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ABSTRACT
Camelids are an important livestock species in many regions of the world, often used for
transportation and the production of wool/fiber, meat, and milk. Furthermore, they are
used as exotic animals in zoos and shows, and they are used for riding or racing in many
countries around the world. All camelid species are adapted to extreme environments.
Dromedary and Bactrian camels are adapted to arid conditions, whereas alpacas and
Ilamas are adapted to high altitude. This makes them unique organisms to study how
their genetic make-up is related to their physiological features. Even though there has
been an increased scientific interest in camelid genetics and genome analysis in the past
decade, genetic studies on different traits and disorders are still limited.

There are only a few reports about the genetics of camelid coat color and
production traits and no genetic studies comparing these traits between dromedary
populations. As selection has taken place since domestication, signatures of selection for
different phenotypes can be traced using whole genome sequencing and bioinformatic
tools. This will lead to the identification of genes that are associated with selected traits.

We collected blood samples from 200 camels for DNA isolation and tissues for
RNA isolation, cell suspensions and live cell cultures. DNA samples and cell
suspensions were used for Sanger sequencing and fluorescent in situ hybridization to
identify variants associated with coat color phenotypes and major coat color genes as
well as locate these genes in camelid genomes. We preformed a whole genome
sequencing of pooled dromedary samples to investigate genetic differentiation in

populations between different dromedary breeds.



We identified genetic variants in the dromedary MC1R and ASIP genes that are
associated with white and black coat colors, respectively. We identified a subset of genes
under selection in dromedary populations and are associated with different traits, such as
coat color, milk, and meat production. The overall objective of this project was to
generate genetic and genomic resources for camelids (the dromedary in particular) and
to identify genes that are associated with different coat color phenotypes and genes that

are under selection in different dromedary populations.
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NOMENCLATURE
BAC Bacterial artificial chromosome
CNV Copy number variation
DNA Deoxyribonucleic acid
SA  Saudi Arabia
SNP  Single nucleotide polymorphism
US  United States

VCF Variant Call Format
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CHAPTER |
INTRODUCTION
The family Camelidae
Evolution and phylogenetics

Camelids belong to the mammalian order Cetartiodactyla. The order consists of large to
medium sized mammals (including whales and even-toed ungulates), and is one of the most
diverse mammalian groups (Hassanin et al., 2012; Proskuryakova et al., 2017; Zhou, Xu, Yang,
Zhou, & Yang, 2011). The order is comprised of four diverse suborders: Tylopoda (camelids),
Suina (pigs and peccaries), Ruminantia (cattle, bison, sheep, goat and deer) and Cetacea
(hippopotami, dolphins, whales and porpoises) (Gatesy, 2002; Hassanin et al., 2012; Murphy et
al., 2005; Zhou et al., 2011; Zurano et al., 2019). Most phylogenetic and phylogenomic studies
place Camelidae as one of the most basal families within the order of Cetartiodactyla (Figure
1A) (Agnarsson & May-Collado, 2008; Ayoub, McGowen, Clark, Springer, & Gatesy, 2009;
Malcolm A. Ferguson-Smith & Vladimir Trifonov, 2007; Gatesy, 2002; Murphy et al., 2005;
Zhou et al., 2011). However, a few recent studies have placed Camelids as the second most basal
family after Suidae (Proskuryakova et al., 2017; Zurano et al., 2019). Thus, classification within
this order remains elusive (Hassanin et al., 2012; Zhou et al., 2011).

The family Camelidae originated in North America during the Eocene about 40-45
million years ago (MYA) (Kozhamkulova, 1986). The last common ancestor of all extant
camelid species is dated to 17.5 MYA (Figure 1B) (Prothero & Foss, 2007). Then, its
descendants split into lineages that gave rise to the two modern tribes: around 15.5 MYA,
Procamelus evolved into the tribe Camelini (the Old World camelids), and approximately 13.5

MY A, Pleiolama gave rise to the tribe Lamini (the New World camelids) (Figure 1B) (Burger,
1



2016; Prothero & Foss, 2007; S David Webb & Meachen, 2004). Approximately 3.3 MYA,
Camelini species migrated to Eurasia via the Bering Strait, whereas Lamini species migrated to
South America. Camelids became extinct in North America around 10,000 years ago along with
most of its megafauna (Franklin, 1982; Ji et al., 2009; Stanley, Kadwell, & Wheeler, 1994; S.D.
1974 Webb, 1974). The one-hump dromedary diverged from the two-hump Bactrian camel
approximately 5-8 MYA (Burger, 2016; Wu et al., 2014).

Camelidae family comprises seven extant species: The Old World camels (tribe
Camelini) include the one-humped dromedary camel (Camelus dromedarius) and both the
domestic and wild two-humped Bactrian camels (Camelus bactrianus and Camelus ferus); the
New World camelids (tribe Lamini) include the domesticated alpaca (Lama pacos) and Ilama
(Lama glama) and wild vicugna (Vicugna vicugna) and guanaco (Lama guanicoe) (Figure 1 B.)
(Burger, 2016; Stanley et al., 1994). It is thought that the wild two-humped Bactrian camel is the

most direct descendant of the common ancestor of the tribe Camelini (Peters & Driesch, 1997).
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The demographic history of Camelini was evaluated by whole genome sequencing of
dromedary (n=9), wild Bactrian camel (n=9) and domesticated Bactrian camel (n=7) (Burger,
2016; Wu et al., 2014). The Pairwise Sequentially Markovian Coalescent model (PSMC) (Heng
Li & Durbin, 2011) was used to determine the demographic history of the species (Wu et al.,
2014). The study showed that the effective population size declined by 70% between 100,000-
20,000 years ago (ya). Furthermore, it declined again 4000-5000 ya, perhaps due to hunting by
humans followed by domestication, while the wild Bactrian camel is facing extinction due to
hunting and the decline of its habitat. Based on zooarchaeological evidence, the wild dromedary
got extinct already around 2000 years ago (Grigson, 2014; H.-P. Uerpmann & Uerpmann, 2002;
M. Uerpmann & Uerpmann, 2012; VVon den Driesch & Obermaier, 2007).

Adaptation and biology

All camelids are uniquely adapted to extreme environments. The dromedaries are adapted
to the hot, arid environments in Asia and North Africa, Bactrian camels are adapted to the cold
desert conditions of central Asia, and the New World camelids are adapted to high altitudes in
the high Andes (Altipano) of South America (Bernard Faye, 2015; Wu et al., 2014). In addition
to extreme adaptations, camelids have other unique biological features. For example, they are the
only mammals with small and functionally efficient heavy chain-only antibodies (CHADs)
(Cohen, 2018; Flajnik, Deschacht, & Muyldermans, 2011; Griffin et al., 2014). The first report
described the CHADs, also known and named as VHH in camelids, back in 1993 (Hamers-
Casterman et al., 1993). The study characterized their size, structure and function, particularly
their substantial antigen-binding repertoire (Daley et al., 2010; Hamers-Casterman et al., 1993).

Due to this, camels show high resistance to infections that threaten other livestock species in the
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same areas, e.¢., contagious pleuro-pneumonia, trypanosomiasis, and foot-and-mouth disease
(Hemida et al., 2014; Wernery & Kaaden, 2004).

VHH does not only benefit the species by strengthening immunity, but also has important
applications for biomedical research. The first step was made by constructing naive VHH phage
(Monegal et al., 2009) and synthetic libraries (Goldman et al., 2006; Yan, Li, Hu, Ou, & Wan,
2014). This allowed researchers to use VHH in clinical trials as a treatment against various
diseases (Kdnning et al., 2017). VHH has been used to successfully target infected HIV stem-
cells and block the virus from infecting other cells (Jahnichen et al., 2010; McCoy et al., 2012;
Strokappe et al., 2012). Maussang and colleagues contracted VHH against the chemokine
receptor CXCR?7 from llamas and showed that VHH reduces tumor growth in mice (Maussang et
al., 2013). Further, VHH has been used in clinical trials supported by the company Ablynx
(www.ablynx.com), producing products with the initial “ALX”. For example, ALX-0681
(Caplacizumab) is added to Willebrand Factor-targeting (ulvWF) which is used to assess it
suitability for the treatment of acquired thrombotic thrombocytopenic purpura (TTP) (Holz,
2012; Peyvandi et al., 2016). ALX-0171 targets respiratory syncytial virus (RSV) and blocks its
replication in in vitro experiments (Detalle et al., 2016). ALX-0141 is used for bone-loss related
disorders (Chiricozzi, De Simone, Fossati, & Peris, 2019). ALX-0061 increases the affinity of
pleiotropic cytokine interleukin-6 receptor (IL-6R) which will target human albumin in
rheumatoid arthritis (Van Roy et al., 2015). Thus, VHH has been extensively evaluated for the
use in biomedical therapy (Kénning et al., 2017).

Camelids, unlike other mammals, have oval-shaped erythrocytes that are small and

circulate in much greater numbers. These erythrocytes are hemoglobin-rich and capable of
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holding water bonds to amino acids, which led to the proposition that camelid erythrocytes
evolved as a natural selection aimed to protect the species against arid conditions (Bogner,
Csutora, Cameron, Wheatley, & Miseta, 1998). This morphological shape allows erythrocytes to
circulate in smaller veins, which combats the extreme dehydration which both Old-World and
New World Camelids face in their respective environments. In addition, the amino acid
sequences of camelid erythrocytes are different from those of other mammals, and allows them
to resist osmotic lysis, which in turn allows them to drink large amounts of water after extreme
dehydration (Bogner et al., 1998). Finally, camelid erythrocytes can expand 240% upon re-
hydration, compared to the only 150% in other mammals (C. Cebra, Anderson, Tibary, Van
Saun, & Johnson, 2014).

All camelid species have high blood glucose levels, two folds higher than other
mammals, as well as lower concentration of blood ketones (Al-Ali, Husayni, & Power, 1988; C.
K. Cebra, Tornquist, Jester, & Stelletta, 2004; C. K. Cebra, Tornquist, Van Saun, & Smith,
2001). Due to a weak insulin response, camelids process glucose much slower than other
mammals, which suggests that glucose will remain in the blood for a longer period of time. This
gives the species a distinct advantage: the ability to cross longer distances with lower food intake
in a shorter amount of time.

Camelids have stomach with 3 compartments compared to other ruminants which have 4
compartments (Lechner-Doll et al., 1995). The classical ruminant stomach consists of the rumen,
the reticulum, the omasum and abomasum. In camelids, the stomach comprises of a large
compartment 1 (C1) which is divided into cranial and caudal by a strong linear muscle. The

compartment 2 (C2) is relatively small in size and not separated from C1. Compartment 3(C3) is
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originated from C2 and situated to the right side of C1 where HCI production takes a place by the
end of C3 called hindstomach.

There are different factors which allow camelids to save water in their bodies during a
dehydration state. All camelids share lower food intake compared to other mammals, which
explains their adaptation to arid environments with limited food resources (Bouaouda et al.,
2014; Dittmann et al., 2014). Furthermore, Old World Camelids have the ability to regulate their
body temperatures, which can vary from 34°C to 41°C depending on the time of day. This is
advantageous for the water balance during a dehydration state, as the desert temperature varies
significantly from early morning to late evening (Schmidt-Nielsen, Crawford, Newsome,
Rawson, & Hammel, 1967; Schmidt-Nielsen, Schmidt-Nielsen, Jarnum, & Houpt, 1957).
Therefore, they can survive the loss of more than 25% of their total body weight, while a 12%
loss of body weight in other mammals is lethal due to blood circulation failure (McKinley,
McBurnie, & Mathai, 2001). Osmolality is controlled by two systems: the first controls the
intracellular fluid in tissues, and the other controls the extracellular fluid in blood (B. Andersson,
Olsson, & Rundgren, 1980). Besides these water controlling features, the Old-World Camelids
excrete only one time a day, and their kidneys absorb most of the water, producing very
concentrated urine. Additionally, they do not sweat and their wool works as a cooling system.
Therefore, shorn camels sweat 60% more than unshorn camels. Finally, the large intestine
absorbs most of the water content before evacuating stool (Ali, Baby, & Vijayan, 2019;
Davidson, Jaine, & Vannithone, 2014; Schmidt-Nielsen, 1959).

Another feature the Old World camelids have, is storing 45% of the fat in the their

humps, whereas 8% of their carcass contains fat (B Faye, Bengoumi, Messad, & Chilliard,
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2002). Fat deposition to the hump starts after two months of age (Bernard Faye, Bengoumi,
Cleradin, Tabarani, & Chilliard, 2001). One of the most important hormones that plays a role in
regulating adipose tissue is leptin (Chilliard, Delavaud, & Bonnet, 2005). Leptin regulates
orexigenic peptides such as neuropeptide Y (NPY), galanin, melanin-concentrating hormone
(MCH) and orexins, as well as anorexigenic peptides, e. g., thyrotropin-releasing hormone
(TRH) and corticotrophin-releasing hormone (CRF) (Ahima & Hileman, 2000; Ingvartsen &
Boisclair, 2001). These peptides do not only regulate energy metabolism but also regulate
reproductive processes and the immune system (Matarese, 2000; Parent, Lebrethon, Gerard,
Vandersmissen, & Bourguignon, 2000). Comparative analysis between dromedary, cattle and
water buffalo shows that leptin cDNA is very similar in these species (Bartha, Sayed-Ahmed, &
Rudas, 2005). C. Delavaud et al. compared feeding and dehydration in the dromedary in two
different experiments measuring leptin and fatty acids in the plasma as well as hump sizes
(Delavaud, Bengoumi, Faye, Levieux, & Chilliard, 2013). In one experiment, they showed that
plasma leptin decreased by 28%, whereas fatty acids significantly increased (~300%) when
camels were underfed. However, in another experiment with underfed camels, both leptins
(28%) and fatty acids (419%) were significantly increased. They also reported that hump sizes
were significantly decreased during a dehydration state (45%), and there was a reduction of body
weight (25%). These results show that camel humps are used when there is both low food and
water resources.
Reproduction
Another difference that camelids have from other mammals is the physiology of their

reproductive system. Females do not have regular estrous cycles, and their ovulation occurs after
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mating; however, spontaneous ovulation has been reported in a small number of females (C.
Cebra et al., 2014; Eiwishy, 1987; Skidmore, Billah, Binns, Short, & Allen, 1999). The uterus is
bicornuate and its left horn is bigger than the right, due to which implantation is more likely to
occur in the left horn (elWishy, 1988). Furthermore, they have an endotheliochorial placenta,
where the chorion and the epithelium of the uterus are diffused, non-invasive, and
microcotylendonary. This means that they have the advantage of combining the structural
features of the cow (diffused) and the horse (microcotylendonary) placentas (Aba, 2013; Olivera,
Zago, Jones, & Bevilacqua, 2003; Skidmore, Billah, & Allen, 1996).

Despite the significant difference in their body sizes (the Old-World Camelids are much
bigger than the New-World Camelids), camelids can crossbreed naturally (within genus) or by
artificial insemination (between genera) and produce live hybrid offspring (Fowler & Bravo,
2010; Skidmore et al., 1999). Hybrids between dromedary and Bactrian camels or alpaca and
Ilama commonly produce fertile offspring. On the other hand, hybrids between genera (e. g.
dromedary with alpaca or Ilama) are rare, their fertility is uncertain, and results are difficult to
achieve (Fowler & Bravo, 2010; C. Jones, Abd-Elnaeim, Bevilacqua, Oliveira, & Leiser, 2002;
C. J. Jones, Skidmore, & Aplin, 2008). Despite of several anecdotal stories, there are no
published reports about hybrids between Bactrian camels and alpacas or llamas. J. A. Skidmore
and colleagues reported that hybridization between dromedary and guanaco has very low success
rate. Out of 50 attempts, they produced only 6 zygotes, of which 4 aborted during embryonic
development, and one female was born but lived for only one day, and one lived born who
succeeded (Skidmore et al., 1999). Although the diploid chromosome number of all camelids is

the same (2n=74), this failure can be explained by genetic differences between the two genera
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(Skidmore et al., 1999). Figure 2 shows pictures of all camelid species and their various hybrids.

It is worth mentioning that camelid hybrids are larger in size, stronger, and frequently used for

wrestling competitions for entertainment in eastern Asia.

o

b
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Figure 2. Camelids species: a) Dromedary; b) Domestic Bactrian camel; c) Wild Bactrian camel (Hare, J. 2008); d) Guanaco. (Root-
Bernstein, 2014); e) Llama (Stein, V. 2018); f) Alpaca (Hisgett, T. 2016); g) Vicugna. (Arzamendia, Y., Baldo, J. L., & Vil4,
B. 2012); h) F1 hybrid of dromedary and Bactrian camel, i) F2 hybrid of dromedary and Bactrian camel (F1 x Bactrian camel),
j) Paco - Vicuna (Alpaca x Vicuna hybrid) (Wheeler, J. C. 2012); k) Rama the Cama at birth (Guanaco x Dromedary hybrid)
(Farag, T. 2003) and I) Adult Rama the Cama. (Farag, T. 2003).
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Cytogenetics

Cytogenetics is a study of chromosomes, their structure, function, normal chromosome
number of a species, karyotypes, chromosomal location of genes, but also chromosomal
abnormalities associated with reduced fertility and cancers (Gersen, Keagle, Gersen, & Keagle,
2005; Raudsepp & Chowdhary, 2016). The correct chromosome number of humans (2n=46) was
published in 1956 (Ferguson-Smith, 1960; Tjio & Levan, 1956; Tjio & Puck, 1958), while
banding protocols were developed late in the 1960s and 1970s, in which clinical cytogenetic
studies emerged. The basic principle of cytogenetics relies on understanding the cell cycle in
general and cell division during mitosis and miosis in particular. Cytogenetic studies have been
extensively reviewed in many domestic species including cattle (Larkin & Farré Belmonte,
2014), pigs (Ducos et al., 2007; Raudsepp & Chowdhary, 2011), horses (Raudsepp et al., 2008),
and sheep (Goldammer et al., 2009). On the other hand, fewer reports are available for goats
(Schibler, Di Meo, Cribiu, & lannuzzi, 2009), dogs (Poth, Breuer, Walter, Hecht, & Hermanns,
2010), and cats. Several studies have also investigated camelid cytogenetics.

The first two reports stated that camelids have a diploid karyotype number of 2n = 72
(Capanna, 1965; Hungerford & Snyder, 1966), but it was shortly corrected to 2n=74 (L.
Koulischer, Tijskens, & Mortelmans, 1971; Samman, Al-Saleh, & Sheth, 1992; Schmidt-Nielsen
etal., 1967; K. Taylor, Hungerford, Snyder, & Ulmer Jr, 1968). Since then, several studies have
been conducted studying camelid chromosomes to compare karyotypes of different species and
to identify chromosomal aberrations that are associated with genetic disorders (Felipe Avila et
al., 2015; T. D. Bunch, 1985; Drew, Meyers-Wallen, Acland, Guyer, & Steinheimer, 1999;
Hinrichs, Horin, Buoen, Zhang, & Ruth, 1997; L Koulischer, 1971; Raudsepp, 2014; Raudsepp,

Avila, P. Baily, Merriwether, & A. Kutzler, 2015; Raudsepp & Chowdhary, 2016). This is a
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difficult undertaking due to the high number of chromosomes (2n=74) and very similar
karyotypes among all camelids. More recently, molecular cytogenetic tools were developed
based on dromedary chromosome painting probes that were used for Zoo-FISH studies to
identify chromosome homologies between dromedary, human, cattle, and pig (Balmus et al.,
2007; Kulemzina et al., 2014). Soon after that, clones from the alpaca genome Bacterial
Artificial Chromosome (BAC) library CHORI-246 were used for gene mapping and molecular
cytogenetic studies across camelids (Alshanbari et al., 2019; Felipe Avila et al., 2015; F. Avila,
Baily, et al., 2014; F. Avila, Das, et al., 2014; Mendoza, Raudsepp, Alshanbari, Gutiérrez, &
Ponce de Ledn, 2019).

These molecular cytogenetic tools have been used to improve the reference genome
assembly for alpacas and dromedary camels by assigning genes and DNA sequences to
chromosomes by florescence in situ hybridization (FISH) and other genetic methodologies as
described below (Alshanbari et al., 2019; Felipe Avila et al., 2015; F. Avila, Baily, et al., 2014;
Mendoza et al., 2019; Richardson et al., 2019). It is important to mention that because of
evolutionary conservation of camelid genomes, clones from the alpaca BAC library can be
mapped to all camelid species (F. Avila, Das, et al., 2014; Martin Plasil et al., 2016).

Domestication

Even though camelids inhabit different geographic locations, they were domesticated for
the same purposes: for food (meat and milk), wool production, and as beasts of burden (A. M.
Al-Swailem et al., 2010; Kadwell et al., 2001; Skidmore et al., 1999). They have also been used
as companion animals, for sports, and dromedaries even for beauty contests. The first

domestication of the dromedary was 4000-6000 ya in the Southeast Arabian Peninsula, the
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Bactrian camel was domesticated in the central Asian desert 5000-6000 ya, and the
domestication of alpacas and llamas took place in the high Andes 6000-7000 ya (Almathen et al.,
2016; Ji et al., 2009; Kadwell et al., 2001). Therefore, humans have been using camelids as long
as cattle, horses, or dogs (N. Chen et al., 2018; Fages et al., 2019; Librado et al., 2017; Pitt et al.,
2018; Wheeler, 1995).

Camelids are well-adapted to harsh conditions and have had remarkable impact on many
cultures since domestication. For example, it is thought that the agricultural success of the
ancient Inca Empire largely owes to llama dung as the main fertilizer in the poor environment of
high Andes (The Guardian 2011).

Alpacas and llamas have been extensively used for the production of fiber. While alpacas
have been selected for a variety of color phenotypes, white coat color is of particular interest due
to its attractiveness for the textile industry. On the other hand, dromedaries and Bactrian camels
have been used for transportation and the production of meat and milk. In the 1800s,
dromedaries were transported to Australia to help the exploration of the “red center” of the
continent, and later for building the railroad in through the vast central Australian desert. Once
the railroad was completed, dromedaries were left in the wild, where the current half a million
size feral population of dromedaries is causing ecological issues in the country till now
(Crowley, 2014). Dromedaries were also introduced to the United States to be used for
transporting military materials in the western US deserts during the Seminole War starting in
1851 (Young, 1982).

A comparative analysis of the extinct wild dromedary, early dromedary domesticates, and

contemporary dromedary DNA samples shows that there has been extensive gene flow between
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dromedary populations from Southern Asia to Central Africa, whereas the West African
populations are different due to their isolation from other dromedary populations (Almathen et
al., 2016; M. Plasil et al., 2019). Similar conclusions about low genetic diversity in the
dromedary were reached by another study that involved more ancient wild and early domestic
dromedary samples, and improved ancient sample sequence coverage. The study concluded that
genetic diversity in the dromedary is lower than in the Bactrian camel and other domestic species
(Mohandesan et al., 2017).
Alpaca reference genome reveals adaptation to high-altitude

Nyala's Accoyo Empress Carlotta, a Huacaya female alpaca born in 2005, was the donor
for all reference genome assemblies as well as the BAC library CHORI-246. The first alpaca
assembly was released in 2008 and produced 1.9 Gb (~65% of the genome) in almost 300
thousand scaffolds. The second genome assembly was released in 2011, which contains 2.1 Gb
(72.4%). Recently, we generated an improved, high-quality, chromosome-assigned reference
genome assembly (Richardson et al., 2019). In this work, 190X genome coverage of paired-end
and meta-pair short-reads, 8X PacBio long reads, and 60X genome coverage Dovetail Chicago
chromatin interaction scaffolding data were generated from Carlotta (the donor animal stated
above). The short reads as well as the first two genomes were de novo assembled. Then, PacBio
long reads were incorporated to the assembly. Finally, in order to reduce the rate of error, the
assembly iteration was scaffolded with the short reads data and Dovetail Chicago data. Sequence
information from the alpaca cytogenetic map (F. Avila, Baily, et al., 2014) along with available

information from comparative chromosome painting between camel, human, cattle and pig
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(Balmus et al., 2007) were used to anchor sequencing from the assembly to their corresponding
chromosomes.

In this study, transcriptome data was generated from testes and skin samples. Out of
these, 22,462 coding genes were predicted which in general, is similar to that in other
mammalian species. In addition, a total of 19,927 genes were predicted that have no similarities
to other mammalian peptides and likely represent genes encoding for different regulatory RNA
species. The new assembly covers 90% of alpaca genome.

The major histocompatibility complex (MHC) is one of the most complex regions in
mammalian genomes due to high polymorphisms and the complexity of structures by copy
number variations (CNVs) and segmental duplications. MHC is located in chromosome 20 in all
camelid species and consists of three classes: MHC I, MHC Il and MHC I11. MHC class | shows
structural similarities between alpacas and Bactrian camels, whereas the dromedary was much
different. On the other hand, MHC class Il is more similar between dromedaries and Bactrian
camels, but different in alpacas (Richardson et al., 2019).

Camelid chromosome 36 was the only one chromosome not revealed by Zoo-FISH
(Balmus et al., 2007). It was suggested that this chromosome is very heterochromatic and gene-
poor, if containing any genes at all. However, two genes (ZPBP and VWC2) were mapped to
chromosome 36 showing its homology to human chromosome 7 (Felipe Avila et al., 2015; F.
Avila, Baily, et al., 2014). More importantly, alpaca chromosome 36 is associated with minute
chromosome syndrome (MCS) (Felipe Avila et al., 2015). The syndrome is associated with
infertility and abnormal sexual development in female alpacas and llamas (Felipe Avila et al.,

2015; Raudsepp & Chowdhary, 2016). MCS is characterized by different sizes of chr36
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homologs, which the larger chromosome contains a massive nucleolus organizer (NOR) that is
not found in normal individuals (Felipe Avila et al., 2015). A total of 64 genes were mapped to
alpaca chr36 of which 24 genes are orthologs to human chr7.

The report investigated genes that are associated with high altitude adaptation by
analyzing signatures of selection in 20 genes that are associated with adaptation in other species.
Out of the 20 high-altitude adaptation genes, 9 genes were under negative (purifying) selection in
alpacas compared to other camelids. This suggests that selection favored to remove deleterious
mutations that alter these genes function. On the other hand, two genes show positive selection

as allele frequencies are significantly increased in the alpaca.

The dromedary

Due to their adaptation to arid environment conditions, dromedaries (also known as the
Arabian camel) were used as the main source of transportation in Asia, the Middle East, and
Africa. They have many useful traits: they can carry approximately 400 kg (Nelson, Bwala, &
Nuhu, 2015), they can live without water for more than 10 days, and they can adjust their body
temperature (Wu et al., 2014). Furthermore, they are an important source of meat, milk, and
wool in desert societies (Kadim, Mahgoub, & Purchas, 2008; Konuspayeva, Faye, & Loiseau,
2009; Wu et al., 2014). There is an increasing interest for camel milk in North America and
Europe, and a few companies around the world specialize in dromedary dairy production.

Despite being a species of cultural and economic importance and broad biological
interest, analysis of the dromedary genome had a late start and lags behind the genome studies of

other domestic species. This may be partially attributed to limited geographical distribution and
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lack of funding, but may also be caused by features of dromedary biology, such as the long, 13
month-pregnancy and achievement of sexual maturity at 4-5 years of age (Bernard Faye, 2015).
Furthermore, traditional cultural practices, which are based on “breeders’ knowledge” and oral
communication and a lack of written stud books, make it difficult to adopt contemporary
breeding strategies and systematically collect resources such as DNA samples, pedigrees, and

phenotypes for genetic studies.

Dromedary genome analysis

The dromedary reference genome

The first effort towards sequencing the whole dromedary genome was sequencing
expressed sequence tags (ESTs) funded by King Abdulaziz City for Science and Technology (A.
M. Al-Swailem et al., 2010). The authors obtained a total of 23,602 putative gene sequences of
which 4,500 were novel, species-specific or fast-evolving. The sequences were generated by
sequencing RNA samples isolated from 11 different tissues collected from various dromedary
breeds from Saudi Arabia. This effort provided the basic sequence information needed to
annotate the complete genome sequence.

In 2014, the first assembled annotated dromedary reference genome was published using
a male dromedary sample from Saudi Arabia (PRINA234474 _Ca_dromedarius_V1.0) (Table 1)
(Wu et al., 2014). The first genome assembly contained 88.91% of the genome. This report
investigated the demographic history of dromedaries, Bactrian camels and alpacas, as well as
adaptation of camels to arid environments. It was shown that the dromedary genome shared high

synteny with the Bactrian camel and alpaca genomes (97.84% and 97.31%, respectively).
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Furthermore, the authors reported that dromedary genome has 28.4% repetitive elements which
is considered to be lower than other species; for example, repeat content of the Bactrian camel is
30%, alpacas 32%, humans 66% (de Koning, Gu, Castoe, Batzer, & Pollock, 2011), mouse 38%,
(Bult et al., 2008), cattle 39% (Bovine Genome et al., 2009) and sheep 47% (Y. Yang et al.,
2017).

Thanks to the improvement of bioinformatic tools and cost reduction to generate whole
genome sequences (WGS), additional dromedary genomes have recently been assembled (Table
1). A second genome was published in 2016 (Fitak, Mohandesan, Corander, & Burger, 2016)
using a female dromedary whose ancestors originate from an isolated population (the spotted
camel) from the Canary Islands. The work was funded by Academy of Finland to COIN Centre
of Excellence. Around 1.4 million single nucleotide polymorphisms (SNP) were reported when
the assembly was compared to the dromedary reference genome v1. This assembly was then
improved to be used as the dromedary second reference genome (Elbers et al., 2019), funded by
Russian Science Foundation and Russian Foundation for Basic Research (RUBR). This work
generated Dovetail Chicago scaffolds, Dovetail Hi-C reads, and Pacific Bioscience (PacBio)
long reads from the same individual and resulted in a high-quality chromosome-level reference
genome. The previous assembly, which was based on short Illumina reads, was used to generate
a de novo assembly. The Chicago scaffolds, along with Dovetail Hi-C libraries, were used to
map scaffolds from the previous step. PacBio long reads were used to fill in the gaps followed by
filtering PacBio reads with Illumina short reads for error correction. As a result, the scaffold
length increased 12-fold from 9 Mbp to 124 Mbp. The RNA reads were generated from an adult

male Algerian dromedary in a separate project (Alim et al., 2019) and mapped to the assembly.
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Chromosomal mapping was done with the help of 4,891 markers from the alpaca radiation
hybrid map previously assigned to alpaca chromosomes (W. E. Johnson unpublished data; Avila
et al. 2014a). This assembly is much better than the first assembly and contains 95.13% of the
dromedary genome.

Another study was recently done to generate a chromosome-level assembly of a male
dromedary from North Africa (Table 1) (Ruvinskiy, Larkin, & Farre, 2019). The work is still in
progress and has taken three steps so far: first, it used the Reference-Assisted Chromosome
Assembly (RACA) to generate predicted chromosome fragments (PCFs) to identify chimeric
scaffolds (Damas et al., 2017); second, it checked chimeric scaffolds by PCR and removed
falsely assembled scaffolds; third, it took the assembled scaffolds and assigned them to
chromosomes using both the dromedary and the alpaca physical maps (F. Avila, Baily, et al.,
2014; Balmus et al., 2007). The work is funded by the Biotechnology and Biological Sciences
Research Council Grant and Russian Foundation for Basic Research (RUBR).

Another two dromedary genomes were assembled using two different individuals from
Iran. The aim was to study their transposable and repetitive elements (SINES, LINES, and
microsatellites) (Table 1) (Khalkhali-Evrigh, Hedayat-Evrigh, Hafezian, Farhadi, &
Bakhtiarizadeh, 2019). This study provides valuable information regarding the structure of the

dromedary genome together with a list of transposable and repetitive elements.
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Table 1: A summary of published dromedary genome assemblies: Data presented in this
table is adapted from NCBI (https://ncbi.nlm.nih.gov) and/or published resources. *
indicates that available information was averaged between the two Iranian
dromedary assemblies

Ca_dromedarius V Ave.*
GenBank accession # 1.0 CamDrom2|ASM164081v1 [Iranian Ass.
Sex Male Female Male NA
Breed Arabian African Targui Iranian
Published Date 10/21/2014 5/17/2019  |2/16/2019 8/14/2019
Total sequence length 2.01 Gb 2.15 Gb 1.88 Gb 1.94
Total ungapped length  [1.98 Mb 2.13 Gb NA NA
# of scaffolds 32,573 23,439 1,797
Scaffold N50 4.188 Mb 75,021 Mb |54,360 Mb 54.33 Mb
Scaffold L.50 132 11 NA NA
# of contigs 105,348 59,913 207,871 145,772
Contig N50 69 Kb 204 Kb 31 Kb NA
Contig L50 7,850 3,014 19,666 NA
# of annotated genes 20,714 24,475 NA INA
Genome Coverage 65x 65x 46.43x ~40X
Chromosomal assignmentjnone yes none none

Generation of Genome Analysis Tools - Whole Genome Radiation Hybrid Panels

Recently, whole genome radiation hybrid (RH) panels were constructed for the

dromedary as an additional tool to study the dromedary genome (Perelman et al., 2018). The first
panel was 5000rad with a retention frequency of 47.7%, constructed from a female dromedary
and comprised of 93 clones corresponding to autosomes and the X chromosome. The second
panel was 15,000rad with an average retention frequency of 39.9%, constructed from a male and

comprised of 90 clones. The 15,000rad panel is expected to provide the needed resolution for
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mapping complex genomic regions such as the Major Histocompatibility Complex (MHC) and
the Y chromosome. Even though the number of RH clones in the panels is not very high,
application of genotyping by clone sequencing will eliminate the need of clone expansion.
Furthermore, as stated above, the alpaca radiation hybrid map was successfully used to bring the
dromedary assembly to the chromosomal level (Elbers et al., 2019).
Justification

There are several good reasons to study the dromedary genome and the underlying
genetics of traits and biological features. The dromedary camel is a culturally and economically
important species in many countries and it is important to generate basic resources and tools for
genomic and genetic studies and for improved breeding systems. Limited available genomics
tools, from one side, and the lack of national reporting system and stud book, from another,
hinder the use of advanced breeding strategies, such as marker assisted-selection (Hayes, Lewin,
& Goddard, 2013), and are among the major limitations to improve our knowledge about the
species. Even though, there has been an increased scientific interest in camelid genetics/genome
analysis in the past decade, genetic studies based on different traits and disorders are still limited.
Therefore, it is essential to expand on the study of genetics of different dromedary traits and
disorders to improve breeding system and welfare of animals. With the availability of dromedary
reference genome, it is now possible to investigate genetic loci associated with different
phenotypes. For example, the genes associated with coat color patterns. Furthermore, compared
to other ruminants (camelids are pseudoruminants), there are no studies concerning genes
associated with meat and milk production in the dromedary. As selection took place since

domestication, signatures of selection for different phenotypes can be traced. With the cost
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reduction of whole genome sequencing (WGS) and the improved bioinformatics tools, it is
possible to identify selective sweeps showing differentiation between dromedary populations
based on certain phenotypes and using nucleotide diversity and various strategies that are well
established in other species. This will lead to the identification of genes that are associated with
different traits and the discovery of genetic variants that are associated with traits and genetic
disorders that are common in one population but rare in other populations. This will generate a
panel of genetic loci that may explain some phenotypic differences between dromedary
populations.

The overall goal of this research was to generate genetic resources for dromedary
genomics and to improve knowledge of the dromedary genome. This was achieved through four
specific aims:

Specific Aim 1: Resource collection and generation of tools for dromedary genomics;

Specific Aim 2: Identify gene variants underlying the basic coat colors in the dromedary and
develop genetic assays for testing;

Specific Aim 3: Comparative cytogenetic mapping of basic coat color genes in camelids;
Specific Aim 4: Population differentiation between white, black and red dromedaries from Saudi

Arabia.
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CHAPTER II
GENERATION OF RESOURCES AND TOOLS FOR DROMEDARY GENOMICS
Introduction

Compared to other livestock species, such as cattle, sheep, horses and pigs, where gene
mapping and genome analysis has been ongoing for decades, genome analysis in the dromedary
had a late start. The main progress has been made just in the past 5 years (Almathen et al., 2016;
Burger, 2016; Elbers et al., 2019; Fitak et al., 2016; Wu et al., 2014). This also has delayed
internationally organized generation of genomic resources and tools for the species. The goal of
this study was to contribute to the generation of such resources and tools and their application for
genomics research in the dromedary and other camelids.

Methods

1) DNA and phenotype collection (dromedary and Bactrian). Blood samples for DNA
isolation were collected from 194 dromedaries, 6 Bactrian camels, and one F1 and one F2
dromedary x Bactrian hybrids together with as comprehensive phenotype descriptions as
possible. The samples were collected from Saudi Arabia (n=167 dromedaries) and the US (n=35
total). All collected samples have a written phenotypic description including, if available, the
color, breed, type (production/riding/racing), a photo, information about parents and origin,
sample date and owner. Due to different spelling of breed names, we adopted the spelling of
breed names from Porter et al. (2016) (Porter, Alderson, Hall, & Sponenberg, 2016). Genomic
DNA was isolated from peripheral blood lymphocytes using Gentra Puregene Blood Kit

(Qiagen) following the manufacturer’s protocol, or by standard phenol-chloroform method (J.
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Sambrook, E. F. Fritsch and T. Maniatis 1989). DNA stock solutions are stored at -80°C until
needed.

2) Tissue collection for transcriptome analysis. Testis tissue was obtained from 11
male dromedaries during castration. The tissue was cut into small, approximately 1cm?-size
pieces and each stored in 4 mL RNAIater solution (Ambion) at -80°C until needed.

3) Establishment and cryopreservation of primary fibroblast cultures. Primary
fibroblast cultures were established from 3 dromedaries: a female from San Diego zoo, a male
established from placenta, and a male established from skin biopsy. Initiation of the cultures,
growing the fibroblasts and cryopreservation followed standard procedures described elsewhere
(Siengdee, Klinhom, Thitaram, & Nganvongpanit, 2018). Briefly, pieces of tissue were cut in
sterile conditions into small 0.5 cm?-size pieces, washed at least 10 times in Hanks Balanced Salt
Solution (HBSS; Gibco) supplemented with 2X antibiotic-antimycotic solution (100X stock;
Invitrogen). The pieces were transferred into T25 cell culture flasks, approximately 4 to 6 pieces
per flask and covered with a few drops of culture medium (MEM alpha with Glutamax and
nucleosides; Gibco) supplemented with 20% Fetal Bovine Serum (Atlanta Biologicals) and 1X
antibiotic-antimycotic solution. The medium was changed every day and the pieces were
monitored for cell outgrowth using an inverted microscope Zeiss Primo Vert and 4X and 10X
phase contrast objectives. Once all pieces had given outgrowth of approximately 100 cells, the
pieces were removed and frozen in freezing medium (MEM alpha with 20% FBS, 10% DMSO
and 1X antibiotics-antimycotics) in liquid nitrogen (LN2), and designated as P0. The cells in the
flasks were detached with 0.25% Trypsin-EDTA, transferred into a fresh T25 flask for even

distribution and cultured with 5 mL medium and 5% CO? at 37°C until confluency. Culture
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medium was replaced every 2-3 days. Confluent cultures with approximately 1 million cells in
each, were discontinued. The cells were trypsinized as described above, mixed with 1 mL
freezing medium in cryotubes and frozen in LN2 until needed.

4) Preparation of fixed cell suspensions for chromosome analysis and gene mapping.
To generate this resource, blood was collected in Na-heparin vacutainers™ (Becton Dickinson)
from 24 male and female dromedaries, 5 Bactrian camels and 2 interspecific hybrids. Short-term
lymphocyte cultures were established and harvested for metaphase chromosome preparations
following standard procedures described elsewhere (Raudsepp & Chowdhary, 2008). Briefly,
approximately 1 mL whole blood was added into 9 mL sterile medium containing RPMI
Medium 1640 with Glutamax™ and 25 mM HEPES Buffer (Gibco) supplemented with 30%
FBS, 1X antibiotic-antimycotic solution (100X stock; Gibco), and 1% pokeweed mitogen (lectin
from Phytolacca Americana; Sigma Aldrich). The cells were cultured for 72 h at 37°C and
harvested by adding 100 pL of demecolcine solution (10 mg/mL in HBSS; Sigma-Aldrich) to
stop the movement of cell spindle and capture chromosomes at metaphase. The cells were treated
with hypotonic solution (Optimal Hypotonic Solution; Genial Helix) to burst the cytoplasm.

Finally, the cells were fixed with methanol/glacial acetic acid in a ratio of 3:1 and used to
make chromosome preparations on clean, wet microscope slides. The remaining of the cell
suspension was frozen at -20°C until needed. Chromosomes were stained with Giemsa or by G-
banding (Seabright 1971). For chromosome analysis and karyotyping, 10-20 metaphase spreads
per individual were captured, analyzed and karyotyped using Zeiss semiautomated Axioplan2

microscope and IKAROS image analysis software (MetaSystems GmbH). Dromedary and
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Bactrian chromosomes were arranged into karyotypes following the nomenclature proposed by
Balmus and colleagues (Balmus et al., 2007).

5) Generate a collection of alpaca BAC clones for comparative genomics in the
dromedary. We used the alpaca genomic BAC library CHORI-246

(https://bacpacresources.org/), which is the only BAC library available for camelids. In

collaboration with researchers at National Agrarian University La Molina, Peru, we identified 11
candidate genes for coat color and hair characteristics (COL1A1, CTNNB1, DAB2IP, KRT15,
KRTAP13-1, TNFSF12, ALX3, NCOAG6, SOX9, ZIC1 and ZIC5). Genomic sequences for these
genes were retrieved from the Ensembl Genome Browser (http://useast.ensembl.org/index.html),
masked for repeats (RepeatMasker: http://www.repeatmasker.org/) and used for the design of
polymerase chain reaction (PCR) primers in Primer3 software (http://frodo.wi.mit.edu/primer3/),
as well as overgo primers in or around the PCR amplicons (Gustafson et al., 2003) (Table 2).
Overgo primers were radioactively labeled with [*?P] 2°-deoxyadenosine triphosphate (dATP)
and [*?P] deoxycytidine triphosphate (dCTP; Amersham Biosciences, USA) as previously
described (Gustafson et al., 2003). Equal amounts of overgo probes were pooled and hybridized
to high-density filters of the CHORI-246 alpaca bacterial artificial chromosome (BAC) library
(http://bacpac.chori.org/library.php?id=448). The hybridization solution, containing the labeled
probes, 20X SSPE, 10% sodium dodecyl sulfate, 5% dry milk, 100X Denhardt’s solution, and
50% formamide, was denatured by boiling for 10 min, chilled, and hybridized to library filters at
42°C for 16h. The filters were washed 3 times in 2X SSPE at 55°C for 15 min, exposed to
autoradiography films over intensifying screens for 2—3 days at —80°C, and the autoradiograms

were developed. Positive BAC clones were identified and picked from the library. The BAC
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clones corresponding to individual genes were identified by PCR using gene-specific primers
and BAC cell lysates as templates. Isolation of DNA from individual BACs was carried out with
the Plasmid Midi Kit (Qiagen) according to the manufacturer’s protocol. The quality and
quantity of BAC DNA was evaluated by gel electrophoresis and nanodrop spectrophotometry.
The physical location of the genes was determined by fluorescence in situ hybridization (FISH)
to alpaca metaphase chromosomes according to our protocols (Raudsepp & Chowdhary, 2008).
Briefly, DNA from individual BAC clones was labeled with biotin-16-deoxyuridine, 5’-
triphosphate (dUTP) or digoxigenin (DIG)-11-dUTP, using Biotin- or DIG-Nick Translation Mix
(Roche), respectively. Differently labeled probes were hybridized in pairs to
metaphase/interphase chromosomes. Biotin and DIG signals were detected with avidin-
fluorescein isothiocyanate and anti-DIG-Rhodamine, respectively. Images for a minimum of 10
metaphase spreads and 10 interphase cells were captured for each experiment and analyzed with
a Zeiss Axioplan2 fluorescence microscope equipped with Isis Version 5.2 (MetaSystems
GmbH) software. The chromosomes were counterstained with 4'-6-diamidino-2-phenylindole
(DAPI) and identified according to the nomenclature proposed by Balmus and colleagues (2007).
We have stored the remaining unlabeled BAC DNA and labeled probes at -800C for future

comparative mapping and molecular cytogenetics in camelids.
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Table 2: Gene specific and overgo primers. (Mendoza et al., 2019)

Gene Identified | PCR primer 50 -30 PCR Overgo primer sequence 50 -30
symbol BAC product
clones size (bp)
ALX3 115110 F: TATGTCTCCGTACTCCCACTCTC 161 F: GCTCTAGGGGGCCACAGCTTTGAG
R: GGAGACTTATAGTCGTCATCTGG R: CGTCATCTGGGGAGGGCTCAAAGC
COL1A1 198E13 F: CCATTGGTAGTGTTGGTGCT 365 F: GCCCTGTTGGCAAAGAAGGCAGCA
204B18 R: AGGGAAGCCTCTTTCTCCTC R: TCACCACGAGGACCTTTGCTGCCT
264011
271L20
295017
CTNNB1 129B09 F: ATCCCAGCTATCGTTCTTTTCA 300 F: CACTCCGGTGGATACGGACAGGAT
150A21 R: CCTACCAACCCAAGTCTTTCTG R: GGTCCATACCCAAGGCATCCTGTC
DAB2IP 101B06 F: TACTGAGAACGGCGAGTTCA 107 F: GAACGGCGAGTTCAGAAACAGCAGCAA
R: AAAGCTCAGCCTCTCTCTCG R: CGTGCCTGGGACACTTGAATTGCTGCT
KRT15 263E22 F: GGCAAAGTCCGCATCAATGTT 218 F: TGGCCAGAGGGGCCAGAAGGGCAAA
268A9 R: ATGCCAAGCAGCCAACTAGG R: CCCCTCTGGGTCTAGAGTTTGCCCT
274A22
NCOA6 34F15 F: 109 F: CAGCTGTGTTTACAACTCCTCCAGCCAAG
CCCAAGATTTTCTAAAGACAGGAA
46J23 R: CTGGTCAGTATGGGCTTATCTCTT R: CTGGTCAGTATGGGCTTATCTCTTGGCTG
59N23
86024
SOX9 13023 F: AAATGCTCTTATTTTTCCAACAGC | 220 F: GTGTTATGGGATCAGTTTGGGGGGTTA
30B6 R: R: CTGAGGAATTAAGCAAAGCTAACCCCC
AATCACAAAGCCTGAGGAATTAAG
32121
58P4
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Table 2 continued

Gene Identified | PCR primer 50 -30 PCR Overgo primer sequence 50 -30
symbol BAC product

clones size (bp)

68P18
115A15
122H18
16905
172F10
186L14
202F10
231H17
249C14
279H10
297J24
30605
TNFSF12 | 133N9 F: GACCTGAATCCCCAGACAGA 94 F: AGCCAGGACACCGTGTCTTTCCTG
16905 R: GTGGTTTCCGGCCTTTAGGT R: GAGGCCGAACCAGTTTCAGGAAAG
172F10
ZIC1 127117 F: AGTCCGCGTTCAGAGCACTAT 192 F: GCGCCGGCGCTTTCTTCCGCTACATG
135116 R: GAAAGTTTTGTTGCACGACTTTTT R: CTGTTTGATGGGCTGGCGCATGTAGC
ZIC5 211H22 F: GCAAACTTTCTGCAAGTGCAAC 199 F: AGGGGGCACGAAGCGAAAGCGAAG

224A3 R: GGAAGCCTGTCATATTCTGAAAC R: CTGTGCTCACTGACGCCTTCGCTT

Results
1) DNA and phenotype collection. The DNA collection includes dromedaries of Saudi
Arabia and US origin and incorporates male and female animals of multiple breeds, color
phenotypes and types (Table 3). For comparative purposes, DNA samples were also obtained
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from 6 Bactrian camels and two camel hybrids. In the present dissertation, this resource was used

for the studies described in Chapters I1l and IV.

Table 3: Summary information about the genomic DNA samples collected from the

dromedary
Number of Color Breed Geographic location | Type (purpose)
individuals
51 White Waddah South-west SA Production
38 Black Majaheem = South-west SA Production
39 Brown-red | Saheli West SA Production
7 Red Homor North SA Multipurpose
13 Varies Muhajanat = West SA Racing
4 Dark brown | Sofor North SA Production
4 Light beige | Shageh North SA Production
9 Brown Shaele North SA Multipurpose
2 Light beige | Omani North SA Multipurpose
2 Brown Sudanese | Sudan Multipurpose
2 Spotted NA us Multipurpose
25 Varies NA us Multipurpose
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2) Testis tissue collection. Testis tissue for transcriptome/genome analysis was archived
from 11 individual dromedary males. One of the samples has already been used (not part of this
dissertation) in another project to synthesize cDNA for cDNA selection experiments with flow-
sorted dromedary Y chromosome, and also for testis RNAseq to generate testis transcriptome
data for Y chromosome annotation. Testis tissue collection will have future use for functional
annotation of the dromedary genome assembly and for the discovery of male fertility genes.

3) Primary fibroblast cultures. Primary fibroblast cultures were successfully
established from all three individuals (one female, 2 male dromedaries) and the cells have been
cryopreserved for future applications. The cell line that was established from a skin biopsy of a
male dromedary CJ (lab ID: CDR83; Figure 2) from Franklin Safari, Texas has already had
multiple use in different research projects (not part of this dissertation):

a) To construct a 15,000rad radiation hybrid (RH) panel (Perelman et al., 2018).

b) To flow sort 20,000 Y chromosomes (collaboration with Dr. Ferguson-Smith,
Cambridge, UK); the flow-sorted Y chromosomes were sequenced by PacBio and Illumina
MySeq and used for cDNA selection with testis CONA. The data is currently used to assemble
and annotate the dromedary Y chromosome (another PhD project in Dr. Raudsepp’s lab).

c) To improve the genome assembly of the dromedary. The whole genome of CJ was
sequenced at the University of Florida (Dr. Samantha Brooks) and the data has been accepted by
the Vertebrate Genome Project (VGP: https://genome10k.soe.ucsc.edu/about/).

d) In addition, blood and DNA of CJ was used to construct whole genome BAC library at

the Children’s Hospital Oakland Research Institute (CHORI) by Dr. Pieter de Jong. Fresh blood
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samples were collected and sent to CHORI twice. Unfortunately, the generation of dromedary

BAC library failed due to using the wrong restriction enzyme.

ho fa L1 fa ho i
7 8 9 10 11 12
o X 6 A Ba Ad A
13 14 15 16 17 18
an an fha an o~h na
19 20 21 22 23 24
an AN on "o o~ "nA
25 26 27 28 29 30
nHs N A ~N -~ - A A Na
31 32 33 34 35 36
i .
X Y

Figure 3. Dromedary CDR83, named CJ from Franklin Safari, Texas. A. Photo of
CDR83; B. CDR83 metaphase spread; C. CDR83 karyotype showing normal male
karyotype 74,XY. Note: This animal was the fibroblast donor for 15,000rad RH
panel and for flow-sorting dromedary Y chromosome, as well as DNA donor for
WG sequencing (U of Florida; Dr. Brooks group), and for the attempts to construct
a genomic BAC library at CHORI (by Dr. Pieter de Jong).
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4) Fixed cell suspensions and chromosome preparations. Chromosome preparations
and karyotypes were obtained for 24 dromedaries, 5 Bactrian camels and 2 interspecific hybrids.
All individuals were chromosomally normal with 74,XY in males (Figure 2) or 74,XX in
females. There were no obvious differences between dromedary and Bactrian camel karyotypes
except for the Y chromosome, which is different between the two species. The cell suspensions
and chromosome preparations are important tools for gene mapping and comparative gene
mapping, and for the study of normal and aberrant chromosomes. Even though no genetic
disorders were recorded in this collection, it is essential to know the normal karyotype of the
species. The chromosome preparations were successfully used for gene mapping as detailed in
Chapter I11.

5) Collection of alpaca BAC clones for comparative genomics in the dromedary and
other camelids. As mentioned above, all camelids have the same number of chromosomes
(2n=74), and their karyotypes are very similar. Due to these similarities, alpaca probes can be
hybridized to other camelid species. We successfully identified and isolated alpaca BAC clones
containing 11 candidate genes for coat color and hair characteristics (COL1A1, CTNNBL,
DAB2IP, KRT15, KRTAP13-1, TNFSF12, ALX3, NCOAG, SOX9, ZIC1 and ZIC5). The genes
were FISH mapped to alpaca chromosomes (Mendoza et al., 2019), and will also be mapped to
the dromedary and Bactrian chromosomes to facilitate the development of the camelid
cytogenetic map and for chromosomal anchoring of the reference genomes. In addition, we
isolated BACs for another 32 markers that were mapped to alpaca chromosomes. These markers

are associated with polymorphic regions and will assist with the generation of alpaca whole-
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genome SNP chip as an important tool for genome-wide association studies, mutation discovery
and population analysis.
Discussion

Resources that were generated for the dromedary have a broad application in dromedary
and comparative genomics. Some of these resources, such as the phenotypic collection of DNA
samples, chromosome preparations and alpaca BAC clones for coat color genes, were used for
the research in this PhD project. DNA samples, fibroblast cell lines, chromosome preparations
and alpaca BAC clones were also used in collaborative projects (Mendoza et al., 2019; Perelman
et al., 2018). However, these unique resources will have more applications in the future. For
example, frozen live fibroblasts have a potential use for regular and single cell RNAseq and
chromatin interaction mapping by Hi-C (Belton et al., 2012). The frozen fibroblasts are also an
excellent source of extra-high molecular weight DNA for such cutting-edge genome analysis
platforms like BioNano. The genomic DNA collection from almost 200 dromedaries will have
multiple applications in populations studies. Finally, the genomic DNA obtained from an F1
dromedary-Bactrian camel hybrid will be an excellent source for generating high quality

sequences for both parent genomes (Langdon, Peris, Kyle, & Hittinger, 2018).
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CHAPTER IlI
COAT COLOR GENETICS
Mammalian Coat Color Genetics
Overview

Mammalian coat color is a phenotypic trait that serves for camouflage and
communication in the wild, while in domestic species, selection for color phenotypes have
mainly commercial, historical, or aesthetic reasons. For example, white coat color in pigs (large
white) is associated with higher commercial value of pork (Giuffra et al., 2002); certain horse
breeds such as Paint or Friesians, are restricted to certain color patterns; a lighter coat color in
alpacas has been associated with supreme fiber quality (Gutiérrez et al., 2011). Overall, color
phenotypes have played an important role in domestication and selection of domestic animal
species (L. Andersson & Georges, 2004).

Reports on coat color inheritance of domestic animals go back to the mid-1850s; in fact,
Charles Darwin published the first book on Variation Under Domestication back in 1868
(Darwin, 1868). Since then, heredity of color variation was further investigated, in which rodent
species were of particular interest. This is perhaps due to their short life spans, which allow for
quick results to be shown of offspring crossing (Castle, 1905; Dunn, 1921; Punnett & Punnett,
1912; Sturtevant, 1913). Little reviewed published reports of rodents and carnivores
summarizing 41 and 30 alleles are associated with coat colors (Little, 1958). In addition, he
summarized lethal and pleiotropic effects of some alleles that are associated with blindness in
cats. However, the following molecular genetics studies showed that there are more genes and

gene interactions that underlie coat color and associated traits.
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Mammalian coat color is a genetic trait governed by a few major pigmentation genes, and
further modified by a larger number (over 350) of dilution and spotting genes (Oetting, Austin,
& Bennett, 2011). Importantly, since the pigment cells are derived from the embryonic neural
crest, mutations in pigmentation genes frequently cause pleiotropic effects involving sight,
hearing, and neurologic functioning (Monika Reissmann & Arne Ludwig, 2013). For example,
certain hypopigmentation phenotypes in alpacas, cats, and dogs are associated with congenital
deafness (Jackling, Johnson, & Appleton, 2014; Kaas, 2005), while certain spotting patterns in

horses (appaloosa) are associated with congenital night blindness (Fritz et al., 2014).

Mechanisms of major coat color genes

Key genes are expressed during embryonic development to ensure that melanocytes are
transported from the neural crest to the skin (Michael Cieslak, Monika Reissmann, Michael
Hofreiter, & Arne Ludwig, 2011). Melanocytes are differentiated from melanoblasts that are
derived from the neural crest that also differentiate into the peripheral nervous system (Barsh,
2001). Reported genes that are associated with the transportation are v-kit Hardy-Zuckerman 4
feline sarcoma viral oncogene homolog (KIT)/KIT ligand (KITL), endothelin receptor type B
(EDNRB), endothelin 3 (EDN3), microphthalmia-associated transcription factor (MITF), sex-
determining region Y (SRY-) box 10 (SOX10), and paired box 3 (PAX3). If these cells partially or
completely fail to migrate, white spotting or complete depigmentation occurs, respectively. The
most remote regions of the melanoblasts are the legs, the forehead and the belly areas, which

explains why these regions are often depigmented in many mammalian species.
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Melanosomes are the organelles where melanogenesis takes place. Melanosomes require
different components, such as structural components and membrane transport channels (Michael
Cieslak et al., 2011). An example of structural components is silver homolog (SILV) also known
as (PMELL17), whereas examples of membrane transport channels are oculocutaneous albinism 11
(OCAZ2), solute carrier family 45 member 2 (SLC45A2), solute carrier family 36 member 1
(SLC36A1), solute carrier family 7 member 11 (SLC7A11), and solute carrier family 24 member
5 (SLC24A5), in which these genes are associated with forming melanocytes.

While mammalian color phenotypes are influenced by many genes, the type, amount, and
distribution of the main pigments are regulated by just a few, specific genes. Among these, the
two key genes are melanocortin 1 receptor (MC1R) and agouti signaling protein (ASIP) (Hitoshi
Suzuki, 2013). These two genes play the major role in regulating the production of black/brown
pigment (eumelanin) and red/yellow pigment (pheomelanin) (Klungland, Vage, Gomez-Raya,
Adalsteinsson, & Lien, 1995; Hitoshi Suzuki, 2013). It has been shown that SNPs in these two
genes are associated with different coat colors in mammals (Hitoshi Suzuki, 2013).

These pigments, eumelanin and pheomelanin, are produced by melanocytes (Hitoshi
Suzuki, 2013). The MC1R gene is tissue-specific and expressed primarily in the melanocyte
membrane. This gene plays a major role in determining the type of pigmentation by responding
to two signaling molecules: a-melanocyte stimulating hormone (eMSH) and ASIP (Hitoshi
Suzuki, 2013). When aMSH is present, it binds to its receptor, MC1R, and activates the pathway
of eumelanin production (Hitoshi Suzuki, 2013). On the other hand, ASIP blocks MC1R and
stops the eumelanin pathway, leading to the production of pheomelanin (Michael Cieslak et al.,

2011). Briefly, the expression ratio of both melanin products is determined by the balance
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(amount) between the agonist aMSH acting on MC1R or the antagonist ASIP blocking the
receptor (Michael Cieslak et al., 2011).

MC1R and ASIP play important roles in evolutionary coat color changes in mammals
(Hitoshi Suzuki, 2013). This is because mutations in these two genes are less harmful to survival
than mutations in several other coat color genes. For example, mutations in the receptor tyrosine
kinase (c-KIT) or endothelin receptor type B (EDNRB) cause various types of depigmentation
that can be destructive or lethal (Hitoshi Suzuki, 2013; A. A. Webb & Cullen, 2010). Therefore,
comparative sequence analysis of MC1R and ASIP among mammals is of interest for their role in
evolution.

An important step of eumelanin and pheomelanin production is the catalyst of tyrosine by
the tyrosinase-related protein family (Murisier & Beermann, 2006). Variations in tyrosinase
(TYR) gene are associated with depigmentation, whereas variations in tyrosinase related protein
1and 2 (TYRP1, TYRP2) are associated with brown and dark gray color, respectively (Bennett,
Huszar, J Laipis, Jaenisch, & J Jackson, 1990; Guyonneau, Murisier, Rossier, Moulin, &
Beermann, 2004).

The phenotypic classification is problematic because different haplotypes are associated
with a single gene that results in different coat colors; this can be further complicated because a
combination of variations in two or more genes influence the same color (Michael Cieslak et al.,
2011). For example, variations in either TYR, KIT, EDNRB or STX17 genes can result in white
coat color. Subsequently, phenotypic classification provides limited insights in understanding the
mechanisms of color variations. Therefore, due to these large numbers of variations in major and

diluted genes, the mammalian coat color is a surprisingly complex trait. Table 4 shows some
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examples of major genes and their association with coat color phenotypes in different species.

Table 4: Examples of genes and their phenotypic effect and their association with coat color

phenotype in different species

Gene ID Phenotype Pleotropic effect species reference
EDNRB Frame-ovaro white Lethal homozygote Horse (Metallinos, Bowling, &
spotted Rine, 1998)
KIT White/white-spoted NA Horse (Brooks & Bailey, 2005)
MITF White/white-spoted Microphthalmia Dog (Stritzel, Wohlke, &
white-spoted NA Cattle Distl, 2009) (Hofstetter
etal., 2019)
p-defensin Black NA Dog (Candille et al., 2007)
SILV Silver coat color NA Horse (Brunberg et al., 2006)
SLC45A2 Cream NA Horse (Cook, Brooks, Bellone,
white Tiger & Bailey, 2008) (X. Xu
etal., 2013)
SLC36A1 Champagne NA Horse (Mariat, Taourit, &
Guerin, 2003)
TYRP1 Brown NA Cattle (Berryere, Schmutz,
Schimpf, Cowan, &
Potter, 2003)
TYR Hypopigmentation Albinism Cattle (Schmutz et al., 2004)
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Comparative FISH-mapping of MC1R, ASIP and TYRP1 in New and Old World camelids
and association analysis with coat color phenotypes in the dromedary (Camelus
dromedarius)*

Introduction

Mammalian coat color is a phenotypic trait that serves for camouflage and
communication in the wild, and has been a target for selection by humans in farm and
companion species since their domestication (L. Andersson, 2001; Michael Cieslak et al., 2011).
As a result, domestic animals display a perplexing variety of colors, patterns and markings,
which reflect the genetic diversity of a breed or species, as well as historic and aesthetic
preferences or commercial needs of humans.

Many genes regulate coat color. This was already noted by J.B.S. Haldane over 90 years
ago when he studied color genetics in rodents and carnivores and suggested that there are at least
20 different color genes in mammals (Haldane, 1927). Since then, approximately 150 coat-color
associated genes have been described in mice, humans and domestic animals (Bellone, 2010;
Michael Cieslak et al., 2011; M. Reissmann & A. Ludwig, 2013), whereas Color Genes database
lists 378 mouse loci with their human and zebrafish homologues that are associated with various

pigmentation phenotypes.

“ Reprinted from Alshanbari, F., Castaneda, C., Juras, R., Hillhouse, A., Mendoza, M. N., Gutiérrez,
G. A., ... Raudsepp, T. (2019). Comparative FISH-Mapping of MC1R, ASIP, and TYRP1 in
New and Old World Camelids and Association Analysis With Coat Color Phenotypes in the
Dromedary (Camelus dromedarius). Frontiers in Genetics, 10, 340, Copyright 2019 by Frontiers
Media SA.
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Despite the large number of genes involved, the production, amount and distribution of
main pigments, the brown/black eumelanin and the red/yellow pheomelanin, are controlled by
just a few major pigmentation genes (Bellone, 2010; Rees, 2003; Hitoshi Suzuki, 2013). These
include melanocortin 1 receptor (MC1R), agouti signaling protein (ASIP) and tyrosinase related
protein 1 (TYRP1). Melanocortin 1 receptor is the key switch between the synthesis of eumelanin
or pheomelanin; ASIP is an antagonist ligand that regulates MC1R signaling by inhibiting the
MCI1R receptor, and TYRP1 is a melanogenic enzyme that influences the quantity and quality of
melanins (Bellone, 2010; Pielberg, 2004; Sturm & Duffy, 2012; H. Suzuki, 2013). Associations
between basic coat colors and DNA sequence polymorphisms in MC1R, ASIP, TYRP1, are
known for most domestic species (Bellone, 2010; M. Cieslak, M. Reissmann, M. Hofreiter, & A.
Ludwig, 2011; Pielberg, 2004; Rieder, Taourit, Mariat, Langlois, & Guerin, 2001; Schmutz &
Berryere, 2007), and are routinely used for genetic testing.

In contrast to other domestic species, coat color genomics in camelids had a late start,
even though fiber color is an important trait for the alpaca industry (Morante et al., 2009) and
there is an interest for breeding white or black dromedaries in some Arabian countries
(Almathen, Elbir, Bahbahani, Mwacharo, & Hanotte, 2018). A few studies in alpacas have
associated mutations in ASIP with the black color (Chandramohan, Renieri, La Manna, & La
Terza, 2013; Feeley, Bottomley, & Munyard, 2011) and identified MC1R mutations that may
determine light phenotypes, though the findings about the alpaca MC1R remain inconclusive
(Chandramohan et al., 2013; Feeley & Munyard, 2009; Guridi, Soret, Alfonso, & Arana, 2011).

Research on dromedary color genes is even more recent with just two publications. The

first study revealed that a frameshift mutation in the KIT gene explains some, though not all
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forms of white-spotting phenotypes in the dromedary (Holl et al., 2017). The most recent study
identified a missense mutation in MC1R that is associated with the white color, and a deletion
and a single nucleotide polymorphism (SNP) in ASIP exon 2 that are associated with the
black/dark brown color in dromedaries (Almathen et al., 2018). Current reference genomes for
the alpaca and the dromedary are in scaffolds and not assigned to chromosomes. Because of this,
chromosomal location is known only for the few coat color genes that were included in the
alpaca whole genome cytogenetic map (F. Avila, Baily, et al., 2014). Among the main
pigmentation genes, ASIP and TYRP1 have been mapped in the alpaca but not in other camelids,
whereas MC1R is not mapped in any camelid species.

The aim of this study is to confirm and refine the recently reported MC1R and ASIP
mutations for white and black coat color in dromedaries, and search for novel color-related
variants in TYRP1. We compare the accuracy of genotyping the white and black mutations in
large dromedary populations by direct sequencing and with a TagMan™ assay. Finally, we
cytogenetically map MC1R, ASIP and TYRPL1 in three camelid species.

Materials and Methods

Ethics statement. Procurement of peripheral blood was performed according to the
United States Government Principles for the Utilization and Care of Vertebrate Animals Used in
Testing, Research and Training. These protocols were approved by Animal Use Protocol AUP
#2011-96, # 2018-0342 CA and CRRC #09-47 at Texas A&M University.

Animals and phenotypes. We sampled 188 dromedaries originating from Saudi Arabia
(SA; n=171) and from the United States (US; n=17). Coat color phenotypes were determined by

visual inspection, recorded in written notes and/or photos, and were as follows: white/cream
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(n=53), black/dark brown (n=38), and brown/beige (n=97) (Fig. 4). Two brown dromedaries had
white markings and blue eyes. We use ‘brown’ as a generic term to denote animals with wild-
type coat color, which can range from light beige to darker reddish-brown with either matching
or darker tail and hump. Blood was collected by jugular venipuncture into EDTA-containing

Vacutainers (Becton Dickinson).

Figure 4. Examples of animals and coat colors used for this study. A. White/cream; B.
White; C. Black; D. Reddish brown with dark hump and tail; E. Medium brown, F.
Light brown; SA - Saudi Arabia; US - United States

DNA isolation. Genomic DNA was isolated from peripheral blood lymphocytes using
Gentra Puregene Blood Kit (Qiagen) following the manufacturer’s protocol, or by standard
phenol-chloroform method (J. Sambrook, E. F. Fritsch and T. Maniatis 1989). We evaluated
DNA quality and quantity by NanoDrop 2000 spectrophotometer (Thermo Scientific) and by 1%

agarose gel electrophoresis.
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Primers, PCR and sequencing. We used the available sequence information for the
dromedary and alpaca MC1R, ASIP and TYRP1 in NCBI , UCSC , and Ensembl genome
browsers, or sequences of the Bactrian camel (Wu et al., 2014) and Primer3 software
(Untergasser et al., 2012) to design primers. For ASIP and TYRP1, primers were designed to
amplify all exons and exon-intron boundaries. For MC1R, primers were designed to amplify
overlapping fragments covering the single exon and the 5 UTR. Primer details are presented in
Table 5. PCR was conducted in 10 pL reactions containing 50 ng dromedary genomic DNA and
0.5 unit of JumpStart Taq ReadyMix (Sigma Aldrich). For MC1R, primers 5 UTR.1 F and 5’
UTR.2 R (Table 5) were combined to amplify the entire 2 kb of the 5’UTR. The PCR products
were cleaned using ExoSAP (Affymetrix) and sequenced using BigDye Terminator v1.1 Cycle
Sequencing Kit (Applied Biosystems) and the manufacturer’s protocol. Sequencing reactions
were cleaned in Spin-50 mini columns (BioMax, Inc) and resolved on 3100 automated sequencer

(Applied Biosystems).
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Table 5: Primers used for PCR and sequencing of MC1R, ASIP and TYRPL1; * denotes
overgo primers for screening MC1R from CHORI-246 BAC library

Gene symbol and | Region Forward 5' - 3' Reverse 5" - 3' Product
primer 1D size, bp
MC1R5'UTR 1 5'UTR TCTCACGCCCTTTGAAGTCT GCTGACGACAAACCCTTCTC 2007
MC1R 5" UTR 2 5'UTR ACACACCTTAACGGGACACC GCAGGAAAGGGTCTTCACTCT 1101
MC1R 1 Exon 1 TCCTCCTCTGTCTCGTCAGC GTTGGCTGGCACTGTCTCC 918
MCI1R 2 Exon 1 GGCGCTGTCTCTTGTGGAG GACCAGAAGAGACGCAGGAG 912
MCIR 3 Exon 1 CTCCCTGGCAGGACGATG AGTCCGAGGTGGGTGGTG 92
MC1R_OV* Exon 1 CATGGTGTCCAGCCTCTGCTC CACGGCGATAGCACCCAGAGAGC | nla
TCT A
ASIP Prom Promote | GGATTTGGGGTCAGTCTGTA CCCATCCCTTTAGCCTCCTA 2608
r
ASIP Ex1 Exon 1 GTGTGAGTCAGTGGCAGGAA AAATTCTGGGTGGGCTAAGG 1130
ASIP Ex1b Exon 1 ACTTAAGGCAGGCTGGACCT ATGTGCCCATCCCTTTAGC 1502
ASIPexlseq Exon 1 AGACCCTGCATTAAGCTGCTC | Sequencing primer nfa
ASIPex1seqgb Exon 1 GCTTTTCTGATAATGAAATA Sequencing primer n/a
ASIP Ex 2 Exon 2 CTTCAGTCTCCCTCCCTTCC GCCAGGTATTTTTCCCTGAG 828
ASIP Ex 3 Exon 3 TCCAGGGCCTTATTGGACTT CTGGAAAGGCTCAGTTTGCT 953
ASIP Ex 4 Exon 4 ACTGTAAGAGGGCCAGAGCA | TAAAGTAGGGGGCAGCATTG 511
TYRP1Ex1 Exon 1 AGCACTTTGAAGGTGGGTTG AGTCAGAAGACTGGAGCATCAA 698
TYRP1 Ex 2 Exon 2 AAGAGAGGGAGTGGAAGGGA | ATGTGAAATTGCTTGGTCAGTG 650
GA
TYRP1 Ex 3 Exon 3 TGAGTTGGGTTTCATTCCTT CACTTTCTTTTTCCCCTGGA 629
TYRP1Ex 4 Exon 4 TGGACATGGTAACTTGGGTTT | GGCCAGCAACCTAACTTTGA 722
TYRP1EX5 Exon 5 GGCCACCAACCATAGGTACA GACTTCCTGTCTGCCTTTTCA 525
TYRP1Ex 6 Exon 6 CCTGGGCTGCTGTAGTGAA CTGGGGGCTCTCAACAAACT 500
TYRPLEXx7 Exon 7 GGAATTAGGAAGTGCCCTGA AACATGCCCCAAATCTTCAC 595
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Sequence analysis and mutation discovery. For initial mutation discovery, we sequenced
PCR products of MC1R, ASIP and TYRP1 in 4 white, 4 black and 4 brown dromedaries.
Sequences were analyzed for mutations using Sequencher v 5.3 software (Gene Codes Corp.).
Effects of single nucleotide changes and indels on protein structure and function were evaluated
with Protein Variation Effect Analyzer (PROVEAN) toolkit (Choi & Chan, 2015; Choi, Sims,
Murphy, Miller, & Chan, 2012). Amino acid sequences of different species were retrieved from
NCBI and Ensembl. Comparative analysis of the MC1R protein across species was performed by
aligning amino acid sequences in ClustalW (Thompson, Higgins, & Gibson, 1994). We used
Transmembrane Protein Topology with a Hidden Markov Model (Moller, Croning, & Apweiler,
2001) to determine MC1R transmembrane domains and evaluate the effect of SNPs; GeneCluster
2.0 (Reich, Ohm, Angelo, Tamayo, & Mesirov, 2004) for comparative analysis of MC1R across
species, and EXPASy webtools (Gasteiger et al., 2003) to translate genomic sequence into
protein.

Large cohort genotyping and association analysis. Putative causative mutations in
MCL1R and ASIP were further analyzed for genotype-phenotype association by Sanger
sequencing the regions in 69 dromedaries (29 white, 17 black, 23 brown). Custom TagMan™
SNP genotyping assays were designed for MC1R and ASIP mutations according to manufacturer
specification (Applied Biosystems) (Table 6), and used for genotyping all 188 dromedaries. We
used CFX-96 Real Time-PCR machine (Bio Rad) and corresponding software for PCR
amplifications, genotyping and allelic discrimination. The thermal conditions were: priming at
60°C for 1 min, initial denaturation at 95°C for 10 min, 40 cycles of 92°C for 15 sec, annealing at

primer-specific t°C, extension for 1 minute at 60°C, followed by a final extension at 65°C. The 8
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uL reactions contained 0.208 uL of TagMan™ assay, 30 ng template DNA and 4.2 puL of ABI

TagMan Universal Master mix, no UNG (Applied Biosystems).

Table 6: TagMan assays for genotyping MC1R g901C>T and ASIP g.174495T>Del

Primer/probe

5-3’

MC1R-forward
MC1R-reverse
MC1R_VICprobe
MC1R_FAMprobe
ASIP-forward
ASIP-reverse
ASIP_VICprobe

ASIP_FAMprobe

CTCATCATCTGCAACTCCATCGT

CAGCACCTCTTGGAGTGTCTTC

ATGCCTTCCGCAGCCA

CTATGCCTTCTGCAGCCA

CCACTCAGATATCCCAGGATGGA

GCTGTAGGCATTGAGGAAGCA

CCTCTTCCTAGCTACCC

CCTCTTCCAACTACCC
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Statistical Analysis. We conducted contingency analysis with JMP Program v12 (JMP®,
Version 13. SAS Institute Inc., Cary, NC, 1989-2007) to examine the relationship between color
phenotypes and genotypes at each variable site. Genotype-phenotype associations were
determined by the standard Chi-square test.

Chromosome preparations. Alpaca, dromedary and Bactrian camel chromosome slides
were prepared from methanol : acetic acid (3:1)-fixed cell suspensions available in the
depository of the Molecular Cytogenetics laboratory at Texas A&M University. All cell
suspensions originated from normal individuals with normal karyotypes.

Fluorescence in situ hybridization (FISH). We used alpaca CHORI-246 genomic Bacterial
Acrtificial Chromosome (BAC) library to obtain probes for FISH. BAC clones containing ASIP
and TYRP1 were previously identified and mapped in the alpaca (F. Avila, Baily, et al., 2014).
To obtain BACs for MC1R, we screened CHORI-246 filters with MC1R-specific radioactively
labeled ([32P] dATP/dCTP) overgo primers (Table 6) as described by Avila et al. (2014b) and
Mendoza et al. (Mendoza et al., 2019). The final BACs containing MC1R were further verified
by PCR with MC1R exon primers (Table 5). BAC DNA was isolated with Plasmid Mini Kit
(Qiagen) according to the manufacturer’s protocol. Probe labeling, hybridization and signal
detection were conducted according to standard protocols (Raudsepp & Chowdhary, 2008).
Because of difficulties to unambiguously identify camelid chromosomes by conventional
cytogenetic methods (F. Avila, Das, et al., 2014), BACs containing the three genes were co-
hybridized with a differently labeled reference gene from the alpaca cytogenetic map (F. Avila,
Baily, et al., 2014). Composite information about the BACs used for comparative FISH mapping

is presented in Table 7. Images for at least 10 metaphases for each experiment were captured and
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analyzed using a Zeiss Axioplan 2 fluorescence microscope, equipped with the Isis Version 5.2

(MetaSystems GmbH) software.

Table 7: Comparative cytogenetic mapping of ASIP, MC1R and TYRPL. Details about
alpaca BAC clones, corresponding genes and cytogenetic locations; * denotes
reference BACs/genes for chromosome identification

CHORI-246 | Gene symbol Camelid chr. Alpaca Dromedary Bactrian Human chr.
BAC

018C13 ASIP 19q12 Avilaetal. 2014a This study This study 20911.2-q12
125P19* EDN3* 19923 Avila et al. 2014a This study This study 20913.2-q13.3
166N17 MC1R 21qg15 This study This study This study 16923
128F16* MYOC* 2113 Avilaetal. 2014a This study This study 1g23-g24
129N17 TYRP1 4g21dist-g22 Avilaetal. 2014a This study This study 9p23
135B22* MRPL41* 4936 Avilaetal. 2014a This study This study 9934.3
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Results

Mutation discovery and association analysis of MC1R

The initial sequence analysis of 12 individuals (4 white, 4 black and 4 brown) identified 7
sequence variants inside and around MC1R (Table 8). All variants were SNPs including the
previously reported ¢.901C>T (p.Arg301Cys) missense mutation in the MC1R coding region
(Almathen et al., 2018). Three SNPs were in the promoter region, two in 5’UTR and one in
3’UTR. The ¢.901C>T missense mutation was genotyped in large cohorts by Sanger sequencing
(n=68) and by TagMan™ genotyping (n=188) showing that this mutation is significantly
associated (P<0.0001) with the white color (Table 9), thus confirming the findings of Almathen
et al. (2018). To evaluate the possible effect of the p.301R>C mutation on MC1R function, we
constructed transmembrane protein topology and showed that the amino acid change affects the
last of the 7 transmembrane domains (Fig. 5). We also aligned the amino acid sequences of the
MCI1R last transmembrane domain in diverse mammalian and vertebrate species and showed that
arginine at this position is highly conserved across species (Fig. 6), suggesting its importance for

MCI1R normal function.
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Table 8: Sequence polymorphisms in ASIP, MC1R and TYRP1. Sequence variants were discovered by sequencing the three genes in 4 white, 4
black and 4 brown dromedaries. Sequence positions correspond to dromedary whole genome assembly: GCA_000767585.1
PRINA234474_Ca_dromedarius_V1.0.; MC1R scaffold ID: NW_011592664.1, ASIP scaffold ID: NW_011591043.1 and TYRP1

scaffold ID: NW_011591511.1; Numbers in columns White, Black, Brown denote the number of animals with the corresponding

genotype; ORF- open reading frame; D — deletion; P-value for genotype-phenotype association was determined by contingency
analysis in JMP

Gene symbol

MCI1R

MCI1R

MCI1R

MCI1R

MCI1R

MCI1R

MCI1R

ASIP

Location in the gene

Promoter (1802 bp
from ORF
Promoter (557 bp
from ORF)
Promoter (420 bp
from ORF)
5’UTR

5’UTR

Exon

3°’UTR

Exon 2

Variant

g.535236C>T

9.536482G>A

g.536623G>A

0.537027G>A
0.537028A>T
0.537961C>T,
€.901C>T
0.538058G>A
g.174495T _del,

€.23T_del

Reference

This study

This study

This study

This study
This study
Almathen et
al. 2018
This study
Almathen et

al. 2018

Effect on protein

noncoding

noncoding

noncoding

noncoding
noncoding
Missense;
p.Arg301Cys
noncoding

frameshift; p.24X
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Phenotype-genotype

White

4CC

2GG, 2GA

4GG

4GG

4AA

3CT, 1TT

4GG

4TD

Black

4CT

1GG, 2GA,
1AA

3GG, 1GA

3GG, 1GA
3AA, 1AT

4CC

2GG, 2GA

4DD

Brown

4CT

2GG, 2GA

3GG, 1GA

3GG, 1GA

3AA, 1AT

4CC

4GG

2TT,2TD

P-value

0.0005

0.6208

0.4033

0.4033

0.4033

0.0042

0.0718

0.0009



Table 9: Genotype frequencies of MC1R ¢.901C>T missense mutation in a large

study cohort (n=188). The mutation is significantly (P<0.0001) associated
with white coat color

Genotypes | Frequency (count) in dromedary color groups

White (n=53) | Black (n=38) | Brown (n=97)

cC 0.037 (7) 0.20 (38) 0.41 (78)
CT 0.13 (25) 0 0.085 (16)
TT 0.11 (21) 0 0.016 (3)
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Figure 5. MCI1R protein functional domains. The seven MC1R transmembrane
domains and the position of p.301R>C mutation (arrow); y-axis: the
probability of the amino acid sequences to be cytoplasmic (blue),
extracellular (magenta), or part of the transmembrane helix (orange); x-axis:
amino acid sequence. We used Transmembrane Protein Topology with a
Hidden Markov Model (Moller et al., 2001)
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Figure 6: MC1R comparative. Comparative alignment of MC1R transmembrane
domain 7 amino acid sequences in diverse mammalian and vertebrate
species. The p.301 position is indicated by a vertical arrow and highlighted,
horizontal arrow shows the p.301R>C mutation in the dromedary. Note that
Arginine is highly conserved across species, except in humans who have
Histidine, which is another positively charged amino acid.

The initial analysis also indicated that the SNP g.538058G>A in MC1R 3’UTR
may be associated with color phenotype because genotype GA was present only in black
dromedaries (Table 8). Large cohort (h=68) genotyping by sequencing confirmed this
and showed that GA genotype was more frequent (P<0.0004; Table 10) in black
animals. Notably, we did not find dromedaries homozygous for the A-allele (AA) at this

site. Furthermore, the brown dromedaries (n=31) with dark to black wool on the hump
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and black hair on the tails did not have A-allele and were all homozygous for the G-

allele (GG) (Table 10)

Table 10: Genotype frequencies of MC1R 3’UTR variant g.538058G>A in a large
study cohort (n=68). The SNP is significantly (P<0.0004) associated with
black coat color

Genotypes | Frequency (count) in dromedary color groups

White (n=22) ' Black (n=15) | Brown (n=31)

GG 0.29 (20) 0.13 (9) 0.46 (31)
GA 0.029 (2) 0.088 (6) 0
AA 0 0 0

Mutation discovery and association analysis of ASIP

We identified three sequence variants in the four exons of the dromedary ASIP

gene: — two in exon 2 and one in exon 4 (Table 8). A single nucleotide deletion in exon 2

(9.174495T _del; ¢.23T_del) combined with a SNP two base-pairs later (g.174497A>G;

€.25A>G; Table 8) caused a shift in the reading frame, an insertion of a premature stop

at codon 24, and truncated protein (Fig. 7). All black dromedaries in the discovery
cohort were homozygous for the frameshift deletion. Therefore, we genotyped the

frameshift mutation in large dromedary cohorts by sequencing (n=68) and TagMan™

assay (n=188). The results showed that the frameshift mutation in exon 2 is significantly

associated (P<0.0001) with black coat color (Table 11), consistent with the previous
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findings (Almathen et al., 2018). However, in the large study cohort, one black animal
did not have the frameshift deletion and three black dromedaries were heterozygous for
it (Table 11). In these four animals, we analyzed ASIP sequence further and discovered
that two dromedaries were heterozygous for another frameshift mutation in exon 4 at
g.178388C_del (Table 11). The mutation shifted normal stop at codon 133 to codon 254,
resulting in 120 amino acids longer polypeptide (Fig. 7). However, the other two animals
did not have this deletion and, overall, we were not able to associate exon 4 mutation

with black color in our study cohort.

Table 11: Genotype frequencies of ASIP exon 2 g.174495T _del (D) nonsense
mutation in a large study cohort (n=188). The mutation is significantly
(P<0.0001) associated with black coat color

Genotypes Frequency (count) in dromedary color groups

White (n=53) Black (n=38) Brown (n=97)

1 0.12 (23) 0.005 (1) 0.20 (37)
™ 0.13 (25) 0.016 (3) 0.18 (33)
DD 0.03 (5) 0.18 (34) 0.14 (27)
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A

MDVTRLFLATLLVCLCFLNAYSHLAPEEKPRDEGSLRSNSSKNLLDFPSVSIV
ALNKKSKISRKEAEKKKSSSKKKAPTKKVARPRPPLPTPCVATRDSCKPPAPA
CCDPCAFCQCRFFRSVCSCRVLSPTCStop

B
MDVTRLFQLPCWSACASSMPTAT Stop
c

MDVTRLFLATLLYCLCFLNAY SHLAFEEKPRDEGSLRSNSSKNLLDFPSVSIVA
LNKKSKISEKEAEKKKS SSKKKAPTKKYARPRPPLPTPCVATRDSCKPFPAPAC
CDPCAFCQCRFFRSVCSCRVLSPPVERFHLRVAGGMGQGFQGWGSPGPE
ALLGRAISSRCSLQGAGYGVATGYGEELSGGGYSRRRGLGWAKIQIYAGCLK
VCGCFRFKEFERSFSLHRGSPAGYAHAPSWAWGDPVTPALSLHFRStop

Figure 7. The effect of frameshift mutations on ASIP polypeptide. A. Normal
ASIP polypeptide with 133 amino acids and stop at codon 134; B.
Truncated ASIP protein with 24 amino acids and stop at codon 25 due to
frameshift mutation in exon2; C. Abnormally long polypeptide with 253
amino acids due to a frameshift mutation in exon 4. Amino acids in red font
in A. and B. are before frameshift and, thus shared between the normal and
truncated ASIP.

As noted above, we conducted large cohort genotyping for MC1R ¢.901C>T and
ASIP ¢.23T_del mutations in 68 dromedaries both by Sanger sequencing and TagMan™
assays. The results between the two methods were in full agreement, suggesting that the
high throughput, faster and cheaper TagMan™ assay should be the method of choice for
any further genotyping of large numbers of additional animals.
Mutation discovery in TYRP1

Sequence analysis of the 7 exons and exon-intron boundaries of the TYRP1 gene
in the discovery cohort of 12 dromedaries, identified 5 sequence variants: 4 SNPs and
one insertion (Table 8). However, all variants were in non-coding regions (introns and
3’UTR) and not associated with dromedary color phenotypes. Therefore, we did not

conduct any large cohort genotyping for TYRPL.
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Comparative FISH mapping

We mapped TYRP1, ASIP, and MC1R by FISH to metaphase chromosomes in
the alpaca, dromedary and Bactrian camel (Fig. 8). For unambiguous chromosome
identification, we used chromosome-specific reference markers from the alpaca
cytogenetic map (F. Avila, Baily, et al., 2014). The TYRP1 and ASIP genes were
previously FISH mapped to alpaca chromosomes 4 and 19, respectively (F. Avila, Balily,
et al., 2014). Here we mapped TYRP1 to chr4 and ASIP to chrl9 in both camel species
(Fig. 8A, B). The results are in agreement with karyotype conservation across Old and
New World camelids (Bianchi, Larramendy, Bianchi, & Cortes, 1986; T.D. Bunch,
Foote, & Maciulis, 1985) and consistent with human-dromedary Zoo-FISH data on
conserved synteny segments between these species (Balmus et al., 2007). The MC1R
gene has not been chromosomally assigned in any camelid genome. Here we mapped
MCIR to the very terminal region in chr21q in the alpaca, dromedary and Bactrian camel
(Fig. 8C) and revealed a hitherto unknown conserved synteny block between camelid

chr21 and HSA16q.
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Figure 8. Comparative FISH mapping. Comparative mapping of TYRP1 (A), ASIP
(B), and MC1R (C) in alpaca, dromedary and Bactrian camel chr4, chr19
and chr21, respectively. Chromosome ideograms with all mapped markers
(Avila et al. 2014a) are shown at the top. Vertical lines with numbers to the
left of chromosome ideograms indicate homology segments to human
chromosomes. Ref — reference gene for chromosome identification. Green
and red font colors for coat color genes and reference genes correspond to
the green and red FISH signals in partial microscope images below

ideograms.

Here we validated the recently published mutations for white and black/dark

brown coat color in dromedaries (Almathen et al., 2018) using independent dromedary
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populations of US and Saudi Arabian origin. In addition, we designed for both mutations
TagMan assays and confirmed their accuracy and efficiency for large cohort genotyping.
Overall, our results are consistent with the recently published data, but also refine and
expand it.

The likely causative mutation for the white color in MC1R ¢.901C>T in
dromedaries was, at the first sight intriguing because, according to published references
(Almathen et al., 2018; Rieder et al., 2001), a mutation at the same position (c.901C>T)
is responsible for recessive chestnut coat color in horses. This poses a question why the
same missense mutation results in a depigmentation phenotype in the dromedary, but a
pheomelanic phenotype in horses. However, closer inspection of the original publication
for the horse chestnut mutation (Marklund, Moller, Sandberg, & Andersson, 1996);
reviewed by (L. Andersson, 2003) reveals that the horse chestnut and dromedary white
mutations are different. The horse chestnut is due to p.Ser83Phe, which affects MC1R
second transmembrane domain (Marklund et al., 1996), while the dromedary mutation
p.Arg301Cys is in the last (seventh) transmembrane domain (Fig. 5).

The dromedary mutation, however, shares functional and phenotypic similarity to
recently reported MC1R sequence variants in Australian cattle dogs and Alaskan and
Siberian huskies (Durig et al., 2018). Cream color in Australian cattle dogs is associated
with a combination of ¢.916C>T (p.Arg306Ter) and a promoter variant affecting MITF
binding site. White huskies, on the other hand, are homozygous for a deletion ¢.816-
delCT. Even though causative sequence variants are different in Australian cattle dogs,

huskies and dromedaries, they share essential similarities: all occur in the last
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transmembrane domain, negatively affect MC1R function and result in depigmentation
phenotypes. The mutations in cream-colored Australian cattle dogs cause
downregulation of MC1R transcription, while MC1R in white huskies has lost the last
transmembrane domain and the cytoplasmic C-terminal tail (Durig et al., 2018). Though
no functional data are available for white dromedaries, we theorize based on the
predicted effect of p.Arg301Cys on the last transmembrane domain (Fig. 5) and the
resulting white phenotype that the mutation is loss-of-function. Functional importance of
this portion of the MC1R protein is illustrated by highly conserved sequence of 17
amino acids (p.296-312) across diverse mammalian species (Fig. 6). Notably, the
dromedary differs from other mammals at p.301 because a white and not a wild-type
animal was used for the reference sequence.

In contrast to huskies where white color is a recessive trait (Durig et al., 2018),
the dromedary white mutation is dominant because heterozygosity for the T-allele at
c901C>T is sufficient for the white phenotype (Table 9). Therefore, we suggest that the
MC1R mutation in white dromedaries has dominant negative effect, i.e., it alters the
function of the wild type C-allele and has dominant or semi-dominant phenotype.
Similar dominant negative effect on wild-type MC1R receptor cell surface expression or
wild-type MC1R cAMP signaling has been described for several MC1R sequence
variants in humans (Beaumont et al., 2007).

Another observation about dromedary MC1R, as also noted by Almathen and
colleagues (2018), is the low level of sequence variation (just c901C>T) in the coding

region, contrasting the 21 sequence variants found in the alpaca MC1R (Feeley &
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Munyard, 2009). However, a recent study of MC1R sequence variants across all four
South American camelids (vicugna, guanaco, llama and alpaca) suggests that variation in
alpacas is the result of human selection for a variety of fiber colors, whereas in wild
South American camelids (guanacos and free living vicugnas), there is a selection
against non-synonymous substitutions in MC1R (Marin et al., 2018). Likewise, there is
low sequence variation of MC1R in wild pigs, but many more variants in domestic pig
breeds as a result of human selection (L. Andersson, 2003). Thus, we suggest that low
sequence variation of MC1R in dromedaries is because human selection for coat color in
this species is a more recent event in course of domestication.

On the other hand, sequence variants are present immediately outside the
dromedary MC1R coding region, in 5’- and 3°-UTRs and in the promoter (Table 8).
Whether any of these have regulatory roles in shaping pigmentation phenotypes, is a
subject of future studies. This also applies to the 3’UTR variant g.538058G>A (Table 8),
which showed association (P<0.0004) with black coat color (Table 10). Though, it is
also possible that the statistical significance may be influenced by relatedness between
black animals.

The causative mutation for black coat color, as reported earlier (Almathen et al.,
2018) and confirmed in this study (Table 11), is a frameshift deletion in ASIP exon 2,
resulting in premature stop codon and truncated protein (Fig. 7). Like in previous study
(Almathen et al., 2018), we also observed a synonymous SNP 2 bp after the frameshift
deletion (Table 8), but did not conduct association analysis because it was irrelevant for

the premature stop codon. Similar, though not identical, loss-of-function mutations in
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ASIP underlie recessive black color in several domestic and wild species. For example,
in alpacas (Feeley et al., 2011), sheep (Norris & Whan, 2008; Royo et al., 2008), Iranian
Markhoz goats (Nazari-Ghadikolaei et al., 2018), donkeys (Abitbol, Legrand, & Tiret,
2015), horses (Rieder et al., 2001), dogs (Kerns et al., 2004), cats (Eizirik et al., 2003)
and impala antelope (Miller, Guthrie, & Harper, 2016). Like in these species, we are
confident that the black color in the dromedary is a recessive trait because the majority
(34/38) of black dromedaries in this study were homozygous for the deletion (Table 11).
However, 4 black animals in our study cohort did not follow this pattern (Table 11). Two
of these carried another frameshift deletion in ASIP exon 4, resulting in abnormally long
and likely non-functional ASIP protein (Fig. 7). We suggest that the second frameshift
deletion may be causative for black color in the absence of the first deletion, though it
was not possible to conduct association analysis with just 2 individuals. Of the
remaining two black dromedaries, one was heterozygous for the exon 2 deletion and the
other had no mutations in ASIP. This is similar to observations in alpacas where
homozygous recessive loss-of-function mutations in ASIP explain the majority but not
all cases of the black phenotype (Feeley et al., 2011). Thus, like in alpacas, black coat
color in dromedaries may be influenced by additional regulatory mutations and MC1R
interactions with ASIP and a-melanocyte stimulating hormone (a-MSH). One should
also consider possible errors in phenotyping.

We investigated the TYRP1 gene as a possible contributor to various shades of
brown coat color in the dromedary. The gene encodes for an important enzyme for the

synthesis of eumelanin (del Marmol & Beermann, 1996) and TYRP1 mutations are
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associated with brown or chocolate coat color on black genetic background in many
mammals and other vertebrates (J. Li et al., 2018). However, all TYRP1 variants found in
this study, were in noncoding regions (Table 8) and we did not detect the two SNPs in
dromedary TYRP1 exonl as reported by a prior study (Almathen et al., 2018).
Nevertheless, both the noncoding SNPs and the exon 1 SNPs were not associated with
any color phenotypes. Likewise, no candidate coat color mutations have been detected in
alpaca TYRP1 (Cransberg & Munyard, 2011). Despite these findings, TYRP1 remains an
important candidate gene for color phenotypes in camelids and should be included in
future studies.

Finally, we comparatively FISH mapped the three coat color genes in three
camelid species — the alpaca, the dromedary and the Bactrian camel. In agreement with
the known conservation of camelid karyotypes (T.D. Bunch et al., 1985; K. M. Taylor,
Hungerford, Snyder, & Ulmer, 1968) and prior mapping of TYRP1 and ASIP in alpacas
(F. Avila, Baily, et al., 2014), the genes mapped to the same cytogenetic location in the
same chromosomes in all species: TYRP1 to chr4q21-g22, ASIP to chr19q12, and MC1R
to chr21qter (Fig. 8). While the locations of TYRP1 and ASIP were in good agreement
with human-dromedary Zoo-FISH (Balmus et al., 2007), mapping MC1R to chr21 came
as a surprise. This is because camelid chr21 shares known conserved synteny with part
of HSA1q only (F. Avila, Baily, et al., 2014; Balmus et al., 2007). Since human MCL1R is
located very terminal in the long arm of chrl6 (HSA16g24.3; 89.9 Mb), we anticipated
mapping MC1R to camelid chr9, which is homologous to HSA16q (F. Avila, Baily, et

al., 2014; Balmus et al., 2007). Furthermore, camelid chr9 shares also homology with
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HSA19q, and HSA169/HSA19q correspond to an ancestral eutherian synteny
combination, which has been conserved in many eutherian karyotypes (Chowdhary,
Raudsepp, Fronicke, & Scherthan, 1998; M. A. Ferguson-Smith & V. Trifonov, 2007).
Our findings indicate that this ancestral synteny combination has undergone
rearrangements during camelid karyotype evolution, so that a segment homologous to
HSA16q containing MC1R has become of part of camelid chr21 and shares synteny with
sequences corresponding to HSA1q. Inspection of the current dromedary genome
assembly PRINA234474 Ca_dromedarius_V1.0 scaffolds confirmed FISH results for
MC1R and showed that sequences corresponding to HSA1q: 145-147 Mb and HSA16q:
85-90 Mb are together in dromedary scaffold NW_011592664.1

(https://www.ncbi.nlm.nih.gov/gene/105104349). Therefore, cytogenetic mapping of

MCI1R in camelids revealed a novel human-camelid synteny segment, confirmed
sequence assembly of scaffold NW_011591415.1, and anchored alpaca, dromedary and

Bactrian camel scaffolds containing TYRP1, ASIP and MC1R to chromosomes.
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CHAPTER IV
POPULATION DIFFERENTIATION IN SAUDI ARABIAN DROMEDARIES
Introduction

Since domestication, the genetic diversity in domestic species has been
extensively shaped by human selection, which in some instances, has led to increased
distances between closely-related populations (Boichard, Ducrocq, Croiseau, & Fritz,
2016; Groeneveld et al., 2010). As a result, this has led to increased genetic variation
between subpopulations/breeds, which can be traced by estimating nucleotide diversity
across the genome to identify regions under selection potentially harboring genes
associated with traits under selection (L. Andersson, 2001; L. Andersson, 2012). This
methodology has been used in many species, including horses, sheep, and goats to
identify regions with potential in-process or complete selective sweeps (Guo et al., 2018;
Ruiz-Larranaga et al., 2018; C. Zhang et al., 2018). In these studies, association between
phenotypes under selection and genetic loci influencing these phenotypes were
identified. To date, no similar studies have been conducted for comparing dromedary
subpopulations.

Thanks to the decreasing cost of whole genome sequencing (WGS), the
improvement of bioinformatics tools, and the availability of the dromedary reference
genome (Wu et al., 2014), it is now possible to compare the genomes of dromedary
subpopulations based on traits that have been of human interest and potentially under

selection. In order to achieve accurate results, it is important to consider that the
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comparison between traits could be moderate to extreme in their phenotypic differences
and influenced by different geographic locations of the subpopulations.

Selective sweeps are the reduction of genetic diversity and increasing the
homozygosity in a population as a result of positive selection (Messer & Neher, 2012;
Smith & Haigh, 1974). This will lead to change allele frequencies at closely linked loci
(Smith & Haigh, 1974). Therefore, phenotypes that improve ability to survive and
reproduce become more common, whereas the poor phenotype for survival and
reproduction will be reduced and may disappear (Palladino, Spencer, Cummings, &
Klug, 2015).

Selection in dromedaries and classification of breeds has not been systematic and
varies between countries. Therefore, breeds can be defined by color or human tribe
names. It was reported that there are 48 different dromedary breeds in the world, which
can be classified into 8 subgroups. Saudi Arabia has 12 breeds that were classified based
mainly on coat color and body measurements (Abdallah & Faye, 2012; Bernard Faye,
2015). Saudi Arabian breeds are distributed in certain locations, however, these
populations are interbred and not isolated (Bernard Faye, 2015). Even though 12 breeds
have been documented, only three subtypes were identified using the rapid amplified
polymorphic DNA (RAPD) technique; demonstrating that white dromedary (Waddah) is
the least similar to the other two subtypes (black and brown) (Abdulaziz M Al-Swailem,
Al-Busadah, Shehata, Al-Anazi, & Askari, 2007). Further, it was documented that there
is gene flow between dromedary breeds in Saudi Arabia based on microsatellite analysis

(Mahmoud, Alshaikh, Aljumaah, & Mohammed, 2012). A genetic parentage testing
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using 17 polymorphic microsatellite markers was reported for racing dromedary
(Spencer, Wilson, & Tinson, 2010). As mentioned above, there are 12 reported
dromedary breeds/subpopulations in Saudi Arabia, and currently there is no information
about the degree of genetic differentiation between them.

In this this study, we investigate genetic differentiation between three Saudi
Arabia dromedary populations. The populations are phenotypically defined by color:
white (the Waddah breed), black (the Majaheem breed) and brown (the Saheli breed)
(Figure 9). For clarity, from here the breeds are named by coat colors instead of the
breed name. Besides the coat color, the three breeds have also other phenotypic
differences. For example, the white dromedary is a good dairy animal with medium to
large body size, and many Saudis consider it prestigious to own a white camel (Abdallah
& Faye, 2012). On the other hand, the black breed is valued for its large body size and
the greatest meat and milk production. The brown breed is small to medium in size,
known for good quality milk production, but is overall a multipurpose animal (Abdallah
& Faye, 2012). Here, we conducted WGS of pooled samples of 27 white, 17 black, and
31 brown dromedaries to identify the signatures of selection leading to identify genetic
regions that under selection associated with traits such as performance and/or

production.
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Figure 9. Examples of animals and coat colors used for this study. A.
White/cream; B. Black; C. Brown

Materials and Methods

Animals and phenotypes. Blood was collected by jugular venipuncture from 75
dromedaries from Saudi Arabia representing three different breeds and color
phenotypes: white/cream (n=27) from the middle (Waddah); black (n=17) from the
south (Majaheem); and brown coat color (n=31) from the west coast (Saheli). Coat color
phenotypes were determined by visual inspection and recorded in written notes and/or
photos.

DNA isolation. Genomic DNA was extracted from peripheral blood leukocytes
using Gentra Puregene Blood Kit (Qiagen) following the manufacturer’s protocol or by
standard phenol-chloroform method (J. Sambrook, Fritsch, & Maniatis, 1989). DNA
quality and quantity were evaluated by NanoDrop 2000 (Thermo Scientific)

spectrometry and agarose gel electrophoresis.
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Genome Sequencing, alignment and SNP calling. We pooled DNA samples
based on color phenotypes. Pooled samples were then prepared for Illumina TruSeq
PCR-free library. These libraries were sequenced 100 bp paired-end on the HiSeq2500
platform, generating 15X average genome coverage per library. After quality trimming,
reads were mapped to the dromedary reference genome Ca_dromedarius_V1.0
(GenBank assembly accession no. GCA_000767585) using the Burrows-Wheeler
alignment tools (BWA) MEM with default parameters as previously described (Heng Li
& Durbin, 2009). We used Samtools (version0.1.19-44428cd) to preform SNP calling by
creating mpileup files for each breed and across all breeds (H. Li, 2011). The mpileup
files were then used to create synchronized files that contain allele frequencies for each
position in every pool using Popoolation and Popoolation2 (Kofler, Orozco-terWengel,
et al., 2011; Kofler, Pandey, & Schlotterer, 2011). Allele frequencies in the synchronized
files were called after filtering for base quality was applied as previously described
(Kofler, Orozco-terWengel, et al., 2011; Kofler, Pandey, et al., 2011). Figure 10

summarizes strategies used in this study.
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Figure 10: Data analysis strategies in this study.

Identification of directional selection regions
FST and divergence. In order to identify selective sweep regions, which are
genomic regions with variations that are associated with selective breeding between
breeds, we preformed fixation index (Fst) analysis for the three breeds. Fst is used to
measure population differentiation between subpopulations by comparing the total

number of variants found in a subpopulation relative to the total variants in the entire
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population. The synchronized file across breeds was used to estimate Fst using a sliding
window approach (window size 25 kb, step 1 kb) using Popoolation2 tools (Kofler,
Pandey, et al., 2011). The Fsr file contains columns include scaffold ID, position, quality
and Fst values. The Fst values, which range from 0 to 1 where high Fst values indicate
significant differentiation, were z transformed according to the formula (zFst = Fst —
mFst / s), where mFst is the mean of all Fst values and s is the standard deviation of Fst
values. The transformation was done with Matlab software v13 MATLAB and Statistics
Toolbox Release 2017b, The MathWorks, Inc., Natick, Massachusetts, United States. R
1386 v3.5.1; a custom-made script was used to create plots of zFst values for all pairwise
comparisons. Genes, within windows that showed signatures of selection, were
identified using zFst score of 8 or greater and displayed using R custom-made script.

Heterozygosity and nucleotide diversity estimates from the pooled sequence
data. Popoolation2 (Kofler, Pandey, et al., 2011) was also used to estimate nucleotide
diversity across breeds, creating two files: the first file contained allele frequency for the
major and minor alleles for every SNP; the second file comprised allele frequency
differences for every pairwise comparison that was included in the synchronized file (3
population total). The second file was used to determine heterozygosity and to confirm
differences between breeds in previously-identified selected windows from the Fsr file.

Intrapopulation analysis. Further investigation was applied to confirm the
effectiveness of our analysis. Tajima’s Pi was calculated using Popoolation tools
(Kofler, Orozco-terWengel, et al., 2011) for each pool separately using created

synchronized file for each pool. Delta Pi was calculated as described above. Tajima’s Pi
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detect selection signature by comparing the mean of pairwise contrasting and the number
of segregating sites.

Identification of candidate gene variants differing between subpopulations.
The regions identified based on the above-described criteria were further analyzed to
detect variants that differentiate one breed from the other two. We included 25 kb to
each side of every selected window to reduce the risk of excluding the outer portions of
selected haplotypes and to include loci in regulatory sites. CRISP (Bansal, 2010) was
used to generate a variant call format (VCF) file from the aligned BAM files to identify
call variants in each pool. The VCF file was converted using CRISP (Bansal, 2010) and
annotated using snpEff (Cingolani et al., 2012). Genotypes for regions of interest were
extracted out from the converted annotated VVCF file using bedtools (Quinlan & Hall,

2010). SNPs with high impact and/or in the coding regions were analyzed.
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Validation of Identified Variants

Sanger Sequencing: Primers, PCR and sequencing. Because the samples in
the pools that were sequenced were not individually barcoded, we generated additional
Sanger sequencing data for select genes that showed highly significant signatures of
selection. Sanger sequencing was done in 4 dromedaries from each breed/color pool to
confirm that these regions were truly polymorphic. Sequence information for LCORL 6
exons, ABCD2 10 exons, CNDP1 exons 6, 11 and 12, and MRPL15 exons 3, 4 and 5
was retrieved form NCBI genome browser and the primers were designed with Primer3
software (Untergasser et al., 2012). Primer details are presented in Table 12. Primers
were designed to amplify all exons and exon-intron boundaries. Amplification of the
select regions was done by PCR in 10 uL reactions containing 50 ng dromedary genomic
DNA (25 ng/ pL) and 0.5 unit of JumpStart Taq ReadyMix (Sigma Aldrich). The PCR
products were cleaned with ExoSAP (Affymetrix) and sequenced using BigDye
Terminator v1.1 Cycle Sequencing Kit (Applied Biosystems) and the manufacturer’s
protocol. Sequencing reactions were cleaned in Spin-50 mini columns (BioMax, Inc) and

resolved on 3100 automated sequencer (Applied Biosystems).
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TABLE 12: Primers used for PCR and sequencing of LCORL, ABCD2, CNDP1

and MRPL15
Gene Regio | Forward5' - 3" Reverse 5' - 3 Produ
symbol n ct
and size,
primer bp
ID
LCORL Exon1l | ACCTGGGGATGTTTCTAAAT | TTTTACCACCAAGCCAAAA | 600
GA A
LCORL Exon2 | TTTTTAGGGGGACAGCATTC | CCTCCAACCACCAATTCCTA | 872
LCORL Exon3 | AATGCTAATTTGGCCCTCTG | GGTCTACAGTGACTGCAAA | 511
TCCT
LCORL Exon4 | ACATTTGAATTGAAACTCTG | CTGCACAGCAAGTGCTTCA 922
AAAA T
LCORL Exon5 | TTCCTACTTTCCCAAAGCATT | TTTTCCTTAAAATTGCCTCC | 801
A T
LCORL Exon 6 | CCAGGACTGTAGCGTTTGCT | GAAAACCTGAATCCTTTTCA | 1512
CC
ABCD?2 Exonl | TCTGGGTAGCTGAGGCTAGG | CCACCCCAACTTGTCACTTT | 1909
ABCD2 Exon2 | TTTGAAAACACAATTGTAAA | TGCTCAAGATCAGCTTCAA | 713
TCACAT AAA
ABCD2 Exon3 | CCCAACTGTAACAAAGGCAG A GGAAGAAGGTGGATCACCA | 967
A A
ABCD2 Exon4 | CATTTTGAACCCTGACTTGA | ACCTTGTATGGGCTCTCAGG | 1512
AC
ABCD2 Exon5 | TGAGCCTGCTATTCCTTGAG | GGAAAGTCAGTGCTCATTC | 66
A CA
ABCD2 Exon6 | TGTGGTGCCTGAAAAGAAAA | TGCTGGATCAAAACCTCAA 907
A
ABCD2 Exon 7 | CTGAATACCTACCTACTGTG | TCTCCTACCACCCTCCAAAA | 800
TTCACT
ABCD2 Exon 8 | TCCACCTACTGGGAGATCAA | TGCCCATCTTTCCAATTCTT | 701
A
ABCD2 Exon9 | ACACCTGGTTTCAACCCAAA | GCATGTCTTCCTTTGCACTT | 857
C
CNDP1 Exon 6 | TTGATGGGTCACTGCCATTA | CGTCACAAACCCCTCTGAA | 612
T
CNDP1 Exon GCAACCATGCTTTTCTTCTTG | GGGAAACCAAGTCGTTGAA | 836
11-12 G
MRPL15 | Exon3 | TGCTTCCAGAGGCAAATACT | AGCAAGCGGAACAGACACA 573
G T
MRPL15 | Exon4 | TGTAGCCACTTTGGGGAGAA | ACCGCAAGCAGAACATCCT | 362
A
MRPL15 | Exon5 | ATGCACGTAGCCAATGTTTG | AAACTTAGGTCAGCAATGT | 1323
ATGAGG
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Sequence analysis and mutation discovery. W first sequenced PCR products of
LCORL 6 exons, ABCD2 10 exons, CNDP1 exons 6, 11 and 12, and MRPL15 exons 3, 4
and 5 in 4 white, 4 black, and 4 brown dromedaries. Sequences were analyzed for
mutations using Sequencher v 5.3 software (Gene Codes Corp.).

Copy number variations (CNVs) analysis: As no significant variants were
identified from Sanger sequencing results, we analyzed the WGS data for copy number
variants (CNVs) using CNVKkit (Talevich, Shain, Botton, & Bastian, 2016) to compare
white dromedaries with the black and brown. The tools in CNVKkit are designed for the
comparison of BAM files of cancer and control samples, as well as of a reference
genome. In our analysis, we used white as a ‘cancer’ sample against the black and brown
as ‘normal’ samples. The tools also require a bed-file that contains specific regions of
interest in order to scan for identical, specific sequences.

Results
Selective sweeps, genes and genetic variations

Genomic variation: Overall, 94%, 97%, and 98% and 35 Gbp, 29 Gbp, and 32
Gbp for the white, black, and brown pools, respectively, were aligned to the
Ca_dromedarius_V1.0 reference with average coverage of 15x (14.9x black pool, 11x
red pool, 20.4x white pool). Total of 1,971,138 high quality SNPs were included in the
analysis for the Fst sliding window approach.

Genetic differentiation between white, black and brown dromedary breeds:
Based on Fst analysis, we have identified 22 selective sweeps for the white against the

black and brown breeds (Figure 11 a and b) (zFst>8). The 22 selective sweeps were
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identical between white-black and white-brown, suggesting that the white breed is much

different than the other two. In contrast, we identified 13 selective sweeps regions

between black and brown (Figure 11 c) (zFst>8).

ZFST
10

o

15 20

ZFST
10

20

15

ZFST
10

o

N0
o
NW_011500891.1
1212
T

e - o
A ovrsoricas : — B e N orsarrans
Tgn 1837 o NW_0115913% 1 g 1
[ H . o34n
; X 4

W VBRI D I (LR T 7

11591
a8
¥

B

kil

l

onssronss e
v

wir
4
NW_011550891 1 WSO s 001 B s o ot N_011591740 1
1212 ,5 » Nw_on1 1 2208 NW_011592694.1
I i v : T : =
' l
' 3 I . H
: : f ! | t ! ! T
] ! b | 3 I 1 N 1] " LI
MIMHWWW&M s Lot ohina i HMM

g
e

NW_011590996.1 LUAL 3;\05\
s

artsoosest

AT Ty v P ST o

A Ohsarsteqw orisen?.
NW_0o;

Figure 11. Regions of selective sweeps between the three dromedary breeds.

Signals of dromedary directional selection between the three dromedary
populations based on Z transformed values (zFst) of the fixation index. The
zFST values are plotted along all scaffolds of the dromedary reference
genome comparing: a. the white breed against the black breed, b. the white
against the brown and c. the brown against the black. The x-axis represents
the dromedary scaffolds where every color is a scaffold. The y-axis shows
zFST values and the black horizontal line denotes threshold value zFST=8,
whereas gray horizontal line denotes threshold value zFST=6. Scaffolds
IDs are printed given for scaffolds with zFST >10.

Identification of genes in selective sweep regions: We used a custom R script

to plot regions under selective sweeps along with gene IDs and gene annotations, if any
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(Figure 12). Only 13 out of 35 regions contained genes (Table 13). No plots were made
for regions with no annotated genes. The NCBI database was used to confirm gene IDs
and positions of these regions. Files with scaffold ID, start, stop and zFST values for

each region with zFST>8 were generated using MATLAB.

Table 13: A summary of identified genes in selective sweep regions along with zFST
values and CNVs estimate from CNVKkit

Scaffld ID Start Stop Genes zFst CNVs
NW_011590991.1 1169500 1252500 LXN 12.27 11
NW_011591013.1 569819 594456 CNDP1 15.2 3
NW_011591038.1 1547500 1620500 CTSV 9.41 9
NW_011591074.1 21334107 21335085 PPM1L 12.12 1
NW_011591098.1 851500 983500 LOC105086721 13.47 17
NW_011591100.1 13485500 13524923 USP25 13.56 5
NW_011591100.1 13524923 13580115 USP25 13.56 7
NW_011591100.1 13580115 13690500 | USP25 13.56 14
NW_011591187.1 1685487 2062276 ABCD?2, SLC2A13 18.88 41
NW_011591255.1 1450431 1587003 VPS36, THSD1, SLC25A15 11.77 7
NW_011591275.1 5593633 5641177 LGALS3, DLGAP5 9.72 6
NW_011591382.1 1787610 2189516 PDE5SA, MAD2L1 12.83 17
NW_011591442.1 2081500 2474500 HS3ST4 15.69 51
NW_011591485.1 336500 449500 ATRX 10.51 15
NW_011591594.1 1520950 1558703 MRPL15, LYPLAL 15.09 4
NW_011591685.1 2465604 2550967 LCORL 9.98 11
NW_011591749.1 2172500 2269500 TRMTLL 13.28 13
NW_011591789.1 1039668 1102377 TTC1, PWWP2A 9.82 7
NW_011591890.1 1014255 1091513 MPRIP 8.23 10
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Figure 12. An example of R script output for genes in regions of selective sweeps.
windows of selective sweep regions that contain a. CNDP1, b. PPM1L and
c. ABCD2 and SLC2A13. x-axis: position in scaffold (kb or Mbp)

Identification of high impact variants under selective sweeps: We used bed
tools to extract exonic regions from the VCF-converted annotated file and analyzed
missense, non-sense, frameshift, and high impact variants. A total of 99 mutations were
identified in 15 genes, and allele frequencies were calculated for all variants (Table 14).
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Table 14: Detailed list of variants found in exonic regions of genes from the VCF converted annotated file

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref
CNDP1 NW_011591013.1 569893 12 missense mutation 1 0 1 0 0.52 0.48
CNDP1 569921 11 missense mutation 1 0 1 0 0.52 0.48
CNDP1 570136 11 missense mutation 1 0 1 0 0.11 0.89
CNDP1 572617 10 missense mutation 1 0 1 0 0.09 0.91
CNDP1 575445 8 missense mutation 1 0 0.89 0.11 0.14 0.86
CNDP1 580810 6 missense mutation 1 0 1 0 0.83 0.17
PPM1L NW_011591074.1 21590471 | 1 missense mutation 1 0 1 0 0.72 0.28
ABCD2 NW_011591187.1 1722781 5 missense mutation 1 0 1 0 0.92 0.08
ABCD2 1722790 5 missense mutation 1 0 1 0 0.61 0.39
ABCD2 1722791 5 missense mutation 1 0 1 0 0.55 0.45
ABCD2 1722839 5 missense mutation 1 0 1 0 0.46 0.54
ABCD2 1723669 4 missense mutation 1 0 1 0 0.52 0.48
ABCD2 1723681 4 missense mutation 1 0 1 0 0.42 0.58
ABCD2 1735654 2 missense mutation 1 0 1 0 0.88 0.12
ABCD2 1735670 2 missense mutation 1 0 1 0 0.87 0.13
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref
ABCD2 1735687 2 missense mutation 1 0 1 0 0.45 0.55
ABCD2 1737303 1 missense mutation 1 0 1 0 0.67 0.33
ABCD2 1737687 1 missense mutation 1 0 1 0 0.46 0.54
ABCD2 1737733 1 missense mutation 1 0 1 0 0.41 0.59
ABCD2 1737796 1 missense mutation 1 0 0.91 0.09 0.47 0.53
ABCD2 1737801 1 missense mutation 1 0 1 0 0.75 0.25
ABCD2 1737814 1 missense mutation 1 0 1 0 0.53 0.47
ABCD2 1737850 1 missense mutation 1 0 1 0 0.75 0.25
ABCD2 1738012 1 missense mutation 1 0 1 0 0.62 0.38
ABCD2 1738012 1 missense mutation 1 0 1 0 0.62 0.38
ABCD2 1738027 1 missense mutation 1 0 1 0 0.67 0.33
ABCD2 1738063 1 missense mutation 1 0 1 0 0.77 0.23
CKAP2 NW_011591255.1 1436982 2 missense mutation 0.79 0.21 0.92 0.08 0.91 0.09
VPS36 1465135 12 missense mutation 1 0 1 0 0.74 0.26
THSD1 1474646 1 missense mutation 1 0 1 0 0.71 0.29
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref
THSD1 1478745 2 missense mutation 0.83 0.17 0.6 0.4 0.83 0.17
THSD1 1488916 3 missense mutation 1 0 1 0 0.69 0.31
THSD1 1493660 5 missense mutation 1 0 1 0 0.77 0.23
THSD1 1493665 5 missense mutation 1 0 1 0 0.075 0.25
THSD1 1493773 5 missense mutation 1 0 1 0 0.42 0.058
THSD1 1493794 5 missense mutation 1 0 1 0 0.67 0.33
THSD1 1493989 6 missense mutation 1 0 1 0 0.38 0.62
THSD1 1493995 6 missense mutation 1 0 1 0 0.36 0.64
SLC25A15 1572743 1 missense mutation 1 0 1 0 0.75 0.25
LGALS3 NW_011591275.1 5597579 3 missense mutation 1 0 1 0 0.73 0.27
LGALS3 5597580 3 missense mutation 1 0 1 0 0.68 0.32
DLGAP5 5616722 13 missense mutation 1 0 1 0 0.8 0.2
DLGAP5 5621529 12 missense mutation 1 0 1 0 0.79 0.21
DLGAP5 5622385 10 missense mutation 1 0 1 0 0.56 0.44
DLGAP5 5622436 10 missense mutation 1 0 1 0 0.66 0.34
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref
DLGAPS 5630115 4 splice acceptor variant 1 0 1 0 0.68 0.32
(High)

DLGAP5 5632800 3 missense mutation 1 0 1 0 0.81 0.19
DLGAP5 5632813 3 missense mutation 1 0 1 0 0.8 0.2
DLGAP5 5639097 2 missense mutation 1 0 1 0 0.47 0.53
DLGAP5 5639101 2 missense mutation 1 0 1 0 0.65 0.35
PDE5A NW_011591382.1 1908922 1 missense mutation 1 0 1 0 0.91 0.09
PDE5A 2184296 5 missense mutation 1 0 1 0 0.85 0.15
MRPL15 NW_011591594.1 1524944 3 missense mutation 1 0 1 0 0.77 0.23
MRPL15 1525064 3 missense mutation 1 0 1 0 0.57 0.43
MRPL15 1525698 2 missense mutation 1 0 1 0 0.69 0.31
LCORL 2468830 6 missense mutation 1 0 1 0 0.14 0.86
LCORL 2468833 6 nonsense mutation 1 0 1 0 0.9 0.1
LCORL 2468844 6 missense mutation 1 0 1 0 0.29 0.71
LCORL 2468845 6 missense mutation 1 0 1 0 0.029 0.71
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref

LCORL 2468899 6 missense mutation 1 0 1 0 0.13 0.87
LCORL 2468934 6 missense mutation 1 0 1 0 0.86 0.14
LCORL 2469123 6 missense mutation 1 0 1 0 0.18 0.82
LCORL 2469179 6 missense mutation 1 0 1 0 0.14 0.86
LCORL 2469180 6 missense mutation 1 0 1 0 0.14 0.94
LCORL 2469268 6 missense mutation 1 0 1 0 0.06 0.94
LCORL 2469345 6 missense mutation 1 0 1 0 0.13 0.87
LCORL 2469463 6 missense mutation 1 0 1 0 0.83 0.17
LCORL 2469524 6 missense mutation 1 0 1 0 0.1 0.9
LCORL 2469573 6 missense mutation 1 0 1 0 0.11 0.89
LCORL 2469586 6 missense mutation 1 0 1 0 0.14 0.86
LCORL 2469684 6 missense mutation 1 0 1 0 0.14 0.86
LCORL 2469779 6 missense mutation 1 0 1 0 0.18 0.82
LCORL 2471166 5 missense mutation 0.94 0.06 1 0 0.17 0.83
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref

LCORL 2489000 4 missense mutation 1 0 09.01 | O 0.05 0.95
PWWP2A NW_011591789.1 1101220 1 missense mutation 1 0 1 0 0.54 0.46
PWWP2A 1101280 1 missense mutation 1 0 1 0 0.26 0.74
PWWP2A 1101300 1 missense mutation 1 0 1 0 0.82 0.18
PWWP2A 1101307 1 missense mutation 1 0 1 0 0.34 0.66
PWWP2A 1101319 1 missense mutation 1 0 1 0 0.9 0.1
PWWP2A 1101406 1 missense mutation 1 0 1 0 0.47 0.53
PWWP2A 1101410 1 nonsense mutation 1 0 1 0 0.9 0.1
PWWP2A 1101414 1 missense mutation 1 0 1 0 0.37 0.63
PWWP2A 1101425 1 missense mutation 1 0 1 0 0.36 0.64
PWWP2A 1101433 1 frameshift deletion 0.54 0.46 0 1 0.64 0.36
CTTN NW_0115926941.1 | 52856 13 missense mutation 1 0 0.83 0.17 0.29 0.71
CTTN 52857 13 missense mutation 1 0 0.83 0.17 0.29 0.71
CTTN 52869 13 missense mutation 1 0 1 0 0.56 0.44
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Table 14 continued

Gene ID Scaffold ID Possition Exon # Variant Type Black Alternative Red Alternative | White | Alternative
Ref Ref ref
CTTN 57914 11 missense mutation 1 0 1 0 0.61 0.39
CTTN 57959 11 missense mutation 1 0 1 0 0.71 0.29
CTTN 59349 9 missense mutation 1 0 1 0 0.25 0.75
PPFIA1 91222 26 missense mutation 1 0 1 0 0.77 0.23
PPFIA1 91345 26 missense mutation 1 0 1 0 0.84 0.16
PPFIA1 91373 26 missense mutation 1 0 1 0 0.37 0.63
PPFIA1 95145 22 missense mutation 1 0 1 0 0.74 0.26
PPFIA1 95233 22 missense mutation 1 0 1 0 0.73 0.27
PPFIA1 108688 18 missense mutation 1 0 1 0 0.6 0.4
PPFIA1 118924 13 missense mutation 0.82 0.18 1 0 1 0
PPFIA1 119391 12 missense mutation 0.67 0.33 0.75 0.25 0.06 0.94
PPFIA1 126658 7 missense mutation 1 0 1 0 0.67 0.33
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Further analysis to identify what drove the signals

Sanger sequencing: due to many regions were identified, we selected 20 regions
of 4 genes to identified variants because of high number of missense variants in these
genes. We sequenced 4 individuals from each group (4 black, 4 red and 4 white).
However, no variations were identified in these regions.

Identification of CNVs: After further review of the VCF and confirming with
Integrative Genomics Viewer (IGV), data shows that most regions with high zFst have
greater than 2 times the average genome-wide read depth. We used CNVKit to identify
CNVs in these regions. All regions show 2 or more copies except PPM1L scaffold
NW _011591074.1, which has only one copy. This analysis was done for only the white
breed versus the other two groups (table 13).

The Fst analysis identified 13 regions of significant divergencebetween black vs
brown subpopulations (Figure 11 c) (zFst>8). Arginine and serine rich coiled-coil 1
(RSRC1) the short stature homebox (SHOX) and Fatty acid elongase7 (ELOVL7) were
selected for Sanger sequencing because these genes are associated with adaptation and
QTL traits in other species (Binder, 2011; B. Yang et al., 2013; B. Zhang et al., 2018).
However, additional sequence analysis did not detect any variants in the coding regions
of these genes in the individuals studied.

Discussion

In this study, we compared 3 dromedary breeds, defined by coat color, from

Saudi Arabia and showed that these breeds are genetically different, showing distinct

regions with signatures of selection. We further showed that the white dromedary breed
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is the most different from the black and brown breeds, which is in agreement with
previous findings (Abdulaziz M Al-Swailem et al., 2007). We identified 35 genes that
appeared to be under selection in these three populations (Table 12), some of which may
have important functions in dromedary biology.

The only single-copy gene in the white breed that was found in a region with
significant zFST when compared to black and brown dromedaries, was protein
phosphatase, Mg2+/Mn2 dependent 1L (PPM1L). The gene has been associated with
metabolic syndrome, obesity, and growth in mice (Y. Chen et al., 2008). Also, PPM1L
has been associated with food intake and growth traits in US cattle (Seabury et al.,
2017). More recently, PPM1L was found to be one of many candidate genes under
directional selection for production traits in Iraqi cattle (Alshawi, Essa, Al-Bayatti, &
Hanotte, 2019). These findings make PPM1L an attractive candidate gene for growth
and production also in the dromedary.

In this study, ATP binding cassette subfamily D member 2 (ABCD2) and solute
carrier family 2 member 13 (SLC2A13) were found under the highest zF.: peak (zFs>18),
most likely due to CNVs (CNVs=41). Both genes function as extra- and intra-cellular
transporters and both have been associated with obesity in mice (J. Liu et al., 2012;
Stewart, Kim, Saxton, & Kim, 2010). The ABCD2 gene has repeatedly been associated
with growth and body gain in pigs (Fernandez et al., 2012), growth and carcass traits in
cattle (Kim, Kim, Raney, & Ernst, 2012), fatty acid accumulation in white pigs (B. Yang
et al., 2013), and body weight gain in chickens (Yuan et al., 2018). The SLC2A13 gene,

on the other hand, has been associated with resistance against clinical mastitis in dairy
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cattle in a QTL analysis (Cai, Guldbrandtsen, Lund, & Sahana, 2018). Thus, both genes
may also be of interest regarding growth in the dromedary.

The region with the second highest zF.: values (zF<>15) contained four genes. Of
these, the heparan sulfate-glucosamine3-sulfotransferase 4 (HS3ST4) gene, with known
function in heparan sulfate modification (Antoine, Yakoub, Maus, Shukla, & Tiwari,
2014), showed 51 CNVs (Table 12). The Carnosine dipeptidase 1 (CNDP1) gene had 3
CNVs and has been associated with food intake and body gain in pigs (Shen et al.,
2015). Mitochondrial ribosomal protein L15 (MRPL15) (CNV=4) has been associated
with weaning and body gain (Cardoso et al., 2018; Saatchi, Schnabel, Taylor, & Garrick,
2014), while lysophospholipase 1 (LYPLAL) (CNVs=4) has been associated with QTL
traits such as food intake, body gain weight, and dairy production in both cattle and pigs
(Cheruiyot et al., 2018; Do et al., 2014; Lindholm-Perry et al., 2012; Magalhaes et al.,
2016).

Further, ubiquitin specific peptide 25 (USP25) with 14 CNVs in this study, has
been associated with skatole levels in boars (Ramos et al., 2011); tRNA
methyltransferase 1 like (TRMT1L) (CNVs=13), also is a known CNV gene in humans
(Rodrigues-Peres et al., 2019), and ligand of number protein X (LXN) (CNVs=11) is
involved in signal transduction and protein interaction (REF)(Boschiero et al., 2018).

A few genes identified in this study, have been associated with various
reproductive phenotypes in other species. These include putative spermatogenesis-
associated protein 31D4 (LOC105086721) (CNVs=17); phosphodiesterase 5A (PDE5A)

(CNVa=17) associated with both scrotal circumference (Utsunomiya et al., 2014), and
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female fertility in cattle (Kiser et al., 2019), as well as blood pressure in these species
(Warren et al., 2017).

Some genes identified in this study could be of potential interest regarding
several other phenotypic traits. For example, mitotic arrest deficient 2 like 1 (MAD2L1)
(CNVs=17) has been associated with coat color and/or morphological characteristics in
cattle (Ramey et al., 2013), Vacuolar protein sorting 36 homolog (VPS36) (CNVs=7) has
been associated with wool production in Chinese sheep (S. Liu et al., 2017),
Thrombospondin type 1 domain containing 1 (THSD1) (CNVs=7) is associated with fat
deposition in white-tailed deer (B. Li et al., 2018), and SLC25A3 (CNVs=7) is associated
with low food intake and higher fat accumulation in cattle (Mukiibi et al., 2018; Olivieri
et al., 2016). In addition, two genes the cortactin (CTTN) and interacting protein alpha 1
(PPFIAL) (CNVs=14) were in the same region and function as regulators; Cathepsin V
(CTSV) is also a regulator, and the ATRX chromatin remodeler (ATRX) (CNVs=15) is
involved in DNA methylation and X-linked syndromes (Schutt et al., 2003).

Perhaps a gene of particular interest was ligand dependent nuclear receptor
corepressor like (LCORL). It is a well-studied gene and associated with body size in
many species including cattle (Bouwman et al., 2018; L. Xu et al., 2019), sheep (Al-
Mamun et al., 2015), horses (Gurgul et al., 2019), pig (Rubin et al., 2012), and dogs
(Schoenebeck & Ostrander, 2014). Our analysis detected 11 CNVs in the LCORL gene,
suggesting its possible role in body size regulation also in the dromedary.

Finally, two genes in significant zFST regions have known functions during the

development: Tetratricopeptide domain 1 (TTC1) is associated with cattle growth and
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development (Mesbah-Uddin et al., 2017) and myosin phosphatase Rho interacting
protein (MPRIP) is associated with congenital and bone development in newborn red
dairy cattle(Agerholm, McEvoy, Menzi, Jagannathan, & Drogemuller, 2016). No known
functions could be found for some genes, such as PWWP domain containing 2 A
(PWWP2A).

Taken together, it is noteworthy that the majority of the genes from the regions
under selection in the three dromedary populations, are predominantly involved in
biological processes associated with growth, development and reproduction. On the
other hand, this is probably not unexpected because during the course of domestication,
these have been the traits of main interest for humans. Our findings show that separation
of dromedary populations by color is accompanied by signatures of selection for other
traits of human interest.

This is among the first and quite a limited analysis of Saudi Arabian dromedary
populations. The findings are preliminary, should be taken with caution and require
further verification. However, these preliminary data certainly warrant further and more
detailed genomic research in the dromedary. Since the species does not have advanced
genomics tools such as WG SNP arrays, the further progress encompasses generation of

WGS of more individuals.

90



CHAPTER V
CONCLUSIONS
This study represents a small but focused contribution to the genome analysis,
trait genetics and population studies in the dromedary and other camelids. Compared to
the recent unparalleled progress in the genomics of other livestock species (Ghosh et al.,
2018) (Raudsepp et al. 2019, submitted), camelid genomics lags behind at almost all
accounts. There has been no internationally organized and coordinated collection of
genomics resources (DNA, tissue, cells, phenotypes, pedigrees); there is only one
genomic BAC library (CHORI246 from a female alpaca) and 2 radiation hybrid panels
(Perelman et al., 2018), but no radiation hybrid maps. Despite of the available reference
sequence assemblies for the alpaca (Richardson et al., 2019) and the camels (Wu et al.,
2014), no SNP genotyping arrays are available for any of the seven extant species. As a
consequence, current knowledge about the genes and mutations underlying camelid
traits, diseases, production, reproduction and performance are very limited.

In this research, we generated a collection of over 200 DNA samples and
phenotypes for dromedaries from Saudi Arabia and US. Besides being used for coat
color genetics and population studies in this research, the DNA collection will have a
prospective use for generating WGS for individual animals, targeting complex regions in
the dromedary genome and adding variants to SNP and CNV collection for the species.
This, in turn, will facilitate the discovery of genes underlying Mendelian and complex

traits.
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Collection and preservation of dromedary testis tissue for transcriptome studies
is a step towards functional annotation of the dromedary genome. The resource has
already been used for RNAseq and Y chromosome annotation, and it has further
applications for genome sequence annotation and the discovery of male fertility genes.

The collection of live cryopreserved cells has already had several applications
in collaborative projects, such as generation of a 15,000rad RH panel (Perelman et al.,
2018) and flow sorting of the Y chromosome. However, live cells are critically needed
for several novel cutting-edge technologies. For example, to generate Hi-C libraries for
fine mapping of chromatin contacts, which approach is widely used for scaffolding and
increasing the contiguity of genome assemblies (PMID 30456315; 24185095). Very
recently, this was applied for improving the Illumina assembly of North African
dromedary (Elbers et al., 2019). Thus, the resource has an important application for
chromosome-scale scaffolding of the dromedary genome. Likewise, live cells are needed
for transcriptomics, particularly for transcriptomics at a single cell level. Live cells are
also the excellent source of long DNA molecules that are needed for BioNano genomics

(https://bionanogenomics.com/technology/), which is a novel platform for chromosome-

level genome assemblies and for the detection of all kinds of structural variants (SNPs,
CNVs, translocations, inversions) in the genome. Even though the immediate application
of these platforms for the dromedary is not very likely, without the cryopreserved cells,

it cannot happen in the future either.

We also prepared fixed cell suspensions and chromosome preparations for

several dromedaries and Bactrian camels in this study. This is a resource for comparative
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and clinical cytogenetics, as well as for gene mapping and comparative gene mapping in
camelids. In Chapter I11, we describe the use of this resource for comparative gene
mapping of coat color genes. However, cytogenetic mapping by FISH requires suitable
probes. Therefore, another important resource generated in this study, was the collection
of alpaca BAC clones for FISH. Some were used for mapping coat color genes in this
study (Chapter I1), others contributed to chromosomal assignment of 11 candidate genes
for coat color and hair characteristics in the alpaca (Mendoza et al., 2019), while an
additional 32 markers are ready to use for chromosomal assignment of selected markers
to assist with the generation of alpaca SNP chip. The latter is an awaited tool in camelid
genomics, for genome-wide association studies, mutation discovery and population
analysis.

Coat color is among the traits, humans have been selecting for in almost all
domestic animals, and coat color genes for most livestock species are well documented
(Baxter, Watkins-Chow, Pavan, & Loftus, 2019; M. Reissmann & A. Ludwig, 2013; H.
Suzuki, 2013) Here again, the dromedary coat color genetics lags far behind. Even
though many genes are involved in determining the coat color, in this study we focused
only on the major genes. We identified variants in MC1R and ASIP and showed their
association with white and black coat color, respectively. The results are not surprising,
because these genes regulate pigmentation in many other species. However, findings
contribute to comparative coat color genetics and the development of molecular tests in
camelids, whereas cytogenetic mapping of these genes will assist the assignment of

sequence scaffolds to chromosomes in camelid genome reference assemblies.
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Comparisons between Saudi Arabian dromedary breeds showed that these breeds
are not only phenotypically but also genetically different. Strikingly, white dromedaries,
the ones which in some parts of Saudi Arabia associate with the social status of the
owner and are used for ‘beauty contests’, were genetically most different. This
preliminary genome scan led the identification of selective sweeps and genes in these
regions. Future studies are needed to reveal which of these genes and genomic regions
under selection carry variants governing economically important traits and features

beneficial for dromedary biology.
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APPENDIX A

SOFTWARE PACKAGES USED IN CHAPTER IV
Burrows-Wheeler Aligner (BWA) is a software package used for mapping sequence
reads generated from an organism to its correspondent reference genome.
BWA_0.7.12-r1039
Indexing the reference genome:
$ bwa index -a reference.fa
Aligning generated reads to the dromedary reference genome:
$ #!/bin/sh
$ dir="/data/falshanbari/Camel_Coat_Color/Sample_Black_Camel/"
$ gen="/data/falshanbari/Drom_ref_gen/Ca_drom.fa"
$ bwa mem -aM -t 8 -R
"@RG\MID:black_pool\tPL:ILLUMINA\LB:black_pool\tDS:black_pool\tPU:black pool
\tSM:black_pool" ${gen} ${dir}Black_Camel_Nolndex_L001_R1_001.fastq.gz
${dir}Black_Camel_Nolndex_L001_R2_001.fastg.gz | samtools view -b -S -h -0
${dir}black_pool.bam —
Samtools is a computational package consisted of tools that are used for large data.
SAmtools.0.1.19
Sorting and indexing bam files:
$ #!/bin/sh

$ dir="/data/falshanbari/Camel_Coat_Color/Pool_seq_ana/"
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$ samtools sort ${dir}black_pool.bam ${dir}black_pool.sort; samtools index
${dir}black_pool.sort.oam

Identifying the coverage:

$ #/bin/sh

$ dir="/data/falshanbari/Camel_Coat_Color/Pool_bam/*

$ outdir="/data/falshanbari/Camel_Coat_Color/Pool_bam/*

$ samtools depth ${dir}black_pool.sort.bam | awk '{sum+=%$3} END {print sum/NR}" >
${outdir}black.coverage

Creating mpileup file:

S amtools mpileup /datal/CamDro/Coat_Color/Bam_files/black _pool.sort.bam >
/datal/CamDro/Coat_Color/Popoolation/black.mpileup

Popoolation2 is a software has tools to compare between two populations to identify
significant differences between populations. The first step is to calculate allele
frequencies within population by generating synchronized files.

Popooation2_1201

$ perl /data/falshanbari/popoolations/mpileup2sync.pl --fastg-type sanger --min-qual 20
--input /data/falshanbari/Camel_Coat_Color/popoolation/black_red_white.mpileup --
output /data/falshanbari/Camel_Coat_Color/popoolation/black-red-white.sync
Calculate divergent using sliding window and generate FST file:

$ perl /data/falshanbari/popoolations/popoolation2_1201/fst-sliding.pl --input
/data/falshanbari/Camel_Coat_Color/popoolation/black _red_white.sync --output

/data/falshanbari/Camel_Coat_Color/popoolation/b-r-w-25000-1000.fst --min-count 2 --
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min-coverage 4 --max-coverage 250 --min-covered-fraction 0.6 --window-size 25000 --
step-size 1000 --pool-size 34

Calculate allele frequency differences

$ perl /datal/_software/popoolation2_1201/snp-frequency-diff.pl --input

black _red_white.sync --output-prefix black_red_white.snp-freg-diff --min-count 6 --
min-coverage 6 --max-coverage 200

CRISP is a software used to generate variant calling format file (VCF).

$ /datal/ software/crisp/CRISP --bams /datal/ datal/CamDro
/Camel_Color_bam_files.txt --ref /datal/CamDro/Drom_ref gen/Ca_drom.fa --VCF
/datal/ datal/CamDro /Coat_color/CDRISP/black _red white CCC_CRISP.vcf
Convert VCF file:

$ /datal/_software/crisp/scripts/convert_pooled_vcf.py
/datal/CamDro/Coat_Color/crisp/region_of interest_ wrong_pool_sizes.vcf
/datal/CamDro/Coat_Color/Bam_files/Camel_Color_bam_files.txt >
/datal/CamDro/Coat_Color/crisp/region_of interest_wrong_pool_sizes_converted.vcf
snpEff is a software that is used to predict the effect of variants that were identified in
the VCF file. The software requires a gtf file that contains information of coding gene
positions in a reference genome.

$ java -Xmx4g -jar snpEff.jar eff CamDrol
/datal/CamDro/Coat_Color/black _red white_all.crisp.vcf >

/datal/CamDro/Coat_Color/crisp/black_red_white_converted.ann.vcf
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Running R scripts to generate Manhattan plots and plots with genes in specific
windows:

$ source("plot_freq_selected_region.R")

plot_freq_selected region(data/NW_011591187.1 allele freq.txt","NW_011591187.1"
,1590000,1990000,"out/Freq_above 0-5.png"”,snp_threshold=0,allele_threshold=0.5)
plot_freq_selected region(data/NW_011591187.1 allele freq.txt","NW_011591187.1"
,1590000,1990000,"out/Freq_above 0-8.png",snp_threshold=0,allele_threshold=0.8)
Popoolation is a software used to estimate Tajima’s Pi and other population parameters
such as Watterson’s Theta and Tajima’s D using sliding window approach

$ samtools mpileup /datal/CamDro/Coat_Color/Bam_files/black_pool.sort.oam >
/datal/CamDro/Coat_Color/Popoolation/black.mpileup

$ perl /datal/_software/popoolation_1.2.2/Variance-sliding.pl --measure pi --input
black.mpileup --min-count 2 --min-qual 20 --min-coverage 4 --max-coverage 70 --pool-
size 34 --window-size 1000 --step-size 20000 --output black_pool.pi --fastg-type sanger
CNVKit is a software used to estimate copy number variation (CNVSs) in a large data
such as whole genome sequencing.

$ # From baits and tumor/normal BAMs

cnvkit.py batch --method wgs
*/datal/CamDro/Coat_Color/Bam_files/white_pool.sort.bam \

--normal */datal/CamDro/Coat_Color/Bam_files/black _pool.sort.bam
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APPENDIX B
R SCRIPTS USED IN CHAPTER IV
R script that was used to generate Manhattan plots from the zFST file:

HHHHH Parameters #H#H#H##

# Set working directory
setwd("*/media/7728e2f2-0885-4fac-957c-

e1a995c7514e/data/Uppmax/Camel/vcf _180110")

# Input file name
#fname="BLACKvs-Red-1k-25k-zFST.txt"
#fname="Black-vs-White-zFST _1k-25k.txt"

fname="Red-vs-White-1k-25k-zFST.txt"

# Should we add labels showing position of top peaks (time consuming)?

mark_positions=TRUE

# Set y coordinate limits (lowest and highest value shown)
min_coordinate=0

max_coordinate=20

HHHIHIHH BB
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library(zoo)

# Create output folder
folder = sub(*".zFST","" ,sub(".txt","",fname))

system(paste(“mkdir -p " folder,sep=""))

# Read data file

dat = read.csv(fname,sep="\t",header=FALSE)

# Which column has the zFST value?

column=5

# Exclude regions with less than half or more than double the amount of variants
medianReads=median(dat[,3])

minReads=medianReads*0.5

maxReads=medianReads*?2

dat = dat[dat[,3]>minReads,]

dat = dat[dat[,3]<maxReads,]

# Select only chr 1:28

#dat = dat[dat[,1] %in% 1:28,]
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# 25k windows with 1k overlap means that the number of independent tests are
approximately the number of rows/25

thres = -gnorm(0.025/dim(dat)[1]/25)

# Replace negative values by 0

#dat[ dat[,5]<0, 5]=0

# Chromosome names

chrs = as.character(unique(dat[,1]))

# Retrieve ZFST values

Z = dat[,column]

colors = ¢("#000000","#CCOOFF","#00FFFF","#FF0000","#0000FF","#00FF00")

start=1

# Make the combined plot
#pdf(paste(folder,"/all.pdf",sep=""),width=10,height=2,pointsize=6)
png(paste(folder,"/all.png",sep=""),width=10,height=2,units="in",res=300,pointsize=6)
par(

mar  =c¢(0, 4, 0.5, 0)+0.5,

Xaxs ='1,
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yaxs ="i",
cex.axis = 2,
cex.dab =2
)
for (i in 1:length(chrs)) {
Zchr = Z[dat[,1]==chrs[i]]
trans="FF"
size =19
if (length(Zchr)==1) {
#trans="33"
size=4
}
positions = dat[,2][dat[,1]==chrs[i]]
X = start:(start+length(Zchr)-1)

Zchr[Zchr<0]=0

if (mark_positions) {
if (length(Zchr)>1001) {
z = zoo(Zchr)
zmax = rollapply(c(rep(0,500),z,rep(0,500)),1001,function(x) which.max(x)==501)
} else {

zmax = which(Zchr==max(Zchr))
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if (i==1) {

plot(x,Zchr,type="p",pch=size,cex=.6,ylim=c(min_coordinate,max_coordinate),xlim=c(
0,length(Z)),col=paste(colors][i],trans,sep=""),bty="n",ylab="ZFST" xlab="" xaxt="n",xp
d=NA)
}else {
points(x,Zchr,typ="p",pch=size,cex=.6,col=paste(colors[(i-
1)%%6+1],trans,sep=""),xpd=NA)

}

if (mark_positions) {
coord = zmax
if (is.logical(coord)) {
coord = which(coord)

}

coord = coord[Zchr[coord]>10]

if (length(coord)) {
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y = Zchr[coord]

y[y>max_coordinate-1]=max_coordinate-1

text(x[coord],y,paste(chrs[i],"\n",round(positions[coord]/1e6,digits=3),sep="""),pos=3,ce
x=0.8,0ffset=0.4)
}
}
start = start+length(Zchr)

}

segments(0,thres,length(Z),thres,col="grey")

dev.off()

# Make individual plots for each chromosome

lines = dim(dat)[[1]]

from=1

to=0

for (i in 1:length(chrs)) {
datChr = dat[dat[,1]==chrs][i],]
datChr = datChr[datChr[,3]>minReads,]
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datChr = datChr[datChr[,3]<maxReads,]

x = datChrl[,2]

y = datChr[,column]

# Only plot contigs with signal greater than 8
if (length(x) > 0 && max(y)>=8) {

pdf(paste(folder,"/",chrs[i],".pdf",sep=""),width=5,height=2,pointsize=6)

#png(paste(folder,"/" chrs[i],".png",sep=""),width=5,height=2,units="in",res=300,pointsi
ze=6)
par(

mar =c(5,5, 2, 2),

xaxs ="i",
yaxs ="i",
cex.axis = 2,
cex.lab =2
)

from = min(from,y)

to = max(to,y)
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y[y<0]=0

plot(x/1000000,y,type="p",pch=19,cex=1,col=colors[(i-
1)%%6+1],ylab="ZFST" ,xlab="Position
(Mb)",main=paste(chrs[i],sep="""),ylim=c(min_coordinate,max_coordinate),xlim=c(min(
X),max(x))/1000000,xpd=NA)

axis(1,at=10*(1:20))

segments(0,thres,x[length(x)]/1000000,thres,col="grey")

dev.off()

¥
¥

R script that was used to print specific regions with gene I1Ds and annotation of
exons/introns as shown in figure 12

HHHHH#H Parameters #H#H#H##

# Set working directory
setwd("/media/7728e2f2-0885-4fac-957c-

e1a995c7514e/data/Uppmax/Camel/vcf _180110")

# Input file name
#fname="BLACKvs-Red-1k-25k-zFST.txt"

#fname="Black-vs-White-zFST_1k-25k.txt"
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fname="Red-vs-White-1k-25k-zFST .txt"

# Should we add labels showing position of top peaks (time consuming)?

mark_positions=TRUE

# Set y coordinate limits (lowest and highest value shown)
min_coordinate=0

max_coordinate=20

HER R R R

library(zoo)

# Create output folder

folder = sub(*".zFST","",sub(".txt","",fname))

system(paste("mkdir -p " folder sep=""))

# Read data file

dat = read.csv(fname,sep="\t",header=FALSE)

# Which column has the zFST value?

column=5
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# Exclude regions with less than half or more than double the amount of variants
medianReads=median(dat[,3])

minReads=medianReads*0.5

maxReads=medianReads*?2

dat = dat[dat[,3]>minReads,]

dat = dat[dat[,3]<maxReads,]

# Select only chr 1:28

#dat = dat[dat[,1] %in% 1:28,]

# 25k windows with 1k overlap means that the number of independent tests are
approximately the number of rows/25

thres = -gnorm(0.025/dim(dat)[1]/25)

# Replace negative values by 0

#dat[ dat[,5]<0, 5]=0

# Chromosome names

chrs = as.character(unique(dat[,1]))

# Retrieve ZFST values

Z = dat[,column]
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colors = ¢("#000000","#CCOOFF","#00FFFF","#FF0000","#0000FF","#00FF00")

start=1

# Make the combined plot
#pdf(paste(folder,"/all.pdf",sep=""),width=10,height=2,pointsize=6)
png(paste(folder,"/all.png",sep=""),width=10,height=2,units="in",res=300,pointsize=6)
par(

mar =c¢(0, 4, 0.5, 0)+0.5,

xaxs ="i",

yaxs ="i",

cex.axis = 2,

cex.lab =2
)

for (i in 1:length(chrs)) {
Zchr = Z[dat[,1]==chrs][i]]
trans="FF"
size =19
if (length(Zchr)==1) {
#trans="33"
size=4
}
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positions = dat[,2][dat[,1]==chrs[i]]
X = start:(start+length(Zchr)-1)

Zchr[Zchr<0]=0

if (mark_positions) {
if (length(Zchr)>1001) {
z = zoo(Zchr)
zmax = rollapply(c(rep(0,500),z,rep(0,500)),1001,function(x) which.max(x)==501)
}else {
zmax = which(Zchr==max(Zchr))
}
}

if (i==1) {

plot(x,Zchr,type="p",pch=size,cex=.6,ylim=c(min_coordinate,max_coordinate),xlim=c(
0,length(Z)),col=paste(colors][i],trans,sep=""),bty="n",ylab="ZFST" xlab="" xaxt="n",xp
d=NA)

}else {

1)%%6+1],trans,sep=""),xpd=NA)

¥
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if (mark_positions) {
coord = zmax
if (is.logical(coord)) {
coord = which(coord)

}

coord = coord[Zchr[coord]>10]

if (length(coord)) {
y = Zchr[coord]

y[y>max_coordinate-1]=max_coordinate-1

text(x[coord],y,paste(chrs[i],"\n",round(positions[coord]/1e6,digits=3),sep="""),pos=3,ce
x=0.8,0ffset=0.4)
}
}

start = start+length(Zchr)

}

segments(0,thres,length(Z),thres,col="grey")
dev.off()
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# Make individual plots for each chromosome

lines = dim(dat)[[1]]

from=1

to=0

for (i in 1:length(chrs)) {
datChr = dat[dat[,1]==chrs[i],]
datChr = datChr[datChr[,3]>minReads,]

datChr = datChr[datChr[,3]<maxReads,]

x = datChrl[,2]

y = datChr[,column]

# Only plot contigs with signal greater than 8
if (length(x) > 0 && max(y)>=8) {

pdf(paste(folder,"/",chrs[i],".pdf",sep=""),width=5,height=2,pointsize=6)

#png(paste(folder,"/",chrs[i],".png",sep=""),width=5,height=2,units="in",res=300,pointsi
ze=6)
par(
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mar =c(5,5, 2, 2),

xaxs ="i",

yaxs ="i",

cex.axis = 2,

cex.lab =2
)

from = min(from,y)

to = max(to,y)

y[y<0]=0

plot(x/1000000,y,type="p",pch=19,cex=1,col=colors[(i-
1)%%6+1],ylab="ZFST" ,xlab="Position

(Mb)",main=paste(chrs[i],sep="""),ylim=c(min_coordinate,max_coordinate),xlim=c(min(
X),max(x))/1000000,xpd=NA)

axis(1,at=10*(1:20))

segments(0,thres,x[length(x)]/1000000,thres,col="grey")

dev.off()
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