ID=1) for residual

feed intake, wattle weight, and egg number (Supplementary Table S3.4). However,
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none of the associated biological processes, molecular functions or biological
pathways are overrepresented (not significant / p-value > 0.05) based on the Panther

classification system test.
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Figure 3.4. Manhattan plot for warm region Nigerian indigenous chicken group (eighty-seven samples) based on ZHp analysis.
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Table 3.2. Candidate regions and genes under positive selection signatures in Nigerian
indigenous chickens in relation to heat stress adaptation based on Hp analysis.

Sweep region

Candidate genes and functions

References

Chr 5:41000000-
41020000

Chr 22:40000-
60000

Chr 2:131020000-
131040000

Chr 32:590000-
610000

Chr 32:0-20000

Chr 30:200000-
220000

Chr 30:10000-
30000

Chr 14:16010000-
16030000

Chr 1: 90830000-

90850000, Chr 14:

210000- 230000

TSHR: Role in thermogenesis;

SFTPB: Pulmonary surfactant
protein; role in respiratory gaseous
exchange

Contains multiple LncRNAs with
possible cis-regulatory function on a
nearby gene.

LOCI112530469 & LOC101749846:
Both are cytochrome P450 like
genes; oxidoreductase activity and
heme-binding.

STRN4: Calmodulin binding &
calcium channel activities

LOCI112530475 & LOCI101748756:
both RYRI like genes; RYRI is
involved in calcium channel activity
and calmodulin-binding. Mutations
in RYR1 cause malignant
hyperthermia in humans and mice

LOCI107050992: iron-sulfer binding
and electron transfer activity.

SLC44A42: Choline transport
(important for the nervous system);
involved in positive regulation of I-
kappaB kinase.

LIPE: Hormone-sensitive lipase
activity

Gene voids

Uniprot, Xie et al. (2018),

(Guo et al., 2022)

Uniprot, Hughes (2007),
To et al. (2014),
Lin et al. (2018).

Ensembl BioMart,
Shamovsky et al. (2006) et al,
Zhan (2013).

Biomart, Genecards

Biomart, Genecards

Biomart, Genecards

Biomart, Genecards

Genecards,
Kong et al. (2017)
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The heat shock transcription factor 1 (HFS1) gene is involved in the biological process
of cellular response to heat (GO:0034605) and also has a molecular function of being
a heat shock protein binding (GO:0031072). This gene has a function as a stress-
inducible and DNA-binding transcription factor that plays a role in the transcriptional
activation of the heat shock response (HSR), leading to the expression of a large class
of molecular chaperones of heat shock proteins (HSPs) that protect cells from cellular
damage in the chicken (Nakai and Morimoto, 1993, Fujimoto and Nakai, 2010).
Meanwhile, a gene in the nearest candidate region (Chr 2:131020000- 131040000),
which is, Cell Division Cycle 37 (CDC37) (Supplementary Table S3.4) has the
molecular function as a heat shock protein binding (GO:0031072) and probably
becomes a co-chaperone of HSP90 or non-client protein binding partners that also
assist in repairing denatured proteins or promoting their degradation caused by heat
stress (Whitley et al., 1999, Dayalan Naidu and Dinkova-Kostova, 2017). In addition
to HSP, HSFs’ gene expression has been studied and could be used as a marker during

acute heat stress in chickens (Xie et al., 2014).

The Surfactant Protein B (SFTPB) gene, also known as SF-B, is involved in the
biological process of gaseous exchange between an organism and its environment
(GO:0007585). The respiratory system of birds exposed to heat stress operates both
for gaseous exchange and as the evaporative cooling system (Powell, 2015). In
humans, surfactant proteins play a key role in alveolar stability and single nucleotide
polymorphisms (SNPs) related to the surfactant protein B genes are associated with

severe influenza (To et al., 2014).

74



Chapter Three

In chickens, extreme environmental temperatures lead to the generation of reactive
oxygen species (ROS), causing oxidative stress and lipid peroxidation (Altan et al.,
2010). Oxidative stress that occurs with heat exposure can be manifest in all parts of
the body; but mitochondrial dysfunction underlies oxidative stress. In the initial acute
heat stress phase, mitochondrial substrate oxidation and electron transport chain
activity are increased, resulting in excessive superoxide production. It was reported
that a protein named avian uncoupling protein (UCP) could play a role in the mediation
of thermogenesis and in controlling the production of ROS and protecting against the
deleterious effect of ROS (Mujahid et al., 2007). As shown in Figure 3.5, it should be
noted that mild mitochondrial uncoupling via the action of A nucleotide translocator
(ANT), as well as UCP, in skeletal muscle may play arole in alleviating the generation
of harmful ROS for which an increased mitochondrial flux may occur on exposure to
acute heat stress in white leghorn chicken (Mujahid et al., 2007). During the later stage
of acute heat stress, down-regulation of avian uncoupling protein worsens the
oxidative stress situation causing mitochondrial dysfunction and tissue damage
(Akbarian et al., 2016). | have found some candidate genes on chromosomes 30 and
32 (LOC107050992, cytochrome P450 2B4-like: LOC112530469 & LOC101749846)
which are associated with oxidative stress. Those genes are involved in several GO
terms associated with ion sulfur cluster binding (GO:0051536), mitochondrion
(GO:0005739), oxidoreductase activity (GO:0016705), and oxidation-reduction

process (GO:0055114).
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Figure 3.5. Possible role of uncoupling protein (UCP) and A nucleotide translocator
(ANT) in control of superoxide production in mitochondria.

Image modified from Mujahid et al. (2007).

Under high ambient temperature, birds' respiratory rates are enhanced to dissipate
heat, which decreases blood CO2 levels and changes the acid-base balance, resulting
in respiratory alkalosis at the initial phase of heat stress, which can alter many
responses to hypoxia (Borges et al., 2003). A study by Varasteh et al. (2015) reported
that the chicken’s critical adaptive response to heat stress increases the peripheral
blood flow, resulting in a reduced blood supply in the intestines and a hypoxia-induced
oxidative stress response. Two genes, LOC101749846 and Hypoxia-inducible factor
3 subunit alpha (HIF3A) overlap the sweep on chromosome 32, thus being candidate
selection regions in this population. They are involved in the epoxygenase P450
pathway (GO:0019373), response to hypoxia (GO:0001666) as well as angiogenesis

(GO:0001525) in this chicken population. This finding is in line with Zahoor et al.
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(2017), which reported that some angiogenic pathways are involved in hypoxia-
induced angiogenesis in the chicken.

For the immunity-relevant genes, the Interleukin Enhancer Binding Factor 3 (ILF3),
and Solute Carrier Family 44 Member 2 (SLC44A2) contribute to the negative
regulation of viral genome replication (GO:0045071) and are involved in innate
immune system pathway and positive regulation of I-kappa B kinase/IxkK[
(GO:0043123). As described by May and Ghosh (1999) when IkK is activated, and
in turn activates NF-xf in response to proinflammatory cytokines such as TNF-a
(tumor necrosis factor-alpha). Furthermore, insults to the immune system and various
forms of cellular stress activate the transcription factor NF-xf, regulating the
expression of multiple genes involved in the control of cell growth, division, and
survival. A variety of stimuli can activate NF-kB-mediated gene transcription,
including tumor necrosis factor- (TNF), interleukin-1, T and B cell mitogens, bacterial
products, viral proteins, double-stranded RNA, as well as physical and chemical stress
(Kray et al., 2005). In addition, previous reports have suggested that immunity is
suppressed under high ambient temperature (El-Kassas et al., 2018, Quinteiro-Filho et
al., 2017) which has an important impact in poultry becauseof its direct relationship

with production performance (Figure 3.6).
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Figure 3.6. The effect of high temperature on several cellular responses in the chicken.

1. Heat shock protein activation, 2. Oxidative stress-related mechanism, 3. Immune
response-related, 4. Hypoxia related, 5. Nutrient uptake.

In this study, | have found that the strongest peak (ZHp = - 4.3) is located on
chromosome five where it overlaps with the Thyroid Hormone Stimulating Receptor
(TSHR) gene, which is involved in multicellular organism growth, especially
reproduction (GO: 0040018; GO: 0004996) and transcription factor expression (GO:
0006366). A selective sweep in this region is found in most domestic chicken
populations (Rubin et al.,, 2010). Recently, many studies have demonstrated
that TSHR may be involved in regulating energy balance, metabolism, and
thermoregulation (Warner et al., 2013, Jiang et al., 2015, Zhang et al., 2020). In
addition, energy metabolism-related genes may contribute to the chicken response and
adaptation to hot temperature environments and other possible mechanisms, such as
epigenetic regulation, may also be involved in the tropical adaptation of chicken

(Karlsson et al., 2015). This cannot be detected by genetic screening and requires other
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approaches e.g. methylation analysis. A recent study from Guo et al. (2022) also
reported that missense mutations in the TSHR gene (41020238:G>A) can facilitate
heat tolerance and adaptation to higher ambient temperature conditions for chickens

in tropical climates.

Furthermore, | have identified three selected candidate regions overlapping with
chicken QTL for residual feed intake, wattle weight, and egg number in chromosomes
1, 2, and 5 respectively.

LncRNAs are not only cis-acting molecules that regulate the expression of target genes
that are located at or near the same genomic locus but can also be trans-acting
InNcRNAs that can either inhibit or activate gene transcription at independent
chromosomal loci (Fatica and Bozzoni, 2014). Several IncRNAs under selection were
found in this study as well as in a recent study in the chicken population from tropical
climates by Guo et al. (2022). A novel gene (ENSGALGO00000050153) on
chromosome 2 overlapped with the wattle weight QTL (Sun et al. (2015). However,
the link between the three QTL and the variations within the overlapped genes is not
yet known, while the role of these noncoding RNAs needs further investigation.
Based on Hp analysis, | have found that within the candidate selected regions 7,829
out of 92,094 SNPs have high alternative allele frequencies (AAF > 0.9). The
proportion of the variant categories (all variants and exonic variants) are shown in
Supplementary Table S3.2 and Supplementary Figure S3.1, while the list of candidate
genes harbouring non-synonymous SNPs at high AAF is given in Supplementary
Tables S3.5 and S3.6. | have checked the effect of twenty-two annotated exonic
missense variants on protein structure (Supplementary Table S3.6), while the function

and biological process of the genes were checked using Ensembl-Biomart (Table 3.3).
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Table 3.3. Gene ontology (GO) term for genes with non-synonymous SNPs present
at high frequency (twenty-two SNPSs)

Related GO ID Gene ontology term  Genes References
environmental under
stressor(s) / GO term
adaptation
Heat stress G0:0022610 Biological adhesion ~ CDH9 (Joutsen et al.,
2020)
G0:0017128  Phospholipid ANO3 (Frasch et al.,
scramblase activity 2000, Zininga
etal., 2018)
GO0:0006970 Response to osmotic ~ TSC22D2 (McKechnie
stress and Wolf,
2019)
GO0:0015718  Monocarboxylicacid SLC16A5 (Khan and
transport Igbal, 2016)
G0:0005829  Cytosol TTI2 (Hurov et al.,
2010)
G0:0006874  Cellular calciumion  SYPL2 (Lietal., 2017)
homeostasis
G0:0022610 Biological adhesion ~ CELSR2  (Vihervaara et
al., 2013)
Immunity and  GO:0005576  Extracellular region HHLAL (Pettersson and
disease Jern, 2019,
Pham-Dinh et
al., 1993)
GO0:0050896  Response to stimulus EFR3A (Hui and
Leung, 2015,
Pettersson and
Jern, 2019)
GO0:0042025 Host cell nucleus BAZ2B Uniprot(Hui
and Leung,
2015)
G0:0016020 Membrane TMEM94  (Stephen et al.,
2018)
GO0:0004222  Metalloendopeptidase MEP1B, (Linetal.,
activity ADAM9 2008, Stephen
etal., 2018)
Multicellular G0:0120162  positive regulation of TSHR (Rubin et al.,
growth cold-induced 2010)

thermogenesis
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3.3.3 Putative selective sweeps in relation to rainfall patterns

FST genetic differentiation was performed between population groups for high
precipitation (Degema and Isiokpo) versus low precipitation (Sabiyal and Jiga). From
the total number of 92,828 windows, 92,107 windows had more than 10 SNPs and
were analysed (the histogram are shown in Supplementary Figure S3.3 — S3.6). |
considered 105 windows (top 0.1%), which have weighted FST > 0.36 and or ZFST >
6.0 to be candidate signatures of selection regions. The candidate regions are on
chromosomes 1, 2, 3, 5, 8, and 11 and these regions overlap with thirty-three genes

(Supplementary Table S3.7 - S3.8, Figure 3.7, Supplementary Figure S3.5 and S3.7)

I then characterised these candidate genes for their functional annotation using
Ensembl Biomart and DAVID annotation web tools (Supplementary Table S3.9).
These genes have roles in various biological processes such as immune response to

viral and bacterial infections, heat stress, reproduction and production.

The associated molecular functions, biological processes and pathways can be
grouped under three major categories: defence response against pathogens/diseases,
heat and oxidative stress response, and reproductive or productive performance. The
GO terms and genes associated with pathogen/disease defence include an innate
immune response (GO:0045087; REL), positive regulation of toll-like receptor-9
signalling pathway (GO:0034165, XPO1), positive regulation of B-cell receptor
signalling pathway (GO: 0050861, CMTM3), positive regulation of defence response
to virus by the host (GO:0002230, PEX3), inflammatory response (GO:0006954,
CHID1, REL), defence from pathogens such as cysteine-type endopeptidase activity
(GO:0004197, USP34). Other genes were associated with the stress response

(GO:0006950, AHSA2) and calcium ion binding (GO:0005509, LRP8), and positive
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regulation of canonical Wnt signalling pathway (G0:0090263, USP34) and for
reproductive and productive performance, the GO terms included endocytosis

(G0O:0006897, LRP8).

ZFst

Weighted Fst
04 05 06 07

00 01 02 03

Genomic position in bp

Figure 3.7. Manhattan plot for ZFsT and weighted FsT.

A) ZFsT and B) weighted FST based on the differences between the chicken population
in the high (Degema and Isiokpo) and low precipitation (Sabiyal and Jiga) group.

| further ran Hp analyses on both the high and low precipitation groups to determine
in which group the candidate FST-sweep regions are showing lower heterozygosity, as
that would indicate the group where the selection is occurring (Supplementary Table
S3.10 — S3.14). The results show that the FsT-candidate regions in relation to
immunity or pathogen defence are predominantly selected in the high precipitation
group. This is expected as a hot-humid climate is highly conducive for pathogens and
parasites to thrive and spread. Moreover, the candidate region overlapping AHSA
(ZHp = -1.172 and -0.532 in high precipitation and low precipitation groups,
respectively) is reported to have a contribution to heat stress or thermal adaptation
with the biological process for Hsp90 (heat shock protein-90) protein binding (GO:
0051879) based on annotation from Ensembl Biomart.
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3.4  Discussion

Poultry and other livestock farmers are already experiencing the adverse effect of
climate change. Several studies have demonstrated a link between shrinkage of
livestock food sources and the emergence of new diseases with changes in temperature
and rainfall patterns across Africa and the emergence of new animal diseases
(Ayanlade et al., 2017, Liverpool-Tasie et al., 2019, Goel et al., 2021). More than half
of the poultry farmers reported by Liverpool-Tasie et al. (2019) have observed an
increase in the length of heat stress in the two major poultry producing states in
Northern (Kaduna state) and Southern (Oyo) Nigeria. Heatwaves and acute heat stress
have been reported to cause considerable mortality in chickens (Anna et al., 2013).
However, indigenous breeds of livestock in tropical areas can cope with and survive
in harsh environments due to physiological and genetic adaptations (Rojas-Downing
et al., 2017). Our study, for the first time, dissects the genetic basis of local adaptation
in the Nigerian indigenous chicken population, especially in relation to heat stress
based on whole-genome sequence data and taking into account a large number of
samples and populations. Selection signature analyses presented in this study, dissect
heat stress adaptation in two different ways. The Hp analysis identifies candidate genes
and regions in relation to heat tolerance, irrespective of humid or dry conditions, by
grouping populations with similar temperature stress independently of precipitations.
The FsT analysis on the other hand identifies candidate regions showing differential

selection in relation to precipitation contrasting humid and arid conditions.

83



Chapter Three

Candidate genes for thermal adaptation in Nigerian indigenous chicken

populations

Heat stress results from the imbalance (or negative balance) between the amount of
energy flowing from the chicken's body to its surrounding environment and the
amount of heat energy produced by the bird (Lara and Rostagno, 2013b). This
imbalance may be caused by various combinations of environmental factors (e.g.,
sunlight, thermal irradiation, air temperature, humidity, movement), and the
characteristics of the chicken (e.g., species, metabolic rate, thermoregulatory
mechanisms) (Nienaber and Hahn., 2007, Nardone et al., 2010, Lara and Rostagno,

2013).

In this study, | have performed Hp analysis on 87 chickens from different populations,
which all belong to high-temperature regions. The rationale for the combined analysis
of diverse populations is that it will reduce spurious signals (e.g. those originating
from demographic effects) and identify regions showing low heterozygosity or
fixation across all these populations. This study has detected only a handful of putative
sweep regions and candidate genes for thermal adaptation because of this combined
analysis. The genes overlapping the putative selection signature windows appeared
highly relevant for heat stress adaptation, showing involvement in biological processes
and pathways related to oxidative stress, cellular responses to heat and hypoxia,
transcriptional regulation, immune response, and metabolic activities (e.g. lipid

metabolism) important for the thermal adaptation.

Our study identified the TSHR gene as a strong candidate for selection (ZHp = -4.3).
The THSR is involved in the metabolic regulation and reproductive process and

appears to be under strong positive selection in most domestic chickens populations
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(Rubin et al., 2010, (Gheyas et al., 2015)). Because of its ubiquitous presence in sweep
regions across all or most chicken populations, the gene is considered related to
chicken domestication (Rubin et al. 2010). We have found the relevant variant for
TSHR gene (rs13587540 / Gly558Arg missense variant) which also reported by Rubin
etal., (2010). The variant is located on chromosome 5:41020238; forward strand using

Ensembl databases and web tools.

Moreover, the TSHR gene is also known to have a role in thermogenesis (Karlsson et
al., 2015), and therefore it is possible that in the case of chickens its function in heat-

stress adaptation is regulated by an epigenetic mechanism.

Heat stress adversely affects the growth and reproduction of animals, causes cell-level
responses and changes the expression of the genes involved (Cai et al., 2005). When
the body receives a stress stimulus (e.g. high temperature), it stresses proteins which
have crucial roles in folding/unfolding of other proteins, assembly of multiprotein
complexes, transport/sorting of proteins into correct subcellular compartments, cell-
cycle control and signalling, and protection of cells against stress/apoptosis or play an
important role in cell survival and homeostasis (Li and Srivastava, 2003, Testori et al.,
2008). Figure 3.6 shows an overview of the heat-stress induced physiological
responses in chickens. In the first mechanism, heat is the foremost inducer of HSP-
related genes, as an early response system in the chicken. Heat shock proteins (HSPs)
are an important family of highly conserved proteins and are also known as stress
proteins. Thus, the expression of HSP90 has been studied extensively and used as a
marker for heat stress in chickens. This gene interacts with client proteins during the
later stages of folding and modifies their configuration (Li and Srivastava, 2003,

Cheng et al., 2020). HSF1 and CDC37 genes — detected as candidates in our study

85



Chapter Three

have important regulatory roles in the expression of HSPs (Anckar and Sistonen,

2011).

Previous studies have also shown that HSF1 regulates many genes, including HSPs,
during neurodevelopment (Miller and Fort, 2018), which should also play an
important role in stress adaptation. Moreover, HSF1 also plays a role in the cellular
response to gamma radiation (GO:0071480), and light stimulus (GO:0009416), and is
annotated for the molecular function called ‘heat shock binding protein’
(GO:0031072). This gene is a transcription factor that is quickly induced after
temperature stress and binds heat shock promoter elements (HSE), and expression of
this gene is repressed by phosphorylation, which promotes binding by heat shock
protein 90 (Wang et al., 2009). Several studies have now shown that these genes are

involved in heat stress regulation (Wang et al., 2009; Tatebe and Shiozaki, 2003).

Since the chicken's body attempts to maintain its thermal homeostasis at elevated heat,
increased levels of free radicals from reactive oxygen species (ROS) are formed,
causing oxidative stress (Goel et al., 2021). Oxidative stress (Figure 3.5) is a
significant detrimental consequence of most common chicken stressors, including heat
stress, as revealed by studies on some indigenous poultry production systems in arid

and tropical regions (e.g. Egypt, Sri Lanka, and Brazil) (Walugembe et al., 2019).

Our study has found four genes with GO terms related to oxidative stress:
ENSGALG00000050634, Cytochrome P450 2B4-like, ENSGALG00000050608, and
ENSGALGO00000036831. These genes play a part in the oxidation-reduction process,
epoxygenase P450 pathway, metal ion binding which has a possible association with
oxidative stress (Abasht et al., 2016) and these have also been annotated to have a

molecular function in iron ion binding (GO:0005506), which plays a crucial role in
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cellular adaptation to oxidative stress, as this element is involved in the synthesis and
activation of oxidoreductase enzymes (Li and Yang, 2018). Besides, iron can catalyse
the formation of free radicals from ROS via the Fenton reaction (Imam et al., 2017),
and is also used primarily as a component of heme in red blood cells for oxygen
transport. In this study, | have also found the SFTBP gene related to the respiratory

gaseous exchange that may be involved in thermoregulation.

Much information has been published on the effects of heat stress on productivity and
how stress affects poultry's immune response, such as reduced antibody response,
macrophage phagocytic ability, and induced oxidative burst (Goel et al., 2021). Upon
contact with a phagocyte, the pathogens are engulfed, trapped within an intracellular
vesicle, and targeted for destruction by a complex set of digestive enzymes or reactive
oxygen species (ROS, such as free radicals) produced within the cell in the chicken,
thus oxidative stress and inflammatory reactions are part of normal defence
mechanisms against pathogens (Lauridsen, 2019). In the case of viral infections, ROS
triggers a different pathway to kill or spread viruses, including the apoptosis pathway
(Goel et al., 2021). Innate immune cells are activated in all viral infections, causing
ROS and prooxidant cytokines and enhancing the iron uptake of a mononuclear
phagocytic system (Imam et al., 2017). Moreover, ROS also interfere with antigen
presentation by innate immune cells and adaptive immune responses (Paiva and
Bozza, 2013). In our result, | detected several genes (LOC107050992, cytochrome
P450 2B4-like: LOC112530469 & LOC101749846) related to oxidative stress or
ROS.

Hypoxia occurs when the oxygen tension drops below what is required for normal
cellular function in a specific tissue and can occur in response to the lack of blood flow

into the tissue or reduced oxygen transport capacity (Hockel and Vaupel, 2001). Heat
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stress causes an increase in the expression of HIF1A (hypoxia-inducible factor 1
alpha) mRNA expression and translocation of HIF1A protein to the cell nucleus,
consistent with hypoxic stress (Paul et al., 2009). Hypoxia-inducible factor (HIF) is
composed of o and B (ARNT) subunits, which dimerise under hypoxic conditions
(Wang and Semenza, 1995). In this study, a HIF gene (HIF3A) was detected 16 kb
downstream from the sweep region on chromosome 32. This gene has an adaptive
response to low oxygen tension or hypoxia (GO: 0001666). This gene was also
demonstrated to induce increased production of ROS in the brain by altering the
activity of oxidative phosphorylation which results in a decrease in ATP synthesis
(Coimbra-Costa et al., 2017). Moreover, activation of HIF during hypoxic conditions
leads to HIF1A binding to specific response elements in target genes involved in
angiogenesis (formation of new blood vessels), vasodilation, and glycolysis (Shweiki

etal., 1992).

The Nigerian indigenous chickens are mostly village chickens, reared in a rural,
scavenger/forage type of farming system where they are exposed to diverse
environmental conditions (i.e., desert, plateau, forest, and savanna). The results of our
study support the suggestion from previous experimental studies on other African
chickens (Walugembe et al., 2019, Elbeltagy et al., 2019) that indigenous chickens are

capable of living under heat stress and harsh environmental conditions.

Candidate genes in relation to hot-humid and hot-arid climatic adaptation in

Nigerian chicken populations

Poultry birds and poultry production are generally affected by seasonal climatic or

weather changes. In most cases, when the hot conditions are extreme in both humid
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and arid areas, the birds become stressed, and this affects their production (e.g.
reduction in egg production) and ability to withstand diseases. Furthermore, the cold
and wet seasons trigger various pathogenic and parasitic diseases causing heavy losses

(Sharma and Tripathi, 2015).

Full genome sequencing of high precipitation and low precipitation chicken
populations was analysed in this study to unravel the molecular mechanisms of
adaptation to the condition based on high or low rainfall patterns in the hot climate.
According to our findings, the most striking genes regulate defence response following
viral infection. However, genes that play roles in oxidative stress and heat stress also
stand out. These results are in line with the results from Olanrewaju et al. (2016) who
found in Kwara state, Nigeria the prevalence of different poultry diseases during the
wet and dry seasons. Newcastle, Gumboro diseases and heat stress characterised the
weather types of the dry season, while coccidiosis and Gumboro diseases prevailed

during the wet season (during harmattan).

The disease pressure from pathogen infection drives chickens to acquire strong disease
resistance such as that observed in Fayoumi chicken (Weng et al., 2020). Furthermore,
the avian immune response is divided into two arms, the innate immune response and
the acquired immune response (Kaiser, 2012; Ferreira Janior et al., 2018). The initial
stage of infection involves the quick activation of innate immune mechanisms, such
as acute inflammatory reactions. On the contrary, the acquired immune response is
delayed and characterised by antibody production and immune memory (Guo et al.,

2008; Singh et al., 2010).

The biological process and molecular function of genes under the putative sweeps

showed positive regulation of innate and acquired immune responses. Relevant
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annotated genes overlapping the sweep regions include REL, CHID1, PUS10,
BCL11A and CMTM3 for both immune responses, RTN4 and XPOL1 for toll-like
receptor nine signalling pathway (innate immune system), and SCIN, HS1BP3,

VOPP1, and AP2A2 for the apoptotic process.

The innate immune response begins once a cell traps antigens (non-self-compounds)
by recognising the pathogen-associated molecular patterns by recognition receptor
such as the Toll-like receptors (Ferreira Junior et al., 2018). In this study, our results
support the fact that the biological process for the innate response mechanism is
positively regulated by REL, RTN4 and XPO1. They trigger an acute inflammatory
reaction by the production of pro-inflammatory cytokines and chemokines and
defensin molecules. | found that CHID1, PUS10, and CMTMS3 are also involved in
these regulations. CHID1 has been reported to regulate cytokine production (innate
inflammation response) (Lee et al., 2011), while PUS10 has been linked to RNA
activities such as RNA modification and RNA binding which regulate mediators of
inflammation (Stumpo et al., 2010, Festen et al., 2011). The CMTM3 is a protein
family linking chemokines, that are widely expressed in the immune system as well
as associated with an autoimmune disease in humans (Duan et al., 2020, Zhong et al.,
2006), through positive regulation of the B cell receptor signalling pathway (GO:

0050861).

The avian and mammalian Rel/NF-kB family members are c-Rel, RelA, NF-xB1
(p50), NF-kB2 (p52), and RelB (Nehyba et al., 2002). v-REL rapidly induces an
invariably fatal lymphoma in avian species then transforms cells by inappropriately
activating or repressing genes coding for cytokines, transcription factors, chaperons,
receptors, inhibitors of apoptosis, and adhesion molecules, which are generally
regulated by c-Rel and other Rel/NF-«kB family members (Bose, 1992).
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Apoptosis or programmed cell death is an important defence mechanism of
multicellular organisms in pathological events. This is a multi-pathway biological
process that regularly takes place and is recognised by morphological and biochemical
changes such as the formation of apoptotic bodies, cell shrinkage, caspase activation,
and DNA fragmentation at the cellular and molecular levels (Zimmermann et al.,
2001). In this study, I have found several genes (SCIN, AP2A2, VOPP1) involved in
apoptotic process regulation (GO: 0043065, GO: 0042981, GO: 0030122, and GO:

0030659) within the candidate sweep regions.

Besides the annotated genes for pathogen and immune response, the result from the
FsT analysis also identified a few genes involved in heat stress adaptation (such as
EGFR, AHSA2, and PEX13). These genes are involved in the biological process and
cellular response to reactive oxygen species (GO: 0034614), Hsp90 protein binding
(GO: 0051879), calcium ion binding (GO: 0005509), eyelid development in the
camera-type eye (GO: 0061029) and response to UV-A (GO: 0070141) to prevent the

negative effect of heat stress.

A few genes involved in reproductive and growth traits have also been detected from
the sweep regions. The STXBP6 gene has a potential pleiotropic effect on bone tissue
and fecundity traits in chickens (Johnsson et al., 2014, Fu et al., 2016), while the LRP8
gene has a possible role in egg development as it has a molecular function in very-
low-density lipoprotein particle receptor activity (GO: 0030229). During the
accelerated final stage of growth, chicken oocytes take up enormous amounts of
plasma components and convert them to the yolk. The oocyte expresses a receptor that
binds both major yolk lipoprotein precursors, vitellogenin and very-low-density
lipoprotein (Shen et al., 1993). STXBP6 has been found to have a lower ZHp value in
the high precipitation group compared to the low precipitation one. This finding may
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indicate that chicken in the high precipitation region, though facing the disease
challenges, has adapted to remain productive and reproduce, while in low precipitation
areas characterized by water scarcity chicken may be facing more challenging

physiological conditions.

3.5  Conclusions

Overall, the results of this study support the hypothesis that the Nigerian indigenous
chicken genomes have been shaped by environmental stresses (selection) with strong
evidence for several positively selected regions. Intra-population ZHp and inter-
population FST mapping revealed selection footprints for heat stress and pathogen and
disease challenges. The ZHp of the 87 chicken genomes examined here show selection
footprints with genes involved in the reduction of oxidative stress, heat stress

adaptation, hypoxia, reproduction and growth performance.

FST analysis supports distinct genetic mechanisms that impart resistance to endemic
diseases and heat tolerances. These results enhance our understanding of the role of
natural selection in shaping genomic variation, and genes contributing to the

adaptation under the stressful Nigerian environmental conditions.

92



Chapter Four

CHAPTER 4:
Genomic landscape of selection signatures in Nigerian

indigenous chickens from different agro-ecological zones
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4.1  Introduction

Indigenous chickens are widely distributed throughout Nigeria under diverse
geographical and agro-ecological conditions. Geographically isolated chicken
populations are subjected to local climatic conditions, and therefore it may be expected
that over time they have acquired genetic adaptation to their unique local agro-
ecological and climatic conditions (Ngeno, 2015, Mpenda et al., 2019). These locally

adapted populations may be called ecotypes.

An ecotype refers to a chicken population from one agro-ecological zone or area. The
ecotype name is usually derived from the ecological zone where the population lives
but, in some areas, regional names have been used (Sonaiya, 1998, Kebede, 2018).
Ecotype names have usually been given to distinct geographical populations, breeds,
strains, or races within a species adapted to distinct and specific environmental
conditions (Begon et al., 2006). The geographic delimitations of the agro-ecological

zones in Nigeria are presented in Figure 4.1.

Some efforts have been made to identify and characterize the indigenous ecotypes of
chickens in Africa (Msoffe et al., 2001). Distinct ecotypes have been reported in
Tanzania (Msoffe et al., 2001), Ethiopia (Tadelle and Ogle, 2001), Zimbabwe
(Mcainsh et al., 2004), and Botswana (Badubi et al., 2006) and Kenya (Ngeno, 2011).
These populations present a high between-and within-ecotype variation in body
weight, egg weight, reproduction performance, plumage colour, comb type and skin
colour. It is assumed that chicken ecotypes have special characteristics to survive in
specific habitats (ecological zones). Due to different climatic and physical factors,
farmers from different agro-ecological zones experience different production
challenges and economic needs. The type of enterprises farmers engage in are
influenced by environmental factors, such as climate, leading to a variation across
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ecological zones. Therefore, the resulting ecotypes are defined by the breeding
strategies set up to achieve the village chicken production goals under specific

environmental conditions (Muchadeyi et al., 2009).

Nigerian indigenous chicken ecotypes are the product of mutation, genetic drift,
adaptation and evolution. The different selection pressures imposed on these chickens
include diet, variation in climate and endemic parasites and diseases (Agbaje and
Alabi, 2018). However, the differences in how chickens respond to stressors may
depend upon their evolutionary course and the intensity of selection pressures for
survival. Constant selection of these survival traits can lead to the presence of genomic
signatures. In particular, selection for survival traits can reduce the variability around
genomic regions associated with these traits. This reduction in variability, referred to
as a selection signature or selective sweep, can be detected and examined for its

biological importance (Fleming et al., 2016).

On the other hand, characterisation studies of Nigerian indigenous chickens from
different ecological zones (Oluyemi, 1979, Sonaiya, 1998, Okpeku, 2003) have also
reported many similarities among the birds within and across the zones. Oluyemi
(1979) characterised indigenous chickens from southwestern Nigeria and found no
significant variation in body weight, egg weight, egg production, or other physical
characteristics. Another study by Sonaiya, (1998) did not find any significant genetic
variation in either immunological competence or egg production traits among local
chicken populations assembled from Kaduna and Jos (Guinea savanna), Makurdi,
Ogun, llorin (Derived savanna), Nsukka and Osun (Rainforest) Okpeku (2003)
investigated the phenotypic and genetic variation among the local chickens of Edo

State of Nigeria (Rainforest zone) and found no significant variation in body weight
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or other biometrical body measurements. Ogbu (2010) also concluded that the birds

could not be classified as separate strains.

The chicken ecotypes in this study were sampled from eight agro-ecological zones
(AEZ); namely, from South to North: Mangrove swamp, Freshwater swamp,
Rainforest, Mid-Altitude (Plateau), Derived Savanna, Guinea Savanna (two zones,
Southern and Northern), and Sudan Savanna (Table 4.1). Climatic, e.g. temperature
and rainfall patterns delineate these zones (Udoh et al. (2000), Atehnkeng et al. (2008),
Yakubu et al. (2019)). The availability of diverse AEZ, climatic conditions, and
variation in chicken rearing purposes in the tropics have contributed to the existence
of high chicken genetic diversity (Padhi, 2016). Apart from the classification of the
AEZs based on climatic conditions, the AEZs have also been characterised by their
vegetation types, which in combination with local climatic conditions create unique
agro-ecological conditions that may have equally shaped the genomes of local
indigenous chicken populations. The main features of the AEZ in this study are

described in Table 4.1.

It is important to know the types of vegetation in an AEZ as it plays a crucial role in
the exchange of carbon, water, and energy on the land surface of the regional
ecosystem (Duo et al., 2016). Besides, human alteration of the vegetation structure in
the rearing environment has been reported to influence early chick survival through
increased predation risk by influencing predator densities, lack of cover and the speed
at which chicks detect predators (Whittingham and Evans, 2004, Chikumba and
Chimonyo, 2021). Vegetation cover also influences the spatial and temporal
distribution of food and the foraging efficiency of chicks and adults (Manzer and

Hannon, 2008, Davis, 2009). Categorical land vegetation cover types (sparse, dense)
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are commonly used to describe the habitat suitability and potential to support livestock

production, including free-range indigenous chicken (Strohbach, 2017).

Following Keay (1949), as described in FRN (2019), the types of vegetation of each
ecotype in Nigeria from North to South are as follows: (i) The Sudan Savanna has less
vegetation than the Guinea Savanna. Existing vegetation consists mainly of short
grasses, about 1-2 m high, and some stunted tree species, such as Acacia species. (ii)
The Derived Savanna and Guinea Savanna are much the same with the most dense
vegetation in the middle belt of Nigeria where it consists of a mixture of trees and
grass. The typical vegetation is open woodland with tall grasses (1 to 3 m high) in
open areas, and trees (up to 15 m high), usually with short boles and broad leaves. (iii)
Plateau or Mid-Altitude zone is characterized by grassland vegetation at the base,
forest vegetation on the windward slope and grassland vegetation on the Plateaux.
Hills are covered with forest vegetation, while the upper slopes and the Plateau
surfaces have grassland vegetation, which usually supports the cattle population. (iv)
The Rainforest is a dense evergreen forest of tall trees with thick undergrowth
consisting of three layers of trees: the emergent layer with trees more than 36 m high;
the middle layer between 15-30 m; while the lowest layer is generally below 15 m. (v)
The Freshwater swamp has a more open canopy, which may reach 45 m in height,
densely tangled, and almost impenetrable undergrowth, while (vi) the Mangrove
swamp is dominated by Rhizophora sp that can attain heights of up to 40 meters. These
last two agro-ecological zones are usually flooded during the wet season and dry out
during the dry season, leaving portions of the dry forest floor interspersed with
permanent pools of water. However, much of this vegetation type has been converted
to agricultural and urban lands, and the original swamp forest remains mostly on

alluvial sites along the major rivers.
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Figure 4.1. The different agro-ecological zones in Nigeria.

Modified from Akinwumiju et al. (2020).

Considering the diverse agroecology in Nigeria and the important link between
adaptation and the AEZ for the indigenous chicken, in this chapter, | aim to identify
candidate genome regions and associated candidate genes that show strong evidence
of positive selection in relation to the different ecotypes of the Nigerian indigenous
chicken. For this purpose, two signature selection approaches were applied at the
genome-wide scale: pooled heterozygosity (Hp) to identify within-ecotype candidate
sweep regions and Fst to identify regions showing differential selection among the
eight ecotypes studied viz. Mangrove swamp, Freshwater swamp, Rainforest, Plateau

or Mid-Altitude, Derived Savanna, Southern Guinea Savanna and Northern Savanna,

Sudan Savanna. While Chapter 3 specifically dissected the heat stress adaptation and
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adaptation to hot-humid and hot-arid conditions merging multiple populations, this
chapter reports candidate sweep regions within and between each ecotype. It is
expected that the outcomes of this study will help to improve our understanding of the
genetic basis of local adaptation of Nigerian indigenous chicken under varied agro-

ecological challenges.

99



Table 4.1. Main features and differences between the agro-ecological zones.

Chapter Four

Features Zones
Sudan Northern Southern Derived Mid- Rainforest Freshwater =~ Mangrove
Savanna Guinea Guinea Savanna Altitude swamp swamp
Savanna Savanna
Geographic Latitude 4°  Latitude 4°  Between Between Latitude 9°  Between Between Between
coordinates 45' N and 45' N and latitudes 8°  latitudes 7°  43'N and latitudes 4°  Latitude 4°  Latitude 4°
longitude 6° longitude 6° 30'Nand 8° 52'Nand 8° longitude 8° 45'Nand 7° 45’ N and 45' N and
50'E 50'E 50" N and 56' N and 50'E 15'N and longitude 6°  longitude 6°
longitudes longitudes longitudes 50'E 50"E
4°E20"and 7°25'E and 6° 50" E and
4°35'E 9°37'E 7°25'E
AEZ type Tropic- Tropic- Tropic- Tropic- Tropic-cool  Tropic- Tropic- Tropic-
warm/arid  warm/arid  warm/ warm / warm / warm / warm /
semiarid semiarid humid humid humid
Temperature (°C)  28.5 27.2 26.8 26.2 21.5 26.3 26.3 26.4
Relative humidity  47.4 47.4 74.4 74.0 15.6 80.0 83.4 83.4
(%)
Rainfall (mm, per 807 807 1217 1169 1233 2219 2708 2708

annum)

Sources: Sowunmi (2010), Eludoyin et al. (2014), Esiobu and Onubuogu (2014), Zitta and Madaki (2020), Yakubu et al. (2020).
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4.2 Materials and Methods

4.2.1 Study populations and genome-wide SNP data

A total of 80 chicken samples representing eight different chicken ecotypes were
included in the analysis. From the northern part to the southern part of Nigeria,
namely: Sudan Savanna, Northern Guinea Savanna, Southern Guinea Savanna,
Derived Savanna, Mid-Altitude (Plateau), Humid Rainforest, Humid Savanna

Freshwater Swamp, and Humid Savanna Mangrove.

I sub-sampled our genome data (see Chapters 2 and 3) analysing an equal number of
samples per ecotype. Then, the genome-wide sequence data went through several
steps: whole-genome sequencing, reads mapping, and variant discovery followed by

downstream analysis for SNP quality control (see Chapter 2).

4.2.2 Selective sweep analyses and functional annotation of candidate genes

The Hp and Fst analyses were performed using the same protocol as described in
Chapter 3. The ZHp < - 4 and top 0.1% values (ZFST > 7.0) were considered as
candidate selection signature signals in all tests as to those described in Chapter 3.
Bedtools version 2.25.0 (Quinlan and Hall, 2010) was used to merge the overlapping
selected windows. Chicken genes that overlapped genomic windows passing the
significant selective sweep threshold were retrieved from the Ensembl Genes 98

database using the Biomart online tool (http://www.ensembl.org/biomart). The

candidate genes were then processed in a web-based PANTHER Classification System
(Thomas et al., 2003) to map the candidate genes to known biological processes,

molecular function, cellular processes, and molecular pathways.
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4.3 Results and Discussion

4.3.1. Signatures of selection detected by ZHp analysis

To identify the selective sweep regions within each of the Nigerian chicken ecotypes,
| performed a genome-wide scan of chicken autosomes using the Hp test. Results of
Hp analysis on the eight ecotypes are summarized in Table 4.2 and Figure 4.2. Around
92,000 windows with at least 10 SNPs per window were analysed in each chicken
ecotype, with 19 to 168 candidate per selected windows. After merging adjacent
candidate windows within ecotypes, the sweep regions ranged from eight (Sudan
Savanna) to thirty-four (Mid-Altitude). The Humid Freshwater swamp and Mid-
Altitude (Plateau) ecotypes showed the strongest signal for ZHp values (-5.7 and -5.6,
respectively), followed by the Humid Rainforest and Southern Guinea savanna (ZHp
= -5.2). Meanwhile, the numbers of candidate genes varied from eleven in the Sudan
Savanna to fifty in the Mid-Altitude (Plateau) zones. The number of candidates sweep

regions and their overlapped genes are detailed in Supplementary Tables S4.1 to S4.8.

Sudan Savanna maeEsl
Derived Savanna mssassssiss
Northern Guinea Savanna Esm—"s
Southern Guinea Savanna IEEESEREIN
Humid Savanna Fresh Water Swamp o
Humid Savanna Rain Forest
Humid Savanna Mangrove
Plateau Mid-Altitude  m G A

Ecotypes

0 50 100 150 200
Range of candidate windows

= Number of candidate windows (ZHp < -4.0)
m Number of candidate windows after merging adjacent windows

Figure 4.2. Distribution of the number of candidate windows and regions in each
ecotype
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According to the results, the main environmental stressors are oxidative and immune
responses stressors. Selection for heat response was present in chicken ecotypes living
in warm-arid, warm semi-arid, and warm-humid zones, while cold response and

osmotic stressors contributed to the adaptation in cool and warm-humid zones.

| observed that between three to thirteen genes were shared between ecotypes
(Supplementary Tables S4.9-S4.13 and Supplementary Figures S4.1-S4.6) with TSHR
(thyroid-stimulating hormone receptor) and ENSGALG00000047413 (long non-
coding RNA) in chromosome 5 overlapping sweep regions in all ecotypes. Several
other genes, like OVSLT (ovostatin-like), LCORL (ligands dependent nuclear receptor
corepressors), NCAGP (non-SMC condensin | complex subunit G), and the novel
genes (ENSGALGO00000054958, ENSGALG00000026901, ENSGALG00000052351)
were shared frequently among ecotypes (at least in three ecotypes). Sudan Savanna
ecotype (warm-arid zone) and Mangrove swamp ecotype (warm-humid zone) have the

least number of shared candidate regions and genes compared to the other ecotypes.

103



Table 4.2. Summary of the pooled heterozygosity (Hp) test for the eight ecotypes
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Ecotypes

Number

Total SNPs

Pool heterozygosity (Hp) statistics

of Total Sweep Range of Hp  ZHp value Number of
samples analysed regions genes
P windows (ZHp <£-4) overlapping the
(SNPs > 10) sweep regions
Sudan Savanna 10 11,047,403 91,943 8 0.001t00.017 -4.323t0-4.087 11
Northern Guinea Savanna 10 11,205,205 91,937 16 0.001t0 0.054 -4.956t0-4.100 22
Southern Guinea Savanna 10 11,816,923 92,013 21 0.002t0 0.071 -5.247t0-4.000 25
Derived Savanna 10 11,645,212 91,989 15 0.004t0 0.064 -5.029t0-4.019 22
Plateau Mid-Altitude 10 11,374,240 91,952 34 0.001t00.093 -5.636t0-4.019 50
Humid Savanna Rainforest 10 11,409,440 91,983 24 0.001t0 0.071 -5.251t0-4.022 33
Humid Savanna Freshwater 10 11,731,625 92,006 27 0.001t00.096 -5.719t0-4.003 38
Swamp
Humid Savanna Mangrove 10 10,632,424 91,906 23 0.002t0 0.028 -4.433t0-4.007 42
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a. Selection signatures in ecotypes from the warm-arid zones: Sudan Savanna
and Northern Guinea Savanna ecotypes
The Sudan Savanna is known for the coexistence of trees and grasses (Amoako et al.,
2018). The annual precipitation is very low compared to other ecological zones with
annual precipitation of about 700 - 1100 mm with a prolonged dry season of about 6—
9 months (Aremu et al., 2017, Ayanlade et al., 2021), while the Northern Guinea
Savanna has an average annual rainfall between 900-1,200 mm. Grasses with
scattered trees and shrubs are the dominant vegetation in this zone (Tambo and

Abdoulaye, 2013).

Sudan Savanna ecotype

The eight candidates sweep regions detected in the Sudan Savanna ecotype overlap
with eleven genes. The sweep regions are from chromosomes 1, 2, 3, 5, 6, and 7
(Supplementary Table S4.1). The annotation of these genes indicates involvement in
reproduction e.g. TSHR, ENSGALG00000047413 (Lawal et al., 2018) and BMPR2
(Divya and Bhattacharya, 2021), stress response including heat stress or thermal
response e.g CERK (Chen and Narum, 2021), SGMS1 (Nagai et al., 2011), MINPP1
(Humburg et al., 2016) and immune response e.g HHLA1, ASB1 (Jern and Coffin,

2008, Albooshoke and Bakhtiarizadeh, 2019).

Solute Carrier Family 24 Member 3 (SLC24A13), Sphingomyelin Synthase 1
(SGMS1), Ceramide Kinase (CERK), Multiple Inositol-Polyphosphate Phosphatase 1
(MINPP1), are associated with heat responses. Previous studies have shown that the
intracellular concentration of free calcium increases in several types of cells during
stress, such as high temperatures (Feske, 2007). Thus the SLC24A13 gene
(GO:0006874) may play an essential role in this imbalanced condition due to its role

in cellular calcium ion homeostasis. Sphingolipids' biosynthetic process
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(GO:0030148) also plays a crucial role in cell response to heat stress (Chen et al.,

2013); SGMS1 and CERK genes have a molecular function in this process.

Chicken has various immune responses, including lymphocyte proliferation when
exposed to high ambient temperature (Han et al., 2010); hence, lymphocytes play
essential roles in cellular and humoral immunity (Arora et al., 1981). In this stage,
calcium ions have an essential function in the activation and maturation of
lymphocytes. The potential role of the MINPPL1 gene in response to a variety of
cellular stress conditions has also been reported (Kilaparty et al., 2016). Meanwhile,
HHLA1 and ASB1 genes are likely also involved in the immune response. Exposure
to heat stress suppresses chicken immune responses, which can increase susceptibility
to infectious diseases, therefore with negative effects on chicken performance and
welfare (Monson et al., 2018).

It is likely that the Sudan Savanna ecotype is probably suffering from heat stress
following hot temperatures during the prolonged dry season. The recent study from
Ayanlade et al. (2021) also revealed that in the Sudan Savanna ecological zone, there
is always a great decline in vegetation greenness that lasts nearly five months, until it
experiences a short wet season. This finding is in line with Liverpool-Tasie et al.
(2019), who reported that about 68% of poultry farmers in the Sudan Savanna region
stated that the temperature had increased significantly in recent years with almost 50%
of the farmers affected by a production loss, likely related to heat stress. This study
also mentioned that farmers who have personal experience of poultry production loss
due to extreme heat were more likely to adopt multiple adaptation strategies including
giving their poultry medicines and vitamins with the expectation of reducing the

mortality rate.
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Northern Guinea Savanna ecotype

Sixteen sweep regions overlapping with 22 genes were detected in the Northern
Guinea Savanna ecotype (Supplementary Table S4.2). Six regions overlapped with
seven genes that have biological functions that are involved in heat stress and tropical
adaptation (e.g., CTNNA3, DRD3), immune response (e.g., HHLA1, CCDC93,
DOCK2, EIF4A3), growth traits (e.g., LCORL, NCAPG) and reproduction (e.g.,

OVSTL, TSHR, CCDC93) (Supplementary Table S4.2).

The GO term associated with Catenin alpha 3 (CTNNA3) is cell-cell adhesion
(GO:0098609). This gene is linked to acute heat stress in the testes of a broiler-type
strain of Taiwanese country chicken (Wang et al., 2015). The dopamine receptor
(DRD3), with GO term for cellular calcium ion homeostasis (GO:0006874), is
involved in the regulation of systemic arterial blood pressure. It is a candidate gene
for tropical adaptation (adaptation in tropics climate) in chickens (Tian et al., 2020),

Bactrian camel (Wang et al., 2012) and sheep (Yang et al., 2016).

HHLAL1 (HERV-H LTR-associating protein 1) is an essential regulator of stem cell
differentiation. It is strongly upregulated during early embryogenesis. It is also co-
localised with a provirus (Vargiu et al., 2016). The CCDC93 (coiled-coil domain
containing 93) gene is responsible for early endosome (GO:0032456) and chemokine
signalling or immunological synapse formation (GO:0001771) as a response to
infection by several microorganisms (e.g. virus) in chicken (Goraya, 2017). DOCK2
(dedicator of cytokinesis 2) was found to have many roles in the immune response
through its involvement in activating B-cells (Tanigaki et al., 2002, Wang et al., 2018).
This gene has been found to improve broilers’ humoral immune function and enhance
the NDV (Newcastle Disease Virus) vaccine (Li et al., 2021). EIF4A3 (Eukaryotic
Translation Initiation Factor 4A3) has been implicated in cellular response involving
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alteration of RNA secondary structure (GO:0006366). It has been revealed as a key

mediator of Avian Influenza polymerase activity (Ren et al., 2019).

Some genes associated with reproduction (TSHR, GTF2A1) and growth (NCAPG and
LCORL) were also identified. They are involved in embryogenesis and
spermatogenesis (Karlsson et al., 2015, Lawal et al., 2018). Non-SMC condensin |
complex subunit G (NCAPG), and ligand-dependant nuclear receptor corepressor-like
protein (LCROL) genes have been implicated in several QTL and genome-wide
association studies for human height, swine body length, equine height, cattle growth,

and chicken carcass phenotypes (Lindholm-Perry et al., 2013, Liu et al., 2013).

Similarly, to the Sudan Savanna ecotype, the sweep regions in Northern Guinea
savanna ecotypes emphasize the selection pressure from heat stress in domestic
chickens and the impact of such stress on reproduction and immunity. Several other
studies on Northern Guinea Savanna chicken also revealed that heat stress adversely
affects well-being, fertility, and hatchability (Oladele et al., 2003, Ayo et al., 2011,

Sinkalu et al., 2015).

I have found two common sweeps in chromosomes 2 and 5 in these two ecotypes from
the warm-arid zone, which overlap with the HHLAL and TSRH and LncRNA genes.
HHLAL is a non-enveloped viral sequence that has integrated into the human genome
and may regulate the immune response (Balada et al., 2010). However, little is known
about the function of HHLAL in chickens. In comparison, the TSHR locus is involved
in metabolic regulation and the reproduction process (Yoshimura et al., 2003, Rubin

etal., 2010).
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Figure 4.3. Manhattan plot and important candidate genes under selective sweeps in Sudan Savanna and Northern Guinea Savanna ecotypes.

*Common genes among ecotypes are in red font.
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b. Selection signatures in ecotypes from the warm semi-arid zones: Southern Guinea
Savanna and Derived Savanna

The Southern Guinea Savanna and Derived Savanna regions have a typical savanna climate
with distinct wet and dry seasons. These classifications reflect environmental characteristics
such as the length of the growing period, which for instance, is 181-210 days for the Southern
Guinea Savanna and 211-270 days for the Derived Savanna (Salako, 2004). Typical vegetation
in the Southern Guinea Savanna and Derived Savannas are dry woodlands and moist woodland,
respectively. Moreover, the Nigerian Environmental Study/Action Team (1991) defined the
Derived Savanna as the transitional forest-savanna mosaic immediately North of the lowland

rainforest belt.

The mean annual temperature and rainfall in Southern Guinea Savanna are 27°C and 1,165
mm, respectively, with the wet season stretching from April to October, while the dry season
is from November to March (Amao, 2017, Anoh et al., 2021). Meanwhile, the mean
temperature and annual mean rainfall of the Derived Savanna are about 27°C and 1,247 mm,
respectively. This zone has two major seasons: wet (April-September) and dry (October—

March) (Amao et al., 2011, Adedeji et al., 2015).

Twenty putative sweep regions overlapping twenty-five genes were detected in the Southern
Guniea Savanna ecotype, whereas fifteen sweep regions and twenty-two candidate genes were
detected in that of the Derived Savanna. The genes in each ecotypes were mostly linked to the
immune response, behaviour and reproduction of the chicken (Supplementary Table S4.3 and
S4.4). The Manhattan plot and interesting genes under putative selective sweep regions are

shown in Figure 4.4.
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Figure 4.4. Manhattan plot and important candidate genes under selective sweeps regions in Southern Guinea Savanna and Derived
Savanna ecotypes.

*Common genes among ecotypes are in red.
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Southern Guinea Savanna ecotype

Disease challenge is a common threat to poultry production in the Southern Guinea
Savanna zone (Okaeme, 1988, Atehmengo Ngongeh et al., 2017, Shittu et al., 2016),
and is a major threat to both the large and small scale poultry industries. Coccidiosis
and Newcastle disease (ND) have been ranked as the most economically important
diseases in this region, with a high level of morbidity and mortality (Ngongeh et al.,
2017). Several genes (IFIT5, SLC16A12, SLC40Al) associated with disease
challenges were found to be under strong positive selection in this ecotype. The
annotation terms associated with these genes are ‘defence response to virus’
(G0O:0051607), monocarboxylic acid transport (GO:001571), and iron ion

homeostasis (GO:0055072), respectively.

Another candidate gene, ABHD2 (abhydrolase domain containing 2), has been
suggested to play a role in adaptation to environmental temperature changes by
modifying vascularization properties to facilitate heat dissipation (Loyau et al., 2016).
Also, OC90 (otoconia 90), involved in arachidonic acid metabolism, has been reported
to be under selection following tropical climatic challenges in birds and mammals

(Tian et al., 2020).

The above finding is of relevance to the study of Olanrewaju et al. (2016) on
indigenous chicken from the Southern Guinea Savanna zone reporting several disease
outbreaks during the harmattan period, a dust-laden north-easterly wind in the dry
season that blows from December to the middle of March). The season is different
from other ‘winter’ seasons as it is not just cold, but also extremely dry, windy and
dusty with wide diurnal ambient temperatures variation; from as low as 12 °C in the
morning to up to 34°C in the afternoon hours (Habibu et al., 2021). A strong positive
relationship has been reported between the chicken mortality rate and the amount of
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rainfall and a negative correlation with temperature. For the period after harmattan
(March-April) it is the reverse with a strong negative correlation between rainfall,
relative humidity and mortality rate, and a strong positive correlation between the
temperature (maximum or minimum) and the mortality rate of chicken in the Kwara

state in the Southern Guinea Savanna zone (Olanrewaju et al., 2016).

For efficient poultry development, Scott (1999) emphasized that the temperature of a
chicken pen must not go above 35°C for any prolonged time. The increased
vulnerability of chickens during the dry season may be attributed to the physiological
imbalance created by various weather types. For instance, harmattan chill may make
chickens more susceptible to diseases with the observation that many chickens died of
heat stress and Newcastle disease in the Southern Guinea Savanna zone following

harmattan (Olanrewaju et al., 2016).

Derived Savanna ecotype

The candidate genes from the sweep regions in the Derived Savanna ecotype related
to the immune response are DUSP16, MOG, ORAOV1, FGF19, BIN1, GK5, G3BP1,
FUT8, and DOCK2 (Supplementary Table S4.4). Some of these genes (e.g., DUSP16
and BIN1) overlapped the strongest selection signals (ZHp < -5.00), indicating great
pressure on the immune system from environmental stresses. The roles of some of the

above genes in the chicken immune responses have been reported in previous studies.

For example, the ORAOV1 (oral cancer overexpressed 1) gene was found to be
associated with resistance to infectious bursal disease (IBD) caused by the IBD virus
in the chicken, which triggered cell apoptosis (Qin et al., 2017). Over-expression of
ORAQV1 leads to the inhibition of VP2 (one part of IBD virus segments) or IBDV-

induced apoptosis, accompanied by decreased viral release (p < 0.05) (Qin et al.,
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2017). Apoptosis is a defence mechanism of host cells in response to virus infection
to limit viral propagation, and it is well-known that apoptosis is responsible for the
rapid depletion of lymphocytes during IBDV infection, which is important for IBDV-

induced immune suppression and its pathogenesis (Qin et al., 2017).

Another gene, G3BP1 (G3BP stress granule assembly factor 1) has been reported in
response to the Newcastle disease virus (NDV) in chickens (Sun et al., 2017). Hence,
it was used as a marker to verify the formation of stress granules (cells’ response to
various environmental stressors, e.g. virus) in the course of NDV infection in the
chicken cells. This gene also contributes to stress granule formation that is caused by
exposure to various stresses such as arsenite, hypoxia, and heat shock, where cells

inhibit their translation and apoptosis (Matsuki et al., 2013)

FGF19 (fibroblast growth factor 19) has a role in the activation of the cytokine
pathway, which has enormous potential in the control of infectious diseases in poultry
(Wigley and Kaiser, 2003); while GK5 (glycerol kinase 5) was found to play a pivotal
role in the variation of blood metabolites in Iranian chicken (Javanrouh-Aliabad et al.,
2018). Blood parameters are considered good indicators of health status. They are not
only helpful in the diagnosis of specific poultry diseases but also provide basic
knowledge for studies in immunology and comparative avian pathology (Rehman et
al., 2017). For example, serum total protein is used to determine the quality of dietary
protein (Alikwe, 2011), and serum biochemical parameters are used to check the
immune status of animals (Kral and Suchy, 2000). Similarly, glucose and triglycerides
fulfil the energy demand for the maintenance of the physiological and biochemical

functions in the body (Klasing, 1999).
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Other genes, like DOCK2 (Dedicator Of Cytokinesis 2) are involved in cytoskeletal
rearrangements required for lymphocyte migration in the response of chemokines

(Wang et al., 2017), DUSP16 (Dual Specificity Phosphatase 16) is involved in T

helper cell differentiation in mice through dephosphorylation of JNK in the cytosol,
the FUT8 (Fucosyltransferase 8) gene is associated with not only an immune response
but also several other roles such as multicellular organism development, DNA
integration, melanin biosynthetic process, muscle organ development and oxidation-
reduction in the chicken (Claire D’Andre et al., 2013), BIN1 (bridging integrator 1)
and MOG (myelin oligodendrocyte glycoprotein) were previously reported to be
involved in apoptosis/programmed death cell (DuHadaway et al., 2001) and are known

as a cellular receptor for rubella virus in human (Haralambieva et al., 2014).

Similar conditions regarding disease incidence as observed in the Southern Guinea
ecotype were also recorded in the Derived Savanna ecotype, e.g the prevalence or
outbreak of Newcastle disease was observed during the cold and harsh harmattan
period (from November to March) rather than during the wet season (Anene and
Onuoha, 1999, Okwor and Eze, 2011). Meanwhile, the presence of selection
candidates such as ABHD?2 in the Southern Guinea Savanna and G3BP1 gene in the
Derived Savanna are likely involved with thermal stress or environmental stress
adaptation. Furthermore, several overlapped genes are common among these ecotypes,
such as TSHR and a LncRNA (ENSGALG00000047413), OVSTL (involved in
reproduction), and nearby genes MEOX and AGMO (both of them are located 20-40

Kb upstream of the sweep region).
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c. Selection signatures in ecotypes from the cool zone (Mid-Altitude/Plateau
ecotype)
The Mid-Altitude zone or Plateau region, which lies at 1,280 m above sea level, has a
mean minimum and maximum temperature of 16°C and 26°C, respectively. It is
controlled by two wind systems that affect the Nigerian climate, the moist south-
westerly winds during the rainy season and the dry northeasterly winds during the dry
season (Chinda and Danladi, 2019). The south-westerly winds are responsible for
much of the rains occurring between April and October, while the north-easterly winds
are responsible for the dry season lasting from November to March. The mean annual
rainfall on the Jos Plateau is around 1245mm with a standard deviation of 139 mm

(Binbol et al., 2020).

Most selection signature regions identified from Hp analysis in this ecotype show
stronger signals compared to other ecotypes. A total of thirty-four regions (after
merging the adjacent windows) were identified as candidate regions under selection,
and these overlap with fifty genes (Supplementary Table S4.5). The functions of the
annotated candidate genes under some of the strongly supported selected regions are
related to cold stress response, immune response, oxidative stress, hypoxic protection,

production and reproduction traits.

In the Mid-Altitude ecotype, I identified a strong positive selection signal for IL12B
(Interleukin 12B) which is involved in the cellular response to cold stress
(GO:0070417) in addition to its immune response role (bacterial and viral infection).
The IL12B candidate encodes a subunit of interleukin 12, a cytokine that acts on T-
cells and natural killer cells. This indicates that cold stress stimulates both the innate
and parts of the adaptive cellular immune systems. Also, the effect of cold stress could
enhance the expression in peripheral blood leukocytes (PBL) of mRNA of the
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interleukin-1beta (one of them is IL12B) cytokine gene family (Hangalapura et al.,

2006).

Other genes present within candidate selected regions are MDH1B (malate
dehydrogenase 1B) and KCNMAL1 (potassium calcium-activated channel subfamily M
alpha 1), both likely involved in high altitude adaptation. In particular, the MDH1B
gene (oxidation-reduction process; GO:0055114) is found within the strongest
selection signal (ZHp = -5.636). It has previously been reported to be under positive
selection in the Tibetan yak, Tibetan ground tit, and in human populations living at
high altitudes in Tibet, the Andes and Ethiopia, indicating its probable role in the
adaptation to high altitudes (Simonson et al., 2010, Qiu et al., 2012, Brugniaux et al.,
2007, Qu et al., 2013). KCNMAL has a function in the voltage-gated ion channel
activity (G0O:0005244). 1t is likely linked to the hypoxia response challenge, being
involved in the regulation of the smooth muscle contraction through the activation of
calcium ions and an increase in calcium ions stimulated by the hypoxia-inducible
factor-1 gene (a gene that regulates adaptation to the hypoxic condition in the high

altitude region) (Williams et al., 2004, Hui et al., 2006, Lawal et al., 2018).

Several candidate genes (e.g. OVSLT, RAB30, CYSLTR2, MOG, SGMS1, DYTN, and
FBXO38) have GO annotation terms associated with an immune response, while the
others are associated with production and reproduction traits (see Supplementary
Table S4.5 for details). Several studies have reported the prevalence of various chicken
diseases in the Mid-Altitude zone, such as Coccidioidomycosis (fatal fungal infection)
in chicken pullets (Jambalang et al., 2010), Newcastle disease (ND) (Musa et al., 2009,
Abraham-Qyiguh et al., 2014), infectious bursal disease (IBD) and Marek'’s disease
(Adedeji et al., 2019, Sani et al., 2021), and the occurrence and manifestation of
Samonella, H5N1, and fowlpox (Cecchi et al., 2008, Adebajo et al., 2012, Fagbamila
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et al., 2017). Further findings by Musa et al. (2009) in their work on village chickens
in the Plateau zone, detected antibodies to ND throughout the year but with high
prevalence or epizootics only during the harmattan period of November-March due to
cold weather inducing physiological stress on village chickens and subsequently

decreases in their immunity to ND.

The above findings indicate that hypoxic conditions at high altitudes have direct
implications for the immune status of chickens. Beyond this, the role of the ILI2B
gene, detected as one of the candidate genes of the Plateau ecotype, was discussed in
relation to NK T-cell differentiation. In a previous study, McNamee et al. (2013)
indicated that the differentiation of T-cells could be stimulated by hypoxia and high
altitude conditions. Also, Zhang et al. (2016) showed that there is an association
between the high altitude condition and the inflammatory responses. Therefore, the
results of our study corroborate the findings of these previous studies. The detection
of candidate genes in this study may provide new insights into chicken’s adaptation in
the Mid-Altitude zone. These adaptive genes are related to important functions
including cold response, hypoxia, and immune response. There were also genes
commonly found with other ecotypes such as HHLAL (also found in the semi-arid
ecotypes), and NCAPG, LCORL, OVSTL, FNDC3A, TSANAREL, and LDB2 found in

the Freshwater swamp ecotype from the warm-humid zone.
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Figure 4.5. Manhattan plot and important candidate genes under candidate selective sweep region in the Mid-Altitude ecotypes.

*Common genes with other ecotypes from different zones are in red.
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d. Selection signatures in ecotypes from the warm-humid zone (Rainforest,
Freshwater swamp, and Mangrove swamp)

The warm-humid zone lies adjacent to the low-lying coastal area. It includes three

ecological zones namely., Rainforest, Freshwater swamps and Mangrove swamps.

Essentially, the Rainforest lies on the upper level, the Freshwater zones is in the middle

and the Mangroves swamp on the outer ridge.

The Rainforest zone is tropical in nature with two distinct seasons: the rainy (March -
October) and the dry (November - February) seasons. The dry season is characterized
by the harmattan dust brought by cool-dry winds from the northern deserts into the
southern region (Otitoju and Enete, 2014). The temperature ranges between 21°C and

34°C, while the annual rainfall ranges between 1500 mm and 3000 mm (Falade, 2017).

The Nigerian Freshwater swamp forests are found between the Lowland Rainforest
and the Mangrove swamp forests. The region is generally a low lying vast sedimentary
basin and generally swampy with mainly medium to coarse unconsolidated sands, silt,
clay, shale and peat (Igu and Marchant, 2017). The zone is characterized by a short
dry season (normally between December and February) and a long rainy season,
which mainly lasts from March to October. Average monthly maximum and minimum
temperatures vary between 28°C to 33°C and 21°C to 23°C, respectively (Ighedosa,
2019). Annual rainfall is 2500 mm. The flood regime of the region begins toward the
end of the rainy season in August, with peaks in October and tapering off in December

(Merem et al., 2019).

The Mangrove swamps support a complex and sensitive ecosystem, which is vital to
the fishing industry and the local economy of the Niger Delta people. It is thus the

most economically rich region among the zones. It accommodates the most important
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flora and fauna (Boyle and Akujuru, 2021). However, most of the oil-spill incidents
reported in Nigeria occurred in the Mangrove swamp forest of the Niger Delta region
(Sakib, 2021). The annual rainfall in this zone is about 2,022 mm, and the mean annual
temperature is about 26°C, with the warmest month on average in March (29°C) and
the coolest month on average in July (25.5°C) (Akonjom et al., 2021). The rainfall
pattern shows two identifiable seasons, the rainy season (April to October) and the

relatively short dry (November to March) season (Rim-Rukeh, 2018).

Rainforest ecotype

Hp analysis of the Rainforest ecotype identified twenty-five regions that passed the
genome-wide significance threshold. These overlap with thirty-three genes
(Supplementary Table S4.6). In this ecotype, | found several genes related to disease
challenges/immune response, apoptotic response, and ROS such as FASTK, GBF1,
LRBA, RNF7, and DOCK2 (genes also found in Northern and Derived Savanna
ecotypes). The remaining genes are involved in the response to a a Xxenobiotic

stimulus, or they are related to reproduction and growth traits.

Parasites and pathogens pose major immunological challenges in the rainforest zone.
Chickens in the rainforest zone in Nigeria are under the challenges of several diseases
with direct implications on productivity and reproduction (Opara et al., 2014, Ajayi et
al., 2011, Ajayi and Agaviezor, 2016). Particularly predominant are parasitic diseases
and among them, haemoparasite infections are the most prevalent. The haemoparasites
generally found in poultry in tropical areas include the following genera: Plasmodium
sp., Leucytozoon sp., Haemoproteus sp., Aegytinella sp., Trypanosoma sp. and
microfilariasis of nematodes belonging to the suborder filaria (Permin, 1998). Enteric
bacteria in the family Enterobacteriaceae, including Escherichia coli, Salmonella spp.
and Klebsiella spp. are also major pathogens or secondary invaders, hampering the
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realization of the full potential of free-range poultry production in Nigeria. A higher
prevalence of avian coccidiosis has been found in the rainforest zone of Nigeria during
the period of rainfall (Bachaya et al., 2012), primarily because it positively influences
the warm and humid environmental conditions needed for oocysts sporulation. Other
studies by Awais et al. (2012) and Grema et al. (2014) have also shown that avian
coccidiosis is more prevalent during the rainy season compared to the dry season.

The candidate genes associated with immune response from this ecotype include
FASTK (Fas activated serine/threonine kinase), which becomes activated during Fas-
mediated apoptosis via phosphorylation of intracellular repressor T-cells, suggesting
its immunological significance in various immune-regulatory diseases in humans
(Srivastava et al., 2017). In chicken, it may have a role in the response to avian
influenza virus and infectious bursal disease (Rauf et al., 2012, Xing et al., 2009).
Another candidate gene is GBF1 (Golgi brefeldin A resistant guanine nucleotide
exchange factor 1), which is also involved in the replication of the infectious bursal

disease virus (Gimenez et al., 2021).

LRBA (LPS responsive beige-like anchor protein) was previously reported as the most
promising gene involved in the resistance to Salmonella pullorum (a gram-negative
bacterium infection that caused acute infectious disease in chickens (Li et al., 2019).
Salmonella pullorum (SP) infection generally leads to three disease outcomes: the
most susceptible birds die when showing typical SP infection symptoms such as white
diarrhoea and cecal cores (Li et al., 2018); some chicks survive by clearing the
pathogen through a series of immune responses, and other chicks develop a carrier
state with SP present in their splenic macrophages for a long period (Chappell et al.,
2009). Deleterious mutations in LRBA cause defects in B cell activation and autophagy

and can increase susceptibility to apoptosis. This gene might be also linked to the NF-
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kB (nuclear factor kappa beta) immune pathway (Lopez-Herrera et al., 2012, Wang et
al., 2014). Another candidate gene, RNF7 (ring finger protein 7) encodes a protein that
inhibits apoptosis induced by reactive oxygen species in response to viral infection

(O'Brien et al., 2019).

Freshwater swamp ecotype

The Freshwater swamp ecotype is situated between the lowland rainforest in the North
and the Mangrove swamp ecotype in the South, hence, providing a transition zone
between the two ecosystems and a passageway for biodiversity migration (Igu and
Marchant, 2017). The areas with freshwater resources are often referred to as
freshwater swamps. Within the freshwater swamps, other habitats such as riparian and
arable farmland are common (lzzah, 2018). However, several human activities
including oil and gas exploration, invasive plant infestation and wetland reclamation
have led to an increased case of water pollution or contamination (Adekola and
Mitchell, 2011). Thirty-eight candidate genes overlapping twenty-seven candidate
selection signature regions (Supplementary Table S4.7) were detected in this ecotype.
These include several interesting genes such as GUK1, TSC22D2, GJC2, CHCHD3,
RNF13, SERP1, KCNK5, WWTR1, CAMK2D, ARAP2, PACC1, CCDC94, and CCL1,
all of which are involved in environmental stress responses such as xenobiotic
metabolic process (G0O:0006805), osmotic stress (GO:0006970), stress-activated
protein kinase signalling cascade (G0O:0070304), voltage-gated potassium channel
activity (G0O:0005249), calmodulin-dependent protein kinase activity (GO:0004683),
tissue homeostasis (GO:0001894), the toxic substrate (GO:0009636), and immune
response (GO:0006955). These GO terms are associated with the stressful
environment of southern Nigeria, including the increasingly hot and humid weather

following climatic changes (Okpara et al., 2013). Similar climatic variations in Nepal
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indicate that chickens living in such tropical areas with high humidity and rainfall
pattern experienced more severe stress compared to the chickens in the sub-tropical
hills. Hence, the tropical zone (warm-humid) is relatively less favourable for broiler
farming, as shown by their high blood corticosteroid levels and H/L blood ratios and
worse growth performance (Osti et al.,, 2017). Moreover, poultry responds
physiologically and behaviourally when encountering heat stress, attempting to return
the body to homeostasis. The body cells are subjected to osmotic stress, since hot
weather may cause water imbalances and osmotic changes in the cells through
dehydration (Ratriyanto and Mosenthin, 2018). The candidate genes detected in this

ecotype represent functions related to these responses.

Mangrove ecotype
In the Mangrove swamp ecotype, thirty-three candidate sweeps regions, and forty-two

overlapping genes have been detected (Supplementary Table S4.8).

ARAP2 (ArfGAP with RhoGAP Domain, Ankyrin Repeat and PH Domain 2) overlaps
with the strongest signal observed in the Mangrove ecotype. One of the molecular
functions of this gene is phosphatidylinositol-3,4,5-trisphosphate binding, which
indicates its involvement in osmotic stress regulation, as reported by Dove et al.,
(1997). A crucial factor in stress tolerance is the dynamic relationship between cations
and anions to maintain body fluid and cell homeostasis (Mongin, 1980). Some genes
(SELENOT and WWTR1) are involved in cell redox (GO:0045454) and tissue

homeostasis (GO:0001894).

Additionally, between the three ecotypes in the warm-humid zone (i.e. Rainforest,
Freshwater swamp and Mangrove), | have found genes with similar functions related

to xenobiotic response (in all three ecotypes) and osmotic stress (in the Freshwater
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swamp and Mangrove ecotypes only). The genes related to xenobiotic response are
AHRR (aryl-hydrocarbon receptor repressor) in the Rainforest ecotype, GUK1
(guanylate kinase 1) in the Freshwater swamp ecotype, and AADAC (arylacetamide
deacetylase) in the Mangrove ecotype, while the gene, TSC22D2 (TSC22 domain
family member 2), related to osmotic stress is found in both the Freshwater swamp

and Mangrove swamp ecotypes.

Nigeria is a country with diverse vegetative zones, and animals interact directly or
indirectly with the environment (Abatan, 2012). The vegetative and non-vegetative
part of the ecosystem possesses various sources of xenobiotics (NRC, 2001). Some
biological sources include phytotoxins, zootoxins, mycotoxins and marine toxins
(Garg, 2008, Biobaku et al., 2016), while non-biologic sources include edaphic
exposure to xenobiotics such as in extraction companies, refineries, drug companies,
mining firms, and insecticide production. Access to heavy metal toxicity also
compromises the immunity of the animals (ATSDR, 2000, Al-Forkan et al., 2016).
Animals that are exposed to xenobiotics are therefore more vulnerable to diseases
compared to those animals that are not. Xenobiotic exposure during the prenatal period
may result in susceptibility to infectious diseases, allergic reactions or autoimmune
diseases (Clarke et al., 2019). There could be disruption of T-cell maturation in the
thymus resulting in immunosuppression. Exogenous chemicals may also interfere with
receptor ligands binding at the cell surface (Clarke et al., 2019). Antigen-antibody
(IgG) complexes that accumulate in tissues or are in the circulation, activate
macrophages and the complement systems and trigger the influx of granulocytes and

lymphocytes (inflammation) (Biobaku and Amid, 2018).

Arad et al. (1985) and Sharma et al. (2009) suggested that the osmotic changes in
blood during combined dehydration and water deprivation and heat exposure (mainly
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osmolality, sodium concentration and sodium-to-calcium ratio) might alter the
hypothalamic thermoregulatory set-point together with activation of the
osmoregulatory system. This suggestion is based on experiments in mammals in which
ventricular or hypothalamic perfusions with excess sodium or calcium in the perfusion

fluid resulted in hyper- or hypothermy, respectively.

Similarly, to the finding for the Freshwater swamp zone, in the Mangrove ecotype |
found, within candidate regions under selection gene ontology terms for xenobiotic
metabolism process, response to osmotic stress, oxidation-reduction process, tissue
homeostasis, calmodulin-dependent protein kinase activity, positive regulation of
stress-activated protein kinase signalling. Also, ontology terms related to the immune

response have been found in this group.
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Figure 4.6. Manhattan plot and important candidate genes within candidate selected regions in the Warm-humid region.

*Common genes among ecotypes are labelled in red
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4.3.2. Functional classification of genes overlapping sweep regions in different ecotypes

Candidate sweeps are related to diverse biological functions and phenotypes. Genes
overlapping the sweep regions from different ecotypes were checked for their functional
classification according to Panther Pathways (Figure 4.8). Only 179 genes (~0.14% of all
chicken genes) intersected sweep regions from different ecotypes. These genes showed twenty-
six of the Panther pathways, indicating their involvement in several physiological processes,
however, none of the pathways is represented by genes from all or most ecotypes. Inflammation
mediated by chemokine and cytokine signalling pathway (P00031) was found in three ecotypes
(Southern Guinea savanna, Freshwater swamp, and Mangrove swamp), while the other
pathways were mostly only found in one ecotype. For instance, the Gonadotropin-releasing
hormone receptor pathway (P06664) in the Sudan savanna, Nicotine pharmacodynamics
pathway (P06587) in the Northern Guinea savanna, Oxidative stress response (P00046) in the
Derived savanna, Fructose galactose metabolism (P02744) in Mid-Altitude, GABA-B receptor
Il signalling (P05731) in Rainforest, Toll receptor signalling pathway (P00054) in Mangrove

swamp.

Meanwhile, regulatory relationship among 179 shared genes were investigated using protein-
protein interaction network analysis with STRING database ver. 11.5 (Szklarczyk et al., 2016).
At high confidence level (0.700), the protein-protein interaction networks include 14 out of
179 genes (Figures 4.7). Several interesting networks of protein-protein interactions were
showed between CCDC93--COMMD2, ORAOV1--FGF19 (immune response related genes),
EIF4A3--LOC422214 (related to nucleic acid binding and mRNA binding); LCORL and

NCAPG (growth trait related).
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Figure 4.7. Functional classification of genes overlapping sweep regions in different ecotypes according to Panther
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4.3.3. Differential selection between ecotypes

To identify regions showing differential selection, I performed pairwise comparisons among
ecotypes using FST statistics. This method is the most commonly used metric for measuring
genetic differentiation between populations (Holsinger and Weir 2009). It compares the
variance in allele frequencies among populations with that of the within populations. A larger
FsT value means that the allele frequencies are different; therefore, populations are different.
When it is small, populations are considered to have similar allele frequencies. In this study, |
used the FsT statistics to compare the results from each pairwise analysis (Figure 4.8), with the
overall FsT values showing no or low differentiation between ecotypes (FST < 0.05), and in a

few cases, moderate differentiation (FST > 0.05-0.15).

The Z-transformed FST to detect the selection signature region was then applied. The weighted
FsT values were standardized (ZFsT) to allow the same threshold to be set across analyses, and
then the top 0.01% transformed FST values (> 7) were considered as candidate selected regions.
The highest FST and ZFsT values were 0.621 and 10, respectively. Traditionally, studies have
often taken the top 1% FST windows as outliers, henceforth putative selection signature regions.
Applying this threshold, there were ~ 920 windows in our dataset (Supplementary Table S4.25-
S4.53) with ZFST generally >3.00. Here, | applied a much more stringent criterion with
threshold ZFST score > 7.0 to get stronger signal and preventing the bias result for detecting
candidate selection signature regions (i.e. top 0.01%). The summary of FST and ZFST values
and the comparison between ecotypes are presented in Supplementary Tables S4.15-S4.24 and

the Manhattan plots for all comparisons in Supplementary Figures S4.5-S4.12.
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Figure 4.9 Heatmap of average weighted FST value for each ecotypes comparison

The genes that overlapped within and around these candidate regions were then used for the
downstream analysis. Like the results in the within-ecotype Hp analyses, the candidate genes
from the FST analyses were also found to play roles in the immune response, response to heat
stress, cold response, body growth, reproduction and behaviour (Supplementary Tables S4.18

—$4.23).

The highest FST value was found in the Mid-Altitude versus Mangrove comparison, and the
corresponding region overlapped with KCNMAL (chr6_14620000_14660000), while the
strongest signals for ZFsT values were found in several comparisons (e.g Southern Guinea
savanna versus Derived Savanna, Northern Guinea Savanna versus Derived Savanna, Derived
Savanna versus Rainforest). They overlap with several genes such as GRM5

(chr1_189240000_189260000), ENSGALG00000054642 (chr3_93900000_93920000), FGF4
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(chr5_17810000_17850000). I further annotated the thirteen regions with the highest ZFsT

values corresponding to the lowest ZHp scores (Supplementary Table S4.25).

Candidate genes under differential selection in warm-arid ecotypes compared to other
ecotypes

Most of the genes that overlapped with candidate regions in the Sudan savanna ecotype have
GO terms associated with immune response (Supplementary Table S4.18). GRM5 (glutamate
receptor, metabotropic 5) overlaps with the strongest selection signal region (ZFsT = 10; and
ZHp = -2.905). GRM5 has been reported to be strongly associated with egg production and
found to be potentially involved in dermatological diseases/conditions in chickens (Li et al.,
2020), while another study hypothesized that variants of the GRM5 gene could be related to

plumage colour in chicken (Mastrangelo et al., 2020).

Meanwhile, for the comparison with Northern Guinea Savanna, | detected genes with functions
linked to heat stress (ANO1, HAAO, and CLCN1) immune response and behaviour

(Supplementary Table S4.19).

CLCN1 (chloride voltage-gated channel 1) and HAAO (3-Hydroxyanthranilate 3,4-
Dioxygenase) were detected in the comparison of Northern Guinea Savanna versus Southern
Guinea savanna ecotypes. They belong to the GO terms voltage-gated chloride channel activity
(GO:0005247) and oxidation-reduction process (G0O:0055114), respectively. The family of
chloride intracellular channel proteins is highly conserved in vertebrates, and that exist both in
a soluble, globular form in the cytoplasm and as integral membrane proteins. Furthermore, they
have functions as intracellular chloride channels, with pH-dependent and redox-regulated
channel activity (Korte et al., 2013). Meanwhile, a previous study on chicken liver showed that
oxidation-reduction balance was associated with stress response, resulting in a high ROS level,

with a number of oxidation-reduction-related proteins/enzymes found among both up-
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regulated and down-regulated proteins in chicken (Tang et al., 2015). In comparison to the
Derived savanna ecotype, ANO1 (anoctamin 1) associated with the cellular response to heat
stress (GO:0034605), was found here within a candidate selected region. This gene has been
shown to activate the CI° channel in mice (Palkar et al.,, 2015). The sweep region
(chr5_17810000_18070000) harbouring this gene overlaps with other candidate genes

(ORAQV1, FGF19, FGF4, and FADD) which are involved in the immune response.

Candidate genes under differential selection in warm semi-arid ecotypes compared to
other ecotypes

Three interesting candidate genes (SLC40Al, FGF4 and G3BP1) are present within the
candidate selected region under differential selection in warm semi-arid ecotypes compared to
the other ecotypes. SLC40A1 (chr7_370000_390000, ZHp = -4.776) has a role in bacterial
defence resistance to E. coli infection (Pacht et al., 2021). FGF4 (ZHp = -4.239) function has
been linked to the feathered-leg phenotype in chickens (Yang et al., 2019). The evidence that
FGF (fibroblast growth factor) signaling acts to promote feather development comes from
studies in which FGF induces feather formation in the chicken scaleless mutant that does not
form most feathers, and in wild-type chick skin (Song et al., 1996, Widelitz et al., 1996).
G3BP1 is also likely involved in the response to thermal stress. These two genes were

previously identified in the Derived Savanna ecotype (ZHp).

Candidate genes under differential selection in cool region (Mid-Altitude) ecotypes
compared to other ecotypes

Two genes previously identified (KCNMAL and NCAPG) in Mid-Altitude ecotypes (ZHp = -
4.151) also present a highly significant FST region in the comparison Mid-Altitude versus

Mangrove ecotype (Supplementary Table S4.25). KCNMA1 (Potassium Calcium-Activated
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Channel Subfamily M Alpha 1) may be linked with hypoxia response challenge (Lawal et al.,
2018). This gene was reported to be associated with the regulation of smooth muscle
contraction through the activation of calcium ions, thus stimulating hypoxia-inducible factor-

1 (Williams et al., 2004, Hui et al., 2006).

The environmental conditions in the Plateau region with an altitude of around 1,200 meters
above sea level likely may have triggered hypoxia adaptation, thus explaining the selection
pressure on this gene in the Mid-Altitude ecotype. However, the KCNMA1 gene was found
also in a candidate selected region with a strong FsT signal in the comparison of the Mangrove
swamp ecotype with other ecotypes (e.g., Southern Savanna versus Mangrove swamp,
Freshwater swamp versus Mangrove swamp, Sudan Savanna versus Mangrove swamp, etc)
with ZHp score no lower than the one obtained for the Mid-Altitude ecotype. Meanwhile, the
NCAPG gene (ZHp = -5.418) has been found, in several species, in QTL and genome-wide

association studies related to body growth (Lindholm-Perry et al., 2013, Liu et al., 2013).

Candidate genes under differential selection between ecotypes from the warm-humid
region

Several interesting genes were found in the FST analysis between ecotypes in the warm-humid
region (Supplementary Tables S4.23 - S4.24), e.g. GABBR2 (Gamma-Aminobutyric Acid Type
B Receptor Subunit 2), GJC2 (Gap Junction Protein Gamma 1), MARCH11, AhRR (aryl-
hydrocarbon receptor repressor), and TSPAN9. The GO categories for these genes are toxic
substance (GO:0009636), gamma-aminobutyric acid signalling pathway (G0O:0004965), zinc
ion binding (G0:0008270), response to xenobiotic stimulus (G0O:0009410), an integral
component of membrane (GO:0016021), respectively (Shen et al., 2022; Morukuma et al.
2007, Protty et al., 2009). Interestingly, ZHp results have also indicated the presence of genes

with functions linked to the xenobiotic and toxicity responses (ATSDR, 2000, Al-Forkan et al.
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2016) that could be a result of being exposed from some biological sources such as phytotoxins,
zootoxins, mycotoxins and marine toxins and non-biologic sources include edaphic exposure
such as in extraction companies, refineries, drug companies, mining firms, and insecticide

production in the region.

4.4  Conclusion

This chapter investigates the genomic signatures of positive selection in different Nigerian
chicken ecotypes following within ecotype analyses (Hp) and between-ecotype comparisons
(FsT). The results support the hypothesis that environmental stressors have played major roles
in shaping the genome of these Nigerian ecotypes from different agro-climatic regions. Similar
selection patterns were observed in the Northern (Sudan and Northern Guinea Savanna or
Warm-arid zone) and the Southern (Rainforest, Freshwater swamp, and Mangrove or Warm-
Humid zone) parts of Nigeria with genes in candidate regions under selection which may be
linked to heat, osmotic and xenobiotics stresses. Meanwhile, for the region in the centre
(Southern Guinea Savanna and Derived Savanna or Warm semi-arid zone as well as Mid-
Altitude zones) of the country selection signature regions includes genes linked to disease
challenges. Cold response and high-altitude related stress regions were specifically found in
the Mid-Altitude zone. Candidate selected genes linked to the immune response were detected
in all ecotypes, indicating their importance in the adaptive response to pathogens and parasite

challenges.

In addition, indigenous chickens, raised in scavenging/semi-scavenging conditions often suffer
from poor nutrition and malnourished animals are more predisposed to diseases. Poor nutrition
stress compromises both innate and adaptive immunity and could generate oxidative radicals
that are detrimental to homeostasis in the body, which invariably will compromise immunity
in the long run (Biobaku and Amid, 2018). Overall, the results described in this chapter enhance

our understanding of the role of natural selection in the shaping of the genome structure of

136



Chapter Four
indigenous chickens living both in the warm-arid and warm-humid tropical conditions of

Nigeria.

Finally, we closely inspected the strongest signalling sweep region from each ecotype to see if
a functional relevance can be drawn between the overlapping genes and the ecotype’s
environment (Supplementary Tables 4.26). In most cases, a strong relevance is observed
through the involvement of the genes in various stress responses, immune responses, body
growth and egg production. The environmental association of the gene functions is more
prominent for ecotypes where only a few environmental variables act as major driving forces.
Mid-Altitude perhaps offers the most striking example where this ecotype has the most
selective sweeps with the lowest temperature environment due to its high-altitude location

(1,280 m).
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Conclusion and Future direction
This chapter concludes the results of this PhD study, describes its significant achievements,
discusses the limitations of the study, and proposes future research directions to expand and

improve the current results.

This PhD thesis has explored, for the first time, the genomic characterisation of Nigerian
indigenous chicken by performing high coverage whole genome sequencing of 120 chickens
collected from diverse Nigerian agro-ecologies. The genomic characterisation was
accomplished by studying the genetic diversity within and among populations and identifying
putative genomic signatures of adaptive selection in response to tropical environmental
challenges, including heat stress-response, adaptation to high and low precipitation regions,
immune response, and xenobiotic responses. Genomic sequence data generated under this
study have been submitted to the European Nucleotide Archive (ENA) under the Accession:
PRJEB39536 (to be publicly released in 2023). This will provide an important resource for
future research on chicken in general and on Nigerian indigenous chickens specifically. This
study has also generated and characterised over 17 million good quality genome-wide SNPs of
which 24% are novel variants. These large volumes of SNPs provide an additional resource for
future applications and characterisation of Nigerian chickens, e.g. in SNP-genotyping arrays
for genetic studies or genomic selection. Furthermore, the identification of candidate
genes/genomic regions under selection will help towards understanding their evolution and

functional roles in relation to environmental challenges.

The diversity analysis (performed in Chapter 2) shows that the inbreeding level in the studied
Nigerian indigenous village population is very low, supporting high genetic diversity.
However, The number of SNPs from different populations varied between 9M and 12M;
variation largely reflecting the number of samples analysed. Nucleotide diversity (pi) —

calculated in overlapping windows of 20 kb size and 10 kb steps - was similar across all the
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populations and the value was lower compared to other African indigenous chicken
populations. Also, differentiation between chicken populations — as observed from PCA and
admixture analyses - may be indicative of common ancestry and past bottleneck events for
these chicken populations following their arrival in Nigeria. In addition, there was no
correlation between genetic divergence and geographic distance between populations.
However, even though there was no overall genetic differentiation among populations,
selection signature analyses described in Chapters 3 and 4 identified localised genomic regions
of divergence selection using the FST approach between ecotypes from different agro-

ecologies.

This thesis also made an attempt to dissect genes related specifically to heat stress by the
combined analysis of 87 chicken samples (Chapter 3) from multiple populations living in hot
climate regions, which otherwise varied in other agro-ecological and climatic features like
rainfall, vegetation, and agro-chemistry. This approach not only allowed the number of samples
to be increased to improve the power of the analysis to improve the power of the analysis but
also increased resolution by minimizing spurious signals from any demographic effects or
selection signals from non-heat stress challenges. A small number (fifteen genes) of highly
plausible candidate genes for hot climate adaptation were identified, which have involvement
in highly relevant biological processes and pathways related to oxidative stress, cellular
responses to heat and hypoxia, transcriptional regulation, immune response, and metabolic
activities — all of which are important for thermal adaptation. Two genes, in particular, HSF1
and CDC37 were detected as candidates in our study which have important regulatory roles in
the expression of heat shock proteins that are also known as stress proteins (Whitley et al.,

1999, Dayalan Naidu and Dinkova-Kostova, 2017).

Moreover, this study allowed the dissection of candidate genes involved in response to hot-arid

and hot-humid climates (Chapter 3, FST analysis). A comparison of chicken populations from
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high and low precipitation regions found predominantly immune response genes to overlap
candidate sweep regions showing differential selection. This indicates that variation in rainfall
patterns affects the pathogen/parasitic predisposition and thereby disease resistance in hot
tropical climates. Important genes identified in this regard include REL, CHID1, PUS10,
BCL11A and CMTM3 for immune responses, RTN4 and XPO1 for TLR9 signalling pathway
(innate immune system), and SCIN, HS1BP3, VOPPL1, and AP2A2 for the apoptotic process,
all having involvement in the biological processes and molecular functions in the regulation of
innate and acquired immune responses. Besides these immune response genes, low-versus-
high rainfall analysis also identified a few genes under differential selection involved in heat

stress adaptation (such as EGFR, AHSA2, and PEX13).

Finally, I also performed signature selection analyses in relation to specific agro-ecologies in
Nigeria (i.e. ecotypes) and attempted to find an important link between the mechanism of
genetic adaptation to the unique conditions of the agro-ecological zones (AEZ) of Nigeria
(Chapter 4). The results indicate that environmental stresses played major roles in shaping the
genome of these Nigerian ecotypes from different types of agro-climatic regions. A similar
pattern was observed among the populations from the Northern (Sudan and Northern Guinea
savanna or Warm-arid zone) and the Southern (Rainforest, Freshwater swamp, and Mangrove
or Warm-Humid zone) Nigeria for the overlapping candidate genes likely involved in the
response to environmental stresses (e.g. heat stress, osmotic stress, xenobiotics). Meanwhile,
the regions in the centre of the country (Southern Guinea savanna and Derived savanna or
Warm semi-arid zone as well as the Mid-altitude zone) were dominated by selection signature
to disease challenge. Cold response and high-altitude related stress responses at the genome

level were specific to the Mid-Altitude zone.

The candidate genes related to the immune response were detected in all ecotypes indicating

their importance as an adaptive response to the manifestation of climatic and other
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environmental stresses like high heat and/or high humidity as well as existing pathogens and
parasites. In addition, indigenous chickens, raised in scavenging/semi-scavenging conditions,
often suffer from poor nutrition and malnourished animals are more predisposed to diseases.
Poor nutrition stress compromises both the inherent and adaptive immunity and could generate
oxidative radicals that are detrimental to homeostasis in the body, which invariably
compromises immunity in the long run. This explains why in most ecotypes — both from warm-

arid or warm-humid conditions - the sweep regions predominantly show immune-related genes.

The candidate genes and genomic regions identified in this PhD study, enhance our
understanding of the role of natural selection in shaping the genome of indigenous Nigerian

chickens for adaptation to both warm-arid and warm-humid tropical conditions.

Understanding genetic diversity is a prerequisite in setting up an effective breeding program
and selection of population to use. The study showed the level of genetic diversity between and
within the Nigerian indigenous chicken population as well as the genetic adaptation, which can
be exploited for their genetic improvement. As the study showed, Nigerian chickens are
adapted to locally available feeds, disease challenges, and local scavenging conditions. Thus,

the opportunity to develop improved locally adapted chicken is quite promising in Nigeria.

In spite of its important achievements, this PhD study also has a number of limitations due to

time and resources.

First, our results (candidate genes and regions) still require further experimental validation,
such as confirming those in other similar climate populations, and gene-expression analysis
using, e.g. Real-time quantitative reverse transcription-polymerase chain reaction (QRT-PCR)

as well RNA-seq (RNA-sequencing) and gene-editing approaches.

Second, this study did not identify any candidate variants. For this, GWAS analysis or

association analysis (e.g. genotype-environment association or genotype-phenotype
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association) will be needed. This would require a larger number of samples, phenotypic and/or

environmental data.

Third, this study only investigated SNP variations. It is important to explore other types of
variants like Indels (Insertion and Deletion) and structural variants (SVs). However, our high
coverage genome data is a good resource for identifying to some extent such variants, although

large SVs will also require long-read sequences.

Although my study has several limitations, our catalogue of genome characteristics of eight
chicken ecotypes will provide the basis for establishing various appropriate breeding strategies.
Also, our findings on the genomic and adaptive characteristics of the Nigerian indigenous
chicken will help set the direction for biodiversity conservation programs, crossbreeding and
grading-up programs for improving chicken ecotypes. While | was able to identify the genomic
diversity, population structure, several candidate regions, and associated candidate genes, the
exact genetic control underlining these adaptations remain unknown. Moreover, the relative
importance of different climatic influences and social practices (management) are difficult to
disentangle. Molecular studies bring complementary information to social surveys and
phenotypic data allowing the set up of an integrated program of characterization and
conservation of indigenous populations. Future research such as further studies employing
mitochondrial DNA to track the maternal lineage of Nigerian indigenous chicken, introgression
degree across the chicken population using the genome sequence data, and research involving
phenotypic and poultry management structure conditions characterisation are necessary to

further interpret our findings.
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Supplementary Tables

Supplementary Tables

Chapter 2

Table S2.1 | Pairwise Population fixation (FsT) values among 14 chicken populations (file is
provided in an electronic format).

Table S2.2 | List of missense variants present in high frequency (file is provided in an
electronic format).

Table S2.3 | List of putatively functional variants with overlapped genes (unique) that present
in high frequency (file is provided in an electronic format).

Table S2.4 | Functional annotation for the biological process of genes overlapped with
missense (present in high allele frequency) (file is provided in an electronic format).

Table S2.5 | Functional annotation for the molecular function of genes overlapped with
missense (present in high allele frequency) (file is provided in an electronic format).

Table S2.6 | Functional annotation for the cellular response of genes overlapped with missense
(present in high allele frequency) (file is provided in an electronic format).

Table S2.7 | Functional annotation for the pathway of genes overlapped with missense (present
in high allele frequency) (file is provided in an electronic format).

Table S2.7 | Functional annotation for the pathway of genes overlapped with missense (present
in high allele frequency) (file is provided in an electronic format).

Table S2.8 | Functional annotation for the pathway of genes overlapped with missense (present
in high allele frequency) (file is provided in an electronic format).

Table S2.9 | GO for the biological process of overlapped genes with missense deleterious that
present in high AF based on DAVID annotation web tool (file is provided in an electronic
format).

Table S2.10 | KEGG pathway of overlapped genes with missense deleterious that present in
high AF based on DAVID annotation web tool (file is provided in an electronic format).
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Table S2.11 | Enrichment analysis of genes overlap with missense deleterious that present in
high AF based on DAVID functional annotation web tool (file is provided in an electronic
format).

Chapter 3

Table S3.1 | Genome-wide pool heterozygosity statistics for this study (file is provided as an
electronic format).

Table S3.2 | SNPs annotation of hot region, high and low precipitation population (file is
provided as an electronic format).

Table S3.3 | List of selected genome regions and related candidate genes in eighty-seven
Nigerian indigenous chickens based on ZHp test (file is provided as an electronic format).

Table S3.4 | List of nearest genes related to heat stress and overlapped chicken QTL to the
candidate selected region in eighty-seven Nigerian indigenous chickens based on ZHp test (file
is provided as an electronic format).

Table S3.5 | Annotation of detected high allelic non-synonymous SNPs based on Ensembl
gene database (based on Hp analysis of eighty-seven Nigeria indigenous chicken (file is
provided as an electronic format).

Table S3.6 | List of genes overlapped with non-synonymous variants at high frequency in 87
chickens (file is provided as an electronic format).

Table S3.7 | Top 0.1% windows based on Weir and Crockman Fst analysis between High
versus Low precipitation groups (file is provided as an electronic format).

Table S3.8 | Putatively selected genes (top 0.1 % level Fst values) (file is provided as an
electronic format).

Table S3.9 | Functional annotation of the candidate genes based on Fst analysis between High
versus Low precipitation groups using DAVID annotation web tool (file is provided as an
electronic format).
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Table S3.10 | List of selected genome regions and related candidate genes based on ZHp test
(ZHp <-4.0) in high precipitation group (file is provided as an electronic format).

Table S3.11 | Functional annotation for high precipitation group based on Hp analysis based
on DAVID annotation web tool (file is provided as an electronic format).

Table S3.12 | List of selected genome regions and related candidate genes based on ZHp test
(ZHp <-4.0) in the low precipitation group (file is provided as an electronic format).

Table S3.13 | Functional annotation for low precipitation group based on Hp analysis based on
DAVID annotation web tool (file is provided as an electronic format).

Table S.3.14 | Overlapped of the candidate selected region based on Fst analysis with the value
based on Hp/ZHp analysis in each group (file is provided as an electronic format).

Chapter 4

Table S4.1 | List of sweep region and overlapped genes in Sudan savanna ecotype based on
ZHp test (file is provided as an electronic format)

Table S4.2 | List of sweep region and overlapped genes in Northern guinea savanna ecotype
based on ZHp test (file is provided as an electronic format)

Table S4.3 | List of sweep region and overlapped genes in Southern guinea savanna ecotype
based on ZHp test (file is provided as an electronic format)

Table S4.4 | List of sweep region and overlapped genes in Derived guinea savanna ecotype
based on ZHp test (file is provided as an electronic format)

Table S4.5 | List of sweep region and overlapped genes in Mid-altitude (plateau) ecotype
based on ZHp test (file is provided as an electronic format)
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Table S4.6 | List of sweep region and overlapped genes in the Rainforest ecotype based on
ZHp test (file is provided as an electronic format)

Table S4.7 | List of sweep region and overlapped genes in the Freshwater swamp ecotype
based on ZHp test (file is provided as an electronic format)

Table S4.8 | List of sweep region and overlapped genes in the Mangrove ecotype based on
ZHp test (file is provided as an electronic format)

Table S4.9 | Shared genes identified in all warm-arid and warm semi-arid ecotypes (Sudan
savanna, Northern Guinea savanna, Southern Guinea savanna, Derived savanna)

Gene ID Gene name (Description) SSN |NGS[SGN| DSN (Total

ENSGALG00000047413 |Novel (IncRNA) Yes | Yes | Yes| Yes | 4
TSHR 4

ENSGALG00000010572 [thyroid stimulating hormone receptor Yes | Yes [ Yes | Yes
[Source:NCBI gene;Acc:428900]

ENSGALG00000054958 |Novel / MEOX, AGMO (nearby gene) Yes | No [ Yes| Yes | 3
OVSTL 3

ENSGALG00000011930 |ovostatin-like [Source:NCBI No | Yes|Yes| Yes
gene;Acc:425757]
HHLAL 2

ENSGALG00000039224 |HERV-H LTR-associating 1 Yes [ Yes| No | No
[Source:NCBI gene;Acc:101749300]

ENSGALG00000027900 |5S rRNA / MEOX, AGMO (nearby gene) [ Yes | No | No | Yes | 2
EFR3A 2

ENSGALG00000039533 |EFR3 homolog A [Source:NCBI No | Yes|Yes| No
gene;Acc:420327]

ENSGALG00000030128 [Novel No | Yes|Yes| No | 2
DOCK2 2

ENSGALG00000002080 |dedicator of cytokinesis 2 [Source:NCBI | No | Yes| No | Yes
gene;Acc:427612]
ARHGAP6 2

ENSGALG00000016602 |Rho GTPase activating protein 6 No | Yes| No | Yes
[Source:NCBI gene;Acc:418642]

ENSGALG00000022875 [Novel No | Yes| No [ Yes | 2

Total shared genes 5 9 6 8

*SSN: Sudan Savanna, NGS: Northern Guinea Savanna, SGN: Southern Guinea Savanna,

DSN: Derived Savanna
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Table S4.10 | Shared genes identified in all warm-humid ecotypes (Humid Rainforest,
freshwater swamp, and Mangrove swamp)

Gene ID

Gene name (Description)

HRF |HFW |HSM(Total

ENSGALGO00000047413

Novel (IncRNA)

Yes | Yes | Yes | 3

ENSGALG00000010572

TSHR
thyroid stimulating hormone receptor
[Source:NCBI gene;Acc:428900]

Yes | Yes | Yes | 3

ENSGALG00000014425

NCAPG
non-SMC condensin | complex subunit G
[Source:NCBI gene;Acc:422822]

Yes | Yes | No 2

ENSGALG00000052351

Novel

Yes | Yes | No 2

ENSGALG00000014421

LCORL

ligand dependent nuclear receptor
corepressor like [Source:NCBI
gene;Acc:422820]

Yes | Yes | No 2

ENSGALG00000041635

CAMK2D
calcium/calmodulin dependent protein kinase
Il delta [Source:NCBI gene;Acc:422688]

No | Yes | Yes| 2

ENSGALG00000028001

COMMD?2
COMM domain containing 2 [Source:NCBI
gene;Acc:425044]

No | Yes | Yes | 2

ENSGALG00000048323

Novel

No | Yes | Yes | 2

ENSGALG00000010427

TM4SF4
transmembrane 4 L six family member 4
[Source:NCBI gene;Acc:771806]

No | Yes | Yes| 2

ENSGALG00000010412

WWTR1

\WW domain containing transcription
regulator 1 [Source:NCBI
gene;Acc:1008599021)

No | Yes | Yes| 2

ENSGALG00000012129

CCDC93
coiled-coil domain containing 93
[Source:NCBI gene;Acc:424277]

No | Yes | Yes | 2

ENSGALG00000027591

TSC22D2
TSC22 domain family member 2
[Source:NCBI gene;Acc:100859827]

No | Yes | Yes| 2

ENSGALG00000010411

RNF13
ring finger protein 13 [Source:NCBI

gene;Acc:396303]

No | Yes | Yes | 2

Total shared genes

S) 13 | 10

*HRF: Humid Rainforest, HFW: Humid Freshwater swamp, HSM: Humid Savanna Mangrove
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Table S4.11 | Shared genes identified in all warm-arid and warm-humid ecotypes

Gene ID

Gene name
(Description)

SSN

NGS

HRF

HFW | HSM | Total

ENSGALG00000010572

TSHR

thyroid stimulating
hormone receptor
[Source:NCBI
gene;Acc:428900]

Yes

Yes

Yes

Yes Yes 5

ENSGALGO00000047413

Novel (IncRNA)

Yes

Yes

Yes

Yes Yes 5

ENSGALG00000014425

NCAPG

non-SMC condensin |
complex subunit G
[Source:NCBI
gene;Acc:422822]

No

Yes

Yes

Yes No 3

ENSGALG00000014421

LCORL

ligand dependent
nuclear receptor
corepressor like
[Source:NCBI
gene;Acc:422820]

No

Yes

Yes

Yes No 3

ENSGALG00000012129

CCDC93
coiled-coil domain
containing 93
[Source:NCBI
gene;Acc:424277]

No

Yes

No

Yes Yes 2

ENSGALG00000049908

Novel

No

Yes

Yes

No No 2

ENSGALG00000002080

DOCK?2

dedicator of cytokinesis
2 [Source:NCBI
gene;Acc:427612]

No

Yes

Yes

No No 2

ENSGALG00000011930

OVSTL
ovostatin-like
[Source:NCBI
gene;Acc:425757]

No

Yes

No

Yes No 2

ENSGALG00000026901

Novel (IncRNAs)

No

Yes

No

Yes No 2

Total shared genes

2

9

6

7 3

* SSN: Sudan Savanna, NGS: Northern Guinea Savanna, HRF: Humid Rainforest, HFW:
Humid Freshwater swamp, HSM: Humid Savanna Mangrove
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Table S4.12 | Shared genes identified in all warm semi-arid and warm-humid ecotypes

Gene ID

Gene name
(Description)

SGS

DSN

HRF

HFW

HSM

Total

ENSGALG00000010572

TSHR

thyroid stimulating
hormone receptor
[Source:NCBI
gene;Acc:428900]

Yes

Yes

Yes

Yes

Yes

ENSGALGO00000047413

Novel (IncRNA)

Yes

Yes

Yes

Yes

Yes

ENSGALG00000017002

FNDC3A

fibronectin type 111
domain containing
3A [Source:NCBI
gene;Acc:418863]

Yes

No

No

Yes

No

ENSGALG00000002080

DOCK2

dedicator of
cytokinesis 2
[Source:NCBI
gene;Acc:427612]

No

Yes

Yes

No

No

ENSGALG00000011930

OVSTL
ovostatin-like
[Source:NCBI
gene;Acc:425757]

Yes

Yes

No

Yes

No

ENSGALG00000026901

Novel (IncRNAs)

No

Yes

No

Yes

No

ENSGALG00000037014

TSNARE1
t-SNARE domain
containing 1
[Source:NCBI
gene;Acc:420304]

Yes

No

No

Yes

No

ENSGALG00000009107

NRXN1

neurexin 1
[Source:NCBI
gene;Acc:395398]

No

Yes

No

No

Yes

Total shared genes

5

6

3

6

3

*SGS: Southern Guinea savanna, DSN: Derived savanna, HRF: Humid Rainforest, HFW:

Humid Freshwater swamp, HSM: Humid Savanna Mangrove
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Table S4.13 | Shared genes identified in Mid-altitude and All Warm arid, Warm semi-arid

ecotypes

Gene ID

Gene name (Description)

MA

SSN

NGS | SGS | DSN | Total

ENSGALG00000010572

TSHR

thyroid stimulating
hormone receptor
[Source:NCBI
gene;Acc:428900]

Yes

Yes

Yes | Yes | Yes 5

ENSGALGO00000047413

Novel (IncRNA)

Yes

Yes

Yes | Yes | Yes 5

ENSGALG00000011930

OVSTL
ovostatin-like
[Source:NCBI
gene;Acc:425757]

Yes

No

Yes | Yes | Yes 4

ENSGALG00000039224

HHLA1

HERV-H LTR-associating
1 [Source:NCBI
gene;Acc:101749300]

Yes

Yes

Yes No No 3

ENSGALG00000022875

MOG

myelin oligodendrocyte
glycoprotein [Source:NCBI
gene;Acc:421050]

Yes

No

Yes No | Yes 3

ENSGALG00000014425

NCAPG

non-SMC condensin |
complex subunit G
[Source:NCBI
gene;Acc:422822]

Yes

No

Yes No No 2

ENSGALG00000026901

Novel

Yes

No

Yes No No 2

ENSGALG00000014421

LCORL

ligand dependent nuclear
receptor corepressor like
[Source:NCBI
gene;Acc:422820]

Yes

No

Yes No No 2

ENSGALG00000017002

FNDC3A

fibronectin type 111 domain
containing 3A
[Source:NCBI
gene;Acc:418863]

Yes

No

No | Yes | No 2

ENSGALGO00000037014

TSNARE1

t-SNARE domain
containing 1 [Source:NCBI
gene;Acc:420304]

Yes

No

No Yes No 2

Total shared genes with Mid-altitude ecotype

10

3

8 5 4

*MA: Mid-altitude (Plateau), SSN: Sudan Savanna, NGS: Northern Guinea Savanna, SGN:
Southern Guinea Savanna, DSN: Derived Savanna

184




Supplementary Tables

Table S4.13 | Shared genes identified in Mid-altitude and warm humid ecotypes

Gene ID Gene name MA | HRF | HFS | HSM | Total
TSHR

ENSGALG00000010572 | thyroid stimulating hormone Yes | Yes | Yes | Yes | 4
receptor [Source:NCBI
gene;Acc:428900]

ENSGALG00000047413 | Novel (IncRNA) Yes | Yes | Yes | Yes 4
NCAPG

ENSGALG00000014425 | "ON-SMC condensin | complex | vos | v | ves | No | 3
subunit G [Source:NCBI
gene;Acc:422822]

ENSGALG00000052351 | Novel Yes | Yes | Yes | No 3
LCORL
ligand dependent nuclear

ENSGALG00000014421 receptor corepressor like Yes | Yes | Yes | No 3
[Source:NCBI gene;Acc:422820]

ENSGALG00000053797 | Novel Yes | Yes | No No 2
OVSTL

ENSGALGO00000011930 | ovostatin-like [Source:NCBI Yes | No | Yes | No 2
gene;Acc:425757]

ENSGALGO00000052961 | Novel Yes | No | Yes | No 2
FNDC3A
fibronectin type 11 domain

ENSGALG00000017002 containing 3A [Source:NCBI Yes | No | Yes | No 2
gene;Acc:418863]

ENSGALG00000026901 | Novel Yes | No | Yes | No 2

ENSGALGO00000047983 | Novel Yes | No | Yes | No 2
TSNARE1

ENSGALG00000037014 | t-SNARE domain containing 1 Yes | No | Yes | No 2
[Source:NCBI gene;Acc:420304]
LDB2

ENSGALG00000014485 | LIM domain binding 2 Yes | No | Yes | No 2
[Source:NCBI gene;Acc:395631]

Total shared genes with Mid-altitude ecotype 13 6 12 2

*MA: Mid-altitude (Plateau), HRF: Humid Rainforest, HFW: Humid Freshwater swamp,
HSM: Humid Savanna Mangrove
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Supplementary Tables

Table S4.14 | Mean weighted Fst between ecotypes (file is provided as an electronic format)

Table S4.15 | Range of weighted FST and ZFsT value in the top 1% signature selection
windows for all ecotypes comparison (file is provided as an electronic format)

Table S4.16 | Total number of signature selection windows in the top 1% overlapped with
genes and non-overlapped with genes (file is provided as an electronic format)

Table S4.17 | Total number of signature selection windows with weighted FST > 0.3 and ZFST
> 7.0 for all ecotypes comparison (file is provided as an electronic format)

Table S4.18 | Candidate sweep regions (ZFST > 7.0) between Sudan Savanna versus others
(file is provided as an electronic format)

Table S4.19 | Sweep regions (ZFST > 7.0) between Northern Guinea Savanna versus others
(file is provided as an electronic format)

Table S4.20 | Sweep regions (ZFST > 7.0) between Southern Guinea Savanna versus others
(file is provided as an electronic format)

Table S4.21 | Sweep regions (ZFST > 7.0) between Derived Savanna versus others (file is
provided as an electronic format)

Table S4.22 | Sweep regions (ZFST > 7.0) between Mid-Altitude a versus others (file is
provided as an electronic format)

Table S4.23 | Sweep regions (ZFST > 7.0) between Rainforest versus others (file is provided
as an electronic format)

Table S4.23 | Sweep regions (ZFST > 7.0) between Freshwater swamp versus Mangrove (file
is provided as an electronic format)

S4.25 | Major selective genes concerning the morphological, physiological and behavioral
signatures in eight ecotypes, identified from both ZFsT and ZHp (file is provided as an
electronic format)
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Supplementary Tables

S4.26 | List of top 1% windows based on ZFsT analysis from Sudan savanna versus Northern
guinea savanna (file is provided as an electronic format)

S4.27 | List of top 1% windows based on ZFST analysis from Sudan savanna versus Southern
guinea savanna (file is provided as an electronic format)

S4.28 | List of top 1% windows based on ZFsT analysis from Sudan savanna versus Derived
savanna (file is provided as an electronic format)

S4.29 | List of top 1% windows based on ZFsT analysis from Sudan savanna versus Mid-
Altitude (file is provided as an electronic format)

S4.30 | List of top 1% windows based on ZFsT analysis from Sudan savanna versus Rainforest
(file is provided as an electronic format)

S4.31 | List of top 1% windows based on ZFsT analysis from Sudan savanna versus Freshwater
swamp (file is provided as an electronic format)

S4.32 | List of top 1% windows based on ZFST analysis from Sudan savanna versus Mangrove
swamp (file is provided as an electronic format)

S4.33 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Southern guinea savanna (file is provided as an electronic format)

S4.34 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Derived savanna (file is provided as an electronic format)

S4.35 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Mid-Altitude (file is provided as an electronic format)

S4.36 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Rainforest (file is provided as an electronic format)

S4.37 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Freshwater swamp (file is provided as an electronic format)
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S4.38 | List of top 1% windows based on ZFsT analysis from Northern guinea savanna versus
Mangrove swamp (file is provided as an electronic format)

S4.39 | List of top 1% windows based on ZFsT analysis from Southern guinea savanna versus
Derived savanna (file is provided as an electronic format)

S4.40 | List of top 1% windows based on ZFsT analysis from Southern guinea savanna versus
Mid-Altitude (file is provided as an electronic format)

S4.41 | List of top 1% windows based on ZFsT analysis from Southern guinea savanna versus
Rainforest (file is provided as an electronic format)

S4.42 | List of top 1% windows based on ZFsT analysis from Southern guinea savanna versus
Freshwater swamp (file is provided as an electronic format)

S4.43 | List of top 1% windows based on ZFsT analysis from Southern guinea savanna versus
Mangrove swamp (file is provided as an electronic format)

S4.44 | List of top 1% windows based on ZFST analysis from Derived savanna versus Mid-
Altitude (file is provided as an electronic format)

S4.45 | List of top 1% windows based on ZFST analysis from Derived savanna versus Rainforest
(file is provided as an electronic format)

S4.46 | List of top 1% windows based on ZFsST analysis from Derived savanna versus
Freshwater swamp (file is provided as an electronic format)

S4.47 | List of top 1% windows based on ZFST analysis from Derived savanna versus Mangrove
swamp (file is provided as an electronic format)

S4.48 | List of top 1% windows based on ZFsT analysis from Mid-Altitude versus Rainforest
(file is provided as an electronic format)

S4.49 | List of top 1% windows based on ZFsT analysis from Mid-Altitude versus Freshwater
swamp (file is provided as an electronic format)
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Supplementary Tables

S4.50 | List of top 1% windows based on ZFsT analysis from Mid-Altitude versus Mangrove
(file is provided as an electronic format)

S4.51 | List of top 1% windows based on ZFsT analysis from Rainforest versus Freshwater
swamp (file is provided as an electronic format)

S4.52 | List of top 1% windows based on ZFsT analysis from Rainforest versus Mangrove
swamp (file is provided as an electronic format)

S4.53 | List of top 1% windows based on ZFsT analysis from Freshwater swamp versus
Mangrove swamp (file is provided as an electronic format)
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Supplementary Figures

Supplementary Figures

Chapter 3

Figure S3.1 | The proportion (%) of variant categories based on 92,000 SNPs in eighty-seven
Nigerian indigenous chicken (warm region population)
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Supplementary Figures

Figure S3.2 | Histogram of Hp and ZHp values in eighty-seven Nigerian indigenous chickens (warm region population)
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Figure S3.3 | Histogram of FST and ZFST high precipitation vs low precipitation
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Supplementary Figures

Figure S3.4 | Histogram of SNPs count, Hp and ZHp values in high precipitation region based on Hp analysis
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Supplementary Figures

Figure S3.5 | Manhattan plot based on ZHp analysis in high precipitation group
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Supplementary Figures

Figure S3.6 | Histogram of SNPs count, Hp and ZHp values in low precipitation region based on Hp analysis
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Supplementary Figures

Figure S3.7 | Manhattan plot based on ZHp analysis in low precipitation group
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Supplementary Figures

Chapter 4

Figure S4.1 | Venn diagram showing shared genes identified in all warm-arid and
warm semi-arid ecotypes (Sudan savanna, Northern Guinea savanna, Southern Guinea
savanna, Derived savanna)
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Supplementary Figures

Figure S4.2 | Venn diagram showing shared genes identified in all warm-humid
ecotypes (Humid rainforest, freshwater swamp, and Mangrove swamp)
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Supplementary Figures

Figure S4.3 | Venn diagram showing shared genes identified in all warm-humid
ecotypes (Humid rainforest, freshwater swamp, and Mangrove swamp) and warm-arid

ecotypes (Sudan savanna and Northern guinea savanna)
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Supplementary Figures

Figure S4.4 | Venn diagram showing shared genes identified in all warm-humid
ecotypes (Humid rainforest, freshwater swamp, and Mangrove swamp) and warm
semi-arid ecotypes (Southern guinea savanna and Derived savanna)
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Supplementary Figures

Figure S4.5 | Venn diagram showing shared genes identified in warm arid, warm
semi-arid, and Mid-altitude ecotypes
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Supplementary Figures

Figure S4.6 | Venn diagram showing shared genes identified in warm-humid
(Rainforest, Freshwater swamp, Mangrove) and Mid-altitude ecotypes
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Supplementary Figures

Figure S4.5 | Manhattan plot for ZFst analysis between Sudan Savanna vs other

ecotypes
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Supplementary Figures

Figure S4.7 | Manhattan plot for ZFst analysis between Northern Guinea
Savanna vs other ecotypes
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Supplementary Figures

Figure S4.8 | Manhattan plot for ZFst analysis between Southern Guinea
Savanna vs other ecotypes
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Supplementary Figures

Figure S4.9 | Manhattan plot for ZFst analysis between Derived Savanna vs

other ecotypes
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Supplementary Figures

Figure S4.10 | Manhattan plot for ZFst analysis between Mid-Altitude vs other
ecotypes
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Supplementary Figures

Figure S4.11 | Manhattan plot for ZFst analysis between Rainforest vs other ecotypes
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Supplementary Figures

Figure S4.12 | Manhattan plot for ZFst analysis between Freshwater swamp vs
Mangrove ecotypes
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