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Abstract
Macrophages, phagocytic cells of the immune system involved in host defence, homeostasis
and development, are controlled and influenced by a variety of growth factors. In mammals,
the colony stimulating factor 1 (CSF1) is a secreted cytokine that controls macrophages
survival, proliferation and differentiation. It acts through the CSF1 receptor (CSF1R), a
transmembrane receptor tyrosine kinase, expressed mainly in mononuclear phagocytes.
Mammalian CSF1R is found exclusively at the surface of the mononuclear phagocytes and
their progenitors.
CSF1R-/- knockout mice display more severe phenotypes than the CSF1-deficient mice, thus
suggesting the existence of another CSF1R ligand. Indeed, recent studies have shown that
interleukin 34 (IL34) also binds to and activates CSF1R and regulates monocyte viability in
vitro. While the exact role of this protein is yet to be fully elucidated, studies in mammals
thus far implied its involvement in embryogenesis and development.
CSF1R system is highly conserved within vertebrates and has been identified in variety of
mammals. Chicken has been used extensively as a model for vertebrate development and to
identify fundamental biological processes. Previous studies by colleagues in the lab
demonstrated that the CSF1R system is conserved in the chicken, where it controls the
generation of monocytes and tissue macrophages. This thesis provides a thorough
evolutionary and structural analysis to fully demonstrate the similarities and differences
between avian and mammalian CSF1R systems.
The primary objective of this thesis was the comparative functional and structural analyses
of the three proteins in birds and mammals, using evolutionary and experimental approaches.
Here the presence of CSF1, CSF1R and IL34 genes and protein products is identified in a
number of evolutionary diverse birds, indicating that the system is well maintained within
the group.
Avian genes were cloned and sequenced or otherwise extracted from different databases, and
the mammalian sequences were gathered from available online sources. Whilst the gene
regulation and the differential expression of the mammalian CSF1R, CSF1 and IL34 are
reasonably well understood, they have not been extensively studied in birds. Preliminary
comparison between these two groups provided in this thesis suggests a number of similar
patterns are involved in regulation of avian CSF1R system.
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The mammalian CSF1/CSF1R and IL34/CSF1R ligand:receptor peptide interface has been
previously resolved and was used to model similar structures in the chicken. The models
were then utilised to determine which amino acids are involved in receptor binding in birds.
The apparent lack of cross-species reactivity between the chicken CSF1 and zebra finch
CSF1R provided a basis for an experimental validation of the in silico binding site
predictions. Altogether the structural modelling, evolutionary analysis and experimental
confirmation provided sufficient proof for the location of avian CSF1/CSF1R interface.
Finally, an extensive bioinformatics analysis has been performed on both the coding DNA
and the protein structures of the CSF1R system. The results uniformly showed that IL34
remains under purifying selection in both groups. CSF1 is diverse amongst most mammalian
species, while avian CSF1 is only positively selected along particular lineages. This implies
the rapid evolution of mammalian CSF1, probably in response to the selection pressure from
pathogens. Contrasting situation is found in the CSF1R. Whilst mammalian CSF1R remains
positively selected only along particular branches, avian CSF1R presents a number of
pervasively positively selected sites, found mostly in the extracellular domains of the
receptor. That suggests that in birds it is the receptor, not CSF1, which remains under strong
selective pressure. These indicates that birds employ a unique way of competing in the hostpathogen arms race, suggesting the existence of yet unknown pathogen-encoded protein
interacting with the avian receptor.
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Introduction
Birds and mammals evolved from their most recent common ancestor more than 300 million
years ago (Mya) (Hillier et al., 2004). Despite a number of similarities in their immune
systems, both groups have developed different strategies to deal with pathogen pressures.
Pathogen challenge (or other types of antigenic stimulation) initiates the innate (cellular)
immune response. Antigens (Antibody Generators), such as bacteria or viruses, are
encountered and phagocytosed (internalised) by macrophages that then present them to the
cells of the adaptive (acquired) immune system. Adaptive immunity exists in two classes
including cell-mediated and humoral responses. T (thymus-derived) leukocytes differentiate
into subtypes that secrete different cytokines to facilitate an appropriate, cell-mediated
immune response. Humoral responses involves B lymphocytes transforming into plasma
cells and producing antibodies (Ab, also called immunoglobulins, Ig) (Higgins, 1996; Schat,
Kaspers, & Kaiser, 2014; J. M. Sharma, 1991). B lymphocytes were named after the Bursa
of Fabricius, which is a specialised avian structure that is a site of their maturation and
differentiation (Cooper et al., 1966; Ratcliffe et al., 1986). All of these immune processes are
tightly regulated by different cytokines – proteins that stimulate cell proliferation,
differentiation, maturation and cellular growth (Cohen & Levi-Montalacini, 1957; Cohen,
1965; Ross et al., 1974). Cytokines are essential in both birds and mammals and their
function is largely (although not completely) conserved, however they usually present very
poor sequence identity.
	
  
Since their divergence, birds and mammals have been exposed to different evolutionary
pressures for example as a result of pathogen challenge in different ecological niches. Even
though both groups present the same overall immune responses, in many respects they
evolved to achieve them in very diverse ways. Differences in avian and mammalian immune
molecules have evolved and, as a consequence, there are also differences in the types and
range of immune cells and organs. Birds present an overall simpler immune system, for
example lacking localised lymph nodes (Higgins, 1996; Schat et al., 2014; Wu et al., 2010).
These differences have been comprehensively studied and described elsewhere (Boehm,
Hess, & Swann, 2012; Cooper et al., 1966; Genovese et al., 2013; Keestra et al., 2013;
McCormack, Tjoelker, & Thompson, 1991; Oláh & Nagy, 2013; Wu & Kaiser, 2011).
	
  
Evolutionary pressures are especially strong on the innate immune genes, proteins and cells.
Macrophages are the first to encounter antigens during infection and, due to their mobility
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and antigen presenting (AP) properties are a target for pathogens that either evolve to avoid
being recognised by the macrophages (for example the Epstain Barr Virus (EBV),
Strockbine et al., 1998; also see the review by Rosenberger & Finlay, 2003), or subvert them
to aid their systemic spread (for example Mycobacterium tuberculosis, Cambier et al., 2014).
	
  

Macrophages form the first line of defence against pathogens
Macrophages are a family of functionally-related cells found in every tissue in the body. In
different locations they have been given different names, including microglia in the brain
and the Langerhans cells (LCs) in the epidermis. They are first seen in early embryogenesis,
where they are derive from yolk sac progenitors and are subsequently produced by the fetal
liver and bone marrow (BM) (macrophage differentiation in embryonic development was
recently reviewed by Ginhoux & Jung, 2014).
	
  
Collectively, tissue macrophages and their progenitors have been referred to as the
Mononuclear Phagocyte System (MPS). They share pluripotent progenitor stem cells
(PPSCs) with other blood cell lineages. PPSCs are haematopoietic stem cells that have a
potential to give rise to cells of both myeloid and lymphoid lineages (Seita & Weissman,
2010). Monocyte/macrophage development involves PPSCs differentiation into common
myeloid progenitor cell (CMP), a committed precursor in haematopoietic tissues that can
form granulocytes and macrophages in the presence of specific growth factors (Hume,
2006). Stimulated CMP then forms first the granulocyte-macrophage colony-forming unit
(GM-CFU) and then macrophage-CFU (M-CFU) (colonies are groups of more lineagerestricted progenitor cells) (Socinski et al., 1988; Hume, 2008) (Figure 0-1). M-CFUs are
then stimulated to become a circulating blood mononuclear phagocyte - monocyte (Gordon
& Taylor, 2005). Some of the monocytes in response to cytokine and chemokine stimuli
migrate into tissues to become resident macrophages (Hume, 2008).
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Figure 0-1. Cells of the mononuclear phagocytic lineage controlled by the CSF1R-dependent
growth factors. Pluripotent progenitor stem cells (PPSCs) in the BM differentiate through
GM-CFU to M-CFU to monoblast to pro-monocyte. In the bone, pro-monocytes develop into
osteoclast progenitors under the influence of CSF1. Monocytes are found circulating in the
blood and can differentiate into different tissue-resident macrophages in response to CSF1.
Image adapted from Pollard (2008).

	
  
The differentiation and the numbers of circulating blood monocytes and tissue macrophages
are maintained by the macrophage colony stimulating factor 1 receptor (CSF1R), a receptor
tyrosine kinase (RTK) found on the surface of cells of the MPS (Hume & MacDonald, 2012;
Wei et al., 2010). CSF1R system was shown to control the growth, differentiation and
proliferation of mononuclear phagocytes, and the members of the system are found in all
vertebrate groups studied to date (Chitu & Stanley, 2006; Hume & MacDonald, 2012).
	
  
It was first observed that mice born with a natural homozygous mutation in their CSF1 gene
(the

op/op

phenotype) show a reduced tissue macrophage population (Chitu & Stanley, 2006;

Pollard, 2009). It was later shown experimentally that inhibition of the CSF1R with a
monoclonal antibody depletes most tissue macrophage populations in adult mice (Greter et
al., 2012).
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As the CSF1R-/- knockout (KO) mice show a more penetrant phenotype than the CSF1deficient mice, it was postulated that a second ligand might exist. Indeed, Lin et al. (2008)
reported the discovery of a novel cytokine, interleukin 34 (IL34) that binds to and stimulates
CSF1R. Subsequent studies indicate that IL34 has a more spatially restricted expression
profile than CSF1 and contributes to the maintenance of specific macrophage subpopulations
(Nakamichi, Udagawa, & Takahashi, 2013).
	
  
In vitro, macrophages can be differentiated from their BM progenitor cells by addition of
CSF1 or IL34 (Garceau et al., 2010, Carla Garcia-Moralez personal communication), or
isolated from any tissue or body fluid and separated from lymphocytes by their adhesion to
plastic (Chu & Dietert, 1988).
Tissue-specific macrophages
Vertebrate macrophages are present in every adult organ or tissue, where they can make up
10-15% of the total cell count (Gordon & Taylor, 2005). Although usually viewed as
components of the innate immune system, they also play an important role in development,
embryonic growth and homeostasis (Henson & Hume, 2006; Hume, 2006; Hume et al.,
2002). In development and during homeostasis macrophages take part in vascular
remodelling (eye), the regulation of neuronal survival, connectivity and repair (central
nervous system, CNS), ductal development (mammary gland), remodelling of infarcted
heart, bone remodelling and erythropoiesis (BM), ovulation (ovaries), steroid hormone
production (testis and ovaries), cervical ripening (uterus), islet development (pancreas), liver
regeneration and clearance of debris from blood (Pollard, 2009). The involvement of
macrophages in homeostasis was recently comprehensively reviewed by Jenkins & Hume
(2014).
	
  
Similarly avian macrophages are key regulators of the innate immune and inflammatory
responses in birds and are widely dispersed throughout the birds’ body. There have not been
many studies on avian macrophage development. That is mostly due to the fact that avian
lymphoid tissues remain difficult to visualise, making isolation of immune cells and analysis
of local immune responses especially challenging (McCorkle et al., 1979). This obstacle will
hopefully be overcome by the recent development of the first line of transgenic chickens, in
which reporter genes are expressed in a specific immune cell lineage, based upon control
elements of the CSF1R locus (Balic et al., 2014).
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Resident macrophages in various tissues become adapted to perform specific functions, so
that they differ significantly between each other. Microglia are the resident macrophages of
the mammalian central nervous system (CNS) (del Rio-Hortega, 1932). They develop and
proliferate in the brain prior to birth and during the first few days after, and then self-renew
at a very slow rate (Ransohoff & Cardona, 2010). In adults microglia inhabit in the
parenchyma of the nervous system were they are believed to be as numerous as the neurons
(around 15% of all cells) (Taramelli et al., 1995). Microglia are active during development
and can reactivate in the postnatal brain and move to the site of infection or injury (Thomas,
1992). In recent years interests in microglia peaked due to their recognised involvement in
neuropathogenesis in Human Immunodeficiency Virus (HIV) infections (Garden, 2002) and
involvement in neurodegenerative and neuroinflammatory diseases (Rock et al., 2004).
	
  
Microglia-like cells that share distinguishing features with microglial cells of the mammalian
CNS were identified in the chicken, although their function in the immune response is yet to
be fully characterised (Fiori & Mugnaini, 1981; Q. Yang, Wei, & Chen, 2011).
	
  
Mammalian Langerhans cells (LCs) are resident phagocytes of the epidermis involved in
immune surveillance and control of keratinocytes (cells of the outer layer of the skin)
proliferation and differentiation (Langerhans, 1868). Due to their location, LCs form the very
first line of defence against pathogens and environmental insults and are found in all layers
of the epidermis, where they constitute 2-3% of all cells (Ginhoux et al., 2006; Katz,
Tamaki, & Sachs, 1979).
	
  
LC-like cells that play an antigen presenting role were found in the epidermis and mucosal
surfaces of the chicken (Carrillo-Farga et al., 1990; Igyártó et al., 2006; Pérez-Torres,
Ustarroz-Cano, & Millán-Aldaco, 2002; Pérez-Torres, Armando, Millan-Aldaco, 1994).
	
  
The development and differentiation of tissue macrophages requires stimulation with
specific cytokines. Recent studies have shown that development of mammalian microglia
from the progenitor myeloid cells in the CNS is specifically directed by IL34. Similarly,
proliferation and survival of mammalian LCs was showed to be IL34-dependent (Wang et
al., 2012).
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Macrophages and pathogens
The main function of macrophages is to act as “professional” phagocytes and antigen
presenting cells (APCs) in response to pathogen invasion or cellular damage. Macrophages
are able to rapidly internalize (phagocyte) and degrade even very large particles.
Phagocytosis is a function well conserved within all eukaryotic organisms (Aderem &
Underhill, 1999). Alongside its role in the removal of pathogens in adult life, phagocytosis is
universally used during embryonic development to eliminate cells undergoing apoptosis
(programmed cell death) (mechanisms of phagocytosis in macrophages were recently
reviewed by Canton, 2014).
	
  
Macrophages take an active part in innate immunity surveillance and inflammation, as well
as aiding the initiation of adaptive immunity. During pathogen invasion, macrophages
recognise the antigens through pattern recognition receptors (PRRs) and are one of the first
cells to attempt to clear the challenge by ingesting and breaking down foreign particles
(more information on macrophage surface receptors and their interactions with self and
foreign antigens can be found in Taylor et al., 2005). Following antigen uptake macrophages
then take on their AP role by exposing the digested antigens on their surface in association
with the Major Histocompatibility Complex II (MHCII) (Martinez-Pomares & Gordon,
2007). AP by macrophages stimulates the adaptive immune system by triggering T
lymphocyte and, later on, B lymphocyte responses, eventually leading to the production of
antibodies (Schwartz, Yano, & Paul, 1978). Macrophages’ role as APCs have been
extensively studied and have been reviewed by Hume (2008) and Martinez-Pomares &
Gordon (2007), amongst others.
	
  
The role of avian macrophages in immune responses and homeostasis is similar to that of
mammalian cells. Avian macrophages express PRRs, are capable of recognising and
internalising antigens, present antigens and secrete cytokines (Qureshi, Heggen, & Hussain,
2000). Avian macrophage secretory and regulatory cytokines are mostly orthologous to the
mammalian growth factors and include ILs (Klasing & Peng, 1987) and CSF (Stanley et al.,
1997).
	
  
In fact, the macrophage pathogen-recognition, phagocytosis and AP functions are widely
conserved and as such macrophages are being targeted by the pathogens in all studied
species. This involvement in the host-pathogen evolutionary arms race puts strong selective
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pressures on the molecules responsible for macrophage maintenance, making them an
especially interesting subject for evolutionary analysis.
	
  

The CSF1 receptor system
As mentioned above, the differentiation, proliferation and survival of mononuclear
phagocytes is controlled by the CSF1R system. CSF1R gene orthologues have been
identified in all vertebrates studied to date, although their function may not be identical. In
fish there is a duplication of CSF1 and CSF1R loci and the receptor is expressed in both
neural crest-derived xanthophores and macrophages (Wang et al., 2013). Overall this two
ligand (IL34 and CSF1), one receptor (CSF1R) system is conserved through evolution and is
found controlling both mammalian and avian macrophage differentiation.
Cytokines maintain and control cells of the innate immune system
Immune cells respond to stimuli from a variety of specialised cytokines. Cytokines directly
involved in haematopoiesis and the immune response generated by mononuclear phagocytes
include different colony stimulating factors (CSFs) apart from the already mentioned CSF1,
such as granulocyte-macrophage CSF1 (GM-CSF or CSF2) and granulocyte CSF (G-CSF or
CSF3) (Pulendran et al., 2001).
	
  
CSFs were first identified in vitro because of their ability to promote the formation of
colonies from precursor cells (Bradley et al., 1969). Both GM-CSF and G-CSF are induced
during inflammation whilst CSF1 is expressed constitutively (Chitu & Stanley, 2006;
Pollard, 2009). GM-CSF is a leukocyte growth factor secreted by T cells, macrophages, mast
cells, NK cells, endothelia and fibroblast cells (Metcalf, 1985). It initiates differentiation of
granulocytes and monocytes and acts as an immune modulator in recruiting circulating
neutrophils, monocytes and lymphocytes to augment host defence (Shi et al., 2006). Chicken
GM-CSF has been cloned and has an expression pattern similar to that of the mammalian
cytokine (Dodge & Hansell, 1978). Chicken GM-CSF is commercially used as an adjuvant,
enhancing the immunological activity of administered vaccines (Chaturvedi et al., 2010; Shi
et al., 2006; Tan et al., 2009).
	
  
G-CSF is produced by endothelial cells, macrophages and other immune cells and stimulates
differentiation of mature granulocytes from BM precursors (Metcalf, 1985). G-CSF is
present in the CNS where it induces neurogenesis and counteracts apoptosis (Schneider et
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al., 2005). A homologue of G-CSF has also been identified in chicken where it plays the
same immunomodulatory role (Gibson, Kaiser, & Fife, 2009; Santos et al., 2006).
CSF1 as a macrophage growth factor
CSF1 (also known as macrophage-CSF, M-CSF) was the first haematopoietic growth factor
to be purified by Stanley et al. (1976). Its discovery was quickly followed by identification
of three different isoforms of CSF1 in humans (Ladner et al., 1987; Ralph et al., 1986).
Subsequently, Hume et al. (1988) showed an increase in both the number of circulating
murine monocytes, and the size of macrophage populations in tissues, in response to
intravenous administration of the recombinant human CSF1 (rhCSF1). This study was the
first to link the function of CSF1 with the regulation of the MPS, and to identify the
biological importance of variations in the concentration of circulating CSF1.
	
  
CSF1 is readily produced throughout the body, mainly by a number of mononuclear
phagocytes (M. J. Sweet & Hume, 2003). Fibroblasts, myoblasts and osteoblasts, as well as
the endothelial cells of blood vessels, maintain the presence of CSF1 in circulation and in
almost every tissue (Wei, Dai, & Stanley, 2006). CSF1 levels are regulated through
internalisation via its receptor, CSF1R (Jenkins & Hume, 2014).
CSF1 biological activity
CSF1 is found constitutively in the circulation and tissues of adults and embryos, its
presence is required for the development, maintenance and differentiation of the cells of the
mononuclear phagocyte lineage (Chitu & Stanley, 2006). It plays an important role in
embryonic development, innate immune response and homeostasis, and thus all of the
processes governed by macrophages. In vitro and in vivo experiments have shown that the
presence of CSF1 can stimulate macrophage, DCs, microglia, and osteoclast formation
(Dobbins et al., 2002; Ginhoux et al., 2006; Ramos, Tak, & Lebre, 2014; Ryan et al., 2001;
Sawada et al., 1990).
	
  
In order to decipher the biological function of CSF1, mice with a natural homozygous
mutation in their Csf1 gene (Csf1op/op) have been studied extensively (Felix et al., 1990;
Marks & Lane, 1976; Wiktor-Jedrzejczak et al., 1991). This frameshift mutation is found
within exon 4 of the Csf1 gene, where a thymidine (T) is inserted at the position 262,
resulting in a change in the reading frame, which terminates at a premature STOP codon.
The resulting truncated, 94 amino acid CSF1 is biologically inactive (Yoshida et al., 1990).
The

op/op

mice are born with severe osteopetrosis (a condition opposite to osteoporosis, in
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which bones harden and become denser), skeletal deformities, low birth and reduced growth
rates, a deficit of tissue macrophages, a number of neuronal and hormonal deficits, failure of
tooth eruption and lower life expectancy (Marks & Lane, 1976; Wiktor-Jedrzejczak et al.,
1990). In addition, reproductive defects include reduced fertility in both males and females,
low ovulation rate, reduced implantation and impaired mammary gland formation (Pollard et
al., 1997). Administration of recombinant human CSF1 to op/op mice results in recruitment of
osteoclasts and, at least partial, rescue of the phenotype (Kawata et al., 1999). It has also
been proposed that other growth factors, such as Fms-like tyrosine kinase 3 ligand (Flt3-L),
Vascular-Endothelial Growth Factor (VEGF) or GM-CSF may be involved in promoting
functional osteoclasts formation in op/op mice (Hattersley & Chambers, 1990; Lean, Fuller,
& Chambers, 2001; Niida et al., 1999).
	
  
Another natural CSF1 mutation, this time in rats (tl/tl), similarly caused by a frameshift
mutation with a single nucleotide insertion and truncated product, results in toothless animals
with reduced osteoclast numbers. Likewise, administering recombinant human CSF1 led to
partial rescue of the tl/tl phenotype (Dobbins et al., 2002).
	
  
To date, no functional mutations in human CSF1 have been discovered, indicating either its
redundancy or crucial involvement in human embryonic development. One phenotype,
involving bone resorption, has been linked to a mutation in the proximity of the CSF1 locus
in Paget’s disease, and is proposed to induce over-expression of CSF1 (Albagha et al., 2010).
	
  
The biological activity of CSF1 can be observed through in vitro studies using macrophages.
In the absence of the ligand, cells are rounded and lack any intracellular vesicles. On
addition of the recombinant human CSF1 macrophages rapidly polarize, increase in motility
and undergo a series of morphological changes: they spread, extend lamellopodia and form
membrane ruffles (Boocock et al., 1989; Webb et al., 1996).
CSF1 in homeostasis
In homeostasis, macrophages play an important role in tissue repair. The role of CSF1 in
promoting tissue repair was proven experimentally, by administering recombinant human
CSF1 to mice, which lead to an increase of tissue macrophages (Hume et al., 1988; Hume &
MacDonald, 2012); several studies also reported CSF1 involvement in liver, kidney, lung,
heart and brain repair (Dougherty et al., 2012; Duffield & Bonventre, 2005; Michaelson et
al., 1996; Vinuesa et al., 2008; Wei et al., 2010). Especially in mice with kidney injury,
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administering mouse recombinant CSF1 stimulated renal repair, and the promotion of
epithelial repair following injury or inflammation by the resident CSF1 (Alikhan et al., 2011;
Menke et al., 2009; M.-Z. Zhang et al., 2012).
	
  
Another important function of CSF1 in homeostasis is the regulation of the hypothalamicpituitary-gonadal axis. Studies in mice revealed that CSF1 stimulates the release of
luteinising hormone, which in females is responsible for ovulation and in male for
testosterone production (Cohen et al., 2002). CSF1 deficiency leads to numerous
reproductive defects that can be partly or even fully rescued by administration of
recombinant protein (Dai et al., 2004; Wiktor-Jedrzejczak et al., 1991).
CSF1 in the immune response
Alongside its role in embryonic development and homeostasis, CSF1 levels increase
significantly in response to pathogen infection (Sweet & Hume 2008). CSF1 directly governs
the expression and differentiation of myeloid cells through stimulation of a transcription
factor (TF) PU.1, a protein responsible for governing the expression and differentiation of
myeloid and B cells (Mossadegh-Keller et al., 2013).
	
  
CSF1 can act as a chemotactic factor for macrophages, attracting them to the site of infection
(Stanley & Heard, 1977). It stimulates macrophages to destroy invading pathogens and to
release pro-inflammatory cytokines such as GM-CSF1, IL6 or TNFα (Evans et al., 1998;
Warren & Ralph, 1986). The role of CSF1 in macrophage and immune responses has been
comprehensively reviewed elsewhere (Sweet & Hume, 2003).
CSF1 protein structure
Mammalian CSF1 belongs to type I cytokine family, characterised by a four-helical bundle
structure with two β-sheets (Figure 0-2) (Pandit et al., 1992). Prior to receptor activation,
CSF1 forms a head-to-head homodimer.
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Figure 0-2. Schematic diagram of the mammalian CSF1 dimer. Four α-helices and two βsheets are indicated. Based on the crystal structure of human CSF1 (pdb: 1hmc) (Pandit et
al., 1992).

Mammalian CSF1 exists in three different isoforms that have distinct functions as a secreted
glycoprotein (CSF1γ), proteoglycan (CSF1β) and membrane-bound cell surface glycoprotein
(CSF1α) (Ladner et al., 1987; Pixley & Stanley, 2004; Ralph et al., 1986). It has been shown
in several studies that the predominant isoform of CSF1 found in the circulation is the
CSF1β proteoglycan (Price et al., 1992). In mammals, all three isoforms bind to the CSF1R
with similar affinity but might have distinct biological functions (Stanley et al., 1997; Menke
et al., 2011). Recent studies by Menke et al. (2011) indicate that the CSF1α initiates and
promotes the local activation of macrophages within the kidney.
	
  
All three isoforms of human CSF1 share a structure composed of the 32 amino acid long
signalling peptide, followed by the 149 amino acid growth factor domain, 24 residues of a
transmembrane (TM) domain and a 35 amino acid long cytoplasmic tail (Figure 0-3)
(Douglass et al., 2008). Translated CSF1 precursors enter the endoplasmic reticulum, where
the signal peptide is cleaved off and post-translational modifications take place. These
modifications include the formation of three intra-molecular disulphide bonds, protein
glycosylation and homodimer formation (also through disulphide bond formation). In CSF1β
during trafficking to the Golgi apparatus, N-linked sugars are modified and O-linked sugar
added. This includes the addition of a chondroitin sulphate chain (chondroitin sulphate
chains are glycosaminoglycan (SGXG/A) addition sites) (Pixley & Stanley, 2004).
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Figure 0-3. Three isoforms of the mammalian CSF1. A) Cell-surface bound CSF1α; B)
Secreted CSF1γ glycoprotein, and C) Secreted CSF1β proteoglycan. CSF1γ and CSF1β
share a spacer domain, with CSF1β also containing a unique sequence. SP- signal peptide;
TM- transmembrane domain; black arrows show cleavage sites of SP, grey arrows indicate
cleavage sites of α-convertase and red arrows show cleavage by β-convertase; blue circles
represent chondroitin sulphate. Image adapted from Douglass et al. (2008) and Pandit et al.
(1992).

	
  
Within the Golgi, CSF1β and CSF1γ undergo proteolytic cleavage to form 80-100 kDa
glycoproteins. Alternatively, CSF1β with an additional chondroitin sulphate chain is
processed by α-convertase to produce a larger, 130-160 kDa proteoglycan. Finally, the same
α-convertase processes the CSF1α to produce the smallest, membrane-bound glycoprotein.
Secreted forms of CSF1 are then released into the circulation via exocytosis (Douglass et al.,
2008; Pixley & Stanley, 2004).
	
  
Pandit et al. (1992) showed that the biological activity of all three forms of the cytokine is
contained within the 149 amino acid long growth factor domain (‘the mature peptide’ in this
Thesis). The remaining 3’ terminus is used in protein processing and for anchoring to the cell
surface, but its presence is not required for biological activity. A crystal structure of the
mature, biologically active human cytokine, solved by Pandit et al. (1992), revealed a
structure composed of four helical bundles with two beta sheets. The helices are stabilised by
the three intra-molecular disulphide bonds formed during post-translational modification. To
become biologically active, CSF1 forms a homodimer, which is maintained by the additional
inter-molecular disulphide bond (Deng et al., 1996).
CSF1 gene structure in mammals
The gene structure of CSF1 has been well characterised in mammals. The human gene is
found on chromosome 1, contains 10 exons and is 21 kb long (Ladner et al., 1987). Mouse
CSF1 has 9 exons, is found on chromosome 3 and is approximately 19 kb long. In humans,
exon 1 contains the 5’ untranslated region (UTR), exons 2-6 encode the precursor, TM and
the beginning of the cytoplasmic domains, with exons 7-8 encoding the remainder of the
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cytoplasmic domain and exons 9-10 the 3’ UTR. From those 10 exons, alternative splicing
produces three distinct isoforms of CSF1 (Ralph et al., 1986).
	
  
Ladner et al. (1987) identified that the human CSF1 gene can be alternatively spliced in five
ways, resulting in 4 kb, 3.7 kb, 3.1 kb, 2.6 kb and 1.6 kb long mRNA transcripts. CSF1β is
produced from the 2.6 kb and 4 kb mRNAs. CSF1γ is an intermediate length form encoded
by the 3.7kb mRNA transcript. The remaining two mRNA transcripts encode the 256 amino
acid long, membrane-bound CSF1 isoform, CSF1α.
CSF1 gene structure in birds
Until recently, no CSF1 gene had been identified in any bird species. Garceau et al. (2010)
used genetic mapping and gene synteny to identify and map a partial CSF1 in the chicken to
chromosome 26. Subsequently, a complete coding sequence (CDS) was obtained by cDNA
extension. The data available to date based on sequence similarity between cDNAs suggests
that the structure of mammalian CSF1, with its secreted and membrane-anchored forms with
variable post-translational modification, distinct functions and different glycoforms, is most
likely conserved in chickens.
	
  
The chicken gene (CDS GQ249403) is predicted to encode a protein 490 amino acids long.
In addition, the existence of a zebra finch CSF1 gene (CDS GQ249405, encoding a protein
of 489 amino acids) has also been reported (Garceau et al., 2010) and a fragment of duck
CSF1 is also present in the Ensembl database. Prior to this Thesis, however, none of the
avian CSF1 genes had been annotated to a specific chromosome location.
	
  
Preliminary studies on chicken CSF1 suggest its role to be similar to that of the mammalian
protein, with recombinant chicken CSF1 stimulating macrophage differentiation from BM
cells and subsequently regulating cell survival (Garceau et al. 2010).
IL34 is a second, differentially expressed CSF1R ligand
The existence of the another CSF1R ligand was first indicated when a KO line of mice
unable to produce Csf1r was generated by inserting a cassette containing STOP codons into
exon 3 of CSF1R (Dai et al., 2002). These Csf1r-/- mice presented a phenotype similar to the
op/op line in that they were lacking in CSF1-dependent macrophages. Alongside the known
phenotypic consequences, however, Csf1r deficient mice were also depleted of microglia and
LCs (Ginhoux et al., 2006). The IL34 was identified as a second CSF1R ligand responsible
for LC and microglia formation (Lin et al., 2008).
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IL34 expression and biological activity
IL34 is found in the pregnant uterus, extra-embryonic tissues and a number of embryonic
and adult tissues, including the spleen, where it is believed to be expressed in the red pulp. It
has been shown that in adult mammals IL34 is mainly produced by osteoblasts, neurones and
keratinocytes (Greter, Lelios, et al., 2012; Y. Wang et al., 2012).
	
  
Overall, IL34 and CSF1 share most of their biological activity. The difference lies in the
non-overlapping differential expression of the two CSF1R ligands (Foucher et al., 2013; Lin
et al., 2008; Wei et al., 2010). IL34 has been implicated in mammalian brain development
and skin cell management, functions which are non-redundant with CSF1 (Nandi et al.,
2012). In 2010 Wei et al. expressed a full-length mouse IL34 under the control of the Csf1
promoter. This transgene was capable of fully recovering the op/op phenotype, indicating
that the role of IL34 in macrophage differentiation (along others) can be substituted by
CSF1. In vitro experiments on human primary cluster of differentiation (CD) 14+
macrophage cultures, and in vivo studies on bone resorption in mice injected with
recombinant IL34 have once again shown that IL34 is able to mimic CSF1 function and
stimulate osteoclast formation, differentiation and function (Chen et al., 2011).
	
  
The differences between IL34 and CSF1 function remains to be fully elucidated, but most
likely lie in the preferential expression of IL34 in brain and skin. IL34 has been shown to
promote proliferation of microglia cells. IL34-deficient mice (Il34LacZ/LacZ) selectively lack
LCs and microglia and struggle to respond to viral infections of the CNS (Ma et al., 2012). It
has, therefore, been concluded that IL34 is responsible for differentiation of cells of the
myeloid lineage in skin and in the brain (Wang et al., 2012).
IL34 protein structure
Until recently, the tertiary structure of IL34 remained unknown. Despite sharing only 12%
sequence identity (in mouse and human) with the other CSF1R ligand, CSF1, it was
speculated that IL34 would resemble the four-helix bundle family (Garceau et al., 2010).
Recently resolved crystal structures of human and then murine IL34 have revealed that IL34
does indeed share the general cytokine core, albeit with several alterations (Figure 0-4, Ma et
al., 2012). The conserved four helices are present, but the two beta sheets are shortened and
partially replaced by an additional three small helices. In fact, when compared with other
members of the four-helical bundle family, IL34 most closely resembles SCF, not CSF1 (Ma
et al., 2012).
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Similarly to CSF1, in order to become biologically active IL34 forms a homodimer. Unlike
CSF1, however, this homodimer is not stabilised by any covalent bonds but rather by weaker
van der Waals interactions (Ma et al., 2012).
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Figure 0-4. Schematic diagram of the mammalian IL34 dimer. Sever α-helices (αA-D and α13) and two β-sheets indicated. Based on the crystal structure of human IL34 (pdb: 4dkc) (Ma
et al., 2012).

	
  
Another difference between the structures of IL34 and CSF1 is the rigidity of the ligand.
Whilst CSF1 undergoes a structural change upon receptor binding, IL34 remains inflexible
and instead it is the receptor that changes its conformation to accommodate the ligand (Ma et
al., 2008).
IL34 gene and isoforms structure in mammals
In humans, the IL34 gene consists of 6 exons and is found on chromosome 6. IL34 sequence
was found in 37 different mammals (Ensembl database).
	
  
Two known isoforms of IL34 were discovered. Isoform 1 is a 242 amino acid long protein,
whilst isoform 2 lacks the Glu81 and consists of 241 residues. In addition, Ma et al. (2012)
reported a truncated human IL34 isoform that contains 222 amino acids and is marginally
more active at stimulating macrophage differentiation than the full-length protein. A further
truncated isoform has been identified, whose length is 162 amino acids, with reduced activity
(Chihara et al., 2010). No data is thus far available on the role or differential expression of
IL34 isoforms.
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IL34 gene structure in birds
Similarly to mammals, the primary protein sequence of avian IL34 is more conserved than
that of CSF1. IL34 contains some generally conserved cysteine residues but, unlike in
mammals, these are not positioned in such a way as to allow the formation of any intramolecular disulphide bonds. In addition, Garceau et al. (2010) identified a hydrophobic patch
in the presumed homodimer interface that they proposed is involved in IL34/IL34
interactions.
	
  
No studies have been published to date on the expression of avian IL34.
	
  
The chicken IL34 gene (ENSGALG00000028466) was first identified by Garceau et al.
(2010) and is found in the chicken genome on chromosome 11. Zebra finch IL34
(ENSTGUG00000006078) gene structure is conserved and is also annotated on chromosome
11. Both of these avian IL34 genes contain 6 exons, which in the chicken encode a protein of
178 amino acids and in the zebra finch encode 180 amino acids.
CSF1R activation regulates macrophage differentiation
As stated previously, CSF1 signals through a CSF1R (also known as Cluster of
Differentiation 115, CD115), a type III RTK. CSF1R was first discovered as an oncogene
responsible for Feline McDonough Sarcoma, thus its original name FMS (Donner et al.,
1982). In mammals, mutations in the CSF1R gene have been linked to several severe
disorders, including hereditary diffuse leukoencephalopathy with axonal spheroids (HDLS),
characterised by giant swelling within the CNS white matter (Rademakers et al., 2012).
Type III receptor tyrosine kinases
Type III RTKs are also known as platelet-derived growth factor receptors (PDGFRs). Other
members of the family include Mast/stem cell growth factor receptor (SCFR, also known as
c-KIT and CD117) and FLT3 (also known as CD135). The PDGFRs are very closely related,
and most likely evolved from an ancestral cluster of three genes that gave rise to PDGF
receptors, CSF1R/KIT/FLT3 receptors, and VEGF receptors, respectively (Grassot et al.,
2006). CSF1R, c-KIT and FLT3 share their overall gene structure and biochemical
properties and have remained highly conserved, which sometimes can lead to mistakes in
identification of the separate members (Rosnet & Birnbaum, 1993). They all share the same
tertiary structure and exhibit tyrosine-specific protein kinase activity in response to ligand
binding (Matsui et al., 1989; Schubert et al., 2006). Upon activation, tyrosine (Tyr) residues
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within the intracellular domain autophosphorylate and the activated enzyme subsequently
phosphorylates additional downstream cellular targets.
	
  
c-KIT is found, amongst other locations, on the surface of haematopoietic stem cells. It is
activated by Stem Cell Factor (SCF, also known as c-KIT ligand), a cytokine crucial in
embryonic development (Bernstein et al., 1990). c-KIT has been identified in chickens with
an analogous biological function to the mammalian receptor (Sasaki et al., 1993).
	
  
FLT3 is an Fms-like tyrosine kinase responsible for the survival, differentiation and
proliferation of B and T cells (Matthews et al., 1991). FLT3 is conserved within vertebrates
and has been annotated in chicken, duck, turkey and zebra finch (Ensembl database).
CSF1R protein structure
CSF1R is a 108 kDa protein that presents a tertiary structure typical for the PDGFR family:
five extracellular, Ig-like domains, a TM domain, intracellular juxtamembrane (JM) domain
and a tyrosine kinase (TK) domain, divided into two by a kinase insert domain (KID) (Figure
0-5) (Schubert et al., 2006). Post-translational modifications of CSF1R include
phosphorylation and glycosylation, which increases the overall mass of the protein to 150
kDa (Walter et al., 2007).
	
  
The five Ig-like domains include three ligand-binding domains, CSF1RD1-D3 and two receptor
dimerization domains CSF1RD4-D5. A hydrophobic TM domain spans the cell membrane
once and, in humans, is comprised of 25 amino acids (Sherr & Rettenmier, 1986).
	
  
	
  
Ligand#binding#
D1#

1#

2#

ATG#

3#

D2#

4#

5#

Dimerising#

D3#

D4#

6#

8#

7#

D5#

9#

10#

T
M

JM#

TK#

KID#

TK#

11# 12# 13# 14# 15#16# 17#
17# 18# 19# 20# 21#

22#
TGA#

	
  

Figure 0-5. Schematic human CSF1R tertiary structure. Exons indicated below; receptor
tertiary structure: extracellular domains 1-5 (D1-D5), transmembrane (TM) domain in red,
juxtamembrane (JM) domain in green, tyrosine kinase (TK) domain in purple, split with a
kinase insert (KID) domain in cyan.
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CSF1R drives macrophage differentiation through phosphorylation of the key Tyr residues in
the TK domain. In mouse, six tyrosines are phosphorylated in response to ligand binding:
Tyr559, Tyr697, Tyr706, Tyr721, Tyr807 and Tyr974 (Pixley & Stanley, 2004).
Phosphorylation of Tyr807 of mouse CSF1R drives cell proliferation, with Tyr599 of the JM
domian down-regulating the receptor by constitutively supressing Tyr807 phosphorylation
and only releasing it upon ligand binding (Rohde, Schrum, & Lee, 2004; Yu et al., 2012).
Autophosphorylation of the tyrosine residues triggers recruitment of specific adapter proteins
that initiate a number of signal transduction pathways, leading to cellular survival,
differentiation, proliferation, and expression of mature macrophage functions (Douglass et
al., 2008; Fowles et al., 1998).
CSF1R gene structure in mammals
The CSF1R gene, also known as c-fms proto-oncogene, is 58 kb long, found on human
chromosome 5 and composed of 22 exons. The first exon is non-coding, with the remaining
21 encoding a 972 amino acid protein (Heisterkamp, Groffen, & Stephenson, 1983; Sherr &
Rettenmier, 1986).
	
  
During haematopoietic development, CSF1R is transcribed in myeloid cells, but silenced in
lymphoid cells, with high levels of transcription only occurring in cells responsive to CSF1
signalling (Krysinska et al., 2007). The level of CSF1R mRNA and protein steadily rises as
those cells mature (Bonifer & Hume, 2008). In adults, CSF1R expression is mainly restricted
to myeloid cells where CSF1R is found on the surface of all mononuclear phagocytes and
their precursors (Roth & Stanley, 1996; Sherr et al., 1985; M. J. Sweet & Hume, 2003).
CSF1R gene regulation in mammals
CSF1R gene expression is quite remarkable as it differs depending on the stage of the
development of and the type of cell that expresses it. The 5’ end of the human receptor has
two alternative transcription start sites (TSSs) and its expression is controlled by two
separate promoters and an enhancer, a Fms-intronic regulatory region (FIRE). The
transcription is initiated in a tissue- and cell-specific manner (Hume et al., 1997).
	
  
In mammalian macrophages, CSF1R transcription occurs from exon 2 through 22, and
results in a 3.9 kb long mRNA (Hume et al., 1997). The macrophage CSF1R promoter is
found upstream of exon 2 and was shown to lack traditional TATA and CCAAT boxes,
instead, it contains one or multiple PU.1 and a number of Ets TF binding sites (TFBS)
(Bonifer & Hume, 2008, Lichanska et al., 1999; Hume, 2012).
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A separate promoter is used in mammalian placental trophoblasts, where CSF1R is regulated
by a promoter sequence found 20 kb upstream of the first exon, producing a 4 kb long
transcript (Visvader & Verma, 1989). Recent studies suggest that osteoclasts, at least in
mice, similarly utilise an alternative promoter (Ovchinnikov et al., 2010).
	
  
CSF1R gene expression is tightly controlled by a FIRE region, present within intron 2,
approximately 2 kb downstream from the murine TSS (Bonifer & Hume, 2008). This site of
specific DNAse hypersensitivity (DHSs) is conserved within all studied mammals and has
been proven to be necessary to drive transgene CSF1R expression in mice (Sasmono et al.,
2003). Similarly to the promoter, the FIRE region contains a number of TFBS including
PU.1, Est and C/EBP (Bonifer & Hume, 2008).
CSF1R gene structure in birds
The chicken CSF1R gene (ENSGALG00000005725) is found on chromosome 13 and
comprises 21 exons encoding 967 amino acids. Turkey and zebra finch CSF1R have also
been annotated, on chromosome 15 and chromosome 13, respectively. The zebra finch
receptor gene also has 21 exons and a conserved protein length with the chicken sequence,
whilst turkey CSF1R has 22 exons (the same as in mammals) and 951 amino acids.
	
  
Like the mammalian protein, avian CSF1R is a glycoprotein composed of five Ig-like
extracellular domains capable of binding CSF1 or IL34, a single TM domain and the
intracellular JMD and TK domains (Garceau et al., 2010).
CSF1R mRNA expression in the chicken is restricted to macrophages and their progenitors
but the pattern of gene expression in birds has not been extensively studied (Garceau et al.
2010). Garcia-Morales et al. (2014) reported expression of CSF1R on the surface of the BM
progenitors after they were cultured in the absence of CSF1, and that CSF1R expression was
also induced during macrophage differentiation.
Gene expression is believed to be regulated in a similar fashion to mammalian CSF1R.
Similar to mammals, there are two chicken promoters. Both are poorly conserved, lack
TATA box and are purine-rich. Downstream of the TSS, within the first intron, a conserved
element corresponding to the mammalian FIRE has been located. Although it does not align
with the mammalian FIRE sequence, it contains the same basic elements including the
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proposed binding sites for PU.1 and several Est factors (Garceau et al., 2010). In Balic et al.
(2014) we show that this sequence drives CSF1R expression in transgenic chickens.
CSF1R activation by the two ligands CSF1 and IL34 in mammals
Receptor activation occurs when a ligand homodimer, either CSF1 or IL34, binds to the
CSF1R extracellular domains D1-D3 (Figure 0-6). Upon ligand binding, a free monomeric
part of the ligand recruits a second receptor, forming a CSF1R homodimer (Chen et al.,
2008; Liu et al., 2012; Ma et al., 2012). Binding of a ligand dimer activates the first wave of
tyrosine auto-phosphorylation followed by a stable dimerisation of the receptor, stabilised by
interactions between residues from CSF1RD4-D5 (W. Li & Stanley, 1991). Next, the tyrosine
residues in CSF1R TK domains autophosphorylate, and a second wave of tyrosine
phosphorylation triggers a signalling cascade within the cell, leading to cell proliferation,
differentiation, increased cell motility and more (see Pixley & Stanley (2004) for more
information on the molecules involved in intracellular response). After signalling has
completed, ligand-receptor complexes are rapidly internalised (W. Li & Stanley, 1991).
Some studies argue that key signalling responses to CSF1 depend on the ability of the
receptor to signal from endosomes following its internalisation (Huynh et al., 2012).
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Figure 0-6. CSF1R activation in presence of a ligand homodimer (CSF1 or IL34). 1) In the
absence of the ligand CSF1R is present on the cell surface in an inactive form. 2) A
homodimeric ligand (shown in green) binds to the CSF1RD1-D3 region. 3) A free monomer of
the ligand attracts the second CSF1R and triggers receptor dimerization; dimers are
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stabilised by interactions between CSF1RD4-D5 region. 4) CSF1R dimers autophasphorylates
(yellow stars) tyrosine residues within the TK domain and signals down the signalling
pathway. 5) After signalling, CSF1R-ligand complex is rapidly internalised. CSF1R tertiary
structure indicated: ligand binding D1-D3 in blue; dimerising D4-D5 in navy blue; TM in red;
JM in green; TK in purple; KID in cyan.

	
  
The rapid internalisation of the receptor-ligand complex provides a potential route of entry
for pathogens that could attach to the complex to enter the macrophage unrecognised.
The dual recognition of CSF1 and IL34 by CSF1R
The ‘two ligands and one receptor’ model is not often seen in nature. Perhaps that is why,
when IL34 was first discovered, it was assumed that it must bind to a separate part of the
CSF1R. Murine and human CSF1/CSF1R complex was previously resolved by Chen et al.
(2008), and therefore the interaction sites between the two proteins were already known. In
contrast, at the time when this study was commenced, IL34/CSF1R interface was not
resolved. Garceau et al. (2010) noted the dissimilarities between the evolution of the two
ligands in birds and revealed lack of conservation of the known CSF1 receptor binding
residues in IL34.
	
  
The mammalian CSF1 dimer is formed by linking two monomers end-to-end, forming a flat,
elongated structure with one interchain disulphide bond (Pandit et al., 1992). IL34 protomers
form a dimer in a similar manner to that of CSF1 (Ma et al., 2012). Finally, CSF1R
dimerizes after activation by CSF1 or IL34 in order to autophosphorylate and signal down
the signalling pathway (Li & Stanley, 1991).
The question behind the two ligands and one receptor system was solved when the crystal
structure of human IL34/CSF1R complex was published (Ma et al., 2012). It turned out that,
despite previous hypothesis, both ligands bind to the receptor at the same site, contacting
similar (and even, in some cases, identical) amino acids.
Mammalian CSF1R binds CSF1 at two sites. Biochemical analysis of predicted contact
amino acids of both CSF1 and CSF1R suggest that the avian ligand-receptor interaction
occurs at the same sites as in mammals, but that the receptor binding residues are not
conserved between the two groups and differ significantly in their charges (Garceau et al.,
2010).
	
  

42

IL34 in mammals binds to the receptor in a similar, two-site fashion. Interestingly, IL34 has
been shown to induce a stronger, albeit transient, activation of CSF1R than CSF1 and its
binding rapidly down regulates CSF1R expression (Chihara et al., 2010). Again not much is
known about the avian IL34/CSF1R interface. The only published study points out a lack of
conservation of receptor binding residues between chicken and mouse IL34 (Garceau et al.,
2010).
	
  

Molecular evolution
Members of the CSF1R system remain under strong evolutionary pressure due to their
involvement in the host-pathogen ‘arms race’. It has been known for a while that immune
proteins evolve much more rapidly than other proteins (Jiggins & Kim, 2007; K Tamura,
1992; Tanaka & Nei, 1989). This is thought to result from pathogens evolving to evade the
host immune response, which in turn selects for a host’s counter-adaptation (Schlenke &
Begun, 2003). Nielsen et al. (2005) suggest that host-parasite interactions are responsible for
the fast evolution of human immunity genes, but virtually all of the newly sequenced
genomes, when scanned for the most rapidly evolving genes, indicate those involved in
immune response. In order to understand what the elevated evolutionary rate means,
however, it is necessary to define a couple of evolutionary terms.
Circulating evolutionary theories
The Darwinian theory of evolution by natural selection implies that proteins undergo
positive or negative selection. Negative, or purifying, selection removes deleterious alleles,
maintaining a structure/function of the protein (Darwin, 1859).
	
  
In positive selection, advantageous (adaptive) mutations that increase the fitness of an
organism have a selected advantage and increase in frequency within a population. In the
1960s the ‘molecular-clock’ hypothesis, was proposed. It suggested that evolution of all
proteins proceeds at an approximately constant rate (Zuckerkandl & Pauling, 1962). It was
quickly followed by a ‘neutral theory’ of evolution at a molecular level, proposed
independently by Kimura and Jukes and King (Kimura, 1968; King & Jukes, 1969). Their
theory hypothesised that, as the vast majority of molecular differences are selectively neutral
and do not influence the fitness of organisms, these genomic features neither undergo, nor
are explainable by, natural selection. Neutral selection is therefore a change in a sequence
due to a random event (such as genetic drift) that does not result in any positive or negative
consequences for the population (Kimura, 1968).
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Single-Nucleotide Polymorphisms (SNPs) are substitutions of a single nucleotide by another
in different individuals within the same population. Tomoko Ohta subsequently proposed a
revised version of this theory, a ‘nearly neutral theory’, in which most non-synonymous (dN)
SNPs, replacements within a codon that result in a change of the amino acid, in coding
regions are slightly deleterious, while noncoding DNA substitutions are more neutral, i. e.
noncoding DNA evolves faster, while protein evolution is constrained by selection (Ohta,
1973).
	
  
The ‘molecular clock’ hypothesis can now be statistically rejected for a substantial
proportion of proteins, but remains useful for estimating evolutionary time (Kumar, 2005).
Current research shows that not all proteins evolve at the same rate, and that the evolutionary
rates of the proteome vary considerable across species and, what is more, not all proteins
within the same organism evolve at the same rate.
Measuring evolutionary rates
In order to quantify the evolutionary rate of a given protein or coding region within a gene,
the ratio of the non-synonymous (dN, also known as Ka) to synonymous (dS, also known as
Ks) nucleotide substitutions can be measured. This dN/dS ratio is referred to as a ω rate (also
as Ka/Ks ratio), and is indicative of natural selection acting upon the protein. A score greater
than one implies positive (Darwinian) selection; less than one implies negative selection; and
a ratio of one indicates neutral selection acting upon the molecule (Yang & Swanson, 2002).
	
  
The average ω ratio varies between different groups. For mammals the ω rate is
approximately 0.2, whilst for birds it is around 0.1 (ω from pairwise alignment of chicken
and zebra finch oscillated between 0.1270 - 0.1788, depending on the protein) (Nam et al.,
2010; Warren et al., 2010). Incidentally, different species within the same group can also
present a distinctive average ω values. In birds there is a small, but statistically significant,
differences between species: chicken have an average ω = 1.121, whilst zebra finch genes
evolve more rapidly, with ω = 1.133 (Nam et al., 2010).
	
  
ω values can also be measured at each individual codon/amino acid site, in order to identify
functional sites and sites under different evolutionary pressures (Yang & Nielsen, 2002).
Residues crucial for maintaining protein structure or function will be expected to remain
conserved, with a lower ω rate. In contrast, amino acids that are exposed to, e.g. pathogen
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interactions might evolve faster to avoid recognition with a ω rate significantly greater than 1
(Panchenko, Kondrashov, & Bryant, 2004).
Gene	
  evolution	
  	
  
It is becoming apparent that non-synonymous SNPs, along with SNPs in gene regulatory
regions such as promoters and enhancers, have the highest impact on phenotype (MacCallum
& Hill, 2006). Non-synonymous SNPs in protein-coding regions can be either missense or
nonsense. Whilst nonsense SNPs lead to premature STOP codons and a truncated product,
missense SNPs can result in structural changes in the encoded protein, which may directly
affect protein function, increasing the potential for evolutionary change, either directly or in
future environments (Parter, Kashtan, & Alon, 2008). In addition, SNPs can affect
alternative splicing, resulting in changes in different isoforms, TF binding or other functional
sites on the transcriptional level (Barrett, Fletcher, & Wilton, 2012).
Protein evolution at a structural level
Protein tertiary structures contain both conformationally structured regions, including αhelices and β-sheets, as well as flexible, intrinsically disordered regions (IDRs). Residues
found within structured regions tend to be more conserved, whilst codon sites under positive
selection are over-represented in gene regions encoding IDRs (Nilsson, Grahn, & Wright,
2011). Interestingly, IDRs occur more frequently in eukaryotes than in bacteria or archaea
(Bogatyreva, Finkelstein, & Galzitskaya, 2006).
Protein function is determined by the configuration and type of amino acids at functional
sites, those residues will inevitably remain under strong selective pressure and be much more
conserved than their non-functional counterparts (Vogel et al., 2004). Consequently,
identifying highly conserved amino acids and the structural/functional constraints acting
upon proteins can assist in predicting the role of individual amino acid residues (Panchenko
et al., 2004).
At the other end of the spectrum are amino acid residues that are preferentially altered by
positive selection (presenting a w rate significantly greater than 1). Somewhat counter
intuitively, these may also indicate function, as they might be subjected to evolutionary
selection pressures by pathogens (MacCallum & Hill, 2006). Examples of such proteins are
those involved in the immune response (Jiggins & Kim, 2007; Schlenke & Begun, 2003;
Tanaka & Nei, 1989). An example of an immune gene under positive selection in primates is
TRAF3 Interacting Protein 2 (TRAF3IP2), a gene responsible for regulating the response to
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cytokines by members of the Rel/ nuclear factor kappa-light-chain-enhancer of activated B
cells (NF-kB) TF family (Wu et al., 2013). Whilst for the average mammalian gene the w =
0.2, TRAF3IP2 has a w ratio of 0.4 and therefore shows an accelerated rate of evolution.
Further analysis identified 8 individual sites under positive selection in the N-terminus,
which are predicted to serve an as yet unknown novel function (Swanson et al., 2004; Wu et
al., 2013).
Evolutionary pressures acting upon the CSF1R system
Due to its crucial involvement in macrophage differentiation, the CSF1R system is a likely
target for pathogens that can both attempt to exploit it to enter macrophages (especially
during the ligand/receptor complex internalisation), or to block its function to prevent
macrophage response.
One way in which pathogens can impose selective pressures on a host is by encoding
proteins that mimic the function of immune cytokines. An example of this is the existence of
EBV-encoded BamH1-A Reading Frame-1 (BARF1) protein (Seto et al., 2005; Strockbine et
al., 1998). EBV is a human herpes virus that causes infectious mononucleosis. It is highly
prevalent in the population, with as many as 95% of adults in the US presenting evidence of
prior infection (Centres for Disease Control and Prevention, CDC, 2014).
Of particular interest here is that BARF1 is a CSF1R-like protein, secreted by EBV-infected
cells. BARF1 shares sequence similarity with CSF1R extracellular Ig-like domains and
interacts with all three human CSF1 isoforms. BARF1 may act as a viral-encoded decoy,
preventing proper CSF1 signalling to monocyte/macrophages by sequestering CSF1 (Cohen
& Lekstrom, 1999). If BARF1 can also bind IL34, this interaction could have further
implications on CSF1R biological activity (Droin & Solary, 2010). To date, no avian virus
mimicking CSF1 or CSF1R has been recognised.
	
  

Chicken as a model organism
Chicken is an excellent model organism for genetic studies, as it has been subjected both to
natural and artificial selection (Burt & White, 2007). Chickens were first domesticated
around 8000 years ago (Wright et al., 2010). Due largely to their current economic
importance and availability, chickens are increasingly used as a model organism. Over the
last century or so, the usual environmental evolutionary pressures that chickens have been
exposed to have been additionally joined by strong human-driven selection, leading to
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significant phenotypic changes in morphology, physiology and behaviour (Wright et al.,
2010). As a result, modern domesticated chickens such as broilers and layers are excellent
models for studying the consequences of artificial selection. Identifying the genetic changes
between these chicken populations provides new insights into the general mechanisms by
which genetic variation shapes phenotypic diversity.
	
  
The study of chickens has provided the field of genetics with terms such as alleles (Bateson
& Saunders, 1902), genetic linkage (Sutton, 1903) and epistasis (Bateson & Punnett, 1911).
Chickens have become an important model organism for studying vertebrate development
due to the comparative ease with which their embryos can be accessed and manipulated
(Stern, 2005). The chick limb bud has been used as a model of molecular patterning in
vertebrates (Tickle, Summerbell, & Wolpert, 1975) and the chicken was the model of choice
for the study of patterning in the developing nervous system (Lee & Jessell, 1999). Studying
chickens also provides crucial insight into fundamental immunological mechanisms,
enabling the discovery of B lymphocytes and establishing the concept of gene conversion as
a method of antibody diversification (Brown et al., 2003). The chicken embryo has also been
used to study different stages of haematopoiesis (as recently reviewed by Jaffredo &
Yvernogeau, 2014). In medicine, studying chicken models resulted in the isolation of the
first known oncogene, Src (Martin, 1970). The chicken has also become the first model
organism for ovarian cancer (Barua et al., 2009; Vanderhyden, Shaw, & Ethier, 2003). In
addition, because of its sensitivity, and rapid response to environmental toxicants and
manifestation of external markers, e.g., number of eggs laid, chickens are also an ideal model
for toxicology studies (Conn, 2008).
	
  
In the past century, selective breeding of chickens has made remarkable progress in both egg
and meat production (W. R. A. Brown et al., 2003). Associated with these successes,
however, is an increase in the prevalence of some detrimental traits (as reviewed by Julian,
2005). In meat-type chickens (broilers), there has been an escalation in the incidence of
congenital disorders, such as ascites (accumulation of fluid in the peritoneal cavity), reduced
fertility, susceptibility to infectious disease and rapid growth, leading to leg disorders
(broilers can gain 2 kg within the first 35 days post hatch). In egg-type chickens (layers),
there has been an increase in the incidence of osteoporosis associated with increased egg
production – layers can produce as many as 300 eggs per year (Burt, 2005). Studying
different lines of chickens can therefore provide an insight into immune, reproductive and
developmental gene regulation and function.
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Rationale and objectives of this Thesis
Chickens and humans shared a last common ancestor ~300 Mya. That phylogenetic distance
can provide interesting information about evolution and conservation of genes and regulatory
sequences. Molecular genetic analyses allow investigation of the relative importance of
various evolutionary forces acting on proteins in different functional classes. Since it is
probable that immune proteins evolve faster as they adapt to novel pathogen challenges,
changes in their amino acid sequence most likely alter their susceptibility to a given
infection. Therefore, studying the pattern of molecular evolution in different vertebrates
gives an insight into the function of immune proteins and the pathogen pressures that act
upon them.
75% of all newly emerging infectious diseases are zoonoses, with most human zoonoses
originating from livestock (CDC, http://www.cdc.gov/ncezid/). A number of zoonotic
diseases have been recognised to originate from wildlife and domesticated birds. Psittacosis,
the principal zoonotic disease contractible from birds, along with salmonellosis,
toxoplasmosis, and allergic alveolitis are but few of the examples of the diseases contracted
from birds. Avian Influenza (AI) is a zoonotic disease with potentially catastrophic economic
and health consequences. What is more, different species react to the same pathogens in
different ways, e.g. AIV in chickens results in severe illness and in many cases, death of the
animal, whilst in ducks simply act as reservoirs for the virus. Understanding ways in which
avian immune system deals with the pathogen invasion might allow potential candidates for
vaccines or adjuvants.
The CSF1R system is responsible for differentiation, proliferation and survival of
mononuclear phagocytes both in embryonic development and in immune response. Protein
members of this system have only recently been identified in birds therefore there are a lot of
questions about their structures and functions to be asked.
	
  
The role of IL34 has only partially be described in mammals and has not yet been identified
in birds. Understanding its evolution and gene expression control might shine some light to
the function that it plays in avian homeostasis, development and disease. As CSF1 acts to
stimulate the immune response and plays a role in bone resorption, fully understanding the
chicken CSF1R system and its regulation can aid combating issues of pathogen susceptibility
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and osteoporosis in broilers and layers and analysing the differences in pathogen response in
different avian species.
	
  
The main aim of this study is to provide an in depth structural, functional and evolutionary
analysis of the CSF1R system in birds and mammals. This will be facilitated by obtaining,
either by cloning or data-mining, avian CSF1, CSF1R and IL34 gene and protein sequences.
Since the CSF1 gene has yet to be annotated in the chicken genome, it will need to be
sequenced and fully characterised.
Obtaining the additional sequence data will enable the first comparative evolutionary
analysis of the avian and mammalian CSF1R systems, both on a protein and amino acid
level. This analysis will assist identification of structurally and functionally crucial residues
in the avian receptor and its two ligands, as well as outline any potential differences between
birds and mammals. In addition, intra- and intermolecular coevolution between the three
proteins in birds and mammals will be investigated to further imply which residues might be
of crucial functional importance.
In order to further understand the role that CSF1 and IL34 play in avian development,
homeostasis and immune response, regulatory elements controlling the expression of the two
ligands will be identified. The expression of the two ligands in different tissues will also be
examined. Moreover, within species variation of the three proteins will be assessed by
looking at a number of different chicken lines, and the change in gene expression in response
to various pathogens will also be analysed.
	
  
CSF1R	
  interaction	
  with	
  its	
  two	
  ligands	
  in	
  birds	
  will	
  be	
  modelled	
  in	
  silico	
  and,	
  in	
  the	
  case	
  
of	
   CSF1/CSF1R complexes, in in vitro studies and will be compared with the known crystal
structures of the mammalian proteins. Finally, the species specificity of CSF1-directed	
  
activation	
  of	
  the	
  CSF1R	
  will	
  be	
  analysed	
  to	
  further	
  assess	
  the	
  position	
  of	
  the	
  receptor	
  
binding	
   sites	
   and	
   to	
   identify	
   ways	
   to	
   differentiate	
   macrophages	
   from	
   diverse	
   avian	
  
species.	
  
	
  

	
  

49

	
  

Thesis plan
In this Thesis I aim to provide answers to these questions in five results chapters:
1. In Chapter 1, the chicken CSF1 gene sequence will be fully resolved for the first time,
allowing identification of different chicken CSF1 isoforms. Moreover, I will analyse diverse
regulatory sequences governing CSF1, IL34 and CSF1R expression in birds and in mammals
by looking at the conserved non-coding elements.
2. In Chapter 2, a searchable database of 48 newly sequenced avian genomes will be created,
enabling the extraction of additional CSF1, IL34 and CSF1R sequences. Error checks and
filtering out of incorrect sequences will ensure that only the high quality data will be carried
over to the next stage.
3. In Chapter 3 I will perform tertiary structure modelling of members of the chicken CSF1R
system, highlighting the structural conservation of the avian and mammalian proteins. The
avian ligand-receptor binding interface will be predicted, and presumed CSF1/CSF1R
contact amino acids will be identified.
4. This will set a stage for Chapter 4, in which the series of in vitro studies on avian CSF1
specificity will confirm the location of the avian CSF1/CSF1R interface.
5. Finally, Chapter 5 will summarise the results in the light of evolution. The comparison of
avian and mammalian CSF1R systems will identify different selection pressures acting both
between and within the groups. I will show that avian and mammalian CSF1R systems
evolve to avoid the pathogen pressure by very different means – mammals by changing the
CSF1 ligand, birds by changing the ligand-binding domains of the receptor.
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Chapter 1 : Gene expression and regulation of the CSF1R system
1.1 Introduction
The overall aim of this Thesis is to perform a robust structural and evolutionary comparison
between avian and mammalian CSF1R systems. However, at the time of commencing this
study, no chicken CSF1 gene sequence was available, which significantly limited analysis. The
primary aim of this chapter is to clone and characterise the chicken CSF1 gene, and to define
chicken CSF1 isoforms. In addition, promoter regions of all available avian and mammalian
CSF1R system genes will be analysed, and their respective transcription factor binding sites
inferred, to provide a preliminary study of the regulation of CSF1R system expression patterns
in birds and to compare them with mammals. Finally, to examine the possible role of the avian
CSF1R system in the disease resistance, changes in gene expression of the chicken CSF1R
system in response to several viral infections will be analysed.
1.1.1 CSF1 gene structure
As outlined in the Introduction, the cDNA of chicken CSF1 was sequenced by Garceau et al.
(2010) (DNA accession: GQ249403). The latest chicken genome assembly, Gallus_Gallus-4.0
(Galgal4, published 2011/11/22), does contain a fragment of the CSF1 gene (four exons) but
within an unassembled Scaffold AADN03025397.1: 21-2,858. At the time of commencing this
study, the gene itself was yet to be annotated in the chicken genome as its structure and
chromosomal location remained unknown.
The Galgal4 genome assembly contains 1.03 Gb of sequence and covers chromosomes 1-28, 32,
sex chromosomes W and Z and two additional, unplaced linkage groups. However, Galgal4 still
retains about 9,900 gaps (with an estimated total size of 17.7Mb) on the ordered chromosomes
and 21,327 gaps (27.2Mb) on chromosome-assigned, but random scaffolds (Dr. Wesley Warren,
personal communication). A BAC-based physical map for the chicken was developed in parallel
with the sequence assembly (Hiller et al., 2004). It was established that the parts of the genome
that are GC-rich may be less complete. Hillier et al. (2004) reported that in a fragment of
incompletely sequenced BACs where the average GC content was 52% (with some regions
exceeding 60%), sequencing coverage fell to 82%. So we hypothesised that the chicken CSF1
gene may lie in one of these regions and on an, as yet, uncharacterised BAC clone.
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1.1.2 Gene expression
Vertebrate CSF1R system is unusual in having two distinct ligands, CSF1 and IL34 that
stimulate the same receptor. Two potential explanations of such redundancy would be the
preferential expression of these ligands at different stages of development and/or tissue
specificity. Studying gene expression involves the analysis of a transcriptome of an organism. A
transcriptome is a collection of all transcripts, i.e. all of the RNA molecules, mRNA, rRNA,
tRNA and other non-coding RNAs produced in a cell or in a population of cells. Unlike the
genome, the transcriptome of an organism is dynamic and varies with changes in the
environment (Huang et al., 2013; Sandford et al., 2011). The transcriptome represents only a
small percentage of a genome that is transcribed into RNA, and it is arguable how much of the
transcribed RNA is actually functional (as reviewed by Pertea, 2012). Unlike the exome (the
entire set of exons in the genome), the transcriptome of an individual will differ between cell
populations, and sometimes change with time within the same populations (Cirulli et al., 2010).
Until recently, the most prevalent way of analysing gene expression profiles was through DNA
microarrays. Microarrays have been available since mid-1990s and their main appeal lies in the
ability to simultaneously interrogate thousands of transcripts (reviewed by Brown & Botstein,
1999). They were used extensively for identifying gene expression differences in health and
disease, pharmacogenomics responses and gene regulation (Scherf et al., 2000). Despite their
success, microarrays have limitations, such as background levels limiting the accuracy of
expression measurements (Gautier et al., 2004). Arrays are also limited to interrogating
transcripts with appropriate probes, and these differ in their hybridisation properties (Pozhitkov
et al., 2006). Finally, they only assay limited number of exons and transcripts and, as such, are
often out of date. All of these limitations lead to microarrays struggling to detect rare allele
variant transcripts, and those transcripts that are present in low abundance. Microarrays,
however, are successfully used in analysing changes in gene expression after exposure to a
pathogen and are therefore ideal for detecting differential expression of genes involved in
immune response (Kobasa et al., 2007).
Next Generation Sequencing (NGS) methods now supersede microarray studies and allow for
direct sequencing of the RNA transcripts, enabling identification of splice variants, allelespecific expression, post-transcriptional modifications, mutations, gene fusions and changes in
gene expression (Maher et al., 2009; reviewed by Malone & Oliver, 2011). High-throughput
mRNA Sequencing (RNA-seq), or Whole Transcriptome Shotgun Sequencing (WTSS) enable
quantification of mRNA present within a given population. RNA-seq does not depend on
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genome annotation for probe selection and does not require hybridization, thus avoiding the
related biases seen with microarrays (Malone & Oliver, 2011). Although RNA-seq techniques
still suffer from algorithmic and logistical challenges relating to storage and data analysis,
RNA-seq can have better coverage than microarrays and, as such, is ideal for detecting
unknown or low abundance variants, as well as differentiating biologically important isoforms
and splice junctions (Marioni et al., 2008; Zhao et al., 2014).
1.1.3 Regulation of expression of the CSF1R system
Conserved non-coding elements (CNEs) are the highly constrained sequences in a genome,
often associated with transcription factor binding sites (TFBSs) and, therefore, used to predict
gene regulatory elements (Vavouri et al., 2007). In previous studies, 774 bp upstream of the
transcription start site (TSS) of the murine Csf1 gene was sequenced and putative binding sites
for transcription factors (TFs) were predicted (Abboud et al., 2003; Harrington et al., 1991;
Harrington et al., 1997). Amongst others, the Csf1 promoter was shown to possess the nuclear
factor 1/CCAAT-box (de Vries et al., 1987; Liu et al., 2001) and the NF- κB (nuclear factor
kappa-light-chain-enhancer of activated B cells) TFBSs. NF-κB is perhaps the most studied TF,
as it plays an essential role in inflammation and immunity, cytokine production and cell survival
(Gilmore, 1999). It is a primary TF that is produced in the cell constitutively, which allows the
cell to rapidly react to harmful stimuli (Kaltschmidt et al., 1994). As a regulator of cell
proliferation, its misregulation is involved in formation of many tumours (Jin et al., 2013).
Finally, in a number of autoinflammatory diseases, such as arthritis or inflammatory bowel
syndrome, NF-κB remains chronically active (Tak & Firestein, 2001). The NF- κB/Rel family is
composed of five distinct DNA-binding subunits: p50, p52, p65 (RelA), c-Rel, and Rel-B
(Baeuerle & Henkel, 1994). The different members of this family can be associated into a
number of homo- or hetero-dimers through a highly conserved N-terminal 300 amino acid
region known as the rel homology domain (Hou, Huang, & Qian, 2002). In mononuclear
phagocytes, the NF-κB family has been shown to be important in the transcriptional regulation
of cytokine genes such as CSF1 (Brach et al., 1991), GM-CSF (Schreck & Baeuerle, 1990) and
cell-surface receptors (Frankenberger et al., 1994).
As IL34 was discovered relatively recently in mammals (Lin et al., 2008; Wei et al., 2010), no
comprehensive study on its promoter has been completed in any species.
The mammalian CSF1R macrophage-specific promoter is poorly conserved (Himes et al., 2001,
also, see the Introduction). Garceau et al. (2010) previously showed that the CSF1R promoter is
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also poorly conserved between different clades of birds. However, within this diverse region, a
250 bp, highly conserved Fms-intronic regulatory element (FIRE) is found that acts as a
macrophage-specific enhancer and contains many binding sites for macrophage-expressed TFs
in mammals, including Sp1, PU.1, and C/EBP that drive macrophage lineage-restricted
transgene expression (Himes et al., 2001).
1.1.3.1 Gene expression of the CSF1R system
The expression of the CSF1R system has been widely studied in mammals. The mRNA of the
CSF1R, IL34 and CSF1 genes are broadly expressed in adult mammalian tissues, including
heart, brain, lung, liver, kidney and spleen (Lin et al., 2008; Stanley et al., 1997; Wei et al.,
2010). CSF1R is highly expressed especially in spleen, placenta, osteoblasts, epidermis,
microglia, lymph nodes and macrophages (Figure 1-1, green bars).
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Figure 1-1. Expression pattern of murine Csf1r (green bars, Biogps probe 1423593_a_at),
Csf1 (blue bars, Biogps probe 1425154_a_at) and Il34 (red bars, Biogps probe
1431920_a_at) in tissues and cell lines discussed in this thesis. Expression presented in
log2 value of the microarray arbitrary fluorescence units; available through Biogps.org.

54

4"

Studies on gene expression from a diverse array of normal murine adult and embryonic tissues
and cell lines, revealed, alongside a number of common expression sites, differences in
expression of the two ligands. CSF1 is highly expressed in osteoclasts, mouse embryonic
fibroblasts (MEF), lymph nodes and macrophages (Figure 1-1, blue bars), while IL34 mRNA is
especially highly expressed in the epidermis, amygdala, hypothalamus and olfactory bulb (Wei
et al., 2010) (Figure 1-1, red bars). Interestingly, according to microarray data, microglia and
osteoblasts express similar levels of Csf1 and Il34. These findings were supported by the wholemount IL34 in situ hybridization and Csf1 reporter expression which revealed that Il34 mRNA
was strongly expressed in the embryonic brain prior to the expression of Csf1 mRNA (Wei et
al., 2010). In addition, studies on IL34-deficient (Il34LacZ/LacZ) reporter mice revealed that
keratinocytes and neurons were the main sources of IL34 in mammals (Y. Wang et al., 2012).
To date, however, no comprehensive study of the avian CSF1R system expression has been
performed.

1.2 Materials and Methods
1.2.1 Chicken CSF1 gene sequence
In order to identify the location of the chicken CSF1 gene, conservation of synteny was used to
search the Ensembl database for the presence of genes that were known to neighbour the CSF1
in mammals. Next, the genomic region containing the gene was identified in a BAC clone (see
below), sequenced, assembled and annotated.
1.2.1.1 Gallus gallus BAC library
A Red Jungle Fowl (Gallus gallus) bacterial artificial chromosome (BAC) library was created
by Hillier et al. (2004) for the chicken genome project. BAC clones were generated by cloning
partial EcoR1-genomic fragments into a pTARBAC2.1 vector (for all of the vector maps, see
Appendix 1). Access to the library database allowed Polymerase Chain Reaction (PCR)
identification of the BAC containing the genomic region of interest. Chicken CSF1 primers
(Appendix 2) were used in a standard PCR reaction, using Taq DNA polymerase (Invitrogen;
see Chapter 2). BAC506 contained the CSF1 gene and was therefore selected for sequencing.
1.2.1.2.BAC DNA preparation
4 µg and 2 µg of BAC DNA was needed (50 ng/ml concentration) for Illumina and PacBio
sequencing, respectively. BAC506 were streaked onto agar plates and grown overnight. Clones
were screened for the presence of chicken CSF1 by PCR as described above. Clones containing
the gene were used to inoculate LB culture and were grown in LB with chloramphenicol (25
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mg/ml) overnight. DNA was extracted using ZR BAC DNA Miniprep Kit (Zymo Research Cat.
No. D4048), as per manufacturer’s instructions. LB culture step was then repeated to increase
DNA yield. In addition, due to a high level of RNA contamination, the P3 incubation step was
extended to 7 min. As the level of RNA contamination remained high, RNAse treatment with
two RNases, RNase A and RNaseT1, provided in Ambion® RNase Cocktail™ (Cat. No.
AM2286) was performed as per manufacturer’s instruction. The treatment was followed by
ethanol (EtOH) precipitation. 35 µl sample with 3.5 µl NaAcetate with 3x volume of 100%
EtOH was cooled overnight at -20°c. After 30 min spin at 10000 x g 70% EtOH was added,
sample was vortexed and spun for 5 min. Obtained pellet was resuspended in 50 µl buffer TE
(pH 8.0).
1.2.1.3 NGS sequencing of BAC clones
Purified BAC DNA was sent to Edinburgh Genomics and GATC Biotech (Constance,
Germany), where the library preparation and NGS were completed. Two NGS Platforms were
used: Illumina for PCR-free sequencing (Edinburgh Genomics), and Pacific Bioscience PacBio
RS II platform for continuous, single molecule sequencing using Single Molecule, Real-Time
(SMRT®) DNA Sequencing System (GATC Biotech). The idea was to select the best method
for the assembly of genome sequences.
Edinburgh Genomics applies Illumina Sequencing technology, which involves sequencing-bysynthesis: one nucleotide per sequencing cycle is incorporated using reversible dye terminators.
This approach avoids homopolymer problems at the cost of only being able to sequence shorter
fragments (standard paired-end read libraries contain fragments 200-500 bp long). Edinburgh
Genomics used a PCR-free approach in order to limit the problems with high GC content of the
sequence (Kozarewa et al., 2009).
The advantages of PacBio SMRT Sequencing include lack of sequence context bias through the
combination of high consensus accuracy due to a random error profile; very long reads that
avoid mis-mapping artefacts (usual length of reads between 4,200-8,500 bp, with the longest
reads of over 30,000); lack of GC bias and no amplification bias (as samples do not need to be
amplified, which in turns increases coverage uniformity). The SMRT PacBio RS II technology
used by GATC is reported to achieve highly accurate sequencing results, regardless of the
DNA's sequence context or GC content (Chin et al., 2013). A recent review, comparing,
amongst others, Pac Bio and Illumina sequencing of 4 microbial genomes with mean GC
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content ranging from 19.3 to 67.7%, highlighted the increased accuracy of the PacBio method
on GC-rich genomes (Quail et al., 2012).
Quality assessment of raw PacBio sequencing data was done using the SMRT Analysis software
package. Primary analysis does the quality assessment of reads based on the raw data by
removing, trimming and correcting base calling errors, insertions/deletions (INDELs), poor
quality reads and adaptor contamination by visualization of base quality scores and nucleotide
distributions and trimming the reads based on these scores and sequence properties (e.g. primer
contaminations, N content and GC bias).
1.2.1.4 BAC de novo assembly
Obtained reads were aligned using two de novo assemblers: SOAPdenovo version 2.0 (Luo et
al., 2012) for Illumina data and Hierarchical Genome Assembly Process (HGAP, version 2.0)
for PacBio (Chin et al., 2013). Two basic approaches in algorithms for short-read assemblers:
overlap graphs (OG) and de Brujin graphs. The OGs were developed for Sanger reads. They
compute all pair-wise overlaps between the reads and capture this information in a graph. Each
node of the graphs corresponds to a read, and an edge denotes an overlap between two reads.
The OG is used to compute a layout of reads and a consensus sequence of contigs. It works best
for a limited number of reads with significant overlap. Some assemblers for NGS data use the
OG, but it is a computationally very intensive approach.
De Brujin graphs are a different approach that reduce the computational effort by breaking reads
into smaller sequences of DNA, called k-mers, where the parameter k denotes the length in
bases of these sequences. The de Brujin graph captures overlaps of length k-1 between these kmers and not between actual reads. By reducing the entire data set down to k-mer overlaps, the
de Bruijn graph reduces the high redundancy in short-read data sets. The maximum efficient kmer size for a particular assembly is determined by the read length as well as the error rate. The
value of the parameter k has significant influence on the quality of the assembly. Estimates of
good values can be made before the assembly, but often the optimal value is best found by
testing (Compeau, Pevzner, & Tesler, 2011).
Another benefit of this method is that repeats in the genome can be collapsed in the graph and
do not results in many false overlaps. The De Brujin graph method is currently widely used in
genome assembly, and is implemented by a number of programs such as SOAPassembler,
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Velvet and ABySS (Paszkiewicz & Studholme, 2010). Amongst those, SOAPdenovo was
singled out as the most appropriate program for assembling smaller datasets (Figure 1-2).

De#Brujin#graph#
reconstruc2on#

Con2g#assembly#

Paire9end#reads#
mapping#

Scaﬀold#
construc2on#
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Figure 1-2. Generalised BAC de novo assembly workflow.

The assembler parameters were optimised as follows. The k-mer size was selected based on the
coverage, read length and error rates (k-mer is a fixed word size that connects sequences during
the assembly). Several assemblies over a small range of k parameters were performed to
determine the ideal size. Quality filtering was set to remove any low-quality reads. Insert size
was set to match that of the library inserts. The coverage threshold was set experimentally,
above which no improvement in N50 was possible. At least 30-40x coverage of good quality
sequence Illumina data is recommended. Sequencing error rate was set such that the results for
an error rate less than 4% were acceptable.
SOAPdenovo requires a configuration file that describes the libraries that will be used in the
assembly. A library entry is required for each read file or pair of read files in the case of pairedend reads. The configuration file with an explanation for each parameter can be found in
Appendix 3. PacBio reads were assembled by GATC using the HGAP program (Chin et al.,
2013), with Minimum QV > 59.5 and Minimum Length > 500bp for trimming FASTQ output.
1.2.1.5 The search for genes on the CSF1-BAC genomic clone
Contigs obtained from Illumina and PacBio were searched against the Galgal4 database using
Blastn, optimised for discontinuous megablast (www. http://blast.ncbi.nlm.nih.gov/). The
obtained hits were then extracted from Ensembl and used as a query database for the exonintron search using the Genomic Mapping and Alignment Program v. 2013-09-11 (GMAP).
GMAP is a program for mapping and aligning cDNA sequences to a genome. The program
maps and aligns a single sequence and provides batch processing of large sequence sets. GMAP
generates accurate gene structures, even in the presence of substantial polymorphisms and
sequence errors (T. D. Wu & Watanabe, 2005).
Contigs were first indexed using the gmapdb command. The gene sequences were then mapped
onto the reference contigs using GMAP. The fasta files were converted into bed format to
enable visualising the results using the Integrative Genome Viewer version 2.3 (IGV). IGV is a
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high-performance viewer for interactive visual exploration of various genomic data, such as
array-based and NGS data, and genomic annotations (Thorvaldsdóttir, Robinson, & Mesirov,
2013). Complete scripts for the pipeline utilised in this search can be found in Appendix 3 and
the workflow viewed in Figure 1-3.
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Figure 1-3. Workflow for the annotation of the chicken BAC.

1.2.1.6 Validation of BAC assembly and annotation
Illumina and PacBio contigs were aligned using blastn pairwise alignment tool provided by
NCBI (http://blast.ncbi.nlm.nih.gov/Blast.cgi). GC content and nucleotide repeats of these
contigs, as well as of the gaps in the alignment, were examined using RepeatMasker v. 4.0.3.
RepeatMasker is a command line driven program that screens DNA sequences for interspersed
repeats and low complexity DNA sequences. RepeatMasker is available for download from
http://www.repeatmasker.org/.
The quality of annotated chicken genes was assessed by comparing number of exons in found in
the chicken to the number of exons in reference mammalian templates. Finally, the avian
genomes database (created in Chapter 2) was scanned for the presence of newly annotated genes
via blast pipeline established in Chapter 2, using chicken genomic DNAs as templates.
1.2.2 Chicken CSF1 transcript analysis
RNAseq was used for analysing chicken CSF1 mRNA expression and alternative splicing.
RNAseq Illumina paired-end data from various chicken tissues, including bone marrow-derived
macrophages (BMDM), pooled embryonic tissues, lungs and spleen were kindly supplied by Dr.
Jaqueline Smith. RNAseq reads were analysed using the Tuxedo tools pipeline described in
Figure 1-4.
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Figure 1-4. An overview of the Tuxedo pipeline for RNA-seq data analysis.

TopHat (version 2.0.12) is a fast splice junction mapper for RNAseq reads. It aligns RNAseq
reads to the reference genome/sequence using its algorithmic core, the ultrahigh-throughput
short read aligner Bowtie2 (version 2.1.0). TopHat then analyses the mapping results to identify
splice junctions between exons (Trapnell, Pachter, & Salzberg, 2009).
Cufflinks (version 2.2.1) is a program that assembles the mapped transcripts and estimates their
abundances. It accepts the aligned RNA-seq reads generated in TopHat mapping, and assembles
the alignments into a parsimonious set of transcripts. Cufflinks then estimates the relative
abundances of these transcripts based on how many reads support each one, taking into account
biases in library preparation protocols (Trapnell et al., 2012). Finally, Cuffdiff is a program used
to find differentially expressed genes/transcripts and also analyses the genes that are
differentially regulated at the transcriptional or post-transcriptional level. It uses the transcript
quantification engine to calculate gene and transcript expression levels in more than one
condition (e.g. prior and post-pathogen exposure) and test them for significant differences. The
pipeline utilised in RNA-seq analysis can be found in Appendix 3.
1.2.3 Prediction of CSF1R system regulatory elements
Analysis of the sequence alignments in non-coding regions can provide important information
on the regulation of the genes in question. 2 kb regions upstream of the known or presumed TSS
of the available avian and mammalian CSF1, IL34 and CSF1R gene sequences were extracted.
In addition, anole lizard CSF1 and turtle CSF1R upstream regulatory sequences were extracted
for a comparative analysis with reptiles. No reptilian sequences are currently available for IL34.
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Extracted sequences were assessed for their quality using MUltiple Sequence Comparison by
Log-Expectation (MUSCLE) (Edgar & Batzoglou, 2006) multiple sequence analysis (MSA)
analysis (Jalview, Smit, Hubley & Green, unpublished data) and RepeatMasker Webservice
version 4.0.5. Sequences with the lowest number of unknown bases and without repeats were
selected for further analysis. Sequences were aligned using the Multi-LAGAN alignment tool
for comparative genomics offered by the mVISTA package (Brudno et al., 2003; Frazer et al.,
2004). All of the CNEs with greater than 65% identity over 40bp were identified and visualised
using

mVISTA

(http://genome.lbl.gov/vista/mvista/submit.shtml). Sequences

were

also

analysed using the Pustell DNA matrix (DotPlot) alignment tool, provided by MacVector
version 13 (http://macvector.com/).
TFBS were predicted using the TRANSFAC 6.0 database of TFs, their binding sites, nucleotide
distribution matrices and regulated genes (Wingender, 2000). The database was searched using
the MATCH 1.0 algorithm, with group matrices: vertebrates, cut-off selection for matrix groups
to minimize false positives and predefined profiles: immune cell specific (Matys et al., 2006).
Analysis was then repeated for the mammalian promoter regions, and also with a cut-off
minimizing false negatives.
1.2.3.1 IPA analysis of CSF1 and IL34 TFs
TFs of both ligands identified in the MATCH search were analysed via the Ingenuity Pathway
Analysis (IPA) server (https://analysis.ingenuity.com, Qiagen). IPA core analysis interprets
datasets in the context of biological processes, pathways and molecular networks that the TFs
analysed are known to be involved in. Direct and indirect relationships between the genes were
analysed using the Ingenuity Knowledge Base reference set, with a scoring method of B-H
Multiple Testing Correction p-value (p-value cutoff point was set to 1.5).
1.2.3.2 Expression of the CSF1R system in the chicken
The tissue-specific pattern of mRNA expression can indicate important clues about gene
function. Two sources of RNA transcripts were used to characterise the CSF1, IL34 and CSF1R
genes.
Full-length mRNAs were characterised using SMRT technology from PacBio. RNA from 8week-old chicken whole brain tissue was extracted and sent to GATC Biotech, where
normalised PacBio RNA libraries were prepared and sequenced in 25 separate runs.
Subsequently, raw reads obtained from PacBio were mapped onto the reference CSF1, IL34 and
CSF1R genomic and cDNA sequences, using the GMAP pipeline described above.
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In addition, Illumina RNA-seq data from chicken spleen, lungs and embryonic tissues,
previously obtained by Dr. Jacqueline Smith, were analysed for the expression of these three
genes, using the Tuxedo pipeline (see Appendix 3).
1.2.3.3 Regulation of the avian CSF1R genes in response to viral challenge
Previous studies highlighted the role of the mammalian CSF1R system in the immune response
(reviewed by Sweet & Hume, 2003), and preliminary data suggested a similar role for the
CSF1R system in birds (Garceau et al., 2010). In order to further examine the involvement of
the avian CSF1, IL34 and CSF1R during pathogen challenge, and to identify differences
between the roles of the two ligands, changes in gene expression after exposure to specific
pathogens was studied in chicken and in Mallard duck, using previously available NGS and
microarray data.
Diseases of poultry and waterfowl are of particular concern due to the huge economic losses
they are responsible for, as well as the potential for zoonotic diseases spreading to humans. A
number of circulating viruses have been singled out as the most prevalent and/or with the
potential to affect the flock population to the greatest extent. Datasets relating to the following
diseases were used to characterise transcripts for the CSF1, IL34 and CSF1R genes.
1. Avian Influenza: Avian Influenza (AI) virus causes infectious disease in domestic poultry,
waterfowl and many other bird species. Chickens are highly susceptible to infection with a
number of AI viruses and are a potential source of a human influenza pandemic. Ducks, on the
other hand, are a natural reservoir for these viruses and are fairly resistant to their effects- most
AI strains are able to replicate in ducks and seldom cause disease. Of the 16 haemagglutinin
subtypes of influenza viruses infecting migratory waterfowl, the H5 and H7 subtypes are unique
in that after transmission to gallinaceous poultry the H5 and H7 viruses can become highly
pathogenic (reviewed by Alexander, 2000). Highly pathogenic AI (HPAI) has proven to be
deadly to chickens within a very short time frame post-infection, while low pathogenic AI
(LPAI) only produces mild or inapparent clinical disease (Vanderven et al., 2012). Ducks, on
the other hand are able to mount a robust innate immune response against most HPAI (PantinJackwood et al., 2013).
2. Infectious Bursal Disease: Infectious bursal disease (also known as IBD, Gumboro Disease,
Infectious Bursitis and Infectious Avian Nephrosis) is a highly contagious disease of young
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chickens caused by the infectious bursal disease virus (IBDV). The disease is characterized by
strong immunosuppression and mortality generally at 3 to 6 weeks of age (Ingrao et al., 2013).
Although B cells are the primary targets for the virus, macrophages can also be infected and this
contributes to the pathogenicity of IBDV (Khatri & Sharma, 2007).
3. Infectious Bronchitis: Avian infectious bronchitis virus (IBV) is a coronavirus causing the
associated disease, infectious bronchitis (IB). It is a highly infectious avian pathogen of
chickens, which affects the respiratory tract, gut, kidney and reproductive systems of infected
birds (Boursnell et al., 1989).
4. Marek’s Disease: Marek’s disease is a lympho-proliferative disease of birds, caused by a
large DNA alpha-herpesvirus known as Marek's disease virus (MDV) or Gallid herpesvirus 2
(GaHV-2) (Churchill & Biggs, 1967). MDV can cause latent or productive infection, or lead to
cell transformation and tumour development (Nijhoff, 1985). The virus first infects B cells,
where it multiplies, and then spreads into T cells, which then transform forming lymphomas (N.
Ross, 1999). The infection is also accompanied by diffuse infiltration of lymphocytes and
plasma cells into nerves and organs (Gimeno et al., 2001). Despite the on-going vaccination
programmes, MDV continues to circulate in poultry flocks, and with highly virulent strains
continuing to emerge it remains a real threat to the poultry industry.
1.2.3.3.1 CSF1R system expression in response to pathogen pressure
Gene expression study, including the experimental design, tissue and RNA collection,
microarray hybridization and gene expression data collection was performed previously by
Smith et al. (2011). Chickens used for the experiment were from White Leghorn inbred lines 61
(MD resistant) and 72 (MD susceptible), maintained at the Institute for Animal Health (IAH),
Compton, United Kingdom. At 2 weeks of age, chicks were selected at random and placed in
infected or control groups. At 2 weeks, infected groups were inoculated with MDV, IBDV or
IBV. Spleen and thymus samples from nine birds from each group were collected at 2, 3 and 4
dpi. Tissue samples were stabilized in RNAlater (Ambion, Warrington, United Kingdom) and
disrupted using a bead mill (Retsch, Haan, Germany). Total RNA was prepared using the
RNeasy minikit (Qiagen, Crawley, United Kingdom). Biotinylated fragmented cRNA was
hybridized to the Affymetrix chicken genome array. Affymetrix probes used were: IL34
(Gga.9622.1.S1_at), CSF1R (Gga.18358.1.S1_at, Gga.19453.1.S1_at, Gga.19453.1.S1_s_at,
Gga.4070.1.S1_at, GgaAffx.26579.1.S1_s_at.
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RNA-seq data from an AI challenge performed by Smith et al. (manuscript in preparation) was
also available for examination. Specific pathogen–free white leghorn chickens were purchased
from Charles River Laboratories (North Franklin, CT).

Domestic Gray Mallards were

purchased from Ideal Poultry (Cameron, TX). 20 chickens and 20 ducks, except the mock
infection control group of 5 chickens and 7 ducks, were challenged with 106 50% Egg Infective
Dose (EID50) intranasally, intratracheally, and intraocularly of LPAI A/Mallard/British
Columbia/500/2005 (H5N2) in phosphate buffered saline (PBS). 20 chickens, except the mock
infection control group of 5 chickens, were challenged with 101.5 EID50 intranasally,
intratracheally, and intraocularly of HPAI A/Vietnam/1203/2004 (H5N1) in PBS. 20 ducks,
except the mock infection control group of 8 ducks, were challenged with 106 EID50 intranasally,
intratracheally, and intraocularly of HPAI A/Vietnam/1203/2004 (H5N1) in PBS. Lung and
ileum samples were collected at 1 and 3 dpi, the tissue sample was homogenized in Trizol
(Invitrogen Life Technologies). Samples were prepared for mRNA sequencing using 5ug of
total RNA starting material following the Illumina mRNA sequencing 8 sample preparation kit
protocol. Resulting libraries were quality checked on an Agilent DNA 1000 bioanalyzer
(Agilent Technologies, South Queensferry, UK) and then clustered onto a Single Read flowcell
using the Illumina v2 cluster generation kit at a 4.75pM concentration. RNAseq data was
generated by the Illumina Genome Analyzer-IIx platform (Smith et al., in preparation).
Sequences have been submitted to Array Express under accession numbers E-MTAB-2908
(chicken data) and E-MTAB-2909 (duck data).
Gene expression results were examined for differential expression of CSF1R, CSF1 and IL34.
Chicken IL34 (ENSGALG00000028466) and CSF1R (ENSGALG0000000572), along with
duck CSF1R (ENSAPLG00000005490) were identified. CSF1 regulation was assessed by
mapping the Illumina reads from each condition to the newly assembled CSF1 gene using
TopHat2 and assembling the transcripts using Cufflinks (Tuxedo pipeline, see above). In an
experiment involving two conditions reads were first mapped independently for each biological
replicate to the genome/gene sequence with TopHat. These mapped reads were provided as
input to Cufflinks, which produces one file of assembled transfrags for each replicate. Both of
the assembly files were then merged with the reference transcriptome annotation into a unified
annotation. This merged annotation is quantified in each condition by Cuffdiff, which produces
the expression data (Trapnell et al., 2012).
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1.3 Results
1.3.1 Assembly of BAC506 clone containing the chicken CSF1 gene
Using a PCR screening approach, a BAC506 clone covering the gap containing the chicken
CSF1 gene was identified and isolated (Figure 1-5).
bp#
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Figure 1-5. PCR analysis of BAC506. Gel electrophoresis of the product of the PCR of the
BAC506 clone using chicken CSF1 primers. 1) 1 kb Plus DNA ladder (GeneRuler,
Fermentas); 2) PCR amplified BAC product, expected size 450 bp; 3) cDNA fragment
amplification using CSF1 primer of chicken spleen DNA (positive control).

BAC506 was found to span the following gaps in chromosome 26: ch26:1,115,365-1,116,777,
chr26:1,117,277-1,128,319,

chr26:1,137,788-1,138,891

chr26:1,143,567-

1,145,541

and

chr26:1,145,840-1,238,280. The BAC506 was grown in bulk suitable for extraction of DNA for
sequencing. The protocol for expanding the BAC clone had to be slightly modified, as the
bacteria grew very slowly and an additional clean up step added due to a high level of
contamination with bacterial DNA. Samples were then sent for sequencing by Edinburgh
Genomics and GATC Biotech.
The average insert size for the paired-end reads in Illumina sequencing was 150. De novo
assembly

of

Illumina

short

reads

using

SOAPdenovo

(http://soap.genomics.org.cn/soapdenovo.html), with k-mer parameter K = 71 (see Materials
and Methods and Appendix 3 for more information on parameters used) resulted in ten contigs,
~ 65 kb long (Table 1-1). As the order of the contigs was not established due to the lack of
suitable sequencing data, both Illumina and PacBio contigs were numbered arbitrarily according
to size.
The average GC content of Illumina contigs was ~ 61% and the RepeatMasker search identified
34 nucleotide repeats, including 25 simple repeats, four long interspersed nuclear elements
(LINEs) and one DNA transposon, three low complexity repeats and one satellite (Table 1-4).
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Reference Length (bp) Coverage

GC content

Repeats
Number % length

Density (per kb)

Contig_a 19,660

55.2

53.3%

4

0.9%

0.2

Contig_b 10,419

53.2

59.3%

5

3.7%

0.5

Contig_c 9,823

48

56.3%

5

3.4%

0.5

Contig_d 6,690

47.9

66.2%

5

3.3%

0.75

Contig_e 6,113

20

62.7%

3

3.9%

0.5

Contig_f

3,985

45.8

62%

3

3.3%

0.75

Contig_g 3,944

40.6

63.9%

4

5.2%

1

Contig_h 2,596

25.5

64%

2

9.5%

0.77

Contig_i

1,413

40

64.4%

2

8.4%

1.4

Contig_j

508

23.2

61%

1

10.2%

1.97

Total

65,151

39.9 (±12.7) 61.3% (±3.97) 34

4.8% (±3.1) 0.83 (±0.5)

Table 1-1. Length, coverage and GC content of ten contigs created in de novo assembly of
Illumina data of BAC506 containing CSF1 gene. Number of nucleotide repeats and the GC
content analysed using RepeatMasker version 4.0.3 (http://www.repeatmasker.org/). Density
of repeats calculated by dividing the total contig length by number of repeats.

PacBio 6,737 reads of inserts were mapped to Galgal4. The mean read length was 6,390 bp,
N50 contig length was 117,929 and mean coverage of ~ 160. The reads assembled with HGAP
resulted in three large contigs, however the largest contig_1 contained fragments of BAC DNA,
therefore after removing bacterial contaminants contig_1 was split into contig_1a and
contig_1b. An average GC content of PacBio assembly was ~ 65%, with 168 nucleotide repeats
identified by RepeatMasker (Table 1-2). Again, the majority of the nucleotide repeats (121)
were simple repeats, with a number of low complexity repeats (36), eight LINEs and three DNA
transposons (Table 1-4).
Reference

Length (bp) Coverage

GC content

Repeats
Number

% length

Density (per kb)

Contig_1a

92,078

200.2

63.1%

79

5.6%

0.87

Contig_1b

15,205

150.1

68.3%

22

9.81%

1.45

Contig_2

52,682

211.9

64.2%

54

6.6%

1

Contig_3

9,588

76.9

66.1%

13

6.6%

1.3

Total

169,533

159.8 (± 61.4)

65.4% (±1.95) 168

6.4% (±0.37) 1.15 (±0.27)

Table 1-2. Length, coverage and GC content of the three PacBio contigs of BAC506
containing CSF1 gene. Number of nucleotide repeats and the GC content analysed using
RepeatMasker version 4.0.3 (http://www.repeatmasker.org/). Density of repeats calculated
by dividing the total contig length by number of repeats.
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1.3.1.1 Comparison of regions covered by Illumina and PacBio sequencing
Neither PacBio nor Illumina sequencing yielded data that would allow linking the contigs.
Pairwise alignment of Illumina and PacBio contigs revealed that Illumina contigs a, b, d, map to
the contig_1a, f, g and i to contig_1b, c and e to contig_2 and h and j to contig_3 (Figure 1-6).
Illumina contigs a, c, d, e, g and f also contained a number of Ns, indicated in the alignments as
lines. Nine gaps were identified between Illumina and Pacbio data. Interestingly, the gaps in
Illumina sequencing in majority coincided with drops in PacBio coverage (Figure 1-7).
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Figure 1-6. Pairwise alignment of Illumina (contig_a-j) and PacBio (contig_1a-3) contigs.
Alignment performed through blastn suite available through NCBI website
(http://blast.ncbi.nlm.nih.gov). Gaps between the alignments indicated (gap 1-9).
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Figure 1-7. Coverage across reference for each position in PacBio contigs and gaps in
Illumina assembly. A) Contig 1a; B) contig 1b; C) contig 2 and C) contig 3. Average coverage
= 186 reads. Red asterisk indicates the position of CSF1; location of the nine gaps in
Illumina assembly indicated above (1-9).GC content indicated below.

The analysis of GC content and repeat elements within the gaps using RepeatMasker version
open-4.0.3 revealed the elevated GC content of most gaps in Illumina data (Table 1-3). The

000''''''''6000''''''''8000'''''''10000'
average
ce'start'posi.on'

GC content of the gaps was ~ 65%, higher than the ~ 61% average of the Illumina

contigs (also see the GC contents of contigs indicated in Table 1-1 and Table 1-2). Student’s t

0''''''''6000''''''''8000'''''''10000' test
e'start'posi.on'

comparison of GC composition of Illumina data and gaps returned the two-tailed P value of

0.0106, thus the difference in GC content is considered to be statistically significant.
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Ref

0'''10

Gap

Length (bp) Coverage

GC content Repeats
Number % length Density (per kb)

1

28,546

100

67.7%

27

6.5%

25.5

2

24,471

120

67.5%

26

7.5%

1

3

1,646

95

60.9%

1

0.3%

0.6

4

3,335

400

69.2%

24

16.6%

7.2

5

14,897

420

62.5%

9

5.6%

0.6

6

26,505

50

66.5%

27

7.2%

1.01

7

9,314

55

66.6%

8

6.3%

0.85

8

5,518

90

68.8%

12

9.1%

2.2

9

72

100

60%

0

0

0

Total 114,304

158.8 (±144.1) 65.5% (±3.6) 134

6.6% (±4.9) 4.3 (±8.2)

Table 1-3. Length, coverage, GC content and number of nucleotide repeats of nine gaps in
pairwise alignment of Illumina and PacBio contigs. Number of nucleotide repeats and the GC
content analysed using RepeatMasker version 4.0.3 (http://www.repeatmasker.org/). Density
of repeats calculated by dividing the total contig length by number of repeats.

In addition, the majority of repeat elements were found within the gaps (134 out of the total 168
identified in PacBio sequencing) (Table 1-4). Student’s t test analysis returned the two-tailed P
value of 0.0009, deeming the difference in number of nucleotide repeats between Illumina
contigs and regions not sequenced by Illumina as extremely statistically significant.
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Retroelements DNA

Simple

Other

transposons

repeats

Illumina Contig_a 2 (LINEs)

0

2

0

Contig_b 2 (LINEs)

0

3

0

Contig_c 0

1

4

0

Contig_d 0

0

4

1 (low complexity)

Contig_e 0

0

2

1 (low complexity)

Contig_f

0

0

3

0

Contig_g 0

0

3

1 (low complexity)

Conting_h 0

0

1

1 (satellites)

Contig_i

0

0

2

0

Contig_j

0

0

1

0

Contig_1a 6 (LINEs)

2

51

20 (low complexity)

Contig_1b 1 (LINE)

0

15

6 (low complexity)

Contig_2 1 (LINE)

1

44

8 (low complexity)

Contig_3 0

0

11

2 (low complexity)

Gap1

0

0

27

0

Gap2

0

0

24

2 (low complexity)

Gap3

0

0

1

0

Gap4

3 (LINEs)

2

16

3 (low complexity)

Gap5

0

0

6

3 (low complexity)

Gap6

1 (LINE)

0

21

5 (low complexity)

Gap7

0

0

8

0

Gap8

0

0

10

2 (low complexity)

Gap9

0

0

0

0

PacBio

Gaps

Table 1-4. Nucleotide repeats identified in RepeatMasker (http://www.repeatmasker.org/)
analysis of Illumina and PacBio contigs, as well as the gaps in the Illumina-PacBio pairwise
alignment using blastn (http://blast.ncbi.nlm.nih.gov/Blast.cgi). LINE – long intersperced
nuclear element.

The majority of repeats found within the gaps were simple and low complexity repeats. Simple
repeats, also known as microsatellites or short tandem repeats, are repeating nucleotide
sequences 1-6 bp long, usually found in non-coding DNA of higher organisms while DNA
satellites consists of very large arrays of tandemly repeating, non-coding DNA (Ellegren, 2004).
Low complexity repeats are primarily poly-purine/ poly-pyrimidine stretches, or regions of
extremely high AT or GC content (Smit, 1996).
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There were also a number of transposable elements identified in BAC506. LINEs are a class of
RNA trasnposons, or retrotransposons, approximately 6000 bp long and consist of two nonoverlapping ORFs flanked by UTR and target side duplications (Ewing et al., 2013). While
retrotransposons function via reverse transcription of an RNA intermediate (replicative
mechanism), DNA transposons generally move by a cut-and-paste mechanism in which the
transposon is excised from one location and reintegrated elsewhere via a non-replicative
mechanism (Muñoz-López & García-Pérez, 2010).
1.3.1.2 Genes on chicken chromosome 26
Annotation of the BAC506 sequence revealed a number of genes found within the gap in
chicken chromosome 26. Some of them have been previously cloned in chicken; others have to
be predicted based on the homology with known sequences from other species. On contig_1a,
three genes were predicted and can be viewed in Figure 1-8 and Table 1-5. On contig_1b, five
genes, including CSF1, were identified and annotated (Figure 1-9, Table 1-6).
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Figure 1-8. Annotated genes from contig_1a. Genes identified in GMAP search, visualised
using IGV; arrowheads indicate direction of transcription of genes for which that information
was available. Positions on the contig indicated above (kb).
Gene

Full name

symbol
CELSR2

KIAA

Exons
chicken

inExons in

Comment

template

cadherin EGF LAG seven-pass 12

18 (mouse,

G-type receptor 2-like

ENSMUST00000147251) due to Ns

ENSGALG00000028616

22 (human,

cDNA available

KIAA1324

22

Exons missingcDNA available

-

ENSG00000116299)
TMEM167B

Support

transmembrane protein 167B 3

3 (human,
ENST00000338272)

ENSGALG00000026986
-

cDNA available
ENSGALT00000043976

Table 1-5. Genes found on contig_1a. Number of exons identified for chicken genes and
number of exons found in mammalian templates indicated.
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CONTIG'1'

Con$g_1b)

0

)

)3

)LMOD1)

)
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TIMM17A))ADIPOR1

)9
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))12

)))UBE2T)

)
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)

))15

))kb))

))))))))CSF1)

Figure 1-9. Annotated genes from contig_1b. Genes identified in GMAP search, visualised
using IGV; arrowheads indicate direction of transcription of genes for which that information
was available. Positions on the contig indicated above (kb).
Gene

Full name

Exons

symbol
ADIPOR1

adiponectin receptor 1

inExons in

chicken

template

7

7 (human,

Comment

Support

-

cDNA available

ENSG00000159346)
CSF1

Colony stimulating factor 1 8

ENSGALG00000000094

9 (human,

Different

ENSG00000184371)

number

ofENSGALT00000045787

exons

in

chicken

cDNA available

and

human
LMOD1

Leiomodin 1

3

3 (human,

-

cDNA available

ENSG00000163431)
TIMM17A

translocase

of

inner7

mitochondrial membrane 17

6 (human,

6

ENST00000367287)

exons

homolog A
UBE2T

ENSGALG00000028721
codingcDNA available
inENSGALT00000000123

chicken

ubiquitin-conjugating enzyme7

7 (human,

E2T

ENST00000367274)

-

cDNA available
ENSGALT00000000141

Table 1-6. Genes found on contig_1b. Number of exons identified for chicken genes and
number of exons found in mammalian templates indicated.

On contig_2, five genes were identified (Figure 1-10, Table 1-7). Finally, the shortest contig_3
revealed genes matching the genes resembling the copine family (predicted genes) and a
fragment of SORT1, which was also found on contig_2 (Figure 1-11, Table 1-8).
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CONTIG'2'
Con)g"2"

0

CONTIG'2'

"""

"5""

"

"10""

"

"15

"""

"20""

"

"25

PSMA5"

SORT1"
"

SYPL2"

Con)g"2"
GNAT2"""""

"AMPD2"

Figure 1-10. Annotated genes from contig 2. Genes identified in GMAP search, visualised
using IGV; arrowheads indicate direction of transcription of genes for which that information
was available. Positions on the contig indicated above (kb).
Gene

Full name

symbol
AMPD2

Exons
chicken

inExons in

Comment

Support

template

AMP deaminase 2-5

18 (human,

Gene

cDNA available

like

ENST00000531734)

incomplete,

ENSGALG00000026860

found at the end
of the contig
GNAT2

G

protein

transducing

alpha8
activity

polypeptide 2

9 (mouse,

Different numbercDNA available

ENSMUST0000005866 of
9)

exons

chicken

inENSGALT00000043217
and

mouse
PSMA5

proteasome

9

(prosome,

9 (human,

-

cDNA available

ENST00000538610)

ENSGALT00000000089

macropain) subunit,
alpha type, 5
SORT1

sortilin 1

3

20 (human,

Gene found atPredicted gene

ENST00000538502)

the beginning of
the

contig:

N’

missing
SYPL2

synaptophysin-like 27

6 (human,

Predicted

ENST00000369872)

different numberENSGALG00000028285
of

exons

chicken

cDNA available
in
and

human
Table 1-7. Genes found on contig 2. Number of exons identified for chicken genes and
number of exons found in mammalian templates indicated.
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"
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"

Figure 1-11. Annotated genes from contig 3. Genes identified in GMAP search, visualised
using IGV; arrowheads indicate direction of transcription of genes for which that information
was available. Positions on the contig indicated above (kb).

Gene

Full name

Exons

symbol

chicken

CPNE5 Copine family

1

member 5 - like
CPNE9 Copine family

2 (human,

Comment

Support

Predicted gene

Predicted gene

Predicted gene

Predicted gene

ENST00000547417)
8

member 9 – like
SORT1 Sortilin 1

inExons in template

7 (human,
ENST00000273027)

1

20 (human,

Gene found at thePredicted gene

ENST00000538502)

end of the contig

Table 1-8. Genes found on contig 3. Number of exons identified for chicken genes and
number of exons found in mammalian templates indicated.

In order to primarily check the quality of gene annotation, the number of exons obtained for the
chicken genes were compared with the number of exons in mammalian templates. The results
showed in Table 1-5, Table 1-7 and Table 1-8 indicate that for most genes the complete gene
sequence was identified and annotated. The notable exception is SORT1, which in human has 20
exons and in the BAC506 chicken assembly only three, and AMPD2 (18 exons in human, 5 in
chicken). However, these genes were found at the start and the end of contig_2, respectively,
and the remaining parts of both genes will most likely be found within the gaps. In addition, a
very short fragment of SORT1 was found at the end of contig_3, suggesting the orientation of
the contigs. Apart from that, however, no data was available to connect the three contigs,
therefore conserved synteny with human chromosome 1 (where the Csf1 is found) was used to
predict the order of PacBio contigs. According to the investigation, contig_1a is followed by
contig_3, then contig_2 and finally contig_1b (Figure 1-12)
Annotated genes in their presumed order have been listed in Figure 1-12. Two copine-like genes
form contig_3 had to be omitted, as these were missing in human chromosome 1, and further
analysis will be required to confirm their structure and complete their annotation.
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Out of genes present in PacBio data, TMEM, CELSR2, PSMA5, SYPL2, AMPD2, TIMM and
UBE2T were all missing in Illumina contigs. In order to identify annotated genes in other avian
species, avian genomes database, created by the members of Avian Phylogenetic Consortium
(Jarvis et al., 2014), was scanned using blastn, with chicken genomic DNAs as templates. Blastn
maximum E-value parameter for reported alignments was set up to 1e -5 (for the full description
of the avian genomes database and the blast search pipeline, see Materials and Methods of
Chapter 2).
All of the avian genomes were sequenced using Illumina NGS. Similarly to Illumina data
discussed in this chapter, TMEM, TIMM, UBE2T and SYPL2 were missing or reported very
short matches in most species (Figure 1-12). In addition, KIAA and CSF1 were absent in most
species (see Chapter 2 for more information on CSF1 search). Moreover, the majority of the
matches were found on short scaffolds that contained number of “Ns”. This finding show that
difficulties faced by using Illumina NGS in this chapter were echoed in sequencing
corresponding genome fragments in other avian species.
Despite most genes found on separate scaffolds, the correct gene synteny of the newly
assembled BAC506 was partially confirmed by the presence of KIAA and CELSR2 on the same
scaffold in trogon, cuckoo and zebra finch, GNAT, AMPD2 and LMOD1 on the same scaffold in
Emperor penguin, AMPD2, LMOD1 and TIMM together in Adelie penguin and GNAT, AMPD2,
LMOD1 and TIMM in zebra finch.
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Figure 1-12. BAC506 genes in their presumed order in chicken chromosome 26, as indicated
by gene synteny in human chromosome 1. PacBio and Illumina contigs indicated above.
Avian genomes database created in Chapter 2 scanned using chicken sequences via blastn
search (see Chapter 2, Materials and Methods). Present genes indicated by shading. Cell
boundaries indicate separate scaffolds. Total number of genes in all searched genomes
indicated as % below.
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1.3.2 CSF1 gene structure
1.3.2.1 Conserved synteny at the avian CSF1 gene locus
Despite CSF1 sequences having been determined in a number of avian species, the CSF1 gene
has not been annotated in any of the currently available avian genomes (chicken, turkey, duck or
zebra finch). Partial chicken CSF1 is found in scaffold AADN03025397.1: 21-2,858
(ENSGALG00000028217.1).
Examination of gene synteny of the mammalian CSF1 in mouse and human revealed
conservation of genes neighbours: AHCYL1, STRIP1 and ALX3 upstream and a number of
GSTM genes downstream of the CSF1 (Figure 1-13). The avian CSF1 gene was predicted to
neighbour the same groups of genes. Those genes, however, are located next to a gap in all but
one of the available avian genome assemblies.
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Figure 1-13. Conservation of CSF1 gene synteny obtained from Ensembl database between
A) forward strand of human (version 78.38) chromosome 1 and B) reverse strand of mouse
(version 78.38) chromosome 3. The legend indicated below the figure.
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10

Orthologs of AHCYL1, STRIP1 and ALX3 genes are found on chicken chromosome 26, next to a
large, ~100kb gap; turkey chromosome 28, in a region with a number of gaps and in duck on an
unannotated scaffold - KB742765.1, which also contains a number of gaps (Figure 1-14).
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Figure
1-14. ChromosomeProtein
regionsCoding
surrounding the presumed CSF1 locus in A) chicken
(Galgal4), B) turkey (UMD2) and C) duck (BGI_duck_1.0) genomes. Red boxes mark the
Ensembl protein coding
gaps in the assembly.

In zebra finch the genes are found on different locations on the same chromosome, with no
obvious gaps in between. That effect can be either due to lack of conservation of gene synteny
between Passeriformes and the rest of the birds or, more likely, due to a poor quality of genome
assembly. Interestingly, AHCYL, STRIP1 and ALX3 were found in the zebra finch at the very
start of chromosome 28, whilst the other group of genes neighbouring CSF1 in mammals was
found closer to the centromere (Figure 1-15). Similarly to the other examined birds, no zebra
finch CSF1 has been annotated to date. It is likely that the current assembly is incorrect and that
chromosome 28 is mis-assembled.

78

No

A"
100kb

200kb

300kb

400kb

500kb

Contigs
Genes (Ensembl)
AHCYL1 >

< ENSTGUG00000000863

STRIP1 >

SLC6A17 >

< ALX3

< KCNA2
RBM15 >

KCNC4 >

ENSTGUG00000000908 >

< KCNA3

< ENSTGUG00000000909

< SLC16A4

< ENSTGUG00000000914

KCNA10 >

< ETV7

< STK38

C6orf89

KCTD20 >

PI1
SFRS3 >

100kb

200kb

300kb

400kb

500kb

Ensembl Taeniopygia guttata version 78.1 (taeGut3.2.4) Chromosome 26: 44,252 - 1,044,251

B"

Gene Legend

Protein Coding

Non-Protein Coding

3.0Mb

3.1Mb

Ensembl protein coding

Contigs

3.2Mb

3.3Mb

3.4Mb

RNA gene

Genes (Ensembl)
< ENSTGUG00000001403
UBE2T >

CELSR2 >
KIAA1324 >

< TIMM17A

< ATP5F1

< RAP1A

< ENSTGUG00000001414
ADIPOR1 >

FAM212B >

IRF6 >

WDR77 >

NTN3 >

< TRAF3IP3

< ENSTGUG

ENSTGUG00000001460 >
SARS >

< CAMK1G

< C6orf132

PPIL1 >

< ENSTGUG0

< ENSTGUG00000018375

GUCA1A >

ENSTGUG00000001454 >

< GUCA1B
ENSTGUG00000001490 >
< HSD11B1

3.0Mb

3.1Mb

3.2Mb

3.3Mb

3.4Mb

Ensembl Taeniopygia guttata version 78.1 (taeGut3.2.4) Chromosome 26: 2,948,208 - 3,948,207

Gene Legend

Protein Coding
Ensembl protein coding

Non-Protein Coding
RNA gene
pseudogene

Figure 1-15. Genes presumably neighbouring CSF1 on zebra finch chromosome 28
(highlighted by blue circles). A) AHCYL1, STRIP1 and ALX3 at the beginning of the
chromosome and B) SARS, KIAA1324 closer to the centromere. Zebra finch genome
assembly taeGut3.2.4.

It was concluded that the avian CSF1 will most likely be found within the gaps on the chicken,
turkey and duck chromosomes. Indeed, linkage mapping using the East Lansing Reference
Population, performed by Mr. Bob Paton, identified CSF1 as mapping to chicken chromosome
26, within the estimated gap in the assembly described above (personal communication).
1.3.2.2 CSF1 sequence
CSF1 was identified by a BLAST/GMAP search at the 3’ end of the contig_1b within the region
of high coverage (see Figure 1-7). Further sequence analysis identified chicken CSF1 as 2689
bp long, on the reverse strand and spanning eight exons: exon one is 127 bp, exon two 130 bp,
exon three 67 bp, exon four 181 bp, exon five 181 bp, exon six 796 bp, exon seven 105 bp and
exon eight 1130 bp long. The same number of exons was recognised in Illumina data. Figure
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1-16 shows the exons in relation to the CSF1 cDNA (Garceau et al., 2010) and annotated
against the Ensembl CSF1 gene.
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B"

CSF1%cDNA%
CSF1%Ensembl%

C" 1"
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7"

6"

8"

Figure 1-16. Chicken CSF1 cDNA and exon structure. A) Full chicken CSF1 cDNA, B)
chicken CSF1 cDNA available on Ensembl C) CSF1 exons 1-8 identified in contig 1.

1.3.2.3 Chicken CSF1 isoforms
In order to further investigate the structure of the chicken CSF1 gene, RNA-seq data from
BMDM was analysed to reveal its isoforms. BMDM were chosen due to the high abundance of
the CSF1R system genes and gene products found in this cell line (Prof. David Hume, personal
communication).
Stranded, paired-end BMDM RNA-seq library (read length 100 bp) was analysed for the
presence of CSF1 using the Tuxedo pipeline. The analysis revealed two CSF1 isoforms, 2408
and 1748 bp long (Table 1-9). The shorter isoform was missing exon 6, which possesses the
unique chordoitin sulphate addition site (see the Introduction), which suggests that the smaller
chicken CSF1 isoform is not glycosylated (see Chapter 4 for functional analysis of bacterially
expressed, non-glycosylated chicken CSF1) (Figure 1-17).
The estimated isoform-expression values are presented in the Fragments Per Kilobase of Exon
per Million fragments mapped (FPKM) format.
CSF1 isoform

Length

Exons

FPKM

Coverage

Isoform 1

2408bp

1-8

332139

67.09

Isofrom 2

1748bp

1-8; missing exon 6

139945

28.27

Table 1-9. CSF1 isoforms identified from BMDM. Expression given in FPKM.
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Figure 1-17. Schematic diagram of the two chicken CSF1 isoforms. A) CSF1a is a shorter
isoform missing exon 6 therefore lacking the variable spacer domain. B) CSF1b isoforms
includes exon 6 containing the unique chondroitin sulphate addition site (blue circles).

Just as an additional interest, the same BMDM RNA-seq dataset was analysed using CSF1R and
IL34 as a reference. No hits were found for the IL34, but one isoform of the receptor was
present, with a FPKM of 340594 and coverage of 2139.61.
1.3.3 CSF1R system regulation
It was predicted that any evolutionarily conserved CNEs would provide strong evidence of the
location of putative enhancers and other regulatory elements. TFBSs reveal what regulatory
elements are involved in gene expression, thus allowing speculation on gene regulation.
1.3.3.1 CSF1 and IL34 regulatory elements in mammals
Analysis of the conservation of the human and mouse CSF1 and IL34 upstream regions revealed
greater similarity between the CSF1 non-coding sequences than the coding regions (Figure
1-18). MATCH analysis of the CSF1 upstream region identified the presence of TFBSs for
CEBPA, c-REL and NF-κB (Table 1-10). In contrast with the previous studies on coding
regions of the gene (Garceau et a., 2010) non-coding regions of IL34 are more divergent than
those of CSF1. MATCH analysis of the non-coding upstream gene regions revealed a number of
conserved TFBS upstream of the mammalian IL34: Pax4, Pax6, REL and MOD1 (Table 1-10).
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Figure 1-18. Upstream regions of the human and murine CSF1 and IL34 genes (TSS is
located at 0kB). Graphs obtained in a dotplot analysis.
CSF1 TFBS IL34 TFBS
CEBPA

Pax4

c-REL

Pax6

NF-κB

REL
MOD1

Table 1-10. TFBS of mammalian CSF1 and IL34 idenfitied in MATCH search. TFBS with
matrix probability score > 0.9 included.

1.3.3.2 CSF1 promoter region in birds
In order to analyse the regulation of CSF1 expression, six species belonging to four different
orders were selected for promoter site analysis: Gallus gallus (chicken, Galliformes), Picoides	
  
pubescens

(downy

woodpecker,

Piciformes),

Falco	
   peregrinus

(peregrine

falcon,

Falconiformes), Cuculus canorus (common cuckoo, Cuckuliformes), and Geospiza fortis and
Corvus	
   brachyrhynchos

(medium

ground

finch

and

American

crow,

respectively,

Passeriformes). The additional avian CSF1 sequences were extracted form the avian genomes
database created in Chapter 2, where the pipeline for gene extraction and gene sequence
validation can be viewed. In addition, the publicly available Anolis carolinensis (anole lizard)
sequence (ENSACAG00000012025) was extracted from Ensembl and compared with the birds
(Figure 1-19).
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Figure 1-19. Avian CNEs in the upstream region of the CSF1 gene. X axis shows the
distance from TSS (0bp) in bp. Y axis indicates % conservation obtained in pairwaise
comparison of A) the chicken (Galliformes) and the other bird orders: Piciformes
(woodpecker, Pp), Passeriformes (zebra finch, Tg), Cuculiformes (cuckoo, Cc),
Falconiformes (falcon, Fp) and Reptillia (anole lizard, Ac) B) Pairwise comparison of the
ground finch (Passeriformes) and the Galliformes, Piciformes, Cuculiformes and reptiles.
Alignments visualised using mVISTA. Grey shading indicate sequence conservation > 30%.

Whilst the Galliformes did not share significant similarities with any of the other families, high
levels of conservation was found between Passeriformes, Piciformes and Cuculiformes.
MATCH analysis on the TRANSFAC server revealed a number of CNEs in evolutionarily
diverse avian species. Table 1-11 lists all four recognised TFBS indicating their function, as
well as which species were they identified in. Apart from p65, all of the avian CSF1 TFBS were
also found in the mammalian CSF1 promoter.
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Percentage)iden7ty)

B&

Gf#Pp&

TFBS

Function

Species found

CEBPA

CCAAT/enhancer binding protein alpha

falcon, anole lizard, chicken

c-REL

Member of ΝF-κΒ family

American crow, cuckoo, ground finch, zebra finch, chicken

NF-κB

Plays a key role in regulation of innate andAmerican crow, cuckoo, ground finch, zebra finch
adaptive immune response

P65 (RELA) Member of NF-κB family; binds ΝF-κΒ American crow, cuckoo, ground finch, zebra finch
Table 1-11. TFBS found in the upstream region flanking avian and reptile CSF1. Sequences
analysed with MATCH 1.0 with minimizing false positives. TFBS with matrix probability score
> 0.9 included.

1.3.3.3 IL34 promoter region in birds
The IL34 promoter region is poorly conserved in birds. This might be due to the large
phylogenetic distance separating the species but also due to errors in the sequences that occurred
during sequencing and/or genome assembly. Out of the 22 available IL34 sequences only seven
had the sufficient quality for analysis including four Passerines: American crow, ground finch,
zebra finch and rifleman, Galliforme (turkey), Eurypygiforme (sunbittern) and a member of
Paleognathae superorder, ostrich (order Struthioniformes) (Figure 1-20). The remaining
sequences contained too many gaps (“Ns”) to be analysed.
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Figure 1-20. CNEs in the upstream region of avian IL34 gene. X axis shows the distance
from TSS (0bp) in bp. Y axis indicates % conservation obtained in pairwaise comparison of
A) Galliformes (turkey, Mg) and Passeriformes (ground finch, Gf), Eurypygiformes
(Sunbittern, Eh) and Struthioniformes (ostrich, Sc). B) Pairwise comparison of Passeriformes
and Galliformes, Eurypygiformes and Struthioniformes. Alignments visualised using mVISTA.
Grey shading indicate sequence conservation > 30%.

Similar to the mammalian IL34, in birds the IL34 upstream regions are generally less conserved.
However, greater similarity is found between Passeriformes and Galliformes than in the
comparison of their CSF1 promoters. Despite the apparent lack of sequence conservation, a
number of CNEs were recognised and MATCH analysis identified four potential TFBS (Table
1-12). Pax4, Pax6 and REL are conserved with TFBSs found in mammals, but birds seem to
lack a MOD1 binding site, which is replaced by a site for USF1.
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Percentage)iden,ty)

Mg#Gf&

0))))))))))100)

A&A)

TFBS

Function

Species found

PAX4

Member of paired box family; involved in regulation of foetal

sunbittern, zebra finch, ground

development of pancreatic islets

finch, American crow

PAX6

Also known as aniridia type II protein or oculorhombin; controls zebra finch, ground finch
the development of eyes and other sensory organs, neural and
epidermal tissues

REL

Member of NF-kB family

American crow, ground finch,
falcon

USF1

Upstream stimulatory factor; maintains genomic stability

American crow, sunbittern

Table 1-12. TFBS found in the upstream region flanking avian IL34. Sequences analysed
with MATCH 1.0 with minimizing false positives. TFBS with matrix probability score > 0.9
included.

1.3.3.4 The CSF1R gene regulatory system in birds
As outlined in the Introduction, in mammals CSF1R genomic sequence contains a CNE, a gene
expression enhancer FIRE that is essential for macrophage-specific expression of CSF1R.
Sequence comparison of the first intron of CSF1R revealed four major CNEs (marked 1-4 in
Figure 1-21) present in all studied orders of birds – Galliformes (chicken, turkey), Passeriformes
(zebra finch, rifleman), Sphenisciformes (Adelie penguin), Struthioniformes (ostrich) (Figure
1-21). Comparison of bird and turtle sequences indicated that the third 3’ CNE is also conserved
in reptiles. Comparison of the mammalian FIRE with the third 3’ CNE in birds and reptiles
identified several regions of ultra-conserved sequences (Table 1-13). These ultra-conserved
regions contain consensus sequences of binding sites of TFs known to be involved in
macrophage lineage-specific transcription. PU.1 is an important TF involved in regulating
mammalian CSF1R expression here also found in the avian ‘FIRE’ region. AP1 is similarly
shared between the two groups. Avian and mammalian receptors also share the Ets and SP1
TFBSs directly upstream of the TSS. As presented in our recent paper (Balic et al. 2014), FIRE
in chickens has a homologous function to the mammalian enhancer, and is absolutely required
for myeloid-restricted expression of fluorescent reporter genes.
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Figure 1-21. Upstream regulatory sequences of avian and reptilian CSF1R. X axis shows the
distance from TSS (0bp) in bp. Y axis indicates % conservation obtained in pairwaise
comparison of chicken (Gg), turkey (Mg), Adelie penguin (Pa), zebra finch (Tg), rifleman
(Ac), ostrich (Sc) and turtle (Pc) sequences. Four CNEs
regions (1-4)
indicated.
+2706
Ets are
SP1/3
Egr2 Runx1
TSSsequence conservation > 30%.
Alignments visualised using mVISTA. Grey shading indicate
(Balic et al., 2014).

TFBS Function
Ets

Species found

SP1
Characterised by a highly conserved to Chicken, turkey, Adelie penguin, zebraEtsfinch, rifleman,
ostrich,

GGA(A/T) DNA binding domain; also turtle
involved in protein-protein interactions
SP1

binds to GC-rich motifs, involved in

Chicken, turkey, Adelie penguin, zebra finch, rifleman, ostrich,

many immunological responses

turtle
AP1

+2760
TSS in
Heterodimeric cytokine TF involved

DAP1

immune response
PU.1

PU.1

Chicken, turkey, Adelie penguin, zebra finch, rifleman, ostrich,
turtle

activates gene expression during myeloidChicken, turkey, Adelie penguin, zebra finch, rifleman, ostrich,
and B-lymphoid cell development

turtle

Table 1-13. TFBS found in the region flanking both 5’ and 3’ of TSS of the avian and reptilian
CSF1R. Sequences analysed with MATCH 1.0 with minimizing false positives. TFBS with
matrix probability score > 0.9 included.

1.3.4 Regulation of CSF1R, IL34 and CSF1 gene expression
TFBSs identified above were analysed by IPA to identify physiological, molecular and cellular
functions that they are most often involved in. In order to compare birds and mammals, the
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same analysis was performed with TFs identified in the mammalian promoter regions of the two
ligands. It is crucial to highlight here that IPA was designed to analyse functions of mammalian
genes and, as such, its power to recognise avian gene functions is limited and the results should
be treated as an indication rather than certainty.
1.3.4.1 Different physiological functions of the CSF1R ligands suggested by TFs analysis
Analysis of the avian and mammalian TFBS indicated in Table 1-10 and Table 1-11 showed
that TFs regulating CSF1 expression in both groups are conserved, apart from the p65 present in
birds and absent in mammals. IPA analysis of the three identified TFs showed their involvement
in humoral immune response, haematological system and tissue development (Figure 1-22).
This is in accordance with known sites of CSF1 expression in mammals, which include
macrophages and osteoclasts, where the ligand is involved in immune response and tissue
development. The observed difference in physiological functions between the groups is due to
the presence of an additional TF found in birds - p65.

A"
A$

B"
B$

log$B&H$value$

log$B&H$value$

Figure 1-22. Top physiological functions for CSF1 TFs. IPA results for the CSF1 TFs in A)
birds and B) mammals. Analysed with a log p value B-H testing (Y axis).

TFs analyses suggests more complex role of IL34. For the avian IL34, physiological functions
listed included mostly developmental processes, such as haematological and tissue development
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(Figure 1-23A). For mammals, on the other hand, humoral responses were on top of the list,
followed by tissue and haematological development (Figure 1-23B). This again is in agreement
with the known sites of IL34 expression in skin and brain. Disparities in IPA analyses suggest
that the role of IL34 could slightly differ between birds and mammals, with differences between
the groups attributed to the presence of the conserved USF1 in birds and equally conserved
MOD1 in mammals.
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Figure 1-23. Top physiological functions identified for IL34 TFs. IPA results for the IL34 TFs
in A) birds and B) mammals. Analysed with a log p value B-H testing (Y axis).

1.3.4.2 CSF1R system gene expression patterns
As previously stated, chicken CSF1 was identified in Illumina RNA-seq samples from BMDM
(Table 1-14). However, no chicken CSF1 was detected in the brain samples sequenced by PacBio
and analysed by GMAP search. In contrast, IL34 was both present and highly expressed.
Surprisingly, no IL34 was found in BMDM, however, chicken CSF1R was found highly
expressed in all analysed samples.
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Sample

CSF1 expression (FPKM) IL34 expression (FPKM) CSF1R expression (FPKM)

BMDM

Isoform 1 332139

-

672505

61023

340594

Isoform 2 139945
Brain

-

Table 1-14. Gene expression of members of the CSF1R system in chicken samples. Expression given in
FPKM.

1.3.4.3 Gene expression in response to infection by specific pathogens
The CSF1R system is directly involved in macrophage proliferation, microarrays can be used to
analyse macrophage response to different pathogen challenges. Experiments involving the
Affymetrix Whole Genome Chicken Array were used to determine the expression of IL34 and
CSF1R during infection experiments involving MDV (J. Smith et al., 2011), IBDV (Smith et al.
in preparation) and IBV (Smith et al. in preparation). The MDV experiment analysed the
response in spleen and ileum, the IBDV response was measured in spleen and bursa and the
IBV challenge was carried out on tracheal samples. Birds susceptible and resistant to each
disease were challenged in each experiment. At the time of array development, no known CSF1
sequence was available and so CSF1 was not assayed in these experiments.
Analysing the transcriptome content provides an unparalleled insight into gene expression,
regulation and function in response to infection. Previously generated DNA microarray data
(Smith et al., 2011) were scanned in order to assess differential expression of CSF1R and IL34
in response to various viral infections in chicken and duck. Susceptible and resistant chickens
were exposed to the IBDV, IBV and MDV viruses and the tissue samples were collected at 2, 3
and 4 dpi and then run on the microarray (E-MTAB-2908). Since there was no annotation of the
CSF1 gene at the time when the microarray was designed, CSF1 expression cannot be analysed
using these chip data.
Microarray data showed the initial 2.5 fold up-regulation of CSF1R for the susceptible birds in
response to IBDV exposure, followed by a 2.2 fold down-regulation at 3 dpi, and 2.7 fold at 4
dpi; there was no up-regulation of IL34 (results summarised in Table 1-15). After IBV challenge
there was no change in gene expression of CSF1R or IL34 in the trachea of susceptible birds.
There was, however, a 2.7 fold greater expression of CSF1R seen in the resistant line, compared
to the susceptible line. Finally for MDV, no change in gene regulation was found in either
susceptible or resistant birds for either CSF1R or IL34.
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Pathogen

CSF1R expression

IL34 expression

(fold change)

(fold change)

IBDV

+ 2.5; -2.2 at 3 dpi; -2.7 at 4dpi

No change

IBV

No change

No change

MDV

No change

No change

Table 1-15. CSF1R and IL34 gene expression in response to pathogen challenge. No CSF1 data available.

Transcriptomic sequencing of lung and ileum samples from chickens and ducks infected with
AIV allowed the analysis of the early host response to AI infection. Data was analysed using the
Tuxedo pipeline with the Cuffdiff program. The differential expression of the CSF1R system in
response to AIV in the two species was measured at 1 and 3 dpi. Two different strains of AIV,
HPAI H5N1 and LPAI H5N2 were used in the experiment. Neither up- nor down-regulation of
CSF1R, IL34 or CSF1 was detected in chicken lungs or ileum. However, in duck, 2 fold upregulation of CSF1R and 2.5 fold up-regulation of CSF1 was detected in lung in response to
H5N1 at 3 dpi, as well as 1.9 fold up-regulation of the receptor and 2.2 fold up-regulation of
CSF1 in response to H5N2 (results summarised in Table 1-16). No up-regulation of IL34 was
detected.
Species

Chicken

Duck

Pathogen CSF1 expression

IL34 expression

CSF1R expression

(fold change)

(fold change)

(fold change)

H5N1

No change

No change

No change

H5N2

No change

No change

No change

H5N1

+ 2.5

No change

+2

H5N2

+ 2.2

No change

+ 1.9

Table 1-16. Chicken and duck CSF1R system gene expression in response to AIV challenge. Two
different strains of AIV were introduced, HPAI H5N1 and LPAI H5N2.

1.4 Discussion
1.4.1 Difficulties in sequencing chicken CSF1 locus might be a result of high GC
composition and high number of nucleotide repeats
It has previously been noted that high GC content and increased number of nucleotide repeats
might interfere with traditional methods of sequencing, such as Illumina (Kozarewa et al.,
2009). According to NCBI, the average GC content of Galgal4 is ~ 42%. Analysed here
fragment of chromosome 26 containing the CSF1 showed elevated GC, with an average content
~ 65%, indicating that the poor sequence coverage of regions surrounding the presumed CSF1
locus in chicken might be explained by the high GC content. This was further explored by
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comparing GC composition of regions covered by Illumina with regions only sequenced by
PacBio. Indeed, while the assembled Illumina data showed the average GC composition of 61%,
gaps had an average GC content of 66%, indicating that problems with the sequencing were
caused, at least partially, by the high GC composition. Another possible explanation of
problems with Illumina sequencing was the increased number of nucleotide repeats. When
compared with the sequenced regions, the gaps in the Illumina assembly contained longer and
more numerous repeats (see Table 1-1 and Table 1-3).
As all of the currently available bird genomes were sequenced using Illumina, it was expected
that if issues with Illumina sequencing caused the gaps in chicken chromosome 26 in Galgal4,
there would be similar gaps in the regions neighbouring CSF1 locus in other species. Indeed,
when nearly 50 avian genomes (available through a database created in Chapter 2), were
scanned for the presence of genes identified in BAC506, only partial matches were identified
for a majority of sequences, with hits located on short scaffolds, neighbouring multiple “Ns”.
This indicates that Illumina struggles with sequencing of that particular region in most birds,
which can most likely be attributed to the discussed above high GC content and/or high number
of nucleotide repeats.
As presented in this chapter, PacBio approach seemed to have dealt with the GC and repeat-bias
better than the Illumina, and therefore it would be recommended to employ this approach in
future sequencing projects of more GC and repeat-rich regions. The assembled BAC506
sequence was submitted to the Ensembl database and will be included in the next chicken
genome release (GalGal-5.0, expected in the spring 2015).
1.4.1.1 Validation of the final sequence assembly
In order to unambiguously confirm the final sequence assembly generated in this chapter,
further validation of the assembled contigs should be performed. As the annotated chicken
genes were ordered according to conserved synteny with human chromosome 1, the contigs
should be linked via PCR amplification of the regions flanking the gaps.
It was impossible to uniformly confirmed that the gene synteny in chicken chromosome 26
proposed in the chapter is correct via comparing the results with gene orders in other avian
species due to gaps in the genome assemblies. Therefore, in order to test the fidelity of BAC506
assembly and annotation, multiple restriction digest fragment coverage analysis could be
performed by cleaving BAC DNA using a restriction enzyme and then using gel-based methods
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to measure the range of fragment sizes represented in the sample. The spectrum of sizes
obtained would provide information about the structure of the BAC506 and could then be
viewed as a fingerprint of this sequence (Rouchka & States, 1998). Optical mapping could
extend this approach by providing, in addition to the set of fragment sizes, information about the
order in which these fragments occur in the DNA (in optical mapping DNA is sheared into
fragments that are stretched and fixed onto an optical chip and then digested using a restriction
enzyme) (Nagarajan, Read, & Pop, 2008).
1.4.2 CSF1 gene structure and conservation of gene synteny
Prior to the work presented in this Thesis, the gene structure of chicken CSF1 had not been fully
resolved and the location of the CSF1 on the chicken genome was difficult to pinpoint, due to
extensive gaps in genome assembly.
1.4.2.1 Chicken CSF1 isoforms
Only two isoforms of CSF1 are found in chicken in the two RNA tissue samples analysed,
contrasting with the existence of three mammalian isoforms. The shorter transcript is missing
exon 6 and potentially encodes a chicken ortholog of the uncleavable, membrane-anchored cell
surface CSF1α (see the Introduction). Exon 6 of the chicken CSF1 also contains the unique
chondroitin sulphate addition site found in the mammalian genes, suggesting that the longer
isoform is the secreted proteoglycan CSF1β, whilst the shorter isoform is missing this
glycosylation site. The results obtained in this chapter suggest that the two CSF1 isoforms,
membrane-bound and secreted, are maintained between birds and mammals. No evidence of
other transcripts was found in the RNAseq data.
1.4.2 Regulation of the genes of the CSF1R system
The locations of mammalian and avian regulatory regions are not conserved; however, there are
some similarities in the CNEs and TFBS’s found within the groups. For CSF1, both groups
share a number of immune-related TFBSs, such as those belonging to the NF-κB family. This
study suggests that avian CSF1 expression is controlled by the members of the NF-κB family,
further implicating its involvement in the immune response.
The upstream region of IL34 is surprisingly divergent in both birds and mammals, and so the
identification of the CNEs and, subsequently, TFBSs was more difficult. A number of predicted
TFBSs fall under the description of developmental TFs, which is consistent with the presumed
role of IL34 in development (Wei et al., 2010). It is worth noting that in birds, the predicted
IL34 promoter TFBS for REL is highly conserved. REL is a member of the previously
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discussed NF-κB family, indicating that the role of avian IL34 may be more complex than
initially thought.
CSF1R regulation in mammals involves two separate promoters, governing expression of the
receptor in different cells (Bonifer & Hume, 2008). The macrophage-specific promoter is poorly
conserved both within and in between birds and mammals, however the analysis of the
presumed proximal macrophage promoter of avian CSF1R revealed TFBSs conserved between
the two groups, corresponding to the location of mammalian enhancer, FIRE. Our recently
published study proved that this ‘FIRE’ element plays a role in controlling macrophage
development in chicken, similar to that observed in mammals (Balic et al., 2014).
It is worth noting that the currently available in silico methods for analysis of regulatory regions
are still quite limited. There are, for example, no tools available for recognising enhancer
regions. Since the average length of a TFBS lies in the region of as little as 6-10 bp, it is
difficult to rely only on sequence conservation for identification of those elements. Due to time
constraints, and a focus on the proteins of the CSF1R system, further analysis of gene regulatory
regions was impossible. In the future the existence of CSF1 and IL34 TFBSs should be
validated through in vitro experiments.
1.4.3 Differential gene expression of the CSF1R system
The differential expression of mammalian CSF1R ligands has been previously shown in a
number of studies (Nandi et al., 2012; Y. Wang et al., 2012; Wei et al., 2010); similarly, the
involvement of the two ligands in the formation of different types of macrophages has been
described (Greter, Lelios, et al., 2012). Here the analysis showed that in birds the two ligands
may also play separate roles. Taking into account sensitivity of PacBio sequencing, the
observed lack of chicken CSF1 mRNA in the brain samples might indicate that the avian CSF1
is indeed absent in the brain, which in turn would suggest that the avian IL34, similar to the
mammalian ligand, is tissue specific and plays an important role in brain development,
immunity and function. This study could be extended by generating embryonic, spleen, muscle
and skin RNA data, which will soon become available for PacBio analysis. Chicken skin data
will be of a particular interest, as it was indicated that the IL34 plays an important role in
development of skin epidermis in mammals (Wang et al., 2012).
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1.4.3.1 Differential gene expression of CSF1R and its ligands in response to infection
While chicken CSF1R and CSF1 levels change in response to some viral infections, IL34
remained unchanged in all of the studies. This trend indicates the different biological roles
played by the two CSF1R ligands in birds.
As previously established, IBDV can infect macrophages which contributes to the pathogenicity
of the virus (Khatri & Sharma, 2007). Observed fluctuations in CSF1R expression in response
to IBDV infection indicate that the virus indeed invades the macrophages, perhaps utilising
them for systemic spread, after which it down-regulates CSF1R expression, leading to immunosuppression. Due to the lack of a CSF1 probe, only CSF1R and IL34 were analysed in the
microarray study and therefore quantitative PCR experiments on changes in CSF1 levels post
exposure to pathogen could be performed. To confirm that up-regulation of the receptor is not
just due to an increased number of macrophages circulating in the system during immune
response, a more robust analysis is required to check for the increased expression of cluster of
genes usually found in macrophages.
Finally, the AIV study revealed that, while ducks mount a quick immune response, that includes
the up-regulation of CSF1 and CSF1R, in chicken the levels of these two genes remains
unchanged (Smith et al., submitted). This may have implications on AIV research and
specifically the question of how ducks, in contrast to chickens, can survive challenge, not only
by all LPAI infections, but also by most HPAI infections. This remains an important area of
research due to the human health implications and the continued threat of pandemic disease
posed by AIV.

1.5 Conclusion
In this chapter the gap in chicken chromosome 26 was filled, and a number of genes were found
and annotated, including the elusive CSF1 gene. It was proposed that the difficulties in
sequencing of the CSF1 locus in the chicken and, presumably, other bird species, through
Illumina NGS were due to the elevated GC composition and a high number of nucleotide
repeats found within these genomic regions. Obtaining the full chicken CSF1 genomic sequence
allowed resolution of gene structure and the identification of two isoforms.
Analysis of upstream genomic regions revealed similarities between avian and mammalian
CSF1R system regulatory elements, with a number of CNEs shared between the groups.
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Identification of TFBSs enabled investigation of the physiological functions of the two ligands,
with CSF1 suggested to be predominantly involved in the immune response and IL34 in
development.
Finally, study of the expression of the two ligands showed the presence of IL34 in the chicken
brain, whilst CSF1 was not expressed in the brain but instead present in BMDM. CSF1R and
CSF1 also respond to viral infection and suggest a role in a host innate immune response to
fight off viral infections.
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Chapter 2 : Creation of genome database to facilitate rapid searches of 48 avian
genome sequences
2.1 Introduction
In the previous chapter the chicken genomic CSF1 locus was characterised for the first time.
However, a robust and statistically significant evolutionary study of sites under positive,
negative and neutral selection, planned for this project required at least ten (Anisimova,
Bielawski, & Yang, 2001), and preferably more, gene and protein sequences from diverse
avian species. The primary aim of this chapter is, therefore, to extend the number of
available avian sequences by cloning CSF1, CSF1R and IL34 genes from a number of
species and creating an Avian Database containing from ~50 newly sequenced bird genomes
(Jarvis et al., 2014 Science in press). Subsequently, I will establish a workflow of gene and
peptide sequence extraction, analysis and error correction necessary to collect and assess the
quality of a number of avian and mammalian CSF1, IL34 and CSF1R protein and gene
sequences. Finally, the conservation of the obtained sequences will be analysed and
compared with that of the mammalian CSF1R system.
2.1.1 Evolutionary studies and the limitations due to a low number of sequences
As outlined in the previous chapter, prior to commencing the work contained in this Thesis,
only a few avian CSF1, IL34 and CSF1R sequences were available. The chicken and zebra
finch cDNA sequences were published (Garceau et al., 2010) and subsequently genomic
sequences of duck and turkey revealed the genes in these species (Dalloul et al., 2010;
Huang et al., 2013; W. C. Warren et al., 2010). Duck CSF1 was missing exon 1, and CSF1R
missing exons 1-14. Turkey CSF1 was missing exons 1, 2, 6, 7, 8, and IL34 missing part of
exon4 (Ensembl version 74, Flicek et al., 2013).
In order to perform all of the evolutionary analyses planned for this Thesis, it was necessary
to obtain more avian sequences. For the analysis of evolutionary rates performed using the
codeml program (part of the PAML package (Yang, 2007), see Chapter 5) the minimum
number of protein-coding DNA and amino acid sequences used is 4 or 5, provided the
species divergence (the total evolutionary distance between species) is optimal – meaning
that the sum of the rate of synonymous substitutions over all branches of a phylogenetic tree
is > 0.5 (Anisimova, Bielawski, & Yang, 2001). For less divergent sequences, 10 provide
much better result, while 20 or more would provide optimal results. For the analysis of
coevolutionary relationships between the members of CSF1R system using CAPS (Chapter
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5), any increase in the number of protein sequences analysed increases the power to detect
change, but the minimum number of sequences to show accurate results whilst minimising
false positives is 10 (Fares & Travers, 2006).
2.1.2 The International Avian Phylogenetic Consortium
Phylogenetics relies on utilising multiple mathematical models to infer relationships between
species based on the similarity between different organisms. Currently, the availability of the
large-scale genomic data on a previously unseen scale allows expanding the number of
characters analysed in phylogenetic studies, potentially resolving issues faced due to
sampling effects (reviewed by Delsuc, Brinkmann, & Philippe, 2005). The use of genomic
data to reconstruct the evolutionary history of organisms gave rise to a new field of biology,
phylogenomics. Phylogenomics is useful for resolving difficult phylogenies and using data
from other species to annotate new genomes (Eisen & Fraser, 2003).
Up until recently, the evolutionary relationships among major avian groups remained
somewhat contentious (Hackett et al., 2008). In order to reconstruct the evolutionary history
of birds, with the potential to provide answers to several outstanding fundamental
evolutionary questions, members of an International Avian Phylogenetic Consortium,
including Beijing Genomics Institute (BGI, China) sequenced, de novo assembled and
annotated 48 bird genomes, which allowed the construction of the newest avian phylogenetic
tree (Figure 2-1). The 48 species included in this tree belong to all 32 neognath and two out
of five palaeognath orders, therefore representing nearly all major clades of living birds
(Jarvis et al., 2014, submitted). Prof. Dave Burt has been involved in completion of Gallus
gallus (chicken), Taeniopygia guttata (zebra finch), Meleagris gallopavo (domestic turkey)
and, recently, the Anas platyrhynchos (domestic Pekin duck) genome, as a part of Avian
Phylogenetic Consortium (Dalloul et al., 2010; Hillier et al., 2004; Huang et al., 2013; W. C.
Warren et al., 2010). As a member, the Burt lab was therefore given access to the genome
sequences.
This Thesis aimed to perform a comprehensive comparative analysis of the avian and
mammalian CSF1R systems. This chapter describes the extraction and quality assurance of
CSF1, IL34

and

CSF1R

sequences

from

the

massive

new

dataset available.
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Figure 2-1. The newest avian phylogenetic tree constructed by members of Avian
Phylogenetic Consortium based on the 48 sequences avian genomes. The total evidence
nucleotide alignment partitioned by data type (introns, UCEs, and first and second exon
codon positions; third positions excluded as described later) analysed with ExaML under the
GTR+GAMMA model of sequence evolution resulted in a highly resolved total evidence
nucleotide tree. Branch colours denote well-supported clades. All bootstrap values are 100%
except where noted. Text colour denotes groups of species with shared traits (homology or
convergence). The arrow indicates 66 Mya, with the Cretaceous period shaded at left. The
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grey dashed line represents the approximate end time (50 Mya) by which nearly all modern
orders diverged. Horizontal grey bars on each node indicate the 95% credible interval of
divergence time in millions of years (tree adapted from Jarvis et al., 2014).

2.2 Materials and Methods
In order to extract and examine new orthologous sequences a range of programs and
pipelines had to be created. Figure 2-2 schematically describes the approach employed in the
following study, as well as in a number of additional studies performed in collaboration with
other laboratories.

Figure 2-2. Workflow followed for gene and protein sequence extraction and assessment.

2.2.1 Cloning of CSF1, IL34 and CSF1R sequences from selected avian species
Chicken and zebra finch sequences were previously sequenced and their cDNA sequences
were used as templates for primer design. Primers were designed using Biology Workbench
version 3.2 PRIMER3 version 4.0.0 tool (http://seqtool.sdsc.edu/CGI/BW.cgi, SDSC).
Biology Workbench is an online interface for access to sequence database and analysis tools.
PRIMER3

was

developed

by

Rozen

&

Skaletsky

(2000)
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(http://www.genome.wi.mit.edu/genome_software/other/primer3.html). PRIMER3 default
parameters were used, apart from: GC clamp size: 1, optimal primer size: 22, minimal primer
size: 19, optimal melting temperature: 65, minimal melting temperature: 60, maximal
melting temperature: 70, maximum length of nucleotide repeats: 3.
2.2.1.1 RNA extraction from spleen
Duck (Shaoxin ducks from the Harbin Veterinary Research Institute, China Academy of
Agricultural Science), quail (Japanese quail, inbred “L” strain) and turkey (Nicholas
commercial line A) spleens were collected from 1-3 weeks old female birds and kept frozen
at -80oC. Frozen tissue was ground in liquid nitrogen using a mortar and pestle, and then
transferred to 50 ml tube in liquid nitrogen. 100 mg tissue was added to FastPrep® tube
with1ml Trizol® (Invitrogen) and then homogenised in FastPrep machine (30 sec at speed
4). Liquid was transferred to fresh, RNAse-free Eppendorf and centrifuged at 50oC at 12000
x g for 10 min. The supernatant was incubated in a fresh tube at room temperature (RT) for 5
min. 0.2 ml chloroform was added, vials were shaken vigorously for 15s, incubated again for
3 min and centrifuged at 50oC, 12000 x g for 10 min. RNA was precipitated from the upper
aqueous phase by addition of 0.5 ml isopropyl alcohol. Tubes were incubated at RT for 10
min and then centrifuged at 5oC, 12000 x g for 10 min to precipitate the RNA. After
removing the supernatant, the pellet was washed with 1 ml 75% EtOH, vortexed and
centrifuged at 5oC, 75000 x g for 5 min. The pellet was air-dried and resuspended in 50 µl of
RNAse-free H2O and RNA concentration was measured on a Nanodrop.
2.2.1.2 Reverse transcription
1 µl oligo (dT) primers, 1 µl total RNA (up to 2µg), 1 µl Dntp (10X) and 9 µl distilled water
were heated to 65oC for 5 min, and then quickly chilled on ice. The mix was centrifuged
briefly, then 4 µl First-strand buffer (5x) and 2 µl Dithiothreitol (DTT) (0.1 M) was added,
mixed and incubated at 42oC for 2 min. 1 µl of SuperScript II RT polymerase was added and
the reagents were mixed gently by pipetting, and then incubated at 42oC for 50 min. The
reaction was inactivated by heating to 70oC for 15 min. Any remaining RNA was removed
by adding 10 U of RNase H (Roche Inc) and incubating at 37oC.
2.2.1.3 RT-PCR
PCR was carried out using the FastStart Taq system (Roche Inc) which included 10mM (2.5
mM each) deoxynucleoside triphosphates (dNTPs), 10x FS Taq Buffer (20 mM Mg2+ plus),
and 5 U/µL FastStart Taq polymerase. Each PCR reaction mix contained 1X FS Taq buffer,
0.8 mM total concentration of dNTP mixture, 0.02 U/µL FastStart Taq, and 1.0 µM of
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appropriate primer. PCR was performed using primers listed in Appendix 2. PCR conditions
were 1 cycle of 3 min at 95°C, followed by 35 cycles of 30 sec at 95°C, 30 sec at 55°C, and
1 min at 72°C, and finishing with 7 min incubation at 72°C.
2.2.1.4 PCR amplification using Phusion DNA polymerase
In order to obtain correct DNA sequences post-amplification, high-fidelity polymerases are
preferred over the more common Taq enzymes. After checking the primers in Taq reaction,
PCR was repeated using Phusion High-Fidelity polymerase (New England Biolabs) using a
standard protocol for 50 µl reaction with Phusion polymerase concentration of 1.0 U/50 µl.
PCR conditions as above. Samples were analysed on 1% agarose gel.
PCR products were cleaned up using QIAquick PCR Purification Kit (Qiagen). Clean-up
performed according to the manufacturer’s instruction. For samples that showed a smear on
an agarose gel, gel extraction of the bands of appropriate size was performed using
QIAquick Gel Extraction Kit (Qiagen), according to manufacturer’s instructions.
2.2.1.5 DNA sequencing
Samples were sequenced using BigDye® Terminator version 3.1 Cycle Sequencing Kit
(Invitrogen). BigDye reaction conditions as follows: 1 cycle of 96oC for 3 min, 25 cycles of
30 sec at 96oC, 20 sec at 50oc, 4 min at 60oC. In order to clean up the samples for
electrophoresis, 15 µl of 41.67 mM EDTA and 60 µl of absolute EtOH was added to each
sample. Samples were mixed, then incubated for 15 min and spinned at > 2000 x g for 30
min at 50oC. Immediately afterwards the plate was inverted and spun up to 180 x g to
remove any traces of EtOH. 60 µl of 70% EtOH was added to each well, samples were spun
at 1650 x g for 15 min at 5oC. Subsequently, the plate was emptied over the sink and spun at
180 x g for 1 min. Afterwards samples were dried in an evaporating centrifuge for 15 min,
pellets were resuspended in 20 µl H2O and send off for sequencing by Genepool
(Edinburgh).
2.2.2 Avian genomes from the Avian Phylogenetics Consortium
International Avian Phylogenetics Consortium sequenced, de novo assembled and annotated
for functional elements forty-eight avian genomes (newly sequenced species listed in Table
2-1).
.
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Species

Latin name

Sequence Depth

Total
length

Adelie penguin

Pygoscelis adeliae

60X

1.23Gb

American Crow

Corvus brachyrhynchos

54X

1.1G

Angola turaco

Tauraco erythrolophus

42X

1.17G

Anna's hummingbird

Calypte anna

110X

1.1G

Bar-tailed trogon

Apaloderma vittatum

28X

1.08Gb

Barn owl

Tyto alba

27X

1.14Gb

Brown mesite

Mesitornis unicolor

29X

1.1G

Budgerigar

Melopsittacus undulatus

38X

1.15Gb

Caribbean flamingo

Phoenicopterus ruber

33X

1.14Gb

Chimney swift

Chaetura pelagica

38X

1.1G

Chuck will's widow

Antrostomus carolinensis

30X

1.15G

Common cuckoo

Cuculus canorus

100X

1.15G

Crested ibis

Nipponia nippon

105X

1.17Gb

Crowned crane

Balearica regulorum gibbericeps

33X

1.14Gb

Cuckoo roller

Leptosomus discolor

32X

1.15G

Dalmatian pelican

Pelecanus crispus

34X

1.17Gb

Domestic pigeon

Columba livia

64X

1.11Gb

Downy woodpecker

Picoides pubescens

54X

1.17G

Emperor penguin

Aptenodytes forsteri

60X

1.26Gb

Golden-collared
manakin

Manacus vitellinus

110X

1.12G

Great black cormorant

Phalacrocorax carbo

24X

1.15Gb

Great-crested grebe

Podiceps cristatus

30X

1.15Gb

Hoatzin

Opisthocomus hoazin

100X

1.14G

Buceros rhinoceros silvestris

35X

1.08Gb

Kea

Nestor notabilis

32X

1.14Gb

Killdeer

Charadrius vociferus

100X

1.2G

Little egret

Egretta garzetta

74X

1.2G

MacQueen's bustard

Chlamydotis macqueenii

27X

1.09Gb

Medium ground finch

Geospiza fortis

115X

1.07G

Javan
hornbill

rhinoceros
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Species

Latin name

Sequence Depth

Total length

Northern carmine beeeater

Merops nubicus

37X

1.06Gb

Northern fulmar

Fulmarus glacialis

33X

1.14Gb

Ostrich

Struthio camelus

85X

1.23G

Peking duck

Anas platyrhynchos domestica

50X

1.1G

Peregrine falcon

Falco peregrinus

105X

1.18Gb

Red throated loon

Gavia stellata

33X

1.15Gb

Red-legged seriema

Cariama cristata

24X

1.15Gb

Rifleman

Acanthisitta chloris

29X

1.05Gb

Speckled mousebird

Colius striatus

27X

1.08Gb

Sunbittern

Eurypyga helias

33X

1.1Gb

Tinamou

Tinamus guttatus

100X

1.05G

Turkey vulture

Cathartes aura

25X

1.17G

White-tail eagle

Haliaeetus albicilla

26X

1.14G

White-tailed tropicbird

Phaethon lepturus

39X

1.16Gb

Yellow-thoated
Sandgrouse

Pterocles guturalis

25X

1.07Gb

Table 2-1. List of the newly available avian genomes sequenced and assembled by the
Avian Phylogenetic Consortium. Additional information includes genome sequencing
coverage and total length of the de novo assembly.

For

each

species,

there

were

four

files

a

coding

downloadable

via

ftp:

1. Genome: The genome assembly scaffolds;
2.
3.

Combined

annotated

Individual

exons
annotated

as

exons

DNA
for

sequence
each

(CDS);
CDS;

4. The translated peptide (amino acid) sequence of each CDS.
2.2.3 Blastable Database searches
The genome files were downloaded, unzipped and used to create Basic Local Alignment
Search Tool (BLAST) databases using blast+ version 2.2.29 (Altschul et al., 1997; Altschul
et al., 1990). The complete pipeline for the database creation can be found in the Appendix
3.
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BLAST was developed to facilitate rapid sequence comparison searches by employing the
heuristic algorithm instead of the previously used Smith-Waterman algorithm (Altschul et
al., 1990, Altschul et al., 1997). BLAST works by locating short matches (words, k-mers)
between query and target sequence. The query sequence is first divided into the short letter
words (Mount, 2004). The score of each match is assessed by the expectation/expect value E.
The E-value represents the number of alignments of that score or greater expected to occur
by chance in a database of size n (the lower the E, the more significant score of the
alignment). The Expect value (E) describes the number of hits that can appear by chance
when searching a database of a particular size (Altschul et al., 1990). For instance, if we use
an E value of 1, it is expected to see 1 match with a similar score simply by chance. E
generally decreases exponentially as the Score (S) of the match increases. Thus as the E
approaches zero, the match becomes more significant. To identify candidates, the E was
optimized empirically to obtain orthologous matches against database sequences (increased
from 0.001 to 0.01 and then to 0.1).
Three databases, cdsdb, gendb and pepdb were created which contained CDS sequences, full
genome sequence and peptide sequences, respectively. These databases were then searched
using previously cloned chicken, zebra finch, turkey and duck CSF1, IL34 and CSF1R
template sequences through blastn, tblastx (cdsdb and gendb) and blastp (pepdb). Blastn
(nucleotide-nucleotide blast) is a program which, given a DNA query, will return the most
similar (depending on parameters) DNA sequence from the DNA database. Blastp (proteinprotein blast) uses the protein query to search for a protein hit. Finally, tblastn (proteinnucleotide six-frame translation) compares protein query to all six reading frames of a
nucleotide database (Altschul et al., 1990).
2.2.3.1 Genome sequence contig extraction
Gene locations obtained via BLAST were used to extract from the genome fasta files contigs
(genomic regions) that contained gene sequences. The python script used permits extraction
of contig sequences from a file and writes them into a new file, given the known header ID
(Appendix 3).
2.2.3.2 Exon-intron search and gene model creation
In case of incomplete gene sequences, contigs were analysed using the BLAST-like
alignment tool (BLAT, version 3.4 (Kent, 2002)) in search for any additional exons. The
pipeline used in this section in described in Appendix 3. Similarly to BLAST, BLAT is a
sequence alignment tool that rapidly scans linearly through the query for the hits and then
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expands them into High-Scoring Segment Pairs (HSPs). However, unlike BLAST, BLAT
uses an index of short matches (hits) derived from the database, not from the query (Kent,
2002). Combining each detected area of homology between two sequences into a larger
alignment and allows BLAT to detect introns and deliver a single alignment, which correctly
positions splice sites. The K (k-mer) size used in BLAT search is between 8-16 for
nucleotide and 3-7 for amino acid comparisons. The number of non-overlapping k-mers
expected to occur by chance is F. Here the BLAT algorithm was used to align the genomic
region (contig) to a known cDNA sequence, either, if available, of the same species, or of the
closely related one.
In order to confirm results that arose from BLAT analysis, genomic fragments were aligned
with the cDNA sequences using Exonerate version 2.2.0-x86_64 using the following
command:
exonerate –model est2genome cDNA_query.fasta genome_target.fasta
Exonerate

is

a

generic

tool

for

pairwise

alignment

available

via

EBI

(https://www.ebi.ac.uk/~guy/exonerate/).
2.2.3.3 Full length gene extraction from avian genome sequences
CSF1, IL34 and CSF1R genes were extracted using the locations of the first and last exons
obtained during the BLAT and Exonerate searches. Additionally, 2 kb upstream of each gene
was extracted for promoter analysis. The Perl script used for extracting the sequence was
designed so that when provided with start and end locations of the gene of interest, it extracts
the full DNA sequence from a scaffold or contig (Appendix 3).
2.2.3.4 Sequence quality assessment: error check for indels, frameshifts, missing exons etc.
In order to analyse the quality of the obtained peptide and cDNA sequences, a multiple
sequence alignment (MSA) with the known avian sequences was performed. MSA was done
using both Multiple Sequence Comparison by Log-Expectation (MUSCLE) with log
expectation profile score VTML240, and Multiple Alignment using Fast Fourier Transform
(MAFFT) programs, both available via Jalview package (http://www.jalview.org/). MSA in
the identification of any sequencing errors and facilitated correcting them by manual editing,
extracting additional ESTs and repeating the MSA assessment. Where necessary, missing
exons were identified and then filled in by pulling out longer genomic regions surrounding
the original BLAST hits and performing exon search using the methods described in
previous sections.

106

2.2.4 Mammalian sequences
In order to perform a comparative analysis with the newly expanded avian data, 12
mammalian CSF1, 22 IL34 and 45 CSF1R DNA and protein sequences were extracted from
online

databases:

Ensembl

(http://www.ensembl.org/index.html)

and

NCBI

(http://www.ncbi.nlm.nih.gov/gene/, http://www.ncbi.nlm.nih.gov/protein/).
For the purpose of this study it was crucial to ensure that the evolutionary distances between
mammalian and avian species will cover a similar timespan. The approximate time of
species divergence was therefore analysed using the public database Timetree.org
(http://www.timetree.org/). This database provides estimated times of divergence between
given species as provided by available scientific literature (Hedges, Dudlej, & Kumar, 2006).
Summary time estimates are calculated using an average and a weighted average based on
the number of genes analysed for each species.
In order to provide a good reference for the comparative evolutionary analysis, mammalian
species were selected according to times of divergence similar to those of available avian
species. Based upon the BGI data, chicken and ostrich diverged around 119 Mya, chicken
and zebra finch lines approximately 106.4 Mya, chicken and a duck 81.2 Mya and chicken
and turkey 44.6 Mya (Hackett et al., 2008). The evolutionary history of mammals has been
studied more extensively. For example, Eutheria (placental mammals) diverged from
Monotremes (platypus, echidna) around 167.4 Mya. A divergence comparable to that of
chicken and zebra finch occurred between Afrotheria (e. g. elephants) and other placentals
approximately 103 Mya (Murphy et al., 2001). Euarchontoglires (e.g. rodents and primates)
and Laurasiatheria (e.g. hedgehogs, bats, whales) split around 85-95 Mya and cat and a dog
diverged about 55 Mya (Murphy et al., 2001).
2.2.5 Protein conservation analysis of mammalian and avian sequences
The first step in establishing conservation between avian and mammalian CSF1R systems
was to determine conservation patterns of the three genes and an encoded proteins. In
addition, MSAs obtained for both groups were used to calculate the consensus sequence for
each and visualise this using histograms and sequence logos (available through Jalview
package).
In order to visualise pairwise distances between sequences, MEGA6 analysis was performed.
MEGA6 is an integrated tool for conducting sequence alignment, inferring phylogenetic
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trees, estimating divergence times, mining online databases, estimating rates of molecular
evolution,

inferring

ancestral

sequences,

and

testing

evolutionary

hypotheses

(http://www.megasoftware.net/) (Tamura et al., 2013). The Distance Matrix Explorer
function was used to display results from the pairwise distance calculations and to primarily
assess the number of amino acid substitutions per site. MEGA6 measures the distance using
the Poisson correction model, as described Zuckerkandl & Pauling (1965). The resulting 2dimensional data grid displays the pairwise distances between taxa, coloured according to
pairwise distance (values approaching 0 indicate closest similarities between two sequences).

2.3 Results
2.3.1 Sequencing results for completion of specific avian gene/cDNAs
The similarity between the available chicken, zebra finch and turkey CSF1, IL34 and CSF1R
was used to design appropriate primers and complete sequencing of the turkey, duck and
quail sequences. In the case of CSF1, none of the degenerate primers succeeded in
amplifying a product; additional sequences were obtained only after gene specific primers
were used.
In addition to the already available avian sequences, here the full cDNA sequences of turkey
IL34, CSF1, duck CSF1 and partial duck CSF1R cDNA were obtained, along with the
pigeon CSF1, IL34 and CSF1R and quail CSF1R and CSF1 sequences. Species were selected
due to already resolved partial sequence, as well as the availability of tissues for the
extraction of genetic material and bone marrow differentiation performed in later chapters
(Chapter 4).
2.3.2 Gene and protein sequences
The aim of the project was to perform a comparative study of avian and mammalian CSF1R
systems. In order to expand the avian data, genomes sequenced by the Avian Phylogenetic
Consortium were converted into a searchable database. For each of the 48 species, the
available files comprised a fully assembled genome, a CDS nucleotide sequence,
individually annotated exons for each CDS and the translated amino acid sequence of each
CDS. These data were converted into a BLAST-searchable format and scanned using the
available CSF1 cDNA and protein sequences of the chicken, zebra finch, turkey, quail and
duck. The biologically active part of the CSF1 (the ~154 aa protein ‘core’, see the
Introduction), which was of most interest in our studies on structure and function of the
protein, was found in eight additional species, providing 13 in total (Table 2-2).
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CSF1

Full length

Mature peptide

Adelie

Partial

100%

American crow

Partial

100%

Chicken

Complete

100%

Cuckoo

Partial

95%

Duck

Complete

100%

Falcon

Partial

100%

Ground finch

Partial

100%

Manakin

Partial

100%

Pigeon

Partial

98%

Quail

Complete

100%

Turkey

Complete

100%

Woodpecker

Partial

62%

Zebra finch

Complete

100%

Table 2-2. List of the available avian CSF1 sequences. The bioactive part of the CSF1 contains 154
amino acids common for all isoforms of the protein.

For the more conserved IL34, blastn search returned 19 additional sequences. Some of the
IL34 were partial, but again they mostly contained the mature peptide (C-terminal to
signalling peptide sequence and without the cleaved-off C’ tail, ~180 aa long), 22 in total
(Table 2-3).
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IL34

Full length

Mature peptide

American crow

Partial

56%

Budgerigar

Complete

100%

Chicken

Complete

100%

Chuck will's widow

Partial

60%

Cuckoo

Partial

60%

Egret

Complete

100%

Emperor penguin

Partial

30%

Falcon

Complete

100%

Ground finch

Partial

56%

Hummingbird

Partial

65%

Ibis

Complete

100%

Kea

Partial

60%

Killdeer

Complete

100%

Manakin

Complete

100%

Mesite

Complete

100%

Pelican

Partial

56%

Pigeon

Partial

56%

Rifleman

Complete

100%

Tinamau

Nearly complete

90%

Turaco

Partial

56%

Turkey

Complete

100%

Table 2-3. List of the available avian IL34 sequences. The mature peptide does not include the signal
peptide.

Finally, using the known chicken, duck, quail and zebra finch CSF1R sequences, an
additional 43 sequences were extracted from the databases (Table 2-4). The complete gene
and protein sequences can be found in the Appendix 4.
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CSF1R

Full

Extracellular

CSF1R

Full length

Extracellular

length

domains

Adelie

Complete

100%

Kea

Partial

60%

American crow

Complete

100%

Killdeer

Partial

60%

Bee eater

Partial

60%

Loon

Complete

100%

Budgerigar

Complete

100%

Manakin

Partial

60%

Bustard

Complete

100%

Mesite

Complete

100%

Chicken

Complete

100%

Mousebird

Partial

60%

Chuck will's

Complete

100%

Ostrich

Complete

100%

Cormorant

Complete

100%

Owl

Partial

60%

Crane

Complete

100%

Pelican

Complete

100%

Cuckoo

Complete

100%

Pigeon

Complete

100%

Cuckoo roller

Partial

60%

Rifleman

Complete

100%

Duck

Partial

100%

Sandgrouse

Complete

100%

Eagle

Partial

60%

Seriema

Complete

100%

Egret

Complete

100%

Sunbittern

Complete

100%

Emperor

Complete

100%

Swift

Complete

100%

Falcon

Complete

100%

Tinamou

Partial

60%

Flamingo

Complete

100%

Trogon

Complete

100%

Fulmar

Complete

100%

Tropicbird

Partial

60%

Grebe

Partial

30%

Turaco

Partial

59%

Ground finch

Complete

100%

Turkey

Complete

100%

Hoatzin

Partial

65%

Woodpecker

Complete

100%

Hummingbird

Partial

60%

Zebra finch

Complete

100%

Ibis

Complete

100%

domains

widow

penguin

Table 2-4. List of the available avian CSF1R sequences. Extracellular domains include CSF1RD1-D5
region.

In order to maximise the amount of data available for further analysis, genomic regions
including 2 kb up- and downstream surrounding gene hits were extracted and analysed for
the presence of additional exons using BLAT. The known cDNA sequences were fed to the
program, which then searched for similar sequences in the genomic DNA. In case of two
CSF1 genes (pigeon and American crow) and four IL34 genes (pigeon, cuckoo,
hummingbird and ground finch), this search generated additional coding regions, which were
then merged with the previously identified sequence and used in further analysis.

111

2.3.3 Comparison of gene and protein sequences across avian species
To check for possible sequencing artefacts and to provide an overview of gene and protein
conservation patterns, sequence alignment was performed using MUSCLE aligner program.
This programs was chosen due to its high performance score when compared with the others,
including the more commonly used CLUSTAL-W (Edgar & Batzoglou, 2006).
Detailed MSA of the cDNA and protein sequences extracted are provided and can be viewed
in Appendix 5.
CSF1 shows the greatest diversity of the sequences within the biologically active, 154 aa Nterminal core of the protein. Birds lack the cysteine responsible for the inter-chain disulphide
bond but the six other cysteines (Cys34-Cys120, Cys75-Cys171 and Cys135-Cys179 in
chicken), instrumental in forming intra-chain disulphide bonds were found conserved in all
species and correspond to the mammalian residues (Figure 2-3A, Table 2.5). In the
mammalian CSF1, cysteines are involved in three intra-chain disulphide bonds (Cys39Cys122, Cys80-Cys171, and Cys134-Cys178 in mouse), as well as the formation of interchain disulphide bond during cytokine dimerization (conserved Cys63) (Figure 2-3B).
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*"

"Mammalian"CSF1"
B

""

"Avian"CSF1"
A" "

Figure 2-3. Conservation profile and consensus sequence of the biologically active (A) avian
and (B) mammalian CSF1 protein. Signal peptide removed, as well as the cleaved off C
terminus. Conserved Cys residues indicated by red arrows with lines connecting residues
forming disulphide bond. The unpaired, conserved Cys involved in homodimer formation in
mammals indicated by an asterisks.
Alignment preformed using MUSTANG. Conservation is an automatically calculated
quantitative alignment annotation measuring the number of conserved physic-chemical
properties for each column of the alignment. This calculation is based on the method
published by Livingstone et al. (1993). Conservation is visualised as a histogram giving the
score for each column. Conserved columns are indicated by ‘*’ (score of 11), and columns
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with mutations where all properties are conserved are marked with a ‘+’ (score of 10,
indicating all properties are conserved). The consensus is the percentage of the modal
residue per column, including gaps in columns. The consensus sequence displayed below
the alignment is the percentage of the modal residue per column.

MEGA6 analysis of pairwise distances between sequences highlighted the divergence of
mammalian CSF1, compared with the conservation of avian cytokine (Figure 2-4). There are
evidently two groups of CSF1 conservation in birds, with Galliformes (chicken and turkey)
clustered together and clearly divergent from the remaining, highly conserved species
(Figure 2-4A). In contrast, mammalian CSF1 is equally divergent in all studied groups
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Figure 2-4. Estimates of pairwise distances between CSF1 sequences. The number of amino
acid substitutions per site between sequences are shown. Analyses were conducted using
the Poisson correction model (Zuckerkandl & Pauling, 1965). Evolutionary analyses were
conducted in MEGA6 (Koichiro Tamura et al., 2013). All positions containing gaps and
missing data were eliminated. The colour intensity represents the pairwise distance between
sequences (0.01 - 0.6). A) The analysis of avian CSF1. B) The analysis of mammalian
CSF1.
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MSA analysis revealed the apparent conservation of IL34, especially in mammals.
Conserved cysteines present in the avian IL34 and are found in the chicken in positions
Cys25, Cys161 and Cys173 (Figure 2-5A). Even stronger cysteine conservation is evident in
mammalian IL34, where all 6 residues (Cys35, Cys168, Cys177, Cys179, Cys180 and
Cys191 in mouse) are found maintained in all studied species (Figure 2-5B). Whilst
previous studies on mammalian IL34 revealed that Cys35-Cys180 and Cys177-Cys191 pairs
form disulphide bonds, and the other two remain unpaired (Ma et al., 2012), to date no data
is available on disulphide bond formation in IL34 in birds.
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"Mammalian"IL34"
B

"

"Avian"IL34"
A" "

Figure 2-5. Conservation profile and consensus sequence of the mature (A) avian and (B)
mammalian IL34 protein. The signal peptide removed, as well as the cleaved C terminus.
Alignment performed using MUSTANG with consensus amino acids indicated below.
Conserved Cys indicated by red arrows, and the ones involved in disulphide bond formation
connected by black lines. For the full figure legend see Figure 2-3.
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Similarly, the MEGA6 analysis of pairwise distance of the avian and mammalian IL34
showed higher conservation of the cytokine compared with CSF1, however once more the
conservation was more apparent in avian IL34 (Figure 2-6). Again there are two clearly
divergent groups, Galliformes and the rest, with an exception of the hummingbird, which
remains divergent. This, however, might be due to gaps in the available hummingbird
sequence, rather then actual differences between species.
In case of mammals, there is a clearly conserved group comprising primates. The most
divergent IL34 belongs to the Tasmanian devil, but this similarly could be attributed to large
gaps in the sequence.
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Figure 2-6. Estimates of pairwise distances between IL34 sequences. The number of amino
acid substitutions per site between sequences are shown. Analyses were conducted using
the Poisson correction model (Zuckerkandl & Pauling, 1965). Evolutionary analyses were
conducted in MEGA6 (Koichiro Tamura et al., 2013). All positions containing gaps and
missing data were eliminated. The colour intensity represents the pairwise distance between
sequences (0.01 - 0.6). A) The analysis of avian IL34. B) The analysis of mammalian IL34.

CSF1R consists of several structural/functional domains, including the extracellular
domains, divided into ligand-binding and dimerising domains; the TM domain and the
intracellular TK domain (see the Introduction; structure of the CSF1R will further be
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discussed in Chapter 3). Here the MSA shows that the CSF1R conservation differs between
these domains. Examined avian and mammalian species show greatest conservation of the
TM and intracellular TK domains (Figure 2-7). Conversely, there is considerable variation
in the avian CSF1R extracellular domains, which will be analysed in detail in Chapter 5. It is
worth noting that a number of sequences are missing parts of the extracellular domains, and
there are evident gaps in both the extracellular domains and the intracellular TK. These gaps
are, however, most likely due to technical problems with gene prediction, rather than
biologically real gaps in the gene.
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Figure 2-7. Conservation profile and consensus sequence of the (A) avian and (B)
mammalian CSF1R protein. The signal peptide removed, as well as the cleaved C terminus.
Alignment performed using MUSTANG with consensus amino acids indicated below. For the
full figure legend see Figure 2-3.

Finally, MEGA6 analysis of pairwise distance between CSF1R sequences showed receptor
divergence in both groups (Figure 2-8). Compared with the conserved ligands, avian CSF1R
show lower levels of conservation, with an obvious outgroup consisting of Galliformes and
an Anseriforme (duck) (Figure 2-8A). Interestingly, two Passeriformes, zebra finch and
American crow remain highly divergent from other species. This will further be explored in
Chapters 4 and 5.
In mammals CSF1R is divergent in rodents (mainly in rabbit, mouse and rat) and in
marmoset, although in case of the latter the most probably cause is once more missing part of
a sequence (Figure 2-8B).
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Figure 2-8. Estimates of pairwise distances between CSF1R sequences. The number of
amino acid substitutions per site between sequences are shown. Analyses were conducted
using the Poisson correction model (Zuckerkandl & Pauling, 1965). Evolutionary analyses
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were conducted in MEGA6 (Koichiro Tamura et al., 2013). All positions containing gaps and
missing data were eliminated. The colour intensity represents the pairwise distance between
sequences (0.01 - 0.6). A) The analysis of avian CSF1R. B) The analysis of mammalian
CSF1R.

2.3.4 Protein conservation between avian and mammalian CSF1R system
In order to closer compare avian and mammalian sequences, consensus sequences of all
three proteins were analysed in a corresponding pairwise alignment using Jalview, with
shared amino acids were highlighted in blue. Interestingly, for the otherwise diverse CSF1
ligands (~ 33% sequence identity between birds and mammals), all six Cys residues were
conserved between groups (Figure 2-9A). Unsurprisingly, pairwise comparison of the
consensus IL34 sequences showed a significantly greater conservation throughout the mature
protein (~48% sequence identity of the mature peptide) (Figure 2-9B). However, as noted
previously, birds and mammals share only three conserved Cys residues, with the remaining
three conserved mammalian Cys missing in birds.

CSF1!

!A

!!

Mammals!
Birds!

IL34!

!B

!!

Mammals!
Birds!

Figure 2-9. Pairwise alignment of avian and mammalian consensus CSF1 (above) and IL34
(below) sequences. Amino acids coloured according to percentage identity (Jalview), with
conserved residues marked in blue and conserved Cys residues indicated by arrows.

Alignment of the mammalian and avian CSF1R consensus sequences revealed that the
highly conserved nature of the TM and intracellular domains is maintained between the two
groups (Figure 2-10). The TM domain (the leucine-rich motif) is maintained and the
following TK domain shows blocks of residue conservation. In contrast, the five
extracellular domains remain much more diverse.
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Figure 2-10. Pairwise alignment of the avian and mammalian consensus CSF1R sequences.
Residues coloured according to percentage identity (Jalview), with red box indicating
conserved TM, leucine-rich domain.

2.3.5 Additional data obtained for collaborating projects
In addition to the studies described here for the CSF1R system, and in collaboration with a
number of laboratories, I extracted several other immune genes from the Avian Genomes
Database: Interferon induced transmembrane proteins (IFITM), in collaboration with Dr.
Jacqueline Smith (Roslin Institute); TLRs, in collaboration with Hana Bainova (Charles
University in Prague); defensins, in collaboration with YuanYuan Cheng (University of
Sydney); Trojans, in collaboration with Petar Petrov (University of Oulu). I have then
performed evolutionary analyses on the obtained genes, as described in Chapter 5. The
summary of key findings is listed in the Conclusions and Future Perspectives.

2.4 Discussion
The primary aim of this chapter was to establish a working protocol for extracting gene and
protein sequences from the avian genome database created, and to collect avian CSF1, CSF1
and IL34 sequences to facilitate the evolutionary analyses described in subsequent chapters
of this Thesis.
2.4.1 Avian CSF1R system sequence collection and gene conservation
Cloning of the avian CSF1, IL34 and CSF1R gave first indication of gene conservation
between avian species. For both IL34 and CSF1R, primers designed based on the known
chicken and zebra finch sequences worked on all tested species, whilst for CSF1 only
species-specific primers allowed product amplification.
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2.4.1.1 Avian CSF1 remains difficult to sequence
The first database screen for the presence of CSF1 gave no additional data from other avian
species. Presumably this was either due to lack of sequences or low sequence similarity,
even between avian species. The problem was addressed by adding new sequences to the
search and adapting BLAST parameters (increasing the E value to 0.01), which enabled
detection of an additional seven CSF1 genes. The fact that this number still remained so low,
after searching approximately 50 avian genomes with more diverse templates, indicates that
there may be an additional cause for the lack of hits, beyond low conservation. As outlined
in Chapter 1, chicken CSF1 is a very GC-rich gene, found within a similarly GC-rich region.
The high GC content can negatively affect sequencing. It is, therefore, highly probable that
the genomic regions containing CSF1 were not sequenced in a number of species for this
technical reason. Chapter 1 identified PacBio technology as an efficient method of
overcoming this GC-bias. It would perhaps be beneficial to use this technology in
sequencing additional avian genomes.
Among the obtained sequences there were numerous gaps in the region close to the Cterminus. This part of the protein in mammals is involved in anchoring the membrane-bound
isoform of CSF1 (Deng et al., 1996) and is most likely involved in similar role in birds.
However, since the primarily focus of the evolutionary and functional analyses presented
herein lies with the biologically active, secreted part of the protein, lack of the C-terminus
should not hinder the results, but the missing data have somewhat affected phylogenetic
analysis in Chapter 5.
2.4.1.2 Incomplete IL34 is found in a greater number of species
IL34 search resulted in high number of hits, indicating both a greater gene similarity between
species and a better quality of the genomic regions. Unfortunately, a number of sequences
were missing large parts of the gene, which has affected gene tree reconstruction performed
in Chapter 5. As changing search parameters searching for missing exons through blat did
not produce more IL34 data, it can be concluded that the remaining genomes contained gaps
in the appropriate region. Indeed, a closer look at neighbouring regions revealed multiple
“Ns” in close proximity to the hits.
2.4.1.3 Conserved TK and TM parts of CSF1R makes it easy to identify even in highly
divergent species
CSF1R was identified in nearly all of the available avian genomes, most likely due to the
presence of highly conserved TM and TK domain. Remarkably, in most species, matches for
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the CSF1R exceeded one, meaning that more than one sequence was found with a significant
similarity to the query sequence. This result can be explained by a high similarity between
all members of the type III TK CSF1/PDGF receptor subfamily (see the Introduction). In the
human proteome, there are eight CSF1/PDGF receptors, including the SCFR (Rosnet &
Birnbaum, 1993). In chicken (and, presumably, in other bird species as well), the sequence
of SCFR is highly similar to CSF1R. It is, therefore, possible that SCFR was detected
alongside the CSF1R. Similarly to CSF1 and IL34, the final alignment of the curated CSF1R
sequences (after removing these other gene family members) provided assurance that they
only included correct orthologs.
2.4.1.4 Phylogenetic analysis of avian CSF1R system
In case of both IL34 and CSF1, a number of species were missing large parts of sequences.
These missing data may lead to lack of apomorphic change in phylogenetic analysis,
however, due to limited number of available sequences, especially in case of the CSF1, all
species needed to be included in further chapters. Despite the relatively low number of
obtained CSF1 sequences and a number of missing parts of IL34, data produced in this
chapter allowed for complete phylogenetic analysis of CSF1R system, including gene tree
construction and identification of lineages and sites under evolutionary selection. The results
of these studies will be presented in Chapter 5.
2.4.2 Conserved motifs in the proteins of the CSF1R system
Sequence alignment of avian CSF1 confirmed that the bioactive, 154 aa long ‘core’ of the
cytokine is conserved between avian species, as was previously indicated in both mammals
and the few bird sequences available at that time (Garceau et al., 2010). In addition,
sequences revealed conservation of the Cys residues, which, at least in mammals, are
involved in the formation of intra-protein disulphide bonds. The alignment of consensus
avian and mammalian sequences showed that the conservation of the cysteines was
maintained between the groups in the course of evolution. It can, therefore, be speculated
that the CSF1 structure has, likewise, remained conserved. Interestingly, none of the avian
sequences contained the Cys involved in the inter-chain disulphide bridge present in the
CSF1 homodimer in mammals. As previous studies have indicated that avian CSF1 also
forms a dimer (Garceau et al., 2010), it can be hypothesised that it is maintained via noncovalent interactions (see Chapter 4 for more details). The remainder of the bioactive CSF1
differs across the species. As similar divergence amongst mammalian CSF1 has been shown
to limit the degree of cross-species reactivity (Gow et al., 2012), results presented here
indicate that analogous situation may occur in birds (as discussed in Chapter 4).
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Overall, IL34 is more conserved than is CSF1. Arguably, however, the discrepancy between
the two cytokines in birds is not as obvious as expected from previous studies. It was
formerly predicted that avian CSF1 sequences is less conserved than IL34, just as it is the
case with mammalian ligands (Garceau et al., 2010). MSA results presented in this chapter
do not support that statement, as both CSF1 and IL34 present similar levels of primary
sequence conservation in birds. In fact, avian CSF1 remains much more conserved than its
mammalian counterpart. This issue will be further discussed in the evolutionary analysis
included in Chapter 5.
The high conservation of CSF1R TM and TK domains is maintained both within and
between birds and mammals. Avian and mammalian CSF1R TM domains are highly
hydrophobic, identifiable by a common Leu-rich motif. The variable regions in the
intracellular, TK domains are mostly due to technical gaps in the sequence alignments,
present in both groups. All of the intracellular Tyr residues are conserved in every species,
indicating their functional importance in receptor signalling (see the Introduction and
Chapter 3). Both avian and mammalian extracellular CSF1R domains are more divergent
and, in several bird species, contain longer technical gaps. However, due to the large number
of available sequences, species with missing ligand-binding domains can be excluded from
the evolutionary analysis (Chapter 5) without much effect on the significance of the result.

2.5 Conclusion
In this chapter the Avian Genomes database, containing genomes provided by the
International Avian Phylogenetic Consortium, was created and a working protocol for the
robust search of the 48 avian genomes was established. Utilising this protocol, additional 10
avian CSF1, 22 IL34 and 44 CSF1R sequences have been identified. The same number of
mammalian sequences was extracted from online sources, in order to create a sequence
database used for the comparative evolutionary analysis presented in Chapter 5.
The obtained sequences were analysed for conservation profiles and preliminary results
suggested that IL34 and CSF1R are highly conserved both within and between the birds and
mammals, whilst CSF1 remains more divergent, both between the two groups and within
mammals.
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In addition, a number of additional projects have indicated the effectiveness of the Avian
Genomes database, along with the optimised pipelines for evolutionary analysis. Hopefully
the Avian Genomes database will be utilised in many further studies, encouraging fruitful
collaborations within and outside of the Roslin Institute.
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Chapter 3 : Linking the structure and function of proteins in the CSF1R system to
their conservation
3.1 Introduction
Discussed in Chapter 2 sequence comparison can be useful in identifying functional
constraints within proteins. Substitutions that occur at the level of sequence, result in
changes in structure, and structure is directly related to function. To learn evolutionary
relationships between them, the structure of each molecule needs to be examined. In this
chapter 3D models of chicken CSF1, IL34 and CSF1R are developed to highlight similarities
and differences between the tertiary structures in avian and mammalian proteins. The tertiary
structures will be used to infer CSF1/CSF1R and IL34/CSF1R interfaces and compare
predicted receptor-ligand binding domains in the avian and mammalian CSF1R-ligand
complexes.
3.1.1 Protein structure
Protein structure can be considered at 4 levels: (i) primary structure, the linear amino acid
sequence, (ii) secondary structure, the formation of local elements defined by the hydrogen
bonds of the backbone amino and carboxyl groups, (iii) tertiary structure, determined by
bonding interactions between the side chains on the amino acids, and finally, (iv) quaternary
structure of multi-subunit complexes of folded protein (Pauling, Corey, & Branson, 1951).
3.1.1.1 Secondary structure prediction
Secondary structure features include α-helices, β-sheets, coils and loops – natively
unstructured regions The α-helix has 3.6 amino acids per turn with a hydrogen bond (Hbond) formed between every fourth residue. β-sheets are formed by H-bonds between an
average of 5–10 consecutive amino acids in one portion of the chain with another 5–10
residues further down the chain. Loops are usually highly disordered regions of a protein
chain, either between α-helices and β-sheets, of various lengths and three-dimensional
configurations (Pauling, Cory and Branson, 1951). The amino acids in loops can be less
constrained than the ones in the core region, and therefore more mutations tend to be fixed in
these regions. As the structural variability of the protein depends on these changes, loops
often determine the functional specificity of a protein. However, loops are generally too
short to provide sufficient information about their local fold and no generally reliable method
is available for constructing models of loops longer than a few residues (Fiser, Do, & Sali,
2000).
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Existing in silico secondary structure prediction tools rely on the properties of the primary
sequence. They use evolutionary conservation of the structures and work by simultaneously
assessing many homologous sequences in a multiple sequence alignment (MSA), and then
calculating the net secondary structure propensity of an aligned column of amino acids
(Faraggi et al., 2009).
3.1.1.2 Tertiary structure prediction
Currently

there

are

over

15

million

known

protein

sequences

(UniProt,

http://www.uniprot.org/). The tertiary structures of 97,362 of them have been deposited in
Protein Data Base (PDB, data obtained on the January 2014, PDB). Experimental
determination of protein structure is not only difficult, but also costly and time-consuming.
With so many solved structures computational modelling now presents a cheap and robust
alternative, in particular if a close homologous structure exists.
Computational modelling programs are divided into two groups: homology modelling
methods and de novo prediction methods. The first utilises similarity between proteins and
uses the protein of known structure as a template for the query protein; the second method is
utilised where no similarity to a known protein can be found; the program then looks for the
closest homologue(s) (sequence with more than 30% identical amino acid), and uses them as
templates for structure prediction (Chothia & Lesk, 1986).
3.1.2 Tertiary structures of CSF1, IL34 and CSF1R
Proteins can be classified either according to their sequence similarity or to their structural
similarity. For the purpose of this Thesis, members of the CSF1R-system are classified
according to the levels of protein relationship proposed by “Structural Classification of
Protein” (SCOP) into classes, folds, superfamilies, families and protein domains (Hubbard et
al., 1999).
3.1.2.1 Class I cytokine superfamily
CSF1 belongs to the following:
Class: all alpha proteins, Fold: 4-helical cytokines, Superfamily: 4-helical cytokines (class I
cytokines), Family: short-chain cytokines.
Class I cytokines are characterised by having a highly similar tertiary structure. Despite the
fact that they sometimes share as little as 20% sequence similarity, they all share a common
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motif: a four-helical bundle structure (A, B, C, D) with an up-up-down-down topology, with
respect to the orientation of the α-helices (Mott & Campbell, 1995; Figure 3.1).

Figure 3-1. Structure of a typical type I cytokine. α helices (A-D) indicated by columns, loops
by strings.

Class I cytokines can be further divided into two families, the short- and long-chained
cytokines (Sprang & Bazan, 1993). The long-chained cytokines lack β-sheets, their helices
are approximately 25 aa long and the CD loop passes over the AB loop. In short-chained
cytokines, the average length of the helices is approximately 15 aa, the AB loop is found
under the CD loop and there are two, anti-parallel β-sheets in the AB and CD loops (Mott &
Campbell, 1995). CSF1 belongs to the type I short-chain cytokine family which comprises
about 11 other cytokines, including GM-CSF1 (Rozwarski et al., 1994).
3.1.2.2 CSF1 crystal structure
The tertiary structures of both human (pdb: 1hmc) and mouse CSF1 (pdb: 3ejj) have been
solved (Chen et al., 2008; Pandit et al., 1992). The mature form of huCSF1 comprising
residues 4-158 was shown to share the four-helical bundle structure (αA, αB, αC, αD) with
two antiparallel β-sheets. In contrast with other members of the short-chain subfamily of
class I cytokines, however, the biologically active form of mammalian CSF1 forms a
disulphide-linked homodimer (the only other cytokine of this class that forms dimers is IL5)
(Leonard, 2001; Pandit et al., 1992) (Figure 3-2).
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Figure 3-2. Tertiary structure of the huCSF1 homodimer. Structure solved by Pandit et al.,
1992 and visualised using YASARA.

Mammalian CSF1 dimers are formed by linking the four-helical bundles end to end, forming
an elongated, flat structure. In human the three intra-molecular disulphide bonds stabilising
each monomer are formed between Cys7-Cys90, Cys48-Cys139 and Cys102-Cys146; an
inter-molecular disulphide bond linking the two monomers is formed between Csy31-Cys31.
The CSF1 homodimer binds to the CSF1R and induces its dimerisation, which enables the
receptor to autophosphorylate and trigger downstream signalling pathways (Pandit et al.,
1992).
3.1.2.3 IL34 crystal structure
There is no data available on the structural classification of IL34 in SCOP, but it was
previously proposed that it belongs to the same group as CSF1, Stem Cell Factor (SCF),
erythropoietin (EPO) and fms-related tyrosine kinase 3 (Flt3) ligand (Garceau et al., 2010).
Even though CSF1 and IL34 share little obvious sequence similarity, the recently solved
IL34 crystal structures in human (pdb: 4dkc) and mouse (pdb: 4exp) revealed similarities
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between the two (H. Liu et al., 2012; Ma et al., 2012). The mature huIL34 polypeptide
comprises residues Asn21-Val193 that form the four antiparallel helices (αA, αB, αC, αD),
typical for class I cytokines (Figure 3-3) (Ma et al., 2012).

αB#

αA#

α2#

αD#

α3#

αC#
α1#

β2#
β1#

α1#
αC#
αA#

αD#

β1#

β2#

αB#
α2#

α3#

Figure 3-3. Tertiary structure of the huIL34 dimer. Structure solved by Ma et al. (2012) and
visualised using YASARA.

The IL34 structure presents several notable differences from CSF1. First, the two antiparallel
beta sheets are shorter and partially replaced with an additional three alpha helices α1, α2
and α3. Moreover, despite the six cysteine residues of IL34 remaining conserved in all
mammals, there are only two intra-molecular disulphide bonds between Cys35-Cys160 and
Cys-177-Cys191, with Cys168 and Cys179 remaining unpaired (Ma et al., 2012). Intra-chain
protein stabilisation is achieved through those two bonds, aided by a number of non-covalent
interactions.
Biologically active IL34, like CSF1, forms a homodimer. The dimer’s interface is very
small, and is formed between the residues from the α-β1 and BC loops of the monomers. In
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huIL34, the hydrophobic centre of the interface forms around the two Pro59 residues; His56,
Tyr57, Phe58 and Pro59 of one monomer are packed up against the Pro114, His113, Leu110,
Leu109, Val108, Tyr62 and Pro59 residues of another (Ma et al., 2012).
3.1.2.4 CSF1R structure
CSF1R belongs to the type III tyrosine kinase receptor family and has five extracellular, Iglike domains (D1-D5), short, hydrophobic TM domain and intracellular TK domain (X.
Chen et al., 2008; H. Liu et al., 2012; Ma et al., 2012).
The TK intracellular domain, according to SCOP, belongs to the alpha and beta proteins
(α+β) class, protein kinase-like (PK like) fold, protein kinase-like superfamily and protein
kinases, catalytic subunit family. Upon ligand binding, TK autophosphorylates, dimerizes,
and induces phosphorylation of downstream targets. The CSF1R TK domain resembles that
of other tyrosine kinase receptors, such as cKIT and FLT3 (Figure 3-4). The domain
comprises two lobes: the N-lobe, with five beta sheets and a single helix, connected to the
alpha helical C-lobe by a hinge (Schubert et al., 2006, pdb: 3dpk).

C"lobe"

N"lobe"
Figure 3-4. Tertiary structure of human CSF1R TK. Structure solved by Schubert et al.
(2006) and visualised using YASARA.
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The activation loop of mammalian RTK is approximately 22 aa long and begins with a
conserved Asp-Phe-Gly (in huCSF1R, Asp796-Phe797-Gly798) and ends with a Pro
(Schubert

et

al.,

2006).

The

activation

loop

of

huCSF1R

contains

Tyr809,

autophosphorylation of which is crucial for receptor function. Other crucial Tyr residues are
found in the JM domain – a part of the protein found just after the TM domain, between
residues 538-581. The JM domain has two phosphorylation sites: Tyr546 and Tyr561.
CSF1R also has a Kinase Insert Domain (KID, residues 680-751) which contains three
additional phosphorylation sites: Tyr699, Tyr708 and Tyr723 (Schubert et al., 2006).
The extracellular D1-D5 domains of the mammalian CSF1R are Ig-like domains. CSF1RD1D3

have been identified in mammals as being ligand binding; domain 1 is a small I-set

(Intermediate) Ig-like domain with the characteristic beta-sheet bilayer comprising a threeon-four configuration (ABED on GFC) (D. K. Smith & Xue, 1997). Domain 2 is a distorted
I-set, with the GFC beta-sheet layer additionally twisted into two beta sheets, the upper of
which sandwiches the irregular CSF1RD1-D2 junction along with BED of domain 1. Structures
of domains 1 and 2 are maintained by a number of hydrophobic interactions. Domain 3 is
more flexibly attached and presents a typical I-set Ig domain structure (Smith & Xue, 1997).
CSF1RD4-D5 have not yet been resolved, but are believed to share the Ig-like structure with
D1-D3 and are involved in receptor dimerization upon activation (Ma et al., 2012).
3.1.3 CSF1R-ligand interactions
3.1.3.1 Mammalian CSF1/CSF1R
In mammals, the CSF1/CSF1R interface contains two sites, and is formed between the
residues in B and C helices of CSF1, and the N-terminal sequence preceding helix αA and aa
within domains 2 and 3 of CSF1R. The interface of site 1 consists of residues in helix αB
and helix αC of CSF1, and aa in the CD loop and the EF loop of domain 2 of CSF1R (Figure
3-5). The smaller site 2 is formed by the residues in the N-terminal part of CSF1 and aa in
domain 3, BC and DE loops of CSF1R (X. Chen et al., 2008).
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Figure 3-5. The interactions between mammalian CSF1 and CSF1R. A) CSF1/CSF1R
interface, with CSF1 in green and CSF1R in pink. B) Surface potential models indicating the
charge distribution (red – hydrophobic, blue – hydrophilic). C) Site 1 interface between
CSF1RD2 and the B and C helices of CSF1. D) Site 2 interface between CSF1RD3 and the
CSF1 N-terminus. Image adapted from Chen et al., 2008.

3.1.3.2 Mammalian IL34/CSF1R
Interestingly, despite previous hypotheses, the recently solved mammalian IL34/CSF1R
structure showed that IL34 binds to the receptor at the exact same region as CSF1 (Figure
3-6). Even more strikingly, IL34 also has two receptor binding sites: site 1, formed by the
residues in the positively charged surface of the D2 receptor domain and the CD and EF
loops, interacting with aa in the negatively charged surface of IL34 helices αB, αC, the
intervening loop, and α3. The smaller site 2 is formed between residues in BC and DE loops
and strand D of the receptor’s D3, and IL34 aa in helices αA, αC, and α4 (Ma et al., 2012).
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IL34"

CSF1"
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Site"1"
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Figure 3-6. Interfaces between murine IL34/CSF1R (A and C; pdb 3exp)
and CSF1/CSF1R (B and D; pdb 3ejj) complexes. IL34 and CSF1 are shown in blue and
green, respectively; D2 and D3 of CSF1R shown in orange and yellow, respectively.
Interacting residues shown as sticks, and secondary structure elements are marked in black.
Residues in CSF1R shared by both cytokines are shown in pink. IL34/CSF1 specific contacts
are labelled in blue and green, respectively (image adapted from Ma et al., 2012).

Previous chapters focused on the analysis of the primary structures of the avian and
mammalian CSF1R system, and establishing their overall pattern of sequence conservation
from MSA of avian and mammalian proteins. This chapter will concentrate on predicting
and investigating the tertiary structures of the avian CSF1, IL34 and CSF1R structures, and
relating that to sequence conservation within and between birds and mammals.

3.2 Materials and Methods
3.2.1 In silico protein structure prediction
In order to expand the analysis of the avian CSF1R system, secondary and tertiary structures
of the chicken CSF1, IL34 and CSF1R were predicted using different in silico tools. The
Protein

Homology/analogy

Recognition

Engine

http://www.sbg.bio.ic.ac.uk/phyre2/html/page.cgi?id=index)

v.
was

2.0
utilised

(Phyre2,
to

predict

secondary structures. Phyre2 is a web interface for structure prediction in homology
modelling and remote fold recognition. Phyre2 reports probabilities for a homologous
relationship. This probability is based on the real-world score distribution for negative and
homologous domain pairs in an all-against-all comparison of SCOP.
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Subsequently, the tertiary models of chicken CSF1, IL34 and CSF1R were created using
“Yet Another Scientific Artificial Reality Application” (YASARA) program. YASARA is a
package

of

molecular-graphics,

modelling

and

simulation

programs

(http://www.yasara.org/). YASARA Structure predicts and validates macromolecular
structures, including ligand docking and highly accurate force fields with knowledge-based
potentials. One of the tools utilised for the template search by YASARA is Position-Specific
Iterative BLAST (PSI-BLAST). PSI-BLAST is a method that builds on the alignments
provided by a BLASTp (Altschul et al., 1997). PSI-BLAST then generates an alignment of
the highest scoring pairs of the BLASTp (above a certain e-value threshold) and calculates
its position-specific score matrix (PSSM) (Schäffer, 2001; Altschul et al., 1997). The PSSM
is based on the frequencies with which a residue is found in a specific position in the
alignment. It determines the conservation pattern in the alignment and stores it as a matrix of
scores for each position. This profile is then used in place of the original substitution matrix
for a further search of the database. The newly detected sequences from this second round of
the search (again the ones that score above the set e-value) are again added to the alignment
and the search is repeated. This process is continued until desired or until convergence, i.e.,
when no new sequences are detected above the defined threshold. PSI-BLAST therefore
combines the information from a whole range of related sequence into a single score matrix,
which makes it far more capable of detecting distant sequence similarities than using a single
query alone (Schäffer, 2001; Altschul et al., 1997; Altschul et al., 1990). During the course
of evolution, the tertiary structures of proteins may be conserved even after considerable loss
of their sequence similarity. PSI-BLAST has been demonstrated to be useful in detecting
such relationships via sequence searches, which were previously only detected through direct
comparison of their resolved structures (Aravind & Koonin, 1999).
Homology modelling processes utilised in the YASARA simulation include several
additional steps that are reviewed in Figure 3-7.
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Figure 3-7. Schematic diagram of in silico tertiary protein structure prediction.

A homology model can, and usually does, differ from the real structure. In order to evaluate
the created model, the root mean square deviation (RMSD) of the positions of alpha carbons
in the backbone structure can be analysed. A model is considered 'accurate enough' when its
RMSD is within the spread of deviations observed for experimental structures displaying a
similar sequence identity level as the target and template sequences (F. E. Cohen &
Sternberg, 1980). If RMSD = 0, the two structures are identical, and its value increases as
they become more divergent. In general, RMSD values 0 – 2 Å indicate high level of
structural similarity between the two structures (Carugo & Pongor, 2001). RMSD is
considered as reliable indicator of structural divergence. In addition, YASARA uses ‘Z
scores’ as a method of assessing model accuracy. The Z score can adopt a value between – ∞
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to 0, and describes how many standard deviations the model quality is away from the
average high-resolution X-ray structure. A more negative value indicates that the model
looks worse than the high-resolution structure, which is expected to be the case; a Z score
closer to 0 indicates a good model.
Mouse CSF1 (pdb: 3ejj-a) and human IL34 (pdb: 4dkd-a) and CSF1R structures (pdb: 2ogv
for the TK domain and pdb: 4dkd-c for the extracellular ligand-binding domains CSF1RD1D3)

were used as primary templates for homology modelling. This was then extended in a

PSI-BLAST search to include all proteins of a similar structure.
The obtained avian models were then compared with their mammalian equivalents by
aligning them using the MUltiple STructural AligNment AlGorithm (MUSTANG) program
offered by the YASARA package (Konagurthu et al., 2006). Z scores were analysed to
identify close homologies between structures and to indicate the accuracy of the models.
3.2.1.1 Ligand binding site prediction
Avian CSF1/CSF1R and IL34/CSF1R complexes were modelled taking into account their
mammalian counterparts, as well as the conservation of the amino acids in the homologous
ligand binding sites.
Ligand docking was then performed using Autodock provided by YASARA Structure.
Models of chicken CSF1 and IL34 were docked onto the CSF1RD1-D3 region. Autodock
offers an option to place a simulation cell around the active site to focus docking on the most
important region. It was therefore possible to perform both general docking and to limit the
simulation only to certain parts of the protein. Aligning mouse and chicken CSF1 and IL34
sequences allowed identification of chicken residues corresponding to the known murine
receptor-binding sites. In addition, internal degrees of freedom of the ligand were fixed to
perform both rigid and flexible docking.
3.2.2 Evolutionary conserved motifs in tertiary structures
3.2.2.1 Conservation of structural motifs
Key amino acids required for maintaining tertiary protein structure and/or its function
usually

remain

under

a

strong

evolutionary

constraints.

ConSurf

v.

3.0

(http://consurf.tau.ac.il) is a tool utilised for calculating and mapping the evolutionary
conservation scores onto a tertiary structure.
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For all three proteins in both birds and mammals, the program was provided with either the
tertiary model created by YASARA or the available PDB crystal structure, accompanied by
the MSA obtained in Chapter 2 and phylogenetic tree files (in Newick format) (see Chapter
1). ConSurf uses PSI-BLAST to search for known homologues. The parameters used were
with a maximum of 150 homologues and E-value cutoff of 0.001 to limit number of false
positives. Redundant sequences were removed. Position specific conservation scores were
obtained using the empirical Bayesian algorithms, chosen due to its published superiority to
ML methods in small datasets in ConSurf analysis (Landau et al., 2005; Mayrose et al.,
2004). The Bayesian method calculates evolutionary conservation of residues assigning a
confidence interval for the conservation scores. That means that when the number of
sequences in the MSA is small, the intervals are large, suggesting a low support for the
score. Conversely, with the number of sequences increasing, confidence intervals get smaller
indicating more assurance in score estimates (Jones, Taylor, & Thornton, 1992).

3.3 Results
3.3.1 Secondary structure prediction
After the primary amino acid sequence analysis from Chapter 2, secondary structures
predictions of the avian CSF1, CSF1R and IL34 were performed using Phyre2. The
confidence was based on the real-world score distribution of domain pairs in comparison of
the template against SCOP.
The mature chicken CSF1 peptide prediction showed five possible helices and only one
β sheet, indicating 16% of the sequence as disordered regions (Figure 3-8).

Figure 3-8. Chicken CSF1 secondary structure prediction. Phyre2 prediction results,
indicating the position of α-helices, β-sheets and disordered regions. Secondary structure
(SS) and disordered regions confidence key indicates significance of the prediction.
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At the start of the project, no crystal structure of IL34 had been solved so the secondary
structure predictions showed some similarities to the type I cytokine family, and predicted
seven α-helices and one β-sheet, with 22% of the IL34 peptide remaining in the disordered
state (Figure 3-9).

Figure 3-9. Chicken IL34 secondary structure prediction. Phyre2 prediction results, indicating
the position of α-helices, β-sheets and disordered regions. Secondary structure (SS) and
disordered regions confidence key indicates significance of the prediction.

For the CSF1 receptor, the number of homologous proteins available in databanks was much
greater than for either one of the two ligands. That allowed for a more precise estimation of
the secondary structure, especially in the highly conserved TM and intracellular domains.
Phyre2 analysis estimated 41% of the protein to be β-sheets, with 15% α-helices.
The TM domain is a highly conserved α-helix (indicated), followed by the JM domain
containing two phosphorylated tyrosines, Tyr556 and Tyr566, and a KID domain with three
additional functional tyrosines Tyr694, Tyr703 and Tyr718 (Figure 3-10). The exact
locations of the chicken JM and KID domains are not known. The TK domain includes an
activation loop (Asp800-Trp825) corresponding to the one found in the mammalian receptor.
The loop contains Tyr813, which is presumably crucial for receptor signalling (Figure 3-11).
The extracellular, Ig-like CSF1RD1-D5 domains predominantly consist of β-sheets (Figure
3-12).
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For the TK domain, Phyre2 recognised matches with the Conserved Domain Database
(CDD) (http://www.ncbi.nlm.nih.gov/Structure/cdd/wrpsb.cgi), which gave additional
information of the predicted functions of particular sites. CDD is a database available
through NCBI website, which gathers information for the annotation of protein sequences
with the location of conserved domain footprints, and functional sites inferred from these
footprints (Marchler-Bauer et al., 2011).

TM#domain#
Tyr556#

Tyr566#

JM#domain#

Tyr694#

Tyr703#

Tyr718#

KID#domain#
Figure 3-10. Chicken CSF1R TM, JM and KID domains secondary structure prediction.
Phyre2 prediction results, a helices marked as green ribbons, b sheets as blue arrows and
disordered regions indicated by question marks. Secondary structure (SS) and disordered
regions confidence key indicates significance of the prediction.
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Figure 3-11. Chicken CSF1R TK domain secondary structure prediction. Phyre2 prediction
results, α helices, β sheets and disordered regions indicated. Secondary structure (SS) and
disordered regions confidence key indicates significance of the prediction.
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Figure 3-12. Chicken CSF1RD1-D5 secondary structure prediction. Extracellular domains
indicated below each line. Phyre2 prediction results, α helices marked as green ribbons, β
sheets as blue arrows and disordered regions indicated by question marks. Secondary
structure (SS) and disordered regions confidence key indicates significance of the prediction.

145

3.3.2 Homology modelling of tertiary protein structures
In order to analyse tertiary structures of the members of chicken CSF1R system, homology
modelling was performed using YASARA. The resulting tertiary models all scored Z values
close to 0, which is an indicator of their predicted similarity to the reference. As an
additional test of model fit, MUSTANG alignment of the avian models and the mammalian
crystal structures was performed. All gave good RMSD scores (from 0.5 – 2.029 Å),
highlighting not only the good quality of the predicted chicken models, but also the
relationships between the structures and the homology of the proteins.
3.3.2.1 Chicken CSF1
chCSF1 was modelled using mouse CSF1 (pdb: 3ejj-a) as a template (Figure 3-13A). The
model scored an acceptable Z-score of -1.648. chCSF1 maintains the four-helical barrel
structure characteristic for the class I cytokines. Each helix is antiparallel to both
neighbouring helices. Two long loops join helices α1 and α2 (AB loop) and α3 and α4 (CD
loop); the BC loop remains relatively short. In contrast to the secondary structure predictions
using Phyre2, here the CSF1 model includes two extended β-sheets.
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Figure 3-13. CSF1 tertiary structure. YASARA modelling, performed as described in
Materials and Methods. Panel A) chicken CSF1. Z score = -1.648. Panel B) MUSTANG
alignment of chicken (green) and mouse (blue and red) CSF1 (pdb 3ejj). RMSD = 1.004 Å.

The YASARA MUSTANG alignment of the chicken and mouse CSF1 (pdb: 3ejj) showed a
very close conservation between the tertiary structures in helices and sheets, with loop
regions remaining more variable (Figure 3-13B). The alignment scored a low 1.004 Å
RMSD, indicating close similarity of the sequences of the two species.
3.3.2.2 Chicken IL34
The chicken IL34 was modelled on the human template (pdb: 4dkd-a). The model shows
seven α-helices and two β-sheets (Figure 3-14A). There is more overlap between the chicken
predicted structure and the human template than in the case of the CSF1. This indicates
closer conservation between the two structures. The overall Z score of the model shows a
very good fit of -0.036.
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Figure 3-14. IL34 tertiary structure. YASARA modelling, performed as described in Materials
and Methods. Panel A) chicken IL34. Z score = -0.036. Panel B) MUSTANG alignment of
chicken (yellow) and human IL34 (blue) (4dkc). RMSD = 0.5 Å.

The alignment of the chicken and human IL34 (pdb: 4dkc) structures further confirms that
there is closer similarity between the IL34 structures than in the case of the CSF1, as
indicated by the extremely low RMSD score of the alignment = 0.5 Å. The loop regions,
however, are more divergent than in the case of CSF1, and the α1 helix in the chicken is
extended in comparison with human IL34 (Figure 3-14B).
3.3.2.4 TK intracellular domain of the CSF1R
Due to the lack of a crystal structure of a complete mammalian CSF1R, intracellular and
extracellular parts of the CSF1R were modelled separately. The TK domain was modelled
based on the auto-inhibited human CSF1R TK (pdb: 2ogv) and gave a Z score of -0.352
(Figure 3-15A). MUSTANG alignment of the chicken model with the human crystal
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structure of human CSF1R TK domain gave an RMSD of 1.433 Å with 85.96% sequence
identity (Figure 3-15B). Functional Tyr residues were found at identical locations and the
activation loop, despite belonging to a region predicted to be disordered, is structurally
conserved.

A"

B"

Ac%va%on"loop"

Figure 3-15. Tertiary structure of CSF1R TK domains. YASARA modelling performed as
described in Materials and Methods of A) chicken CSF1R TK. Z score = -0.352. B)
MUSTANG alignment of chicken (grey) and human (blue) CSF1R TK. Functional Tyr
indicated in red, activation loops marked by an arrow. RMSD = 1.433 Å.

3.3.2.5 The CSF1RD1-D3 region of the chicken receptor
There are currently no extracellular CSF1RD1-D5 crustal structures available, therefore it was
impossible to perform homology modelling of the domains 4 and 5. The tertiary structure of
the ligand-binding chicken CSF1RD1-D3 region was created using murine CSF1R (pdb: 3ejj-x)
as a template, with a Z score of -0.483. The avian CSF1RD1-D3 region consists of the Ig-like
domains with the antiparallel beta sheets (Figure 3-16A).
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Figure 3-16. Tertiary structure of the CSF1RD1-D3 region. YASARA modelling performed as
described in Materials and Methods of A) chicken CSF1RD1-D3. Z score = -0.483. B)
MUSTANG alignment of chicken (grey) and mouse CSF1RD1-D3 (multi-coloured). RMSD =
2.029 Å. C) MUSTANG alignment of human (blue) and mouse CSF1RD1-D3 (multi-coloured).
RMSD = 2.014 Å.

MUSTANG alignment of the chicken and mouse extracellular receptor domains shows that,
in comparison with highly similar avian and mammalian CSF1 and IL34 tertiary structures,
the receptor‘s CSF1RD1-D3 region is much less conserved (Figure 3-16B). Ligand-binding
domain 3 (D3) in particular shows greatest divergence between the two species, with an
altered angle between it and domain 2 in the chicken. Interestingly, the alignment of the
mouse and human CSF1RD1-D3 region indicated similar divergence between their D3 domains
(Figure 3-16C). As outlined above, domain 3 is more flexible; the main difference between
the structures was found in the angle between domains 2 and 3. The alignment of chicken
CSF1R with the mouse receptor gave an RMSD of 2.029 Å and the comparison of mouse
and human receptors showed an RMSD of 2.014 Å, indicating similar conservation between
all three structures.
3.3.3 Ligand binding
Autodock ligand docking of the two CSF1R ligands was performed to predict the receptorligand interfaces. Based on the mammalian templates, the global regions presumed to be
involved in ligand binding were indicated whilst settings up the analysis (identified in
homology study of birds and mammals). Autodock showed that, analogously to mammals,
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both molecules utilise similar parts of the receptor for binding. The chicken complex
revealed two ligand-binding sites in receptor domains 2 and 3. Corresponding chicken and
murine CSF1/CSF1R binding amino acids were identified in the structural analysis and can
be viewed in Table 3.5. It is worth noting that, whilst there are several receptor residues that
are conserved between species, only two of the contact CSF1-CSF1R amino acids are
maintained between mouse and chicken CSF1. Here, upon receptor binding, the ligand has
undergone a small conformational change, resulting in helices 1, 2 and 4 being further apart
(Figure 3-17A).

CSF1 site 1
Mouse

Phe87

Gln90

Asp91

Asp94

Glu110

Arg111

Chicken

Leu83

Gly85

Leu88

Asn89

Lys104

Thr105

CSF1R site 1
Mouse

Arg142

Arg146

Lys149

Arg150

Lys151

Lys168

Chicken

Arg142

Ser146

Ser149

Pro150

Gly151

Glu168

CSF1 site
Mouse

His38

His41

Met42

Gly44

Asn45

His46

Chicken

Tyr33

Gln36

Ile37

Thr39

Glu40

His42

CSF1R site
Mouse

Val231

Gly232

Ser250

Asp251

Phe252

Tyr257

Chicken

His231

Lys232

Pro250

Asp251

Ile252

Tyr257

Table 3.5. Corresponding CSF1/CSF1R contact residues in mouse and chicken. Coloured
according to hydrophobicity index (Jalview) from red (hydrophobic) to blue (hydrophilic).

The chicken IL34/CSF1R interface resembles the mammalian one, comprising two sites, and
with a number of ligand/receptor binging residues shared with the CSF1/CSF1R complex
(Table 3.6). This time murine and chicken ligands share more amino acid conservation.
Chicken IL34 binds to the same pocket as the CSF1, but, in contrast to CSF1, IL34 binding
invokes a change of an angle between the receptor CSF1RD2-D3 regions (Figure 3-17B).
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IL34 site 1
Mouse

Glu83

Met86

Leu89

Glu107

Ser120

Chicken

Leu70

Leu78

Leu81

Asp94

Tyr100

CSF1R site 1
Mouse

Arg142

Arg144

Arg146

Arg150

Val169

Leu170

Chicken

Arg142

Asp144

Ser146

Pro150

His169

Glu170

A"

IL34 site 2

Mouse

Tyr20

Lys24

Glu101

Leu105

Asn105

Lys153

Chicken

Leu7

Lys11

Glu88

Leu92

-

Lys132

CSF1R site 2
Mouse

Val231

Leu248

Asn249

Ser250

Asp254

Tyr257

Chicken

His231

Gly248

Lys249

Pro250

Asp254

Tyr257

Table 3.6. Corresponding IL34/CSF1R contact residues in mouse and chicken. Coloured
according to hydrophobicity index (Jalview) from red (hydrophobic) to blue (hydrophilic).

A"

B"

B"

Figure 3-17. Chicken CSF1/CSF1R and IL34/CSF1R complexes. YASARA de novo
modelling and Autodoc ligand docking performed as described in Materials and Methods of
A) chicken CSF1/CSF1R (green/grey, respectively), Z score = 1.134 and B) chicken
IL34/CSF1R (yellow/grey, respectively), Z score = 1.241 complexes. Ligand/receptor contact
residues shown in red (site 1) and blue (site 2).

3.3.4 Conserved and variable amino acid sites in the proteins of the CSF1R systems
In Chapter 2 avian and mammalian CSF1, CSF1R and IL34 sequences were obtained and
aligned. Here these MSAs were superimposed onto the tertiary structures modelled above,
using ConSurf, in order to assess the amino acid conservation.
Notable differences in residue conservation were identified in avian and mammalian CSF1.
Figure 3-18 shows the conserved (pink) and variable (blue) amino acids in the chicken CSF1
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model and the mouse crystal structure (pdb: 3ejj). In both proteins conserved residues are
facing the core of the structure, with the less conserved residues on the surface. It is worth
noting that the avian CSF1 presents a greater number of conserved residues, compared with
the much more variable mammalian cytokine with a number of variable and ‘mid-level
conserved’ (white) sites. Space-filling models illustrate protein surface with differentially
conserved residues.
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and mammalian CSF1 structures plotted onto chicken and murine template via ConSurf,
using MSA from chapter 2. A) Space-filling avian CSF1 model. The RMSD value is for the
chicken-mouse alignment. B) Space-filling mammalian CSF1 (pdb 3ejj) model. Residues
coloured from pink (highly conserved) to blue (divergent).
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In contrast, the avian and mammalian IL34 showed similarly high levels of residue
conservation both in the core and at the surface of proteins. Patterns of amino acid selection
were plotted onto a chicken IL34 model (Figure 3-19A) and human crystal structure
C" (pdb:
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4dkc) (Figure
C" 3-19B).
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Figure 3-19. Amino acid conservation of avian and mammalian IL34. Conservation of avian
and mammalian IL34 structures plotted onto chicken and human template via ConSurf, using
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from pink (highly conserved) to blue (divergent).

In the case of the ligand binding pocket of the CSF1 receptor (CSF1RD1-D3), there was no
notable difference between birds and mammals, with both groups showing a mixture of

"HC"

"D G"
F"
the receptor

conserved and variable residues in the ligand-binding domains (Figure 3-20). In both groups
residues from CSF1RD1 are most conserved,
"G and amino acids from CSF1R
"CD3 differ more

B"

significantly. The extracellular parts of

in birds and in mammals presented

similar patterns of conservation, with a slightly higher number of divergent amino acids
present in D3 of the avian receptor. As the ConSurf analysis does not discriminate residues
with low probability scores, it is likely that some of the diverse amino acids in mammalian
CSF1R might be false positives (see Chapter 5).

D"

C"

"H

H"

G"

"D
154

B"

!

!F"

!

H

G

A"

A(

180o%

D3(

D1(

C"
D1(

D3(

D1(

D2(

Chicken(CSF1R(

A"
A"Chicken*IL34*
RMSD(2.029(Å((((
RMSD*0.5*A*
C"
Divergent*

*
*

D2(

E"
G"

A"

180o%

D3(

D3(

Mouse*IL34*
C"
B"
PDB*4exp*
*
D1(
* C"

Conserved*

B(

D2(

D1(

Divergent*
D2(

D1(

D3(

D2(

D2(

B"

D"

B"D"

F"H"

Mouse(CSF1R(
B"
C"pdb(3ejj(

D"

D"

Figure 3-20. Amino acid conservation of the avian and mammalian CSF1RD1-D3 region.
Conservation of avian and mammalian CSF1R structures plotted onto chicken and murine
template via ConSurf, using MSA from chapter 2 for: A-C) avian CSF1RD1-D3 conservation;
The RMSD value is given for the chicken-mouse structure alignment. D-F) Mammalian
CSF1RD1-D3 conservation. Domains (D1-3) indicated. Highly conserved positions (pink),
neutral (white) and more divergent amino acids (blue).

3.4	
  Discussion	
  
D"
3.4.1 Structural analysis
As outlined in the introduction to this chapter, tertiary
C"
G" structure is more closely associated
with function than sequence is, therefore it tends to be more conserved. Here a similar
situation is observed in the proteins of the CSF1R system. Despite low conservation between
avian and mammalian sequences the similarity was sufficient to model chicken CSF1, IL34
and CSF1R. The resulting models show a high level of structural conservation with the
mammalian counterparts, indicating that whilst the residue conservation between the two
groups is low, the overall structural framework has been conserved over a long evolutionary
period. A well-researched example is the family of haemoglobins, where tertiary structure is
maintained
D"

despite sequences diverging to virtually
H" undetectable levels of similarity

(Aronson, Royer, & Hendrickson, 1994).
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3.4.1.1 Conserved tertiary structure of the chicken CSF1R system
The chicken CSF1 model suggests that the four helical bundle structure typical for class I
cytokines is maintained in birds. Even though IL34 is a novel protein with a unique fold not
found in any other cytokines, its tertiary structure can be, to some extent, compared with that
of the same, four helical bundle cytokine family. The in silico analysis identified similar
resemblances between chicken CSF1 and IL34, as in the studies by Ma et al. (2012)
performed on human cytokines. In addition, whilst MSAs performed in Chapter 2 did not
show a significant difference between CSF1 and IL34 conservation in birds, the alignment of
the avian and mammalian tertiary structures highlighted closer similarities between IL34
proteins (see Figures 3.13 and 3.14). These were further confirmed in the conservation
study, which identified more relaxed selection in mammalian CSF1 and more purifying
selection in IL34 structures (see Chapter 5).
Structural conservation of CSF1R TK domains suggests that the mode of autophosphorylation and downstream signalling is conserved between mammals and birds. In
contrast, the extracellular ligand-binding domains of the chicken CSF1 receptor, although
maintaining the Ig-like structure, are divergent from the mammalian templates. A similar
difference was observed when the mouse and human crystal structures were compared (see
Figure 17), which indicates that the tertiary structure of the ligand-binding domains of the
receptor remains diverse, both within and outside of the phylogenetic group. This may in
turn be related to species-specificity of ligand binding.
3.4.1.2 Ligand binding
Comparison of chicken models with the corresponding mammalian structures, followed by a
ligand-docking experiment, enabled the location of receptor binding sites in birds to be
predicted, and identified residues involved in receptor-ligand interactions. These predictions
will be tested in the next chapter. It can be inferred that, despite binding to the same part of
the receptor, IL34 and CSF1 have different ligand binding mechanisms. This corresponds
with the published findings in mammals, where IL34 binding triggers a conformational
change in the receptor (Ma et al., 2012; Rettenmier, Roussel, & Sherr, 1988).
Despite the high similarity of tertiary structures, significant differences were found between
residues believed to be involved in the receptor-ligand interaction in birds and mammals.
This further indicates that maintaining overall protein structure has been more crucial, from
an evolutionary point of view, than preserving chemical properties of individual amino acids.
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3.5	
  Conclusions	
  
Computational analysis of the tertiary structures of proteins of the CSF1R system revealed
predicted similarities between the mammals and birds. Despite having low sequence
conservation, in both groups, the modelled tertiary structures indicate their homology with
mammalian counterparts, with CSF1 forming a typical four helical bundle, IL34 presenting
unique variation of the type I cytokine structure, with increased number of helices, and the
receptors sharing the Ig-like extracellular domains.
Linking tertiary structure to the MSA of multiple mammalian or avian proteins revealed
conservation of IL34, and mammalian CSF1 remaining much less constrained than avian
CSF1. A number of CSF1 residues were selected as potentially crucial in maintaining
receptor-ligand interface in birds, and these amino acids were chosen for in vitro analysis
presented in the Chapter 4.
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Chapter 4 : Species-specificity of CSF1 and CSF1/CSF1R interactions
4.1	
  Introduction	
  
Previous chapters indicated that CSF1 and CSF1R sequences diverge significantly between
avian species. The work in this chapter aims to determine the cross-species reactivity of the
CSF1 from the chicken and from a representative passerine, the zebra finch. Mutagenesis
studies are directed towards confirming the ligand-binding interfaces predicted in chapter 3
for avian CSF1 and CSF1R, and the functional consequences of sequence divergence across
species. Earlier studies revealed that chicken CSF1 (chCSF1), like mammalian CSF1, can be
expressed in bacteria and can be used to stimulate the growth of macrophages in vitro for
functional studies (Garceau et al. 2010). A secondary aim of this work is to determine
whether this is also possible for other avian species, with a view to producing generic
reagents for the study of innate immune function across bird species. Towards this end, a
practical method for the expression and detection of recombinant CSF1 from multiple
species was developed.
4.1.1 Protein production
In addition to the bacterial expression of chCSF1, both CSF1 and IL34 were previously
expressed in transfected mammalian cells and tested for activity of a factor-dependent cell
line expressing chCSF1R (developed by Dr Valerie Garceau). The main differences in
designing expression vectors for bacterial and mammalian expression include preferential
codon usage and different methods for initiating translation (Gustafsson, Govindarajan, &
Minshull, 2004; Marilyn Kozak, 1999). The frequencies with which different codons for the
same amino acid are used vary between prokaryotes and eukaryotes (in fact in different
species) and between proteins expressed at high or low levels (Gouy & Gautier, 1982).
Codon usage is believed to be the most important factor in prokaryotic protein expression
and selecting codons preferentially recognised by translational machinery within the cell
ensures higher protein yield (Lithwick & Margalit, 2003).
In eukaryotes, translation initiation starts with the assembly of a ribosomal complex on the 5′
cap that includes the 40S subunit and Met-tRNAi. This complex scans the mRNA until the
start codon is reached. Usually it will be the first encountered AUG, generally associated
with Kozak’s consensus sequence (gcc)gccRccAUGG (R being a purine, A or G and upper
case indicating highly conserved sequences) (Kozak, 1984). The prokaryote ribosome
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binding site contains a similarly important polypurine domain UAAGGAGGU, known as the
Shine-Dalgarno (SD) sequence (Shine & Dalgarno, 1974). SD sequence is found just 5' to
the translation initiation codon and is crucial for identification of the translation initiation site
on the mRNA by the ribosome (Chen et al., 1994).
The advantages of prokaryotic protein production are high protein yield, high degree of
purity of the target protein in the aggregate fraction and the increased protection from
proteolytic degradation within the inclusion bodies (Vallejo & Rinas, 2004). To become
biologically active, eukaryotic proteins undergo series of modifications such as methylation,
glycosylation, hydroxylation or formation of disulphide bridges (Imahori & Sakiyama,
1993). The main disadvantage of using bacteria for eukaryotic protein production is that
prokaryotes are not equipped with the complete enzymatic machinery required for protein
folding and post-translational modifications (Gräslund et al., 2008). Moreover, proteins
expressed in bacteria are commonly bound in inclusion bodies, which have to be recovered
by treatment with strong denaturants, and/or harsh mechanical techniques which compromise
activity (Villaverde & Carrió, 2003). The activity of the recombinant protein can be regained
through isolation and solubilisation of inclusion bodies, followed by refolding of the soluble
protein. Another issue with using the bacterial expression systems is the possible presence of
harmful endotoxins that can affect downstream application of the produced protein.
Proteins produced in mammalian cells are more likely to be correctly processed, which
allows avoiding the time consuming and potentially error-prone refolding steps. The main
disadvantage is higher cost and lower yield. One cause of the low yield is cell death due to
the harshness of the transfection agent/method used for introducing the genetic material into
the host cell. Different transfection approaches try to combat those issues in various ways;
most common ones along with their benefits and drawbacks are discussed in Table 4.7.
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Method

Description

Pros

Cons

Calcium

DNA binds to calcium phosphatate,

Cheap;

pH

Phosphate

forming precipitate;

High efficiency;

compromise

Applicable to wide

efficiency;

binding of the DNA to cell surface;

range of cells;

size-dependent;

DNA enters the cell by endocytosis.

Transient

Calcium

phosphate

facilitated

the

and

stable transfection.

changes

quality of DNA
precipitatedependent.

Cationic lipids

Cationic lipids consist of positively

High efficiency;

Not applicable to

charged head group and one or two

Easy to use;

all cell types.

hydrocarbon chains;

Minimal steps.

Charged group governs the interaction
between the lipid and the phosphate
backbone of DNA, facilitating DNA
condensation;
The transfection complex enters the
cell by endocytosis
e.g. Lipofectamine.
Electroporation

Mechanical transfection method that

Not-chemical;

High

uses

create

Does not alter the

mortality.

temporary pores in cell membrane,

biological structure

through which DNA passes inside.

of the cells;

electrical

pulse

to

cell

Easy to use;
Minimal steps.
Table 4.7. Transfection methods used for introducing genetic material into the host
eukaryotic cell.

4.1.2 BM derived macrophage differentiation and characterisation
The growth of macrophages from bone marrow (BM) using recombinant CSF1 has been
previously described in human, mouse, chicken, guinea pig and pig BM cells (Garceau 2010,
Hume 1985, Hume and Gordon 1983, Kapetanovic 2012, Stanley and Guilbert 1981, Yu
2013).
Differences in species-species cross-reactivity can result from divergence of the primary
sequence at the protein-protein interface, or changes in secondary and tertiary structure that
alter the conformation of the binding site(s). These changes, in turn, depend upon sizes,
charges and chemical properties of amino acids (Figure 4-1).
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Figure 4-1. Biochemical properties of amino acids. Amino acids indicated by a single letter
code.

Cross-species reactivity of mammalian CSF1 has been extensively studied. huCSF1 is
capable of stimulating mouse, cat, dog and pig BM differentiation (Das & Stanley, 1982;
Genovesi et al., 1989; Hume et al., 1988; Koths, 1997; Mayer, 1983; Wiktor-Jedrzejczak et
al., 1991). Gow et al. (2012) reported that both human and porcine CSF1 have similar
biological activity on BM cells isolated from the cat and dog. Hence, porcine CSF1, like
human CSF1, is biologically active in all mammal species tested. Conversely, mouse CSF1
lacked activity on human cells (Mayer, 1983; Roussel, Downing, Ashmun, Rettenmier, &
Sherr, 1988; Woolford, McAuliffe, & Rohrschneider, 1988) and Elegheert et al. (2011)
reported that mouse CSF1 binds 500 times less tightly to human CSF1R than to the murine
receptor. Human and mouse CSF1 share 80% identity, but there is variation in the contact
residues identified from the crystal structure of the CSF1/CSF1R complex (based on the
murine pdb: 3ejj complex resolved by Chen et al., 2008 and the human pdb: 1hmc CSF1
resolved by Pandit et al., 1992) and CSF1R pdb: 2ogv resolved by Walter et al., 2007).
Seven CSF1 residues from CFS1/CSF1R interface differ between mouse and human (Table
4.8).
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CSF1

CSF1R

Mouse

Human

Mouse

Human

Phe87

Leu

Arg146

Arg

Gln90

Gln

Arg142, Arg146, Arg150

Arg, Arg, Arg

Asp91

Asp

Arg146

Arg

Asp94

Asp

Leu149, Arg150

Met, Arg

Arg98

Arg

Arg150

Arg

Glu110

Val

Lys151, Lys168

His, Lys

Arg111

Gln

Phe252, Asn255

Phe, Asn

Gln113

Gln

Leu149

Met

Glu114

Gln

Val169

Phe

Asn117

Leu

Leu170, Ser172, Asn173

Ile, Ser, Gln

His38

Tyr

Val231, Gly232

Val, Asn

His39

His

Val231, Ser250, Tyr257

Val, Ser, Tyr

Met42

Met

Val231, Tyr257

Val, Tyr

Gly43

Gly

Asp251

Asp

Asn44

Ser

Asp251

Asp

Gly45

Gly

Arg146, Asp261, Phe252

Arg, Asp, Phe

His46

His

Phe252, Tyr257

Phe, Tyr

Table 4.8. CSF1 and CSF1R residues in receptor-ligand interface in mouse and human.
Non-conserved amino acids marked in bold.

Chapter 2 described the large variation seen in the CSF1R extracellular domain across avian
species and chapter 3 predicted the tertiary structure of the avian CSF1/CSF1R complex.
This chapter studies the species-specificity of the avian CSF1 ligand and tests the predictions
based upon structural modelling of the CSF1 receptor-binding site in the chicken.

4. 2 Materials and methods
4.2.1 Setting up expression systems
4.2.1.1 Protein production in HEK293
Human Embryonic Kidney 293 (HEK293T) cells, stably expressing the SV40 large T
antigen for increased protein production (American Type Culture Collection) were cultured
in Dulbecco's Modified Eagle's medium (DMEM) (Sigma Chemical Co.), supplemented with
10% heat inactivated Foetal Calf Serum (HI-FCS) (GE Healthcare), 2 mM L-glutamine, 0.1
mM non-essential amino acids and antibiotics (100 µg/ml penicillin, 100 µg/ml
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streptomycin). One day prior to transfection, 8 x 105 HEK293T cells were seeded with
antibiotic-free DMEM in six-well plates.
In order to establish the best transfection method, HEK293T cells were first transfected with
an empty pSpCas9(BB)-2A-GFP (Px458) vector (courtesy of Dr Clare Pridans).
Lipofectamine 2000 (Invitrogen by Life Technologies) and FuGENE® HD Transfection
Reagent (Promega), were used according to manufacturer’s instruction. In addition, calcium
phosphate (Ca(H2PO4)2) using Calcium Phosphate Transfection Kit (Invitrogen) and
electroporation using Gene Pulser 2 (Biorad) 220V, 950 µF were also used. After 48 hr
incubation at 37°C in a 5% CO2, presence of GFP was assessed under the fluorescent
microscope and the percentage of positively transfected cells was calculated.
Next, HEK293T were transfected using Lipofectamine 2000 with the truncated chCSF1
(M1-P375) in pEF6-V5 vector, cloned by Mr. Bob Paton, or an empty pEF6-v5 vector.
Complete vector maps can be found in Appendix 1.
Transfected cells were incubated at 37°C in 5% CO2 for 48 hr, after which supernatant (s/n)
was collected and the presence of protein was verified by a Western blot (see below).
4.2.1.2 chCSF1 production in bacteria
Pfizer Animal Health, Kalamazoo, designed and manufactured a gene cassette encoding the
mature part of the chCSF1 peptide (N31- P189). The sequence was optimised for bacterial
expression by ensuring appropriate codon usage and adding the SD sequence prior to the 5’
end of the gene. Optimised insert was cloned into pET-28(b) vector (pTLW54, Appendix 1).
MAX Efficiency DH5α Chemically Competent E. coli (Invitrogen) were transformed with
pTLW54 using manufacturer’s instructions. Inserts were sequenced and expanded, and DNA
was extracted using QIAPrep Mini Prep Kit (Qiagen) (according to manufacturer’s
recommendations).

One

Shot® BL21

Star™

(DE3)

Chemically

Competent

E.

coli (Invitrogen) were then transformed with the purified pTLW54 DNA for protein
expression. EnPresso growth system (composed of EnBase medium and Enz I’m enzyme,
BioSilta), was used to facilitate bacterial growth and protein expression. 500 ml flasks
containing 50 ml sterile water and 2 EnBase Medium tablets and 50 µl Enz I’m (activity 300
U/L) were inoculated with the starter colonies to OD600 of 0.05-0.15. Flasks were cultivated
at 30°C for 16-20 hr with 250 rpm shaking. Once culture reached mid-log growth, protein
expression was induced with 1mM IPTG (Isopropyl β-D-1-thiogalactopyranoside).
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Cultivation continued for another 24 hr, after which cells were harvested for protein
solubilisation.
The cell suspension was pelleted and resuspended in 30 ml lysis buffer (50 mM Tris pH 8.5,
10 mM EDTA) and put through the High Pressure Basic Z Bench top Cell Disruptor
(Constant Systems Ltd). The lysate was collected on ice and centrifuged at 12000 x g at
15°C for 20 min. The pellet was resuspended in 30 ml lysis buffer. The centrifugation step
was repeated. The resulting pellet was resuspended in 10 volumes of solubilisation buffer
(50 mM Tris pH 8, 7 M guanidine HCl, 5 mM EDTA, 5 mM DTT, filtered) and mixed at RT
for 60 min. Afterwards the protein solution was centrifuged at 15000 x g at 15°C for 20 min
and added onto 1 L of refold buffer (55 mM Tris pH 8.2, 21 mM NaCl, 0.8 mM KCl, 0.2 M
Arginine, 1.1 M guanidine HCl, 1 mM EDTA, 2 mM reduced Glutathione; filtered and
degassed) over 1 hr in a drop-by-drop mean using peristaltic pump. Solution was then mixed
for 16-24 hr at 4°C. After incubation, the protein solution was poured into a dialysis
membrane, placed into 15 volumes of dialysis buffer (25 mM Tris pH 8.5 at 6°C, 30 mM
NaCl) and left overnight at 4°C. The dialysis buffer was replaced and the protein solution
was again incubated overnight at 4°C. As the protein solution remained cloudy, dialysis was
repeated. Finally, the clear solution was centrifuged at 12000 x g at 10°C for 20 min, and the
s/n was ready for purification.
The

Edinburgh

Protein

Production

Facility

(EPPF,

http://ctcb.bio.ed.ac.uk/CTCB/The_Edinburgh_Protein_Production_Facility_(EPFF).html)
ÄKTA protein purification system (10 ml/min, 25 MPa) was used to perform an ionexchange chromatography of the sample. 20 ml pre-packed strong anion exchange EPPFHiPrep 16/10 Q FF column, with max loading capacity 100 mg protein/ml resin was
equilibrated with 5 bed volume (BV) of Q-sepharose A (QA) buffer (25 mM Tris pH 8.5, 20
mM NaCl). Sample was loaded onto the column at 2-10 mL/min. The column was washed
with QA at 2 mL/min. Elution of proteins was performed using the following gradients: 10
BV 0-25% Q- sepharose B (QB) buffer (25 mM Tris pH 8.5, 0.8 M NaCl), 2 BV 25-100%
QB buffer, 2BV 100% QB hold, 1BV 0% QB (for re-equilibration).
4.2.1.3 Protein detection by coomassie stain
Fractions forming each protein peak were pooled together and analysed by SDS-PAGE.
Depending on the availability of antibodies against a protein or the presence of a tag, such as
V5 or His, different methods of protein detection can be used. In the absence of an antibody
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that recognises any part of the protein, such as in case of the recombinant chCSF1 expressed
in bacteria, coomassie staining of the SDS-PAGE gel was used to confirm the presence and
the purity of the recombinant protein.
Samples from each pool were boiled at 99°C for 6 min in 1% betamercaptoethanol and
loading dye. Samples were loaded onto a 12% precast Precise Tris-HEPES Pierce SDSPAGE gel (Thermo Scientific) and run at 70 V for 1.5 hr in 20 x Tris-HEPES SDS running
buffer (Thermo Scientific). Proteins were then quickly fixed by treating the gel with a 40%
distilled water, 10% acetic acid, and 50% methanol solution, causing almost all proteins to
become insoluble. The gel was then stained with SimplyBlue™ SafeStain (Invitrogen),
according to manufacturer’s instructions.
The pools containing the recombinant CSF1 were then dialysed against pH 7.2.
4.2.1.4 Protein concentration analysis
Protein Assay Pierce (Thermo Scientific) was used to assess protein concentration.
Triplicates of serially diluted protein solution were incubated in 96-well plate with
photosensitive Pierce Reagent at RT for 5 min. Absorbance was read at 660 nm. A standard
curve was prepared using pre-diluted Protein Assay standard Bovine Serum Albumin (BSA),
concentration of 0-2000 µg/ml (Thermo Scientific).
4.2.1.5 Endotoxin testing
In order to assess whether the purified recombinant CSF1 was suitable for in vitro
experiments, the amount of endotoxin present in different pools was tested. RAW264-ELAM
are a macrophage cell line that have been doubly-transfected with reporter genes in which an
LPS-responsive endothelial leukocyte adhesion molecule (ELAM) promoter controls firefly
luciferase, and a human IL-1β promoter drives renilla luciferase (Ravasi et al., 2002). In the
presence of LPS or other bacterial endotoxins, RAW264-ELAM will express luciferase, the
activity of which can be observed under the microscope.
RAW263-ELAM cells were grown in 24 well plate O/N in a complete RPMI medium (10%
FBS, pen/strap, Glutamax) at 37°C with 5% CO2. Subsequently, 100 ng/ml LPS (positive
control), 150 ng/ml from protein peak 2 (P2), 150 ng/ml from protein peak 3 (P3), 348 ng/ml
P2 and 348 ng/ml P3 were added to separate wells. After 6 hr incubation (37°C), cell
fluorescence was quantitated under the fluorescent microscope.
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Number of fluorescent cells was quantified by counting the number of fluorescent cells per
100 macrophages from three randomly selected fields. Statistical analysis between the
negative control (no cytokine) and treated cells (LPS, P2 and P3) consisted of a Students’ t
test (p<0.05).
4.2.2 Single nucleotide mutagenesis
4.2.2.1 chCSF1 mutants with single amino acid changes in their receptor-binding site
Sequence-

and

ligand-independent

cloning

(SLIC)

mimics in

vivo homologous

recombination by relying on exonuclease generation of single strand DNA (ssDNA)
overhangs on insert and vector fragments and the assembly of these fragments by
recombination in vitro (M. Z. Li & Elledge, 2007).
Three amino acids from the presumed binding site 2 of the chCSF1: P82, G85 and K94, were
targeted in SLIC mutagenesis. The truncated chCSF1 (M1-P375) was amplified using
Phusion polymerase with primers containing the alternative codons in place of the three
selected residues – P82L (CCT -> CTT), G85R (GGC -> CGC) and K94Q (AAG -> CAG)
(for primer sequences see Appendix 2). PeF6-V5 vector and amplified inserts were treated
separately with 0.25U of T4 DNA polymerase in T4 Buffer plus BSA at RT for 30 minutes.
The reaction was stopped by adding 10 mM dCTP (on ice). Annealing reaction was set up
using 1:1 insert to vector ratio, 1x ligation buffer (NEB), 20 ng of RecA protein (Epicentre
Biotechnologies) and water. Samples were incubated at 37°C for 30 min and then left on ice.
Plasmids containing the mutated inserts were transformed into One Shot TOP10 E. coli
using the standard transformation protocol (Invitrogen). P82L, G85R and K94Q chCSF1
mutants were then sequenced to confirm the presence of the mutation via BigDye Terminator
v 3.1 sequencing (Invitrogen).
4.2.2.2. Expression of mutant CFS1 constructs
After reaching confluency, HEK293T cells were transfected with the plasmids containing
mutant CSF1 using Lipofectamine 2000 (Invitrogen). As a positive control, HEK293 were
transfected with the wild type chCSF1_PeF6. Cells were incubated at 37°C in a 5% CO2
incubator for 24 hr and transferred into 25 cm2 dishes containing 7 mL of antibiotic-free
DMEM for another 48 hr.
After two days incubation, 10 µg/ml Blasticidin was added. After three weeks of growth in
selective medium, foci of stable colonies were identified and single clones were selected by
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limited dilution and expansion. Clones were then transferred onto a new plate and further
expanded, assessing their protein expression.
4.2.3 MTT assay for cell survival
The MTT assay involves the conversion of the water soluble MTT (3-(4,5-dimethylthiazol2-yl)-2,5-diphenyltetrazolium bromide) to an insoluble formazan.2-4, and was used to
measure the survival of cells incubated in the presence of the different recombinant cytokine.
Metabolically active cells reduce the yellow MTT, in part by the action of dehydrogenase
enzymes, to generate reducing equivalents such as Nicotinamide adenine dinucleotide
phosphate (NADPH) (Mosmann, 1983). The resulting intracellular purple formazan is then
solubilized, and its concentration can be determined by measuring the optical density at 570
nm.
BaF3 cells belong to an immortalised murine bone-marrow-derived pro-B-cell cell line that
depends on the presence of IL3 for its growth and survival (Ihle & Askew, 1989). Upon
growth factor withdrawal, BaF3 cells undergo cell death by apoptosis. The Hume laboratory
has previously stably transfected BaF3 cells with PeF6_chCSF1R to express chCSF1R on
their surface (Garceau et al., 2010). As a result, BaF3/chCSF1R cells are capable of survival
in the presence of IL3 or in the presence of chCSF1.
BaF3/chCSF1R cells were cultured in the presence of 10%, 20% and 40% mutHEK293T s/n,
the recombinant purified chCSF1 (348 ng/ml) or 5% conditioned medium from X63 Ag8653 myeloma cells carrying an expression vector for IL-3 as a positive control (Karasuyama
& Melchers, 1988). 2 x 104 cells per well in a total volume of 100 µl complete DMEM
supplemented with an appropriate amount of HEK293 s/n were grown for 48 hr at 37°C in a
96-well plate. 10 µl of MTT solution (final concentration 1 mg/ml) was added to each well
and incubated at 37°C for 3hrs. Afterwards, 100 µl of solubilisation solution (acid
isopropanol, IPA) was added to each well. Cells were incubated O/N at 37°C and the
absorbance was read at 570 nm. The significant difference between control and treated cells
was statistically analysed by paired Student's t test (p < 0.05).
4.2.4 Cross-species BM differentiation
BMDM are derived from non-adherent macrophage precursors. Maintenance, differentiation
and growth of these precursors require serum-supplemented medium containing recombinant
CSF1. In order to assess the cross-species reactivity of chCSF1, 3-6 week old female
chickens (inbred line 6, Roslin Institute), duck (Shaoxin ducks from the Harbin Veterinary
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Research Institute, China Academy of Agricultural Science), quail (Japanese quail, inbred
“L” strain), turkey (Nicholas commercial line A) and zebra finches (commercially available)
were euthanized and their femurs and tibias were collected. After removing the muscles,
bones were cut open and the BM cells were obtained by ﬂushing the marrow from two
femurs and two tibias with PBS using a syringe and a blunt needle.
For each species, cells were then pelleted and resuspended in 4 ml complete RPMI,
supplemented with 10% of specific HI-FCS that has been macrophage tested by GE
Healthcare (macrophage testing involves assessing that the HI-FCS-containing medium
alone does not stimulate macrophage differentiation), 2 mM L-glutamine, 100 µg/ml
penicillin, and 100 µg/ml streptomycin and containing 348 ng/ml of the recombinant
chCSF1. Cells were plated in 60 mm bacteriological plates and incubated at 37°C in 5% CO2
incubator for 8 days. After four day’s of incubation, fresh media supplemented with the
recombinant chCSF1 was added. Media containing the cytokine was exchanged every two
days and differentiation of BMDM was examined under the light microscope by assessing
diffused cell morphology and phagocytic activity.
4.2.5 Macrophage phagocytosis assay
Zymosan is prepared from the boiled, trypsin-treated cell wall of Saccharomyces cerevisiae
and is often used as a model for recognition of microbes by the innate immune system
(Underhill, 2003). Zymosan activates the immune response through Toll-like receptors
TLR2 and TLR6. In order to qualitatively evaluate nanoparticle internalization by
phagocytic cells such as macrophages, Zymosan A is covalently conjugated with fluorescein,
enabling identification of internalised complexes under the fluorescent microscope.
After one week incubation, BMDM from the different avian species were exposed to
Zymosan A S. cerevisiae BioParticles® (Invitrogen). Zymosan A solution was freshly
prepared at a final concentration of 2 mg/mL in PBS. BMDM were seeded the day before at
5 x 104 cells per well. On the day of the experiment, media was removed and replaced with
fresh media containing Zymosan A BioParticles, at a ratio of 100 particles/cell. Cells were
incubated for 1.5 hr at 37°C, to allow particle uptake. Phagocytosis was terminated by
adding ice-cold PBS. Cells were then washed 4-6 times with PBS to remove any unbound
Zymosan particles. Subsequently, cells were fixed for 20 min in 4% paraformaldehyde
(PFA), then washed 2 times with PBS containing 2% FBS. Samples were air-dried and
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mounted with coverslips with glycerol mounting medium. Internalised Zymosan particles
were visualised under the inverted fluorescent microscope.
Phagocytosis was quantified by counting the number of internalised particles in 100
macrophages from 3 randomly selected fields. Results were expressed as phagocytic index,
i.e. number of Zymosan particles internalized per 100 macrophages. Statistical analysis
between negative control and treated cells (P2 and P3) consisted of a Students’ t test (p <
0.05) adjusted for two samples with unequal variance.
4.2.6 Domain-swap experiment to test species-specificity of receptor-binding site in CSF1
In order to identify the cause of unidirectional cross-species reactivity between chicken and
zebra finch CSF1-CSF1R pair, YASARA modelling software was used to model the zebra
finch and chCSF1/CSF1R interface, highlighting the points of possible contacts that can
prevent reactivity between chCSF1 and zfCSF1R. YASARA parameters were previously
described in Materials and Methods of chapter 3. To confirm the location of the predicted
receptor-binding site, and functional variation between species, in avian CSF1 in vitro, a
domain-swap experiment was performed based on the predicted receptor-binding site in
chicken and zebra finch.
Four recombinant constructs were designed and ordered from the GeneArt Gene Synthesis
(Invitrogen). First, the gene cassettes containing chCSF1 and zebra finch CSF1 (zfCSF1),
comprising the 189 amino acid long protein (M1– P189) (including the signal sequence to
ensure proper post-translational processing and transport) were designed (Figure 4-2).
Subsequently, the two domain-swapped sequences were designed: zfCSF1 containing the
presumed chicken binding site 2 residues T58, N61, K76, T77, K80 and E83 (zf_chCSF1)
and the chCSF1 containing the zebra finch site 2 residues K58, E61, Q76, M77, R80 and
N83 (ch_zfCSF1).
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Figure 4-2. Schematic diagram of four CSF1 constructs used in the domain-swapped
experiment. A) The mature wild type chCSF1; B) the mature wild type zfCSF1; C) chCSF1
expressing zebra finch receptor-binding site 2 (zf_chCSF1) and D) zfCSF1 expressing
chicken receptor-binding site 2 (ch_zfCSF1).

	
  
Constructs were designed to contain the attB sites at the 3’ and 5’ end, allowing for an easy
cloning using Gateway cloning technique (Invitrogen), followed by the Kozak’s sequences at
the 5’ end for optimal protein expression.
All four constructs were delivered in pENTR vectors and were then inserted into an entry
vector pDONR221 in a BP reaction, followed immediately by an LR clonase reaction in
which constructs were inserted into a destination vector pDEST51 (Appendix 1). attB DNA
in a transport pENTR vector (50ng/µl) was added to a 150 ng/ml pDONR221 vector and BP
clonase enzyme (Invitrogen). Samples were mixed briefly and incubated at RT O/N. To the
10 µl reaction the destination vector pDEST51 (150 ng/µl) and LR clonase enzyme mix was
added, mixed and incubated at 25°C for 2-8 hr. The reactions were terminated by adding
proteinase K solution and incubating at 37°C for 10 min.
OneShot TOP10 E. coli cells (Invitrogen) were transformed and plated according to
manufacturer’s instructions with 1 µl of the reaction. Colonies were expanded and DNA was
purified using EndoFree Maxi Prep Kit (Qiagen). The purified DNA was used to stably
transfect the HEK293T cells as previously described. After selecting and expanding stable
transfectants, the s/n was collected for further analysis. The pDEST51 vector contains two
N-terminus tags, v5 and 6xHis, enabling detection of the expressed, full-length recombinant
protein by Western or dot blot analysis.
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In addition, the domain-swapped constructs were used for performing a survival assay with
Baf3/chCSF1R cells. Cells were incubated in 20% of the HEK293T s/n containing
manufactured chCSF1, zfCSF1, zf_chCSF1 and ch_zfCSF1 for 48 hr, after which the MTT
assay was conducted as described previously.
4.2.7 Protein verification methods
All four of the domain-swap constructs, as well as the truncated CSF1 in pEF6 vector,
contained a V5-His tag enabling detection by a protein blot analysis.
Dot blot analysis was performed to verify the presence of the truncated CSF1 protein.
Samples were loaded directly onto a nitrocellulose membrane using a vacuum pump, quickly
washed with PBS-T and blocked in 5% semi-skimmed Marvel milk for one hour. Blocking
solution was then replaced with primary penta-His antibody (1:2000), for an hour long
incubation. Membrane was washed in PBS-T. Secondary goat anti-mouse IgG1 Horseradish
Peroxide (HRP)-conjugated antibody (Cell Signalling Technology) (1:10000) was added for
one hour. Samples were washed and then visualised using the Enhanced Chemiluminescence
(ECL) Western Blotting Substrate (Promega) according to manufacturer’s instructions.
In order to assess protein size, domain-swap proteins were analysed by a Western blot.
Samples were prepared as in coomassie staining described above, and run on the 12% TrisHEPES SDS-PAGE gel (Thermo Scientific). Proteins were then immediately transferred
onto a nitrocellulose membrane in a semi-dry BioRad transfer machine at 181 mA for 1hr.
Membrane was washed with PBS-T and then blocked O/N at 4°C in 5% semi-skimmed
Marvel milk. Membrane was processed as in dot blot analysis, with primary antibody mouse
anti V5-TAG:HRP (AbD Serotec) in 1% Marvel (1:3000 dilution). As this primary IgG
antibody is conjugated to HRP, no secondary antibody is necessary for protein detection.
Protein was visualised using the ECL system and developing the blot onto the scientific
imaging film.
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4.3 Results
4.3.1 Protein production
4.3.1.1 Transfection efficiency for various HEK293T transfection methods
In a series of control transfection with an empty pSpCas9(BB)-2A-GFP vector,
Lipofectamine 2000 was selected as the best transfection method for HEK293T cells because
of the comparatively high number of positively transfected cells and relative lack of cell
death (Table 4.9).
Transfection agent

% of GFP positive cells

Approximate % cell death

Lipofectamine 2000

85

<1

FuGENE

80

10

Calcium Phosphate

20

50

Electroporation

30

55

Table 4.9 Transfection efficiency of different approaches. HEK293T cells were transfected
with an empty pSpCas9(BB)-2A-GFP as described in Materials and Methods. 48 hrs post
transfection the transection efficiency was assessed under the fluorescent microscope; cell
viability was examined under the light microscope.

The coding regions of the chCSF1 were cloned into the pEF6 vector and transfected into the
HEK293T using Lipofectamine 2000. The presence of the secreted recombinant chCSF1
protein in the s/n of transfected cells was confirmed after 48 hr in a dot blot assay detecting
the his-tag epitope attached to the C terminus of the expressed protein (Figure 4-3).

Figure 4-3. Detection of recombinant chCSF1 secreted from transfected HEK293T cells.
Supernatants were harvested from cells, concentrated and transferred to dot blots as
described in Materials and Methods. Secreted recombinant protein was detected by
immunohistochemical location of the penta-His tag on the C-terminus. A) Positive control of
previously verified HEK293T s/n containing the recombinant chCSF1; B) s/n from the
HEK293T cells transfected with the pEF6-chCSF1; C) s/n from untreated HEK293T.

172

4.3.2 Expression of chCSF1 in bacteria
DH5α cells were transformed using Lipofectamine 2000 as described above. Protein
production was induced and after 24 hr cells were harvested and lysed. Release of the
recombinant protein from inclusion bodies was performed through solubilisation with lysis
buffer. Recombinant protein was refolded in several dialysis steps and then purified through
ion exchange chromatography as shown in Figure 4-4. An initial salt gradient produced two
peaks (P1 and P2. Subsequent further increase in salt concentration produced two additional
peaks of high protein concentration (P3 and P4). Fractions from each peak were pooled
together.

mAU!
150!

100!

50!

0!
!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!P1!!!!!!!!!!!!!P2!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!!P3!!!P4!

Frac-on!number!(volume!eluted)!!
Figure 4-4. Fractionation of solubilised inclusion bodies containing recombinant chCSF1. The
figure shows the elution of protein fractions from an EPPF-HiPrep 16/10 Q FF ion exchange
column. Each fraction contained 1ml of sample. The lines indicate the increasing
concentration of the elution buffer QB in the column. Milli-Absorbance Units (mAU) were
measured for each fraction leaving the column. mAU is a logarithmic unit used to measure
optical density, the absorbance of light transmitted through a partially absorbing substance.
An increase in absorbance of 1 mAU corresponds to a reduction in transmittance of about
0.23%.

Samples were then run on the SDS-PAGE gel in order to assess their size and purity (Figure
4-5). Expected chCSF1 size was ~18 kDA. Bands matching that size were found in samples
from P2, P3 and P4. The purified pools contained only a few extra faint bands in addition to
the ones corresponding to chCSF1. P3 and P4 contained fractions from the final ‘cleaning
up’ step of protein purification, when 100% of the high salt elution buffer (QB) is run
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through the column. All of the proteins still present on the column will be released in that
step. The presence of chCSF1 in these fractions indicated lack of a complete protein elution
in steadily increasing QB gradient. Because P3 and P4 contained virtually the same content,
fractions from both peaks were pulled together and from then on referred to as P3.
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Figure 4-5. Characterisation of recombinant bacterial chCSF1 fractions on SDS-PAGE.
Fractions from each peak from ion exchange chromatography identified in Figure 4-4 were
separated on SDS-PAGE and then stained with Coomassie Blue. 1-2: samples from P1; 3-5:
P2; 6: P3 and 7: P4. Biologically active chCSF1 is indicated by an arrow and corresponds to
~18 kDa.

The biological activity of the expressed chCSF1 was tested using the cell survival assay in
BaF3/chCSF1R cells. After 48 hr incubation in the presence of the purified recombinant
chCSF1, viable cells were visible in wells containing cytokine from P2 and P3, but not P1
(Figure 4-6).
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Figure 4-6. Cell survival in the presence of recombinant chCSF1. BaF3/chCSF1R cells were
incubated for 48 hrs with IL3, recombinant CSF1 from Pfizer, 20% HEK293T s/n containing
CSF1, or the purified fractions of bacterial-expressed chCSF1. They were then incubated
with MTT as described in Material and Methods. The OD (570nm) is a measure of viable cell
cells. Values are the average of three separate experiments in triplicate and are expressed
as mean ± SD. *p < 0.05.

Subsequently, the bioactivity of the purified proteins from P2 and P3 was confirmed by
performing macrophage differentiation assay on chicken BM cells. Proteins from both peaks
promoted the generation of cells with the appearance of macrophages. The identity of the
cells produced in response to chCSF1 as functional macrophages was confirmed by testing
their ability to internalise fluorescent Zymosan A particles, as showed in Figure 4-7.
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Figure 4-7. Phagocytic activity of chicken macrophages generated in recombinant bacterial
chCSF1. Zymosan A fluorescein-conjugated bioparticles were introduced to chicken BM
incubated for one week in the presence of chCSF1 from the active protein fractions in Figure
4-6: A) P2 and B) P3. Inserts show the bright field image. C) Untreated chicken BM. Scale
bars A-C: 100μm. D) Phagocytosis index measured by counting the number of internalized
particles per 100 macrophages. Values are the average of three separate fields and are
expressed as mean ± SD. *p < 0.05.

4.3.2.1 Endotoxin testing
Endotoxin is a common contaminant of bacterially expressed proteins. This is especially
important for CSF1, because presence of endotoxin acutely down-modulates CSF1 binding
activity and down-regulates CSF1R mRNA expression (M. Sweet & Hume, 1996). Pooled
samples from fractions P2 and P3 were analysed for the presence of endotoxin by incubating
the endotoxin-sensitive cell line RAW264-ELAM (Figure 4-8) (Ravasi et al., 2002). The
presence of LPS induces RAW263-ELAM cells to produce luciferase, which can be
observed under the fluorescent microscope. No detectable LPS bioactivity was present in
fraction P2, whereas fraction P3 produced a detectable response, and was therefore not
suitable for further experiments.
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Figure 4-8. Detection of endotoxin contamination in chCSF1 expressed in bacteria. RAWELAM cells incubated with purified cytokine fractions or with LPS as indicated for 6 hr, and
then examined under bright field and fluorescence illumination. A) Light microscope image of
cells incubated with fraction P2; B) The same field under fluorescent illuminated microscope;
C) Light microscope image of cells incubated with fraction P3; D) The same filed under
fluorescent illuminated microscope. E) Fluorescent microscope image of negative control (no
cytokines) and F) LPS positive control. Scale bars A-F: 200μm.
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Figure 4-9. Percentage of cells exhibiting fluorescence in the absence (negative control) and
presence of a stimuli – LPS, fraction P2 and P3. 100 macrophages were counted and the
number of florescent cells recorded. Values are the average of three separate fields and are
expressed as mean ± SD. *p < 0.05.

4.3.3 SLIC mutagenesis
In chapter 3 a model of the chCSF1 and CSF1R complex was generated based upon the
mammalian structures, predicting the likely avian CSF1/CSF1R interface. Based on these
models as well as on the MSA of avian CSF1 obtained in chapter 2, the P82L and G85R
substitutions within chCSF1 were predicted to inhibit receptor-binding. In addition, the
K94Q substitution is a rather radical substitution from the chCSF1 sequence to the
equivalent location in the quail CSF1 sequence. Each of these recombinant proteins was
expressed in HEK293T cells, and detected in the supernatant based upon the epitope tag.
Hence, the mutations do not prevent the folding required for secretion from the cell.
As predicted, the P82L and G85R chCSF1 variants were not able to support BaF3/chCSF1R
survival. However, the K94Q mutant was undistinguishable from the positive control (Figure
4-10). As subsequently shown below, chCSF1 was able to stimulate proliferation of quail
BM cells. This finding suggests that, as least as far as this amino acid change is concerned,
quail CSF1 is likely to also be able to bind the chCSF1R.
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Figure 4-10. The effect of point mutations on the biological activity of recombinant chCSF1
expressed in HEK293T cells. BaF3/chCSF1R cells were incubated for 48 hr in presence of
recombinant cytokines, with point mutations as indicated. They were then incubated with
MTT as described in Material and Methods, with the percentage of supernatant (% s/n)
containing the mutated protein that was added to the media indicated below. The
absorbance (570 nm) is a measure of viable cells. The positive controls are mouse IL3 and
rCSF1 (bacterial expressed chCSF1, provided by Pfizer; added at 348 ng/ml). Values are the
average of three separate experiments in triplicate and are expressed as mean ± SD. *p <
0.05.

4.3.4 Cross-species BM differentiation
To test the differences in cross species reactivity of chCSF1 produced in bacteria, BM cells
obtained from quail, turkey, duck and zebra finch were incubated with chCSF1 protein for
one week under conditions used previously to generate chicken BMDM. In the quail, turkey
and duck marrow cultures, by day 7 there were numerous cells spread on the culture dish
with protruding pseudopodia, morphologically indistinguishable from chicken BMDM
(Figure 4-11). By contrast, zebra finch BM cells did not differentiate when stimulated with
chCSF1.
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Figure 4-11. BM differentiation in the presence of chCSF1. BM cells from each of the species
shown were incubated for one week with 348 ng/ml of recombinant chCSF1 and examined
under phase contrast. A) chicken; B) quail; C) turkey; D) duck and E) zebra finch BM. F)
Untreated chicken BM. Scale bars A-F: 50μm

In the mammalian systems, the cross-species reactivity of CSF1 is not reciprocal; human
CSF1 binds the mouse receptor, where the reverse is not the case (Gow et al., 2012). There
seems to be a similar situation in birds between chicken and zebra finch. To test the
reciprocal situation zfCSF1 was tested on BMDM derived from the same set of species. An
expression cassette for zfCSF1 was produced and transfected into HEK293T cells. zfCSF1
was equally able to direct macrophage differentiation from chicken, or zebra finch BM. As
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before, the zebra finch BM remained undifferentiated when treated with chCSF1 (Figure
4-12). Differentiated chicken and zebra finch macrophages were fully functional and capable
of phagocytosis, as shown by their ability to internalise fluorescent Zymosan A (Figure 4-12,
inserted photos). Over 65% of BMDM from each species incorporated Zymosan particles.
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Figure 4-12. BM differentiation using chicken and zebra finch recombinant cytokines
expressed in HEK293T cells. Chicken BM cells were cultured for one week in the presence
of 20% s/n containing A) chCSF1 and B) zfCSF1. Zebra finch BM cells cultured for one week
in the presence of C) chCSF1 and D) zfCSF1. Inserted photos show phagocytosis of
Zymosan A fluorescein-conjugated bioparticles by BMDM. Scale bars indicated.

4.3.5 Location of the regions controlling species specificity in CSF1
4.3.5.1 CSF1/CSF1R interfaces of chicken and zebra finch
The functional data above suggest that domains of chCSF1 and zfCSF1 are topologically
interchangeable (activity is retained on chicken in domain swaps). Hence, the apparent
differences most likely result from single amino acid changes in contact residues as has been
speculated in mammals for human and mouse CSF1 (Gow et al. 2012). Computer models
based upon the mammalian crystal structure suggest that the CSF1/CSF1R interface in
Galliformes and Passeriformes differs significantly (Figure 4-13). In the CSF1 ligand, polar
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neutral Thr105 of the chicken is replaced by the highly hydrophobic zebra finch Met106. In
a mature peptide both are presumed to be involved in receptor-binding, respectively with
chicken Ser149 and zebra finch Pro144. Moreover, positively charged hydrophilic Lys89 of
the zebra finch ligand is replaced in chicken by a neutral Thr92, and the negatively charged
Glu90 by the hydrophilic Asn89.
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Figure 4-13. Avian CSF1R/CSF1 interface. A) chicken; B) zebra finch. The CSF1RD1-D3
region of both species modelled using YASARA (see Chapter 3) in grey. Residues from the
CSF1RD1-D3 ligand-binding sites marked in red. The inserts show the contact amino acids
between the receptor (red) and the CSF1 (yellow).

In the zebra finch receptor a hydrophobic pocket, consisting of Met136, Pro140, Pro143,
Pro144 and Gly145, surrounds the presumed CSF1 binding site 1. In contrast, in chCSF1R,
ligand-binding site 1 has positively charged Arg144 and polar Ser148, Ser151, along with
the conserved hydrophobic Pro152 and Gly153. The full list of interacting residues can be
found in Table 4.10.
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CSF1

CSF1R

Chicken

Zebra finch

Chicken

Zebra finch

Leu83

Leu84

Ser146

Pro140

Gly85

Gly86

Ser146

Pro140

Leu88

Lys89

Ser146

Pro140

Asn89

Glu90

Ser142, Ser146, Pro150

Met136, Pro140, Pro144

Thr92

Glu93

Pro150

Pro144

Lys104

Gln105

Gly151, Glu168

Gly145, Gln162

Thr105

Met106

Leu149, Gly151, Glu168

Pro144, Gly145, Gln162

Arg107

Arg108

Ser149

Pro143

Lys108

Arg109

His169

Asn163

Glu111

Asn112

Glu170

Ser164

Gln36

Gln37

His231, Pro250

His225, Ala244

Ile37

Ile38

His231, Tyr257

His225, Tyr251

Glu40

Glu41

Asp251

Gly245

Arg41

Arg42

Asp251, Ile252

Gly245, Leu246

His42

His43

Ile252, Tyr257

Leu246, Tyr251

Table 4.10. Predicted contact amino acids between chicken and zebra finch CSF1/CSF1R.
Red represents residues from ligand-binding site 1 and blue represents residues from the
binding site 2 (see chapter 3). Non-conserved residues marked in bold.

4.3.5.2 Location of the regions controlling species-specificity in CSF1
Based upon the unidirectional cross-species reactivity between chicken and zebra finch
CSF1R system, and the predictions of the receptor-binding site (see chapter 3), HEK293T
cells were transfected with the four domain swap constructs described in Materials and
Methods. Successful transfection of all four constructs and secretion into the s/n was
confirmed by Western blotting for the V5 tag (Figure 4-14).
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Figure 4-14. Detection of secreted CSF1 produced by HEK293T cells transfected with
domain swap cassettes. Panel at left shows a marker ladder. The predicted Mw of the
chCSF1 monomer is 18 kDa. Supernatants from the transfected cells were harvested and
separated on SDS-PAGE under reducing conditions. Western blot was performed as
described in Materials and Methods, using anti-V5-TAG:HRP ab. At right, the lanes show
detection of CSF1 in the supernatants of cells transfected with pDEST51 1 – chCSF1; 2zfCSF1; 3- zf_chCSF1 and 4- ch_zfCSF1.

	
  
The s/n from the transfected cells were then tested for their ability to support BM
differentiation. After one week incubation, chicken BM cells differentiated into macrophages
in presence of all four constructs (not shown). Furthermore, all constructs were equally able
to maintain the viability of BaF3/chCSF1R cells (Figure 4-15). If anything, the zfCSF1 was
more active than the chicken ligand, although the significance of this result was not
examined.
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Figure 4-15. Biological activity of chCSF1/zfCSF1 domain swaps. BaF3/chCSF1R were
incubated with four recombinant proteins showed in Figure 4.14, and then incubated with
MTT as described in Material and Methods. The absorbance (at 570nm) is a measure of
viable cell cells. Values are the average of three separate experiments in triplicate and are
expressed as mean ± SD. *p < 0.05.

When tested on zebra finch BM, the chCSF1 containing zf site 1 (zf_chCSF1) was able to
support macrophage differentiation, whereas zfCSF1 with the chicken binding site 1
(ch_zfCSF1) lacked activity (Figure 4-16). Despite chicken cells being larger and spreading
more readily on the plate, BMDM of both species were clearly distinguishable from the nondifferentiated negative controls. The data obtained on chicken target cells (BaF3/chCSF1R)
confirm that all four constructs were expressed and active. Hence, the domain swap
experiment functionally confirmed the location of functional differences between chCSF1
and zfCSF1 to binding site 1 in the predicted CSF1 receptor-binding region.
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Figure 4-16. BM differentiation using chCSF1/zfCSF1 domain swaps expressed in HEK293T
cells. Chicken BM cultured for one week in the presence of 20% s/n containing four
constructs shown in Figure 4.12: A) chCSF1, B) zfCSF1, C) zf_chCSF1 and D) ch_zfCSF1.
E) Untreated chicken BM. Zebra finch BM was cultured for one week in the presence of 20%
HEK293T s/n containing: F) chCSF1 G) zfCSF1 H) zf_chCSF1 and I) ch_zfCSF1. J)
Untreated zebra finch BM. Scale bars in A-J: 50 μm.

4.4 Discussion
4.4.1 Protein production methods
The first part of this chapter established a method for the production and refolding of active
chCSF1 in bacteria. EnPresso growth system for protein production was selected because of
its increased yield, good solubility and high activity, as well as much smaller culture
volumes required to centrifuge, harvest and purify the recombinant product. The results in
Figure 4-6 confirmed the presence and quality of the recombinant protein. At an early stage
in the project, it had been hoped that this protein could be used to study binding activity
directly using BiaCore, and potentially to generate crystal structures with the receptor. In the
interim, a mammalian co-crystal of both CSF1 and IL34 with the receptor was published
(Ma et al., 2012; Pandit et al., 1992), and as discussed in chapter 3, this provided a
reasonable model for the avian ligands and receptor.
For the remaining structure-function studies, mammalian expression was more convenient
for the small amounts required. When expressed in bacteria, chCSF1 required a series of
protein-refolding procedures in order to gain bioactivity. The recombinant protein was
enclosed in inclusion bodies, which required a number of relatively harsh solubilisation
steps. Another problem with producing recombinant proteins in bacteria is the potential
presence of harmful endotoxins. This concern was addressed by analysing RAW-ELAM
macrophages subjected to the recombinant CSF1, where it was shown that the purification
steps successfully eliminated endotoxin from the purified sample. The chCSF1 produced
here was distributed amongst other groups, where it contributed to recently published work
(Balic et al., 2014). Based upon the cross-species reactivity, it may well be worthwhile to
express and purify large amounts of zfCSF1 using the same system, to enable studies of
macrophage biology in a wider range of avian species.
4.4.1.1 Activity of the native and bacterially produced chCSF1
In case of the cytokine produced in bacteria, glycosylation cannot take place due to the
absence of necessary machinery within the prokaryotic cell and, therefore, bacterially
produced chCSF1 lacks the glycosaminoglycan. Although no functional analysis has yet
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been performed, it was stipulated that, similar to mammalian cytokine, chicken CSF1
undergoes glycosylation during post-translational modification (Garceau et al., 2010). If
glycosylation was absolutely required for protein function, it was expected that bacteriallyproduced chCSF1 will fail to stimulate macrophage differentiation, or at least stimulate it at
a much lower level. In this chapter, however, no functional difference was observed between
the presumably glycosylated, HEK293-T produced chCSF1 and bacterially produced
chCSF1 and macrophages differentiate from chicken BM cells in the presence of both
cytokines. It can be concluded that in vitro, glycosylation is not required for CSF1-mediated
activation of chicken CSF1R. In Chapter 1 two chicken CSF1 isoforms were discovered –
longer CSF1β contains the unique glycosaminoglycan (chondroitin sulfate) addition site
(SGXG/A) found in the mammalian genes, while the shorter CSF1α is missing this
particular site of glycosylation. It is possible, therefore, that in vivo chicken CSF1R can also
activated by both glycosylated and un-glycosylated CSF1.
4.4.2 Cross-species reactivity of chCSF1
The differential species cross-reactivity of CSF1 presumably relates to sequence changes in
the binding interface. This is a biologically interesting phenomenon because ligand and
receptor must co-evolve to retain biological function. In the case of CSF1R, the receptor
must actually co-evolve with two ligands (see the following chapter 5).
In Figure 4-11 chCSF1 was shown to activate turkey, quail and duck CSF1R. Chicken,
turkey and quail all belong to the order Galliformes and their CSF1/CSF1R sequences are
highly conserved. In Figure 4-10, the residues that differ between the presumed chicken and
quail binding sites of CSF1 to the receptor were swapped, and the mutated chicken ligand
retained its activity on chicken BM. Hence, the only difference found between these two
species does not affect ligand/receptor interactions. The amino acid sequences of CSF1 and
CSF1R of the duck, an Anseriforme, were also highly similar to those of the Galliformes, to
the ability of chCSF1 to cross-react with the anseriform receptor confirmed the anticipated
outcome (sequence conservation and protein structures were previously discussed in chapters
2 and 3).
By contrast to the activity on closer related species, such as ducks and chickens, chCSF1
failed to stimulate zebra finch BMDM. The large evolutionary distance between
Passeriformes and Galliformes, combined with the diverse selective pressures that the two
orders were exposed to, may have resulted in the significant differences found between the

188

amino acid sequences of the CSF1 receptors (see chapters 2 and 5). It was therefore not
surprising that chCSF1 failed to induce differentiation in zebra finch BM. The unexpected
finding was that recombinant zfCSF1 was able to promote differentiation of chicken BMDM
cells. Unidirectional cross-reactivity is not without precedent. As it was already discussed in
chapter 3 and will be further explored in the following chapter 5, the mouse CSF1 does not
activate the human CSF1R, whereas human CSF1 cross reacts to all mammalian species
tested so far.
4.4.3 CSF1/CSF1R interface in birds and mammals
The lack of cross-species reactivity between chicken and zebra finch CSF1/CSF1R
complexes enabled investigation of the nature of the avian CSF1 receptor-binding sites. The
domain swap experiment shown in Figures 4.13 and 4.14 confirmed that the species
specificity between the two cytokines is likely to be associated with observed sequence
differences between the species in the swapped domain.
The differences in ligand-binding are likely to be associated with electrostatic charge
differences arising from substitutions of amino acids found at the receptor-ligand-binding
interface. In mammals the amino acids that make up ligand-binding site 2 within CSF1 are
largely conserved, whereas residues from CSF1 receptor-binding site 1 are more divergent.
Two charged amino acids, Glu110 and Arg111 present in mouse CSF1 are substituted with
Val110 and Gln111 (hydrophobic and polar) in human CSF1. Similarly, negatively charged
Glu114 and polar Asn117 are replaced in human CSF1 by polar Gln114 and hydrophobic
Leu117. It is also possible that the size of the amino acid side chain produces some measure
of steric hindrance. Large Glu110 in the murine ligand contacts Lys151 on the receptor,
where smaller human Val110 contacts His151 in the human CSF1R.
Conservation of the avian CSF1/CSF1R interface was largely discussed in Chapter 3. The
highly conserved receptor-binding site 2 in CSF1 is predicted to interact with the similarly
conserved ligand-binding site in the CSF1R. In contrast, site 1 in both ligand and the
receptor show a number of amino acids that differ between species. The most likely amino
acid substitution that could prevent chCSF1 binding to the zebra finch receptor, but not vice
versa, appears to be the polar/neutral Thr105 of the chicken and the highly hydrophobic
zebra finch Met106, found within a hydrophobic pocket of the CSF1 ligand. As shown in
Figure 4-13 and discussed in previous chapters, there are also multiple hydrophobic amino
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acids in zebra finch in the vicinity of the binding site that are substituted with
neutral/charged amino acids in the chicken.
Clearly a more detailed analysis will require substitution of these amino acids in the chicken
protein one-by-one. Gain of function mutations in the chCSF1 that enable activity on zebra
finch might potential generate a more active chCSF1. Whilst for the chicken changing form
polar to hydrophobic charge in the ligand does not affect receptor binding, in zebra finch the
appearance of a polar amino acid in place of the methionine might result in repellent forces
between ligand and the receptor. Finally, ligand specificity might be influenced by amino
acids from the hydrophobic pocket of zebra finch receptor that are implied to interact both
directly and indirectly with non-conserved hydrophilic residues of the ligand.
As showed in previous studies, huCSF1 stimulates macrophage differentiation in all studied
mammals (e.g. Gow et al., 2012). It is presumed that zfCSF1 will similarly act on all
Passerines. According to sequence conservation (Chapter 2), the pigeon presents an
interesting candidate for studying CSF1 activity. Pigeons belong to the order
Columbiformes, which split from the Galliformes ∼111.2 Mya. In comparison,
Passeriformes and Columbiformes share the last known ancestor ∼90 Mya. Based upon the
current data, zfCSF1 is likely to cross-react with the pigeon CSF1R, but clearly that needs to
be experimentally confirmed. If it does, zebra finch CSF1 is likely to have a wider species
cross-reactivity and could be used to drive differentiation of functional macrophages from
other, more diverse (and perhaps all) avian orders. These observations have a practical utility
in allowing the generation of large number of macrophages from any avian species for in
vitro studies of innate immune function using the recombinant chCSF1 and zfCSF1. Clearly,
this remains to be tested across more diverse avian species, but these macrophages could be
a valuable resource for comparative analysis of macrophage function, for example seeking
an explanation for the ability of ducks and other water birds to resist the pathology of avian
influenza (reviewed by Alexander, 2000).

4.5	
  Conclusion	
  
In this chapter the specificity of avian CSF1 was examined using the chicken and zebra finch
ligands as examples. Previous chapters presented a series of predictions, obtained mostly in
bioinformatics analysis, concerning receptor-ligand interactions. These predictions were
addressed here by performing cross-species BMDM differentiations that showed close
similarities between Galliformes and Anseriformes. Previously indicated differences
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between chicken and zebra finch receptors led to lack of cross-species reactivity between the
two species, which was further investigated in a domain swap experiment. This final test
confirmed the predicted receptor-binding site in avian CSF1. The lack of cross-species
reactivity between chicken and zebra finch CSF1R systems will be examined from an
evolutionary point of view in the following Chapter 5.
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Chapter 5 : Evolutionary analysis of the avian and mammalian CSF1R-systems
5.1 Introduction
Previous chapters provided an analysis of the structural and functional relationship between
the members of avian and mammalian CSF1R systems. In Chapter 1, the chicken genomic
CSF1 locus was characterised and the expression patterns of the CSF1, IL34 and CSF1R
genes were analysed in both birds and mammals. Chapter 2 provided the additional avian
and mammalian sequences to increase the statistical strength of the analysis described in the
following chapters and the preliminary conservation analysis of the CSF1, IL34 and CSF1R
genes. Chapters 3 and 4 identified tertiary structures of the CSF1, IL34 and CSF1R and
analysed the CSF1/CSF1R and IL34/CSF1R interfaces, identifying structurally and
functionally crucial residues and highlighted cross-species reactivity between CSF1. In this
chapter, the analysis will be expanded to include the comparative evolutionary study of the
phylogenetic relationships and the signatures of selection acting upon avian and mammalian
CSF1, IL34 and CSF1R. Then within-species variation of the CSF1R system will be
examined in different chicken populations and tested for evidence of ongoing selection.
Finally, the intra- and intermolecular co-evolutionary relationships between avian and
mammalian proteins of the CSF1R systems will be identified and related to the constraints
on protein structure and function.
5.1.1 Molecular evolution
Understanding the variation in protein sequence can indicate which parts of the protein are
structurally and functionally important and expose the selective pressures acting upon it.
Understanding the evolution of any immune system circuit can be of particular value, as it
can give information on possible host-pathogen interactions that have shaped it (Schlenke &
Begun, 2003). Many amino acid changes can contribute to positive selection during
infection, which often reflects an “arms race” between the host and pathogen. Arms races
occur between competitors either within or between species, therefore it can result in both
between- and within-species variations.
Determining the rate of evolution within proteins or genes can be used to predict the types of
selective forces that have shaped these molecules. The evolutionary rate is measured by
calculating the evolutionary distance between nucleotide or peptide sequences derived from
a common ancestor, and dividing it by the evolutionary time since their divergence (Pál,
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Papp & Lercher, 2006). Evolutionary distance is defined as a number of substitutions per site
(Motoo Kimura, 1980).
Evolution in protein-coding DNA sequences can be modelled at three levels: nucleotides,
amino acids or codons that encode the amino acids.
5.1.2 DNA and protein evolutionary analysis
Phylogenetic reconstruction is a statistical inference problem, can only be performed in the
presence of a probability model. Evolutionary models are based on sets of assumptions about
the process of nucleotide or amino-acid substitution (Bos & Posada, 2005; Posada &
Crandall, 2001).
For

DNA

sequences

nucleotide

substitutions

can

either

be

transitions

or

transversions. A transition is a single mutational change of a purine nucleotide to another
purine (A ↔ G) or a pyrimidine to another pyrimidine (C ↔ T); a transversion, on the other
hand, is a substitution of a purine for a pyrimidine (A↔T, G↔C) or vice versa (Yang &
Yoder, 1999). Even though there are twice as many possible transversions, approximately
two thirds of SNPs are transitions (Jukes, 1987). Transversions dramatically change the
chemical structure of the nucleotide (exchanging one-ring and two-ring structures); therefore
the consequences of this change tend to be more deleterious and selected against. As
transitions less often lead to amino acid change in a codon, they are more likely to be
maintained (Strachan, 1999).
As described in the Introduction, ω = dN/dS is a measure of the direction and magnitude of
selection. Comparison between the two substitution rates can supply crucial information on
the action of natural selection, including direction and its strength (Kimura, 1977). ω = 1, ω
< 1 and ω > 1 indicate respectively neutral evolution, purifying and positive selection (Yang
& Nielsen, 2002).
In order to analyse the evolutionary history of DNA and protein sequence, and then to
establish evolutionary rates of proteins, a number of substitution models have been proposed.
The simplest nucleotide substitution model assumes that all nucleotides occur at equal
frequencies (25% each) and that substitution is equal between bases – the Jukes-Cantor (JC)
model (Jukes & Cantor, 1969). The complexity of the models then increases with each added
parameter. Kimura two parameter (K2P) model additionally takes into account different rates
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of transition and transversion (Kimura, 1968). The more complex models allow the four
nucleotides to be present in different frequencies (for example the Felsenstein (F84) and
Hasegawa-Kishono-Yano (HKY85)) (Felsenstein, 1981; Kishino & Hasegawa, 1989).
Finally, the General Time Reversible (GTR) model assumes a fully parameterised,
symmetric substitution matrix (ie. A changes into T at the same rate that T changes into A),
allows for the time reversibility of substitutions, allows non-equal nucleotide frequencies and
each pair of nucleotide substitution has a different rate (Tavare, 1986).
In contrast, amino acid (codon) substitution models are usually empirical models that were
first developed by estimating replacement rates from protein alignments with at least 85%
identity (Dayhoff, Schwartz & Orcutt, 1978). Codon substitution models can rely on Point
Accepted Mutation (PAM) or BLOck SUbstitution Matrix (BLOSUM) matrices. The PAM
matrix was calculated by observing the differences in closely related proteins, based on
mutations observed throughout a global alignment; in contrast BLOSUM matrices are based
only on highly conserved, gap-free regions in series of alignments and tends to perform
better for evolutionary distant species (S. F. Altschul, 1991; Henikoff & Henikoff, 1992).
Codon substitution models incorporate nucleotide and amino acid information, and allow the
reconstruction of phylogenies, but can suffer from an unrealistic assumption that all nonsynonymous substitution occur at the same rate (Delport et al., 2010).
Modern phylogenetic inference is based on assumptions about how the evolutionary process
works and can use parsimony, distance or maximum-likelihood (ML) methods, or Bayesian
inference. Amongst these, ML methods allow statistical tests to be performed from the
comparison between a null H0 hypothesis (e. g. only neutral and negative selection) and H1
hypothesis (e.g. allowing for positive selection in addition to the selection constraints
allowed in the null hypothesis). ML analysis can predict codons under positive selection, as
well as establishes sites under negative and neutral evolutionary pressure (Yang, 2007). It is
possible to do the analysis of the entire protein sequence, as well as identify individual
amino acids that undergo positive or negative selection, and also determine diverse
evolutionary rates across different lineages (Yang, 2007).
Bayesian inference allows informative priors so that prior knowledge or results of a previous
model can be used to inform the current model. In this type of analysis the posterior
probability of the phylogenetic tree using a model of evolution is established in likelihood
function, producing the most likely phylogenetic tree for the given data (Mayrose et al.,
2004).
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5.1.3 Within species gene variation
SNPs are the most prevalent genetic variation readily detected between individuals. SNPs
found within a protein-coding region may be classified as synonymous (pS) or nonsynonymous (pN), depending on whether the encoded amino acid is altered respectively
(Nilsson et al, 2011). Non-synonymous SNPs where the alleles differ in the amino acid of
the protein product, may affect the function of the protein product. Outside of the proteincoding exons, SNPs may destroy splice sites, and result in variant proteins that differ in the
exons they contain. Within coding regions, presence of a SNP at a particular amino acid site
may be linked to a disease susceptible or resistant phenotype.
The neutral theory of evolution predicts that the ratio of non-synonymous to synonymous
changes should be constant through time that, therefore, ratios observed among individuals
within species should be equal to ratios observed between species (Stoletzki & Eyre-Walker,
2011). Non-deleterious, non-synonymous mutations will be neutral, and will behave like
synonymous mutations – they will arise at a relatively constant rate and be fixed with the
same probability of 1/2Ne (where Ne is the effective population size).
5.1.4 Prediction of protein-protein interactions within and between proteins
Co-evolutionary studies within and between protein molecules can be used alongside in vitro
experiments to predict protein-protein interactions (as was discussed in Chapter 4).
Receptor-ligand interactions discussed in chapters 3 and 4 are the result of specific
interactions between protein interfaces that mediate their molecular function. These
interactions are limited by the action of different evolutionary constraints on the interacting
peptide domains that contribute to binding. Many amino acid residues are essential for
protein structure and function and so purifying selection tends to restrict most amino acid
replacements, accounting for the conservation of binding interfaces and structural integrity
of the proteins found in chapters 2 and 3. However, in some cases, and especially in response
to pathogen pressure, positive selection will favour amino acid substitutions in multiple
lineages and such sites will appear to evolve faster than neutral sites. For amino acids that
interact, a change in one protein will be mitigated by compensatory change in its binding
partner, so that the two proteins coevolve with each other, maintaining their function in the
face of evolutionary change (Lovell & Robertson, 2010).
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5.1.5 Evolution of the CSF1R system
Even though the avian immune system has many immunological mechanisms in common
with mammals, birds have evolved a number of distinct immunological strategies (see
Introduction). In recent years, birds have been used as model organisms more frequently, but
our knowledge of their immune system and its evolution still remains far behind what we
know of mammals. Even though the mammalian immune system has been extensively
studied, no comprehensive evolutionary analysis of the CSF1R system has been performed
to date in either birds or mammals, which is the core subject of my Thesis.
The CSF1R system is of particular evolutionary interest, with two ligands that activate the
same receptor. The preliminary findings of Garceau et al. (2010) suggested that the observed
rapid evolution of CSF1 in mammals is also found in birds. It was also reported that IL34
and CSF1R are conserved in both birds and mammals. Sites of protein coevolution are
localised at a protein-protein interfaces and are expected between the CSF1R and its ligands,
CSF1 and IL34. Garceau et al. (2010), however, did not find any signs of intra-protein
coevolution within either of the proteins; however they predicted a number of coevolving
amino acids between CSF1R and IL34. The additional avian and mammalian CSF1R, CSF1
and IL34 sequences described in chapters 1 and 2 allow a more robust in silico analysis of
protein evolution to be done in this Thesis, expanding our understanding of the evolution of
the CSF1R system in birds and mammals.

5.2 Materials and Methods
5.2.1 Phylogenetic analysis and prediction of gene trees
Phylogenetic trees contain information about the inferred evolutionary relationships between
analysed genes. The internal nodes of the tree represent the most recent common ancestor,
the branches of each tree represent evolutionary distances changing over time and the units
of branch length show the number of nucleotide substitutions per site. Finally the tips
represent daughter taxa (genes) (Fitch & Margoliash, 1967). Roots can be artificially
assigned to unrooted trees (i.e. trees that specify only the nodes interrelationships but say
nothing about the direction in which evolution has occurred) by means of an outgroup - a
species that has unambiguously separated early from the other considered species
(Huelsenbeck, Bollback, & Levine, 2002). Galliformes were used as the outgroup for the
CSF1 and the Paleognathae for the IL34 and CSF1R study in birds. Proboscide were the
outgroup for mammals for the CSF1, Marsupials for the IL34 and Cingulata for the CSF1R.
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To establish the evolutionary relationship between the proteins of the CSF1R system in
different species, phylogenetic analysis was performed using Phylogenetic estimation using
Maximum Likelihood (PhyML) 3.1 (Guindon et al., 2009). PhyML is software that estimates
phylogenies of the given nucleotide or amino acid MSA based on the ML principle (Guindon
et al., 2010). The program was primarily designed to analyse moderate datasets (100-200
sequences, less than 2000 characters long), but it can be successfully used to estimate
relationship between smaller number of sequences (as few as 10) (Guindon & Gascuel,
2003). PhyML accepts DNA or amino acid sequences in PHYLogeny Inference Package
(PHYLIP) format (http://atgc.lirmm.fr/phyml/). The CSF1, IL34 and CSF1R sequences were
first aligned using MUSCLE (see Chapter 2). Then, the MSA of peptide sequences, together
with the individual cDNA sequences were used as input to the PAL2NAL
(http://www.bork.embl.de/pal2nal/) utility to create a MSA of codon sequences. PAL2NAL
converts a MSA of proteins and the corresponding DNA sequences into a codon alignment.
In order to correct for the possibility of multiple substitutions occurring at the same
nucleotide/amino acid site, a substitution model must be provided. The substitution models
considered were JC69 (Jukes and Cantor, 1969), K80 (Kimura 1980), F81 (Felsenstein
1981), HKY85 (Hasegawa et al., 1985), TN93 (Tamura and Nei 1993) and General Time
Reversible (GTR, Tavere 1986); jModelTest2 was used to carry out statistical selection of
best-fit

models

of

nucleotide

substitution

(http://code.google.com/p/jmodeltest2/).

jModelTest2 is an independent tool that implements five different model selection strategies:
hierarchical and dynamical likelihood ratio tests (hLRT and dLRT), Akaike and Bayesian
information criteria (AIC and BIC), and a decision theory method (DT) to identify the best
substitution model for a given set of data. The jModelTest2 analysis singled out HKY85 as
the preferred substitution model for the analysis of all three genes and it was used
henceforth.
During PhyML analysis different tree topologies are obtained and tested using a number of
methods: the Subtree pruning and regrafting (SPR), Nearest Neighbour Interchange (NNI) or
Bayesian Estimation of Species Trees (BEST) algorithms (Hordijk & Gascuel, 2005). SPR,
although slower than the default NNI, has been proven to be more accurate. NNI is a ‘local’
topological move that exchanges two subtrees that are connected by a single edge. It is a fast
and easy approach, but can suffer from getting trapped in a local bad optima. In a SPR
algorithm that problem can be avoided when a subtree is pruned and then regrafted at a
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different position in the remaining tree. That leads to a more exhaustive and, often, better
search. The BEST algorithm is the slowest of the three, as it performs both SPR and NNI and
retains the best result.
MSA of the CSF1, IL34 and CSF1R coding sequences obtained in the Avian Genomes
Database search (Chapter 2) were analysed using the command line interface of PhyML
(version 3.0), with bootstrapping. Parameters used can be found in Appendix 3. Gene trees
were then visualised using FigTree (version 1.4.2), a graphical viewer of phylogenetic trees
(http://tree.bio.ed.ac.uk/software/figtree/).
The congruence of the avian gene trees against the species tree resolved by the Avian
Phylogenetic

Consortium

was

analysed

using

the

Ktreedist

program

(http://molevol.ibmb.csic.es/Ktreedist.html). Species tree used was created by members of
the Avian Phylogenetic Consortium (see Chapter 2) (Table 5-1). Ktreedist is a Perl program
that calculates the minimum branch length distance from one phylogenetic tree to another,
providing a measure of the difference in topology and relative branch lengths (shape)
between two trees and is based on the comparison of the branch length distance between two
phylogenetic trees T (species tree) and T’ (gene tree) (Felsenstein, 2004). Ktreedist uses a
factor K, to scale tree T’ so that both trees have a similar global divergence – the lower the K
score, the more similar the two trees (for the description of the K calculation see the original
paper by Soria-Carrasco et al., 2007). The K tree score can be used to quantify the different
quality in branch length reconstruction as well as used with trees that have different
topologies. In such cases, non-shared branches that are relatively long will contribute to the
K score much more than small conflicting branches. The K tree score can be used to make an
accurate selection of orthologous genes by reflecting the same (similar) topology and shape
of the species tree (Soria-Carrasco et al., 2007).
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Figure 5-1. Avian species tree created by the Avian Phylogenetic Consortium. Species
analysed in the following chapter included. Bootstrap values indicated. For the complete tree
and a full legend see Chapter 2.

5.2.2 Prediction of evolutionary constrains and selective pressures acting on coding
sequences of genes of the CSF1R system
Evolutionary rates of the avian and mammalian CSF1R system proteins were estimated
using the codeml program within the Phylogenetic Analysis by Maximum Likelihood
(PAML) package (version 4.6) (Yang, 2007) and DataMonkey within the HyPhy package
(Pond, Frost, & Muse, 2005, http://www.datamonkey.org). PAML is a package of programs
for phylogenetic analyses of DNA and protein sequences. The strength of a PAML analysis
lies in the ML approach that allows different models of evolution (neutral, negative, positive,
branch versus site etc.) of individual codon or amino acid sites to be compared (Yang &
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Nielsen, 2002). Datamonkey provides a web interface to a wide collection of statistical
techniques for estimating ω and identifying codons and lineages under various models of
selection. PAML has been previously used on real data and evaluated in computer simulation
studies (Anisimova, Bielawski, & Yang, 2002; Guindon et al., 2010; Metzger & Thomas,
2010; Wong et al., 2004). Mostly due to the lower number of false positives and more robust
method for selecting the appropriate evolutionary models, in recent years HyPhy package
methods started to outperform PAML and have been used in a number of evolutionary
studies (Kosakovsky Pond & Frost, 2005; Kuzmina et al., 2013; Sharma et al., 2013; Wu et
al., 2013). In this Thesis, comparing PAML and HyPhy analyses provided additional
confidence in the results.
MSA of coding DNA sequences of CSF1, IL34 or CSF1R were prepared as in PhyML
analysis and used as input for PAML or Datamonkey.
Even though both PAML and Datamonkey are capable of producing a phylogenetic tree
based on the MSA provided and using Neighbour-Joining (NJ), Yang (2007) showed that
providing a user tree gave more accurate results (providing the user tree was more accurate).
The phylogenetic tree in Newick format used in these analyses was adapted from the species
tree made available by the Avian Phylogenetic Consortium (see Chapter 2, Jarvis et al.,
2014). For the mammalian sequence analysis, the species tree used was obtained from the
Ensembl Compara website (http://www.ensembl.org/info/genome/compara/index.html).
Both the full-length and the biologically active parts of the CSF1 and IL34 ligands were
analysed. Only 10 avian CSF1 sequences were available and so all had to be used in the
phylogenetic analysis for maximum statistical power. To match the avian CSF1 analysis 10
mammalian sequences were selected covering a similar evolutionary timescale (see the
discussion in Chapter 2 for the commentary on selection of species). A larger number of
avian and mammalian IL34 sequences were available and all 22 of each were analysed. For
CSF1R 31 complete avian sequences (and the 31 corresponding mammalian sequences) were
used. The full list of sequences used is found in Appendix 4. Here the analysis was
performed on both the full-length CSF1 receptor and, separately, for the extracellular
domain, CSF1RD1-D5.
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In addition, analyses were repeated for all of the available mammalian sequences of the two
ligands, in order to assess whether increasing the number of sequences in the MSA had a
significant impact on the results.
5.2.3 PAML Analyses – Site Model
In order to establish the overall evolutionary rate (measured as the ω ratio) for a protein
coding sequence, the basic codeml model = 0 (M0) was utilised. Under this model, ω is
constant between the different sites and no positive or negative selection is expected (Yang,
2007). This basic model is fitted in a control file (control.ctl) by specifying model=0 and
NSsites=0. The control.ctl files for all of the analyses can be found in Appendix 3. Avian and
mammalian CSF1, IL34 and CSF1R were then analysed under different evolutionary
models: models M7 (allows only for negative selection), M8A (allows for negative and
neutral selection) and M8 (allows for negative, neutral and positive selection).
As previously mentioned, the ML approach allows statistical testing of nested models (e.g.
M8 versus M7 or M8 versus M8A) in order to establish which fits the data best. Nested
models relate to each other in a way that the simpler model (null or constrained model) can
be obtained by restricting a parameter in a more complex model (full or alternative model)
(Bos & Posada, 2005). Two pairs of nested models: M7 (beta, i.e. ω<1)/M8 (beta&ɷ>1) and
M8A (beta&ɷ=1)/M8 (beta&ɷ>1) were tested. In order to assess which model best fits the
data, the log likelihood (lnL) for each model were compared and tested for significance (pvalue <0.05), where 2*(lnL1-lnL0) was assumed to follow a chi-squared distribution (Yang &
Nielsen, 2002).
The Naïve Empirical Bayes (NEB) (Nielsen & Yang, 1998) and the Bayes Empirical Bayes
(BEB) (Yang, Wong, & Nielsen, 2005) methods were used to infer the posterior probabilities
for site classes and are used to predict sites under positive selection. NEB does not account
for sampling errors, while BEB deals with sampling errors by applying a Bayesian prior and
is therefore superior to NEB.
5.2.4 Datamonkey analyses
Datamonkey uses the HyPhy package, which is a unified platform for carrying out
likelihood-based analyses on multiple sequence alignments of molecular data, with the
emphasis on studies of rates and patterns of sequence evolution (Pond, Frost, & Muse, 2005,
http://www.hyphy.org).
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Firstly, in order to identify the most appropriate substitution model for each set of data, a
Codon Model Selection (CMS) module was used, which automatically examines thousands
of potential models and reports the best one to be used for further analysis (Delport et al.,
2010).
Fast Unconstrained Bayesian AppRoximation (FUBAR) analysis of coding avian and
mammalian CSF1, IL34 and CSF1R sequence alignments was performed to determine
whether some sites have been subject to pervasive purifying or diversifying (positive
selection) selection in most species in the MSA. FUBAR uses Markov chain Monte Carlo
(MCMC) algorithms to identify sites of synonymous and non-synonymous substitutions. In
order to assess the statistical significance of the results, FUBAR implements the False
Discovery Rate (FDR) analysis to minimise false positives, and indicates the MCMC chain
convergence by reporting the value of potential scale reduction factors (PSRF) (Murrell et
al., 2013).
Branch-site Random Effects Likelihood (BRS) finds lineages where a proportion of sites are
predicted to evolve with ω > 1, without making any assumptions about which lineages those
are, and what happens to the rest of the lineages (Kosakovsky Pond et al., 2011). BRS was
run in order to assess the average ω ratios of IL34, CSF1 and CSF1R in different avian and
mammalian lineages and to identify lineages under episodic positive selection in avian and
mammalian CSF1 and CSF1R. The ω ratio are inferred under the MG94xREV model which
permits lineage-to-lineage but no site-to-site ω variation. In addition, BRS calculates the
unconstrained ω+ > 1 for the lineages under episodic diversifying selection and reports the
maximum likelihood estimates (MLE) of the rate class with unconstrained ω+ in those
lineages.
For the statistical significance of the results, BRS uses the Holm-Bonferroni method, which
is a multiple test procedure of the sequential rejection type, i.e. hypotheses are rejected one
at a time until no further rejections can be made (Holm, 1979).
Finally, Mixed Effects Model of Evolution (MEME) was implemented to identify instances
of both episodic and pervasive (these should overlap with those found in the FUBAR
analysis) positive selection at the level of an individual site along different lineages (Murrell
et al., 2012). In order to provide statistical significance for the results, MEME uses the
Simes’ procedure, which is an improved FDR technique that controls the false positives
under the strict neutral null (Simes, 1986).
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5.2.5 Positively selected residues in tertiary structures
Residues identified as positively selected were superimposed onto the tertiary models
obtained in Chapter 3, in order to examine their potential structural and functional roles. In
order to assess the position of selected mammalian CSF1 residues in relation to the receptorand BARF1-binding site, the positively selected residues were projected onto the human
CSF1- BARF1 (pdb: 4adf) complex.
5.2.6 Co-evolution between and within molecules of the CSF1R system
Molecular interactions between amino acids required for protein structure and function put
selective constraints on those interactions. These in turn will be seen as patterns of coevolution between specific residues. Within-molecular amino acid changes that reciprocally
affect each other’s evolution are one of the key forces shaping protein structure. Knowing
which residues co-evolve in a particular protein therefore aids our understanding of protein
evolution, structure and function.
Coevolution

Analysis

using

Protein

Sequences

(CAPS)

program

v.

1.0

(http://bioinf.gen.tcd.ie/~faresm/software/software.html#caps) was used to establish intraand inter-molecular coevolution of amino acid sites in the ligands and the CSF1 receptor
(Fares & McNally, 2006). The CAPS program identifies co-evolution between amino acid
sites using BLOSUM-corrected amino acid distances, which correct for any phylogenetic
effects. Provided with a phylogenetic tree and a tertiary structure of the protein, CAPS
identifies co-evolving amino acid site pairs by measuring the correlated evolutionary
variation at these sites and estimating the significance of the correlation coefficients by
comparing the real correlation coefficients to the distribution of re-sampled correlation
coefficients (Fares & McNally, 2006).
In order to maintain consistency between the separate analyses, intramolecular analysis of all
of the mammalian and avian CSF1, CSF1R and IL34 sequences was performed with the
following parameters: threshold R value 0.1 (a threshold value for the correlation
coefficient), threshold alpha-value 0.001 (a threshold type I error acceptable to detect
significant covarying amino acid site pairs), random sampling 15,000. In order to visualise
the

obtained

interactions

as

a

network,

Biolayout

Express

3D

was

used

(http://www.biolayout.org/). Biolayout has been specifically designed for visualization,
clustering, exploration and analysis of network graphs.
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The inter-molecular study was performed with the same parameters between the 12 bird and
mammalian CSF1/CSF1R and IL34/CSF1R pairs (Table 5-1).
CSF1/CSF1R
IL34/CSF1R
Birds
Mammals
Birds
Adelie
Chimp
American crow
American crow
Cow
Budgerigar
Chicken
Dog
Chicken
Cuckoo
Elephant
Chuck-wills-widowl
Duck
Gibbon
Cuckoo
Falcon
Gorilla
Egret
Ground finch
Guinea pig
Falcon
Manakin
Human
Mesite
Pigeon
Megabat
Pigeon
Turkey
Mouse
Rifleman
Woodpecker
Panda
Turkey
Zebra finch
Rhesus
Zebra finch
Table 5-1. Species analysed in the ligand/receptor coevolution study.

Mammals
Bushbaby
Cat
Cow
Dog
Elephant
Horse
Human
Mouse
Orang-utan
Panda
Rat
Rhesus

5.2.7 Variation of CSF1, Il34 and CSF1R genes within chicken lines
Evolutionary pressures acting on individuals within the same population can lead to
differences between the individuals. Krains et al. (2013) created a database of segregating
chicken SNPs using more than 240 sequenced individual chickens that originated from 15
lines. These included four commercial broilers (B), six commercial white egg layers (WEL)
and five commercial brown egg layers (BEL) (Table 5-2).
Line

Breed

Additional information

BEL (3 lines)

White Plymouth Rock

Brown egg layer

WEL (5 lines)

White Leghorn

White egg layer

B (4 lines)

Composite broiler

Commercially available broiler chickens

Table 5-2. List of chicken lines used for the analysis of intra-species gene variation.

Over 4.8 billion reads were generated by sequencing the samples and then aligned against
the chicken GalGal4.0 genome. The resulting catalogue was searched for SNPs in the known
IL34

(ENSGALG00000028466

11:1707758-1713030)

and

CSF1R

(ENSGALG00000005725 13:12594407-12611465) genome locations. The raw reads were
also mapped onto the chicken CSF1 gene region obtained through sequence assembly of
PacBio BAC data (see Chapter 1). Figure 5-2 summarises the workflow used in mapping the
reads onto the gene.
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Figure 5-2. SNPs search workflow.

The BWA-aln algorithm from the Burrows-Wheeler Aligner (BWA) software package (H.
Li & Durbin, 2009) was used to map the Illumina data generated by Kranis et al. (2013) onto
the chicken CSF1 gene sequence (plus the additional 2 kb up- and 500 bp downstream
regions) generated by the HGAP assembly of PacBio data. The resulting Sequence
Alignment/Map (SAM) files were converted into a binary SAM (BAM) format using
SAMtools (utilities for the Sequence Alignment/Map format) v. 0.1.18, and BCFtools
(Utilities for the Binary Call Format, BCF and Variant Call Format, VCF) (H. Li et al.,
2009). Unmapped regions were filtered out and the BAM file was sorted, duplicates were
marked and mpileup within the SAMtools package was used to define SNPs. The complete
bash script used in the analysis can be found in Appendix 3. The cut-off value for mean
frequency of non-reference allele used was 0.5 (an allele frequency is the number of times an
allele appears over all individuals at that site, divided by the total number of non-missing
alleles at that site).
5.2.7.1 Intra- and interspecies sequence variation in coding sequences
According to the McDonald-Kreitman test (MKT), the non-synonymous to synonymous
ratio is constant within and between species. The MKT is used to detect adaptive evolution
within species by comparing the within-species variation (polymorphism/diversity = pN/pS)
to the divergence between species (divergence = ω ratio) (Eyre-Walker, 2006). If all nonsynonymous differences are neutral, pN/pS = ω. When pN/pS > ω that suggests that there is
negative selection acting on the particular gene; pN/pS < ω indicates an ongoing positive
selection (Charlesworth & Eyre-Walker, 2008).
MKT estimates the Neutrality Index (NI). NI is a measure of the direction and degree of
departure from neutrality, and can be defined as NI = (pN/pS)/ω. When assuming that silent
mutations are neutral, NI > 1 indicates an excess of amino acid polymorphisms (negative
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selection), and NI < 1 indicates an excess of nonsynonymous substitutions (as expected
under positive selection) (Stoletzki & Eyre-Walker, 2011).
In general, synonymous and non-synonymous sites can be counted for any codonsubstitution model as in the ML method discussed above (Goldman & Yang, 1994). The
numbers of sites (S and N) are scaled so that S + N = 3Lc, where Lc is the number of codons
(Yang & Bielawski, 2000). Here the MKT was applied using a website designed to detect
selection by comparing different classes of DNA sites (http://bioinf3.uab.cat/mkt/MKT.asp,
Egea, Casillas, & Barbadilla, 2008). The overall ω ratios were measured for the divergence
between chicken (Galliform) and zebra finch (Passerine) CSF1, IL34 and CSF1R. To
estimate the pN/pS ratios for each one of the three genes in different breed of chickens, the
number of non-synonymous SNPs was divided by the total number of synonymous
substitutions in the gene. Polymorphisms were pulled together for all broiler and all layer
lines, as well as combining the two for an improved dataset.

5.3 Results
5.3.1 Evolutionary relationships: gene trees
In order to analyse the phylogenetic relationship between the avian and mammalian CSF1,
IL34 and CSF1R genes, gene trees were constructed using PhyML.
5.3.1.1 CSF1 is more divergent in mammals
Analysis of the phylogenetic relationship between CSF1 sequences revealed higher
divergence of this ligand within mammals compared with that found in birds (Figure 5-3).
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Figure 5-3. Phylogenetic relationship between the mature (A) avian and (B) mammalian
CSF1. Trees obtained using PhyML and visualised with FigTree, bootstrap values > 0.5
reported. The length of the branches is indicative of the gene evolutionary distance between
the two sister species; the scale bars underneath the trees indicate branch lengths.

5.3.1.2 IL34 is similarly conserved in both birds and mammals
For the avian IL34, the phylogeny could not be fully resolved, with bootstrap values for
several branches significantly below 0.5 (50%). That either suggests a very close relationship
between the sequences or, alternatively, not enough data to resolve their relationships
(Figure 5-4A). The mammalian IL34 gene tree is fully resolved (Figure 5-4B), suggesting
higher IL34 divergence within mammals than birds.
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The two outgroups - Paleognathae in birds, Marsupials in mammals, remained highly diverse
from the rest, which is consistent with them diversifying from the last known ancestor 105.9
Mya and 162.6 Mya, respectively.
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Figure 5-4. Phylogenetic relationship between biologically active part of (A) avian and (B)
mammalian IL34. Trees obtained using PhyML and visualised with FigTree, bootstrap values
> 0.5 reported. The length of the branches is indicative of the gene evolutionary distance
between the two sister species; the scale bars underneath the trees indicate branch lengths.
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5.3.1.3 Avian and mammalian CSF1R show different patterns of selective constraints
Finally, the phylogenetic analysis of the avian and mammalian CSF1R is shown in Figure
5-5, where the avian CSF1R shows slightly greater diversity than the mammalian CSF1R.
Similarly to avian IL34, in avian CSF1R several branches reported bootstrap values below
0.5.
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5-5. Phylogenetic relationship between (A) avian and (B) mammalian CSF1R. Trees
obtained using PhyML and visualised with FigTree, bootstrap values > 0.5 reported. The
length of the branches is indicative of the gene evolutionary distance between the two sister
species; the scale bars underneath the trees indicate branch lengths.
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5.3.1.4 Analysis of the congruence between the avian gene trees and the species tree
Avian gene trees vary from the species tree developed by the members of Avian
Phylogenetic Consortium (see the Introduction to Chapter 2). The analysis of K factor
indicated that gene trees vary significantly from the species tree (Table 5-3). K factor
assesses how closely similar are the two analysed trees, with smaller values indicating closer
similarity between them (K factor below 0.1 indicates significant similarity) (Soria-Carrasco
et al., 2007). According to the Ktreedist analysis, all trees showed significant differences
from the species tree, especially for IL34.
Gene tree

K factor

CSF1

0.180

IL34

>1

CSF1R

0.281

Table 5-3. Analysis of the tree congruence between species tree provided by the Avian
Phylogenetic Consortium and the gene trees created using PhyML. Analysis performed
using Ktreedist (http://www.mybiosoftware.com/phylogenetic-analysis/9519).

In case of the CSF1, the K factor was low and the only species in different location are
Adelie and falcon, with the remaining groups maintaining species tree locations. In case of
the IL34, the poorly resolved gene tree varies significantly from the species tree. Only the
Passeriformes, chicken, turkey, tinamau and ostrich were found in the same position as in the
species tree. This corresponded with poor bootstrap values for the branches obtained in
PhyML analysis (below 0.5), which in turn was most likely cause either by the high
conservation of IL34 or by missing data, both of which would result in low phylogenetic
signal and difficulties with resolving of branches. For CSF1R the greatest discrepancy was
found in the group containing mesite, sandgrouse and pigeon, which in the gene tree are
found separated.
5.3.2 Site models of pervasive selection
5.3.2.1 Overall rates of divergence of mammalian and avian CSF1, IL34 and CSF1R coding
sequences
According to the phylogenetic study above, IL34 is conserved in both birds and mammals,
while the mammalian CSF1 and avian CSF1R are slightly more divergent than the avian
CSF1 and mammalian CSF1R, respectively. In order to test these hypotheses, the overall
divergence of the members of the avian and mammalian CSF1R systems was analysed.
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First of all, the comparison between the log likelihood of the PAML M8 (with positive
selection) and M8A (with neutral, but no positive selection) nested models for the coding
sequences of each member of the CSF1R system in birds and mammals was performed
(Table 5-4). The M8 model of positive selection was only statistically significantly supported
for avian CSF1R (p = 4.67E-23) and mammalian CSF1 (p = 5.05E-13), when compared to
the simpler M8A model with only negative and neutral selection.
For both avian and mammalian IL34, the M8 model was rejected and most sites were under
negative selection. In the previous analysis the gene trees suggested differences between
divergence of the avian and mammalian CSF1 and CSF1R. Here that was further confirmed,
when the M8 model indicated that ~ 10.2% of codons in the mature mammalian CSF1 might
be under positive selection (p-value = 5.05E-13) (Table 5.3). For the avian CSF1, the M8
model failed to achieve statistical significance, indicating lack of positive selection 1.
Interestingly, there was a reversed situation for avian and mammalian CSF1Rs. In mammals
the receptor remains conserved, rejecting M8, but in birds M8 was selected as a preferred
model (p-value = 4.67E-23), showing that 5.3% of codons in the CSF1R may have been
subjected to positive selection.

211

Model comparison

ΔlnL

p-value

% positive

% negative

% neutral

-

72%

28%

-

66.3%

33.7%

5.3%

54.7%

40%

10.2%

42%

47.8%

-

78.6%

21.4%

-

63%

37%

Avian CSF1
M8 versus M8A

0.62

0.43

Avian IL34
M8 versus M8A

0.76

0.38

Avian CSF1R
M8 versus M8A

97.78

4.67E-23

Mammalian CSF1
M8 versus M8A

52.18

5.06E-13

Mammalian IL34
M8 versus M8A

1.19

0.27

Mammalian CSF1R
M8 versus M8A

1.83

0.17

Table 5-4 Statistical comparison of M8 and M8A nested models in PAML for members of the
avian and mammalian CSF1R systems. M8a assumes 0 < ω ≤ 1; M8 includes an extra
category of sites with ω > 1 (positive selection).
ΔlnL - the difference in log likelihoods between the models; p-values of rejecting the neutral
model M8A in favour of the positive selection model (M8) obtained in statistical analysis
performed as described in Materials and Methods. % positively, negatively and neutrally
selected sites (average ω value for these sites) indicated.

5.3.2.2 Selective pressures acting upon specific amino acid sites with the members of the
CSF1 receptor system in birds and mammals
In order to identify their positively selected sites, biologically active (149 amino acid long
growth factor domain, see the Introduction) avian and mammalian CSF1, IL34 and CSF1R
sequences were analysed in M8 (as described above) and FUBAR studies. Although M8
analyses have been optimised and used for a long time, recent studies indicated that FUBAR
is statistically more robust than PAML in estimating sites under positive selection analysis
(Murrell et al., 2013); therefore it would be beneficial to repeat the analysis, even for the
sequences that previously rejected the M8 model, to provide a comparison between M8 and
FUBAR results to give a more complete picture of positively selected residues in avian and
mammalian CSF1R system.
Both PAML and FUBAR analyse the rate of nonsynonymous (dN or β) and synonymous
substitutions (dS or α). In FUBAR, the posterior probability that positive selection occurred
at a site is also reported as the total probability that β>α, averaging over the samples (Murrell
et al., 2013).
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5.3.2.3 Selection profiles of avian and mammalian ligands
The PAML and FUBAR analyses of the IL34 ligands revealed that the mature IL34 is highly
conserved in both birds and mammals, with all residues remaining under strong negative
selection (ɷ < 1, p-value < 0.01). No positively selected sites were identified in either of the
analyses and the overall patterns of amino acid selection were similar between birds and
mammals (Figure 5-6).
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Figure 5-6. IL34 evolutionary selection profiles. ω values (Y) for individual amino acids (X) in
of avian (solid) and mammalian (dotted) CSF1 obtained in PAML M8 (performed as
described in Materials and Methods). The line across the diagram shows ω = 1, neutral
selection. No sites of positive selection were identified in FUBAR analysis.

CSF1, on the other hand, showed different evolutionary profiles in the two groups. Whilst in
birds neither analysis identified any positively selected sites, in mammals PAML recognised
a number of sites with ɷ exceeding 1; however, none of them were statistically significant
(p-value > 0.3) (Figure 5-7). FUBAR analysis recognised only one positively selected
residue (human Tyr139; ɷ = 2.685, p-value < 0.02), which was also identified in the PAML
analysis, albeit there it was not statistically significant (Table 5-5).
Tyr139 is found outside of the CSF1 receptor-binding site (see Chapter 3), in a disordered
part of the mature protein, where it might be subjected to pathogen interactions.
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Figure 5-7. CSF1 evolutionary selection profiles. ω values (Y) for individual amino acids (X)
in the bioactive avian (solid) and mammalian (dotted) CSF1. The line across the diagram
shows ω = 1, neutral selection. Asterisk above indicates the positively selected amino acid
Tyr139, identified in both PAML M8 and FUBAR analyses (p-value < 0.02). Performed as
described in Materials and Methods.
Human residue

α

β

Posterior Prob β>α

Y139

0.22

2.973

0.98

Table 5-5. FUBAR analysis of mammalian CSF1. This summary table reports the means of
posterior distribution of synonymous (α) and non-synonymous (β) substitution rates over
sites, as well as the mean posterior probability for ω =(β/α) > 1 at a site.

5.3.2.4 Residue selection in avian and mammalian CSF1R
In contrast with the CSF1, site analyses of the avian and mammalian CSF1R revealed similar
overall selection patterns, with the diverse extracellular domains and conserved TM and TK
domains (Figure 5-8). The main difference between the two species groups is the number of
statistically significant (p-value < 0.05), positively selected residues identified in the FUBAR
search – two in mammals, compared with 15 in birds.
The TM domain remains uniformly under evolutionary constraints. In birds, in the otherwise
highly conserved TK domain, two residues (917 and 925), identified in both M8 and
FUBAR, are positively selected (p-value < 0.05). For the TK domain in mammals, there are
two sites of neutral selection (residues 759 and 867, showing ɷ values greater than one, but
without statistical significance). They coincide with the region of technical gaps in the
alignment of the mammalian CSF1R (see Chapter 2), and therefore should be dismissed until
more data becomes available.
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The extracellular domains in both groups show a number of amino acids with ɷ exceeding 1,
indicating relaxed selection acting on the CSF1RD1-D5 region. In birds, 13 resides are
positively selected (p-value < 0.02), as indicated by both PAML and FUBAR analyses
(asterisks in Figure 5-8A, Table 5-6). In contrast, the ɷ rate for most of the mammalian
residues in the extracellular domains oscillated around 1, indicating their being under
negative or neutral selection. Only two were shown by FUBAR to be maintained under
positive selection (asterisks in Figure 5-8B, Table 5-7).
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Figure 5-8. CSF1R evolutionary selection profile. ω values (Y) for individual amino acids (X)
in (A) avian and (B) mammalian CSF1R, obtained in codeml and FUBAR analyses
(performed as described in Materials and Methods). A line across the diagram indicates ω =
1, neutral selection. Asterisks above the graphs indicate residues identified in FUBAR
analysis for which p-value < 0.05. The tertiary structure of the receptor indicated underneath
each graph (see Chapter 3).
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Domain

Chicken residue

α

β

Posterior Prob β>α

D1

E59

0.35

1.26

0.97

D1

?62

0.36

1.23

0.96

D2

G145

0.39

1.09

0.91

D2

K147

0.35

1.29

0.98

D2

S149

0.29

0.97

0.94

D2

Q174

0.26

1.04

0.97

D3

A210

0.30

0.97

0.92

D3

E221

0.30

1.22

0.98

D3

G248

0.41

1.23

0.90

D4

H336

0.23

0.52

0.94

D4

L368

0.20

0.53

0.92

D4

Y382

0.10

0.35

0.94

D5

Q462

0.29

1.15

0.97

TK

Q904

0.21

0.50

0.91

TK

C912

0.16

1.15

0.99

Table 5-6. Positively selected residues in avian CSF1R according to FUBAR. p-value < 0.05.
Amino acids coloured according to the domain: D1 – nude, D2 – pink, D3 – orange, D4 –
blue, D5 – red, TK domain – grey.

Domain

Human residue

α

β

Posterior Prob β>α

D1

V43

0.07

0.39

0.9

D4

S380

0.18

0.43

0.92

Table 5-7. Positively selected residues in mammalian CSF1R according to FUBAR. p-value
< 0.05. For the full table legend see Table 5.5.

5.3.3 Lineage-specific models of selection
5.3.3.1 Differential evolutionary rates along phylogenetic branches suggest positive
selection in one or more branches in avian and mammalian CSF1 and CSF1R
The site analyses further confirmed different selection forces acting on the avian and
mammalian CSF1R systems. The study showed positive selection acting on avian CSF1R
and mammalian CSF1, with the conserved avian CSF1, conserved mammalian CSF1R, and,
in both groups, conserved IL34. After analysing the overall ω values for the prevalent
(pervasive) sites (i.e. sites that are uniformly positively selected in all studied species), the
next goal was to find whether any lineages were subjected to episodic diversifying selection
(EDS). EDS means that the same gene region remains under adaptive selection only in
particular lineages (Murrell et al., 2012).
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BRS is a test offered by Datamonkey that identifies branches where a proportion of sites
evolve under EDS. BRS is performed without making any assumptions about which lineages
those are, which is the assumption made by the PAML branch free and branch-site models.
Recent publications (Kosakovsky Pond et al., 2011) showed the PAML models are
statistically inferior, as they can lead to uncontrollable rates of false positives and loss of
power, therefore, here the BRS analysis was performed. BRS uses an unconstrained freeratio model allowing independent omega values for every branch used to estimate variation
in omega across the phylogeny
In order to visualise the evolutionary rates, IL34 sequences were mapped to the species tree
in Datamonkey BRS analysis. For birds, the average ω ratio oscillated between 0.01- 0.4
(Figure 5-9).
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0.19$
0.21$

Figure 5-9. Avian species tree with IL34 sequences mapped onto it using Datamonkey BRS
analysis. Average ω rates visualised above each branch. The ω ratio inferred under the
MG94xREV model which permits lineage-to-lineage but no site-to-site ω variation.
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Average ω rates were slightly elevated in mammals (Figure 5-10, ω = 0.12 - 0.47), however
no lineages under EDS (with a significance threshold of p-value < 0.05) were identified for
either groups, further confirming the high conservation of IL34 throughout all lineages.
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Figure 5-10. Mammalian species tree with IL34 sequences mapped onto it using
Datamonkey BRS analysis. Average ω rates visualised above each branch. The ω ratio
inferred under the MG94xREV model which permits lineage-to-lineage but no site-to-site ω
variation.

In contrast, in avian and mammalian lineages, elevated average ω ratios and sites under EDS
were found for both CSF1 and CSF1R. For avian CSF1, the average ω ratio varied
significantly and was especially high for zebra and ground finches (Figure 5-11, average
ω = 0.01 - 0.81). In addition, branches with evidence of episodic selection (ω+ > 1) at p ≤
0.05 were identified in Passeriformes (American crow and ground finch), and pigeon (Table
5-8). The table shows the maximum likelihood estimate (MLE) of the rate class with
unconstrained ω+ in those lineages.
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0.46%
0.01%
0.19%
0.81%
0.62%
0.20%
0.35%
0.16%
0.28%
0.38%
0.10%
0.01%

Figure 5-11. Avian species tree with CSF1 sequences mapped onto it using Datamonkey
BRS analysis. Average ω rates visualised above each branch. The ω ratio inferred under the
MG94xREV model which permits lineage-to-lineage but no site-to-site ω variation.
Species

Corrected p-value

ω+

Pr [ω=ω+]

Pigeon

< 0.01

2.01

0.01

Ground finch

0.02

2.5

0.001

American crow

0.006

7.8

0

Table 5-8. BRS results for the avian CSF1. Three species remain under EDS (p ≤ 0.05).
Corrected p-value - p value for the branch corrected for multiple testing using the HolmBonferroni method; ω+ - the ω = (β/α) value inferred for positively selected sites along the
branch; Pr [ω=ω+] - the proportion of the sites inferred to be evolving with ω+ along the
branch.
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BRS results for mammalian CSF1 revealed more elevated average ω rates amongst all
lineages (Figure 5-12, average ω = 0.44 - 0.78) and the presence of episodic selection in four
species (Table 5-9). That included the rodent lineage, where the ligand evolves especially
rapidly in mouse and squirrel (see Chapter 4).

0.78$
0.44$
0.66$
0.58$
0.60$
0.62$
0.55$
0.74$
0.62$
0.61$
0.59$
0.51$
Figure 5-12. Mammalian species tree with CSF1 sequences mapped using Datamonkey
BRS analysis. Average ω rates visualised above each branch. The ω ratio inferred under the
MG94xREV model which permits lineage-to-lineage but no site-to-site ω variation.
Species

Corrected p-value

ω+

Pr [ω=ω+]

Mouse

0.011

7.4

0.01

Squirrel

0.004

2.6

0.01

Cat

0.023

1.6

0.01

Panda

< 0.0001

6.8

0.01

Table 5-9. BRS results for the mammalian CSF1. Four species remain under EDS (p ≤ 0.05).
For the full table legend see Table 5.7.
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Finally, BRS analysis of CSF1R revealed slightly elevated average ω rates for lineages in
both birds (Figure 5-13, ω = 0.01 - 0.52) and mammals (Figure 5-14, ω = 0.11 - 0.4). In
addition, 12 avian species was under EDS at p ≤ 0.05, including a number of Passeriformes
(e.g. zebra finch, ground finch and American crow) (Table 5-10).
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0.34%
0.20%
Figure 5-13. Avian species tree with CSF1 sequences mapped using Datamonkey BRS
analysis. Average ω rates visualised above each branch. The ω ratio inferred under the
MG94xREV model which permits lineage-to-lineage but no site-to-site ω variation.

221

Species

Corrected p-value

ω+

Pr [ω=ω+]

Chuck-wills-widow

< 0.0001

3.3

0.03

Emperor penguin

< 0.0001

6.2

0.02

Zebra finch

< 0.0001

23.1

0.02

Trogon

< 0.0001

2.2

0.03

Loon

< 0.0001

7.6

0.01

Sunbittern

0

13.1

0.02

Flamingo

0.001

3.2

0.01

Woodpecker

0.006

2.8

0.02

American crow

0.009

11.0

0

Cuckoo

0.014

9.9

0.01

Egret

0.017

21.1

0.01

Ibis

0.033

4.0

0.01

Table 5-10. BRS results for the avian CSF1R. 12 species remain under EDS (p ≤ 0.05). For
the full table legend see Table 5.7.

In mammals 7 species showed sites under positive selection (p ≤ 0.05), including three
primates (gibbon, lemur and bushbaby) (Table 5-11). Here, however, the unusually elevated
ω+ rates for lemur and guinea pig (where ω+ = 10,000) are most likely due to gaps in the
alignment. Datamonkey treats gaps in the alignment as missing data, and, as such, elevated
evolutionary rates might not be real and the analysis should be repeated once more complete
sequences becomes available.
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0.39%
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Figure 5-14. Mammalian species tree with CSF1R sequences mapped onto it using
Datamonkey BRS analysis. Average ω rates visualised above each branch. The ω ratio
inferred under the MG94xREV model which permits lineage-to-lineage but no site-to-site ω
variation.
Species

Corrected p-value

ω+

Pr [ω=ω+]

Lemur

< 0.0001

10,000

0.04

Bushbaby

< 0.0001

8.7

0.06

Dog

< 0.0001

29.5

0.03

Rabbit

< 0.0001

10.4

0.07

Gibbon

0

9.2

0.01

Guinea pig

0.002

10,000

0.03

Sheep

0.004

4.2

0.01

Table 5-11. BRS results for the mammalian CSF1R. 7 species remain under EDS (p ≤ 0.05).
For the full table legend see Table 5.7.
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5.3.4 Branch-site selection of CSF1 and CSF1R, but not IL34
Adaptive evolution is frequently localized to a few sites in a gene, and to a small number of
lineages in a phylogenetic tree. After performing separate branch and site analyses, ‘branchsite’ evolutionary models provide a statistical framework to search for evidence of episodic
selection along different branches. MEME, in contrast with FUBAR, is a program that
allows for detection of residue selection in one or more lineages. Branch-site analysis
performed for the avian and mammalian CSF1 and CSF1R revealed additional sites under
episodic selection, present in different lineages, but did not show positively selected sites
with p-value < 0.05 for either avian or mammalian IL34, again showing it to be highly
conserved as in all other tests above.
For avian CSF1, the MEME study revealed four positively selected residues in seven
lineages (Table 5-12). One of the amino acids, Ser61 (chicken) is found within the predicted
receptor-binding site 1 (see chapters 3 and 4, where the ligand binding site was predicted and
confirmed in vitro), and its change could potentially affect binding specificity.
Chicken

α

β+

Pr[β=β+]

p-value

Species

S61

0

1.50

0.30

0.04

Cuckoo, turkey

K112

0

7.72

0.32

0.01

America crow, ground finch, pigeon, chicken

S142

0

1.50

0.30

0.04

Cuckoo, turkey

R176
0 3.38
0.28
0.01
Woodpecker, manakin, Adelie
Table 5-12. Diversifying selection of avian CSF1 according to MEME analysis. Four
positively selected amino acids were identified, p-value < 0.05. α - the maximum likelihood
estimate (MLE) of the synonymous substitution rate α; β+ - the MLE of the unconstrained β
non-synonymous rate; Pr[β=β+] - the MLE of the proportion of sites evolving at β+; p-value the p-value for the LRT test, using the mixture distribution : 0.33 χ20 + 0.30 χ21 + 0.37 χ22.

In the mammalian CSF1, eight residues were predicted to be under positive selection in
different lineages (Table 5-13). Two of them were recognised within mouse, both of them
neighbouring the receptor-binding site. The positively selected Tyr139, already identified as
pervasively positively selected in FUBAR and PAML M8 analysis, was also recognised as
positively selected in six species (including mouse).
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Human

α

β+

Pr[β=β+]

p-value

Species

S40

0

5.02

0.19

0.03

Squirell, hegdehog

K76

0

5.18

0.27

0.02

Mouse, cow

Q90

0

12.00

0.07

0.04

Guinea pig

E114

0

7.62

0.08

0.02

Guinea pig

L117

0.62

130.00

0.14

0.02

Mouse, guinea pig, elephant, megabat

Y139

0

3.22

0.87

0.01

Megabat, cat, elephant, cow, mouse, busbaby

D161

0

8.15

0.39

0.02

Human, bushbaby, elephant, hedgehog

A176

0.42

293.00

0.05

0.01

Cat

Table 5-13. Branch-site MEME evolutionary analysis of the mammalian CSF1. MEME
analysis identified eight statistically significant sites under positive selection in different
lineages (p-value < 0.05). Y139 was also found as pervasively positively selected residue in
FUBAR analysis (in bold). For the full table legend, see Table 5.11.

Branch-site MEME analysis of the avian CSF1R identified 68 sites under episodic selection
in various lineages (p-value < 0.05). 63 of them were found within the extracellular domains
and are listed below (Table 5-14). CSF1R remains under strong evolutionary pressure
amongst Passerines, with a majority of positively selected amino acids identified in manakin
and ground finch, and several found in zebra finch. Interestingly, the latter included a
number of amino acids from the ligand-binding domain D2. Lys147 and Ser149 are found
within the presumed ligand-binding site 1 of the chicken CSF1R and were identified to be
under positive selection in zebra finch. In addition, Pro250, directly involved in receptor
binding site 2, was identified in another passerine, American crow (see Chapter 3 and 4 for
the analysis of CSF1/CSF1R interface).
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Chicken
residue

α

β+

Pr[β=β+]

p-value

Species

D1

P43

0.89

86.90

0.02

0.00

Manakin, trogon

D1

Y57

0.75

6.32

0.18

0.02

Duck, swift, manakin, cormoran

D1

E59

0.53

3.75

0.78

0.03

Cuckoo, manakin, rifleman, sunbittern, crane, falcon, loon, ibis,
pelican, cormoran

D1

S66

0.00

5.00

0.07

0.01

Rifleman

D1

H76

0.24

130.00

0.03

0.00

Manakin, ground finch, mousebird

D1

T81

0.32

128.00

0.07

0.00

Manakin, tinamau, bee-eater, bustard

D1

Y86

1.71

106.00

0.04

0.04

Manakin, ground finch

D1

I87

0.76

9.72

0.12

0.05

Chicken, ground finch, cuckoo roller, pigeon

D1

S89

0.90

129.00

0.04

0.00

Manakin, ground finch

D1

V97

0.59

130.00

0.03

0.04

Manakin

D2

Y110

0.84

4.99

0.35

0.01

D2

R112

1.36

9.29

0.41

0.02

D2

K147

0.58

3.98

0.89

0.02

D2

S149

0.27

2.13

1.00

0.02

D2

Q174

0.25

3.14

0.67

0.01

D2

E186

0.42

4.64

0.32

0.05

Kea, woodpecker, sunbittern, falcon, sandgrouse

D3

Q204

0.95

18.20

0.09

0.03

Ground finch

D3

E221

0.25

3.33

0.74

0.03

Ostrich, swift, trogon, manakin, zebra finch, mesite, egret, falcon,
seriema, pigeon, sandgrouse

D3

V225

0.04

13.90

0.15

0.00

Manakin, pelican

D3

G248

0.18

37.90

0.18

0.00

Chicken, turkey, cuckoo, trogon, manakin, american crow,
woodpecker, pelican

D3

P250

0.67

10.50

0.25

0.00

Ostrich, trogon, american crow, sunbittern, pigeon

D3

Y253

0.31

28.00

0.09

0.00

Chicken, duck, turkey, manakin, woodpecker, chuck-wills-widow

D3

D253

0.78

6.01

0.17

0.03

Ostrich, manakin, woodpecker, sunbittern, chuck-wills-widow

D3

G256

0.04

130.00

0.02

0.01

Manakin, woodpecker, chuck-wills-widow

D3

P266

0.42

31.20

0.09

0.00

American crow, chuck-wills-widow, crane

D3

T269

1.24

122.00

0.02

0.01

Manakin, chuck-wills-widow

D3

S273

0.84

19.70

0.12

0.00

Manakin, rifleman, woodpecker, egret, ibis, pigeon

D3

I279

0.72

130.00

0.12

0.00

Duck, american crow, sunbittern, Emperor penguin

D3

A280

2.83

130.00

0.11

0.00

Manakin, sunbittern, Emperor penguin

D3

N281

0.65

47.70

0.11

0.00

American crow, sunbittern, sandgrouse, Emperor penguin

D3

N282

1.28

110.00

0.09

0.00

Manakin, american crow, ibis, Emperor penguin

D3

S283

1.08

130.00

0.09

0.00

Ground finch, chuck wills widow, fulmar

D3

A284

0.48

130.00

0.20

0.00

Woodpecker, chuck-wills-widow

D3

F286

1.61

129.00

0.09

0.01

D3

R287

0.86

130.00

0.10

0.00

D3

T290

2.96

130.00

0.12

0.00

Ground finch, kea, zebra finch, chuck-wills-widow, Emperor penguin

D3

M292

0.41

130.00

0.09

0.00

Ostrich, manakin, tinamau, ground finch, mousebird, turaco, zebra
finch, Eperor penguin

D4

V295

0.59

129.00

0.10

0.00

Manakin, ground finch, zebra finch, seriema, Emperor penguin

D4

R298

0.01

3.56

0.36

0.00

Ostrich, swift, manakin, bee-eater, hummingbird, cuckoo-roller,
bustard, flamingo, ibis

D4

E315

0.69

50.30

0.05

0.00

Manakin, bustard, pigeon

Domain

Swift, manakin, zebra finch, chuck-wills-widow, ibis, pigeon,
cormoran
Cuckoo, swift, trogon, manakin, rifleman, zebra finch, sunbittern,
seriema, sandgrouse
Cuckoo, hoatzin, swift, trogon, manakin, zebra finch, woodpecker,
sunbittern, mesite, bustard, pigeon, sandgrouse, cormoran
Turkey, cuckoo, ground finch, woodpecker, zebra finch,
sunbittern, mesite, bustard, egret, sandgrouse, pelican, Adelie
Duck, hoatzin, manakin, american crow, zebra finch, woodpecker,
seriema, ibis, pigeon, cormoran

Cuckoo, manakin, ground finch, mousebird, killbird, crane, seriema,
ibis, pelican, Emperor penguin
Chicken, manakin, tinamau, ground finch, turaco, zebra finch,
sunbittern, mesite, egret, fulmar, Emperor penguin
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D4

S318

0.52

11.40

0.06

0.02

Duck, cuckoo, manakin, cormoran

D4

K330

0.22

9.99

0.09

0.00

Ostrich, manakin, tinamau, bustard, sandgrouse, pelican

D4

H335

0.17

7.47

0.26

0.00

Ostrich, hoatzin, trogon, manakin, owl, kea, ibis

D4

K349

0.46

8.81

0.25

0.01

Ostrich, trogon, manakin, bee-eater, owl, cuckoo-roller, bustard

D4

E353

0.91

16.50

0.19

0.01

Turkey, swift, manakin, tinamau, ground finch, turaco, killdeer,
rifleman, zebra finch, mesite, bustard, falcon, loon, ibis

D4

P356

0.11

7.46

0.14

0.01

Chicken, turkey, manakin, ground finch, eagle, kea, sandgrouse

D4

K357

0.18

3.32

0.19

0.02

Manakin, flamingo, ibis, pelican

D4

N362

0.00

130.00

0.07

0.00

Manakin, ground finch, chuck-wills-widow, loon

D4

N363

0.32

15.80

0.22

0.00

Trogon, manakin, ground finch, american crow, zebra finch,
woodpecker, chuck-wills-widow, crane, loon, sandgrouse

D4

L367

0.15

130.00

0.05

0.00

Trogon, manakin, ground finch, chuck-wills-widow, sandgrouse

D4

L370

0.06

130.00

0.02

0.00

Pigeon

D4

E371

0.13

130.00

0.05

0.00

Turkey, manakin

D4

E374

0.71

127.00

0.02

0.02

Manakin, bustard, fulmar

D4

Y381

0.00

0.68

1.00

0.02

Swift, manakin, bee-eater, hummingbird, american crow, egret, ibis,
pelican

D4

T387

0.22

8.85

0.09

0.01

Ostrich, turkey, manakin, hummingbird, cormoran

D5

G404

0.05

4.49

0.11

0.02

Chicken, tinamau, bustard, ibis

D5

D412

0.56

15.70

0.02

0.05

Manakin, woodpecker

D5

G414

1.35

25.60

0.05

0.02

Chicken, duck, owl, chuck-wills-widow

D5

D438

0.29

3.51

0.28

0.04

Manakin, tinamau, bee-eater, cuckoo-roller, tropicbird, mesite, chuckwills-widow, falcon, flamingo

D5

L448

0.35

10.60

0.11

0.04

Bee-eater, killdeer, rifleman

D5

Q462

0.35

3.23

0.68

0.01

D5

T477

0.60

7.73

0.26

0.03

Ostrich, swift, trogon, tinamou, mousebird, humminbird, owl,
cuckoo-roller, eagle, egret, falcon, loon, sandgrouse
Chicken, swift, tinamou, mousebird, humminbird, falcon, fulmar,
Emperor penguin

Table 5-14. Branch-site selection on the avian CSF1R. MEME analysis identified 68
positively selected residues, with 63 sites under positive selection in the extracellular part of
the receptor. p-value < 0.05. Residues coloured according to the CSF1R domain: D1salmon; D2 – pink; D3 – orange; D4 – blue; D5 – red. In bold highlighted residues under
pervasive positive selection identified in FUBAR. For the full table legend, see Table 5.11.

In mammals, MEME analysis revealed 29 residues under episodic positive selection in the
intracellular part of the receptor (results not showed). 38 amino acids were identified in the
extracellular D1-D5 in various lineages, including Ile170 (directly involved in ligand binding
in the human receptor), and Val141, Val143 and Arg256 (found neighbouring ligand binding
residues) (Table 5-15).
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Domain

Human
residue

α

β+

Pr[β=β+]

p-value

Species

D1

V27

0.23

122.00

0.04

0.00

Human, microbat

D1

R41

0.69

35.50

0.03

0.02

Sheep

D1

V43

0.00

1.93

0.68

0.01

D1

P54

1.84

138.00

0.09

0.01

D1

S66

0.00

2.53

0.25

0.03

Horse

D1

Q77

0.75

30.10

0.12

0.03

Bushbaby, rabbit, elephant,
hedgehog

D2

V117

0.00

2.64

0.06

0.03

Rabbit

D2

L140

0.16

21.50

0.03

0.03

Rabbit

D2

V141

0.27

7.14

0.27

0.03

D2

V143

0.85

114.00

0.15

0.03

D2

N153

0.50

4.05

0.30

0.01

D2

I170

0.93

76.50

0.16

0.01

D3

K194

0.63

701.00

0.03

0.01

D3

Q196

0.03

16.20

0.14

0.00

D3

K197

0.19

563.00

0.03

0.00

Rabbit, hedgehog, sheep

D3

P200

0.18

6010.00

0.08

0.00

Kangaroo rat, rabbit

D3

V235

0.52

3.63

0.16

0.03

Rabbit, armadillo

D3

N240

0.21

16.00

0.16

0.00

Gibbon, horse, dog

D3

P247

0.51

1470.00

0.09

0.00

Horse, squirrel, armadillo

D3

R256

0.76

25.70

0.10

0.03

Rat, vampire bat

D3

V279

0.00

13.20

0.23

0.00

D3

S281

0.00

7.25

0.26

0.00

D3

Q284

0.47

4.42

0.31

0.04

D3

G285

0.00

8.12

0.03

0.01

Guinea pig

D4

S290

0.00

12.50

0.09

0.00

Bushbaby

D4

L339

0.57

16.30

0.20

0.01

Bushbaby, horse

D4

S343

1.34

1790.00

0.02

0.03

Dolphin

D4

N353

0.00

35.00

0.05

0.00

Marmoset

D4

S367

0.58

4.09

0.26

0.03

Guinea pig, rat, vampire bat

D4

P373

1.14

31.20

0.07

0.01

Horse, cat, mouse

D4

R378

0.19

7.49

0.17

0.01

D5

P453

2.10

57.70

0.10

0.01

D5

H479

0.34

759.00

0.02

0.00

D5

N480

0.00

764.00

0.02

0.00

D5

P500

0.80

80.20

0.04

0.00

D5

A505

0.28

139.00

0.07

0.01

Bushbaby, marmoset,
rabbit, hedgehog, squirell,
guinea pig, cow, armadillo
Human, gibon, kangaroo rat,
vampire bat, cow

Rabbit, rat, sheep, boar,
armadillo
Rhesus, lemur, marmoset,
microbat, kangaroo rat,
rabbit, elephant, boar
Lemur, horse, kangaroo rat,
hedgehog
Lemur, squirrel, ferret,
armadillo
Bushbaby, rabbit, guinea pig,
squirrel, vampire bat, sheep,
boar, armadillo
Bushbaby, kangaroo rat,
guinea pig, sheep

Gibbon, bushbaby, lemur,
guinea pig, cat, dolphin, boar
Oranghutan, marmoset,
guinea pig, rat, vampire bat
Marmoset, rat, cat, vampire
bat

Bushbaby, elephant, mouse,
dolphin
Bushbaby, lemur, horse,
kangaroo rat, hedgehog,
vampire bat, boar
Gibbon, horse, hedgehog,
guinea pig, boar
Gibbon
Horse, kangaroo rat, vampire
bat,
Kangaroo rat, guinea pig,
armadillo

228

Table 5-15. Branch-site selection on the mammalian CSF1R. MEME analysis recognised 68
residues under positive selection, with 38 found in the extracellular part of the receptor. pvalue < 0.05. Residues coloured according to the CSF1R domain: D1- salmon; D2 – pink; D3
– orange; D4 – blue; D5 – red. In bold highlighted residue under pervasive positive selection
identified in FUBAR analysis. For the full table legend, see Table 5.11.

5.3.5 Positively selected residues superimposed onto the tertiary structures of avian CSF1R
and mammalian CSF1
Superimposing the pervasive positively selected residues of the avian CSF1R, identified in
PAML M8 and FUBAR analyses, onto the tertiary structures obtained in Chapter 3
highlighted a large number of diverse amino acid sites in proximity to the ligand binding
sites in domains D2 and D3 (Figure 5-15, cyan arrows).

A&

B&

CSF1R&

CSF1&

Figure 5-15. Pervasive positively selected residues in avian CSF1R. FUBAR analysis results
indicating pervasive positively selected residues in avian CSF1R. Showed here in complex
with CSF1. CSF1/CSF1R structure resolved in Chapter 3 and ligand/receptor binding site
assessed in Chapter 4. Site 1 in red, site 2 in blue, positively selected amino acids indicated
by cyan arrows.

The EDS results of residues under positive selection in different lineages, indicated by
MEME analysis, were then mapped onto the avian CSF1/CSF1R complex (Figure 5-16).
Here, interestingly, the majority of positively selected residues were found away from the
ligand-receptor interface. Especially in case of the CSF1 ligand, the positively selected
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residues are nowhere near the receptor-binding site (indicated in Figure 5-16 in magenta and
arrows).

CSF1R&

CSF1&

Figure 5-16. EDS of the avian CSF1/CSF1R pair. Results of MEME analysis inferred onto
tertiary structure resolved in Chapter 3. Positively selected residues marked in cyan in
CSF1R and in magenta in CSF1 (in addition indicated by arrows).

For the mammalian CSF1R, the only pervasively positively selected residue was found
facing away from the ligand-receptor interface. As briefly discussed in the Introduction,
previous studies showed that EBV-encoded protein BARF1 can bind to the human CSF1,
blocking its function. It was, therefore, of interest, to see whether the positively selected
residue could potential be interacting with a pathogen molecule. Indeed, when looking at the
huCSF1-BARF1 complex (pdb: 3adf), the only pervasive positively selected residue was
found in direct contact with the EBV-encoded protein (Figure 5-17).
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CSF1&

BARF1&

Tyr139&

Figure 5-17. Human CSF1/BARF1 interface. Human CSF1/BARF1 complex (blue/orange,
respectively); pdb: 3adf. Pervasive positively selected residue of the mammalian CSF1
identified in FUBAR analysis showed in cyan. Crystal structure visualised using YASARA.

Finally, mapping the EDS, identified in MEME analysis, onto the tertiary structure of
mammalian CSF1/CSF1R complex (pdb: 3ejj), highlighted that the majority of positively
selected residues were found within the ligand/receptor interface (Figure 5-18).

CSF1R&
CSF1&

Figure 5-18. EDS of the mammalian CSF1/CSF1R pair. Results of MEME analysis inferred
onto tertiary structure pdb: 3ejj. Positively selected residues marked in cyan and in CSF1 in
addition indicated by arrows. Visualised using YASARA.
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5.3.6 Co-evolutionary relationships within the CSF1R system
Co-evolution between residues is often an indication of a negative selection acting to
maintain protein structure and function. In Chapter 3 the tertiary structures of the CSF1
receptor and its two ligands was obtained, which allowed the analysis of the position of the
co-evolving amino acids identified by CAPS (performed as described in Materials and
Methods and by Fares & McNally (2006))
5.3.6.1 Co-evolution of residues within the ligands
Intramolecular coevolution of amino acids can indicate a role in protein structure and
function. Since both CSF1 and IL34 act as homodimers, it was expected that residue coevolution will be identified at the dimer interfaces. However, no co-evolution was detected
in the biologically active part of the avian or mammalian CSF1. As already discussed in
Chapter 3, mammalian CSF1 homodimer is formed via an inter-chain disulphide bond, but
avian CSF1 lack the Cys residues responsible for the disulphide bond formation. That, along
with the lack of co-evolving residues, might indicate an alternative way of stabilising the
avian dimer, perhaps via the formation of salt bridges (see Chapter 3).
In contrast, avian and mammalian IL34 lack the Cys forming the distinctive inter-chain
disulfide bonds, and homodimers are most likely stabilised by non-covalent interactions (see
Chapter 3). In the avian IL34 ligand there were two groups of co-evolving residues, one
comprising five amino acids found in the αD helix and in the loop at the C-terminus of the
protein, and one with residues from the αA chain (Figure 5-19). It is possible that these
residues are involved in dimer formation, but further studies are required to confirm that
hypothesis.

163#
166#

170#

67#

167#

164#
68#

Figure 5-19. Coevolving amino acids in chicken IL34. Interaction strength (correlation
coefficient) 0.9-1, calculated through CAPS. Colour of the arrow indicates the correlation
strength from the weakest (0.9, blue) to strongest (1, red). Visualised using Biolayout.
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In the mammalian IL34 there were only two co-evolving residues: IL34_26 (M26 in human)
and IL34_32 (N32), not corresponding with co-evolving residues in birds. These two are
found at the N-terminus of the mature protein and are not involved in homodimer formation,
but might be instrumental for post-translational modifications as they are found neighbouring
the signal peptide cleavage site.
5.3.6.2 Co-evolution of residues within the CSF1 receptor
In contrast with the ligands, the CSF1 receptor in both birds and mammals showed a high
number of coevolving amino acids. In birds co-evolving residues were predominantly found
within the extracellular domain CSF1RD3, surrounding the ligand-binding site, and inbetween residues from CSF1RD4-D5, domains responsible for receptor dimerization in
mammals (Figure 5-20A) (for the tertiary structure analysis of the receptor, see Chapter 3).
The extracellular part of the mammalian CSF1R contains coevolving residues within the
CSF1RD2-D3, including D251 and F252 found directly within the ligand binding sites, which
coevolve with the neighbouring I246 (Figure 5-20B). There was, however, no sign of
CSF1RD4-D5 coevolution.

233

D3-256

A"
D3-263

D3-259

D2-100

D4-377

D5-406

D1-89

D3-257
D2-166

D3-202
D1-52
D3-263

D5-428 D4-395

D3-259
D1-52

D4-323

D3-211
D3-256

D3-239 D2-100

D3-207
D5-428 D4-395
D3-204

D3-257

D3-219
D3-211

D3-202

D2-166

D3-234

D3-241

D4-332 D5-454
D4-332 D5-454

D4-393

D4-393

D4-389 D4-386

D3-242

D3-273

D4-322

D4-395

D3-242
D3-241

D3-273

D4-395

D4-391

D3-207
D3-204

D3-234

D4-391
D1-89

D4-377

D5-406

D4-323

D3-239

D3-219

D4-322

D1-51

D4-389 D4-386

D1-51

D3-275

D3-226

D3-275

D3-226

D3-235

D3-235

D3-276
D3-276
D3-277

D3-277
D3-233
D3-233
D3-201

D3-201

D4-313
D4-313

D3-208

D3-208

D4-354

D4-354

D2-160

D2-160

D3#251''
D4#301''

B'
D3#229''
D3#252''
D3#246''

D3#216''

D3#235''

D3#225''

D2#184''
D5#449''

D3#290''

D2#168''

D5#490'

D2#170''
D2#188''

D3#288''

D5#406''
D4#319''

D2#191''

D5#496'

Figure 5-20. Coevolving amino acids in the extracellular part of the CSF1R. A) In birds and
B) in mammals. Interaction strength 0.9 – 1 indicated by blue-to-red coloured arrows,
calculated through CAPS. Residues coloured according to a domain: D1- salmon; D2 – pink;
D3 – orange; D4 – blue; D5 – red. Visualised using Biolayout.
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5.3.6.3 Intermolecular co-evolution between ligands and the CSF1R
The analysis of coevolution occuring between two different proteins can highlight their
interactions. In the case of a ‘two ligands: one receptor’ system this analysis is of particualr
interest. Chapter 3 discussed the CSF1/CSF1R and IL34/CSF1R interface in birds and
mammals, here I was interested in examining whether interactions between receptor and its
ligands restrict the evolution of the proteins involved.
Inter-protein coevolution study of 12 corresponding avian CSF1 and CSF1R sequences
revealed a low number of coevolving residues (Figure 5-21A). The three interacting groups
with very high interaction strength of 0.9-1.0 included CSF1_185 (H185 in chicken) and
CSF1_188 (S188), coevolving with several receptor residues in ligand-binding CSF1RD1-D3,
and CSF1_49 (L49) with CSF1R_399 from the dimerising CSF1RD5 of the receptor.
CAPS analysis of 12 corresponding mammalian CSF1/CSF1R pairs revealed residues from
the entire length of the ligand coevolving predominantly with the dimerizing CSF1RD5
(Figure 5-21B). The closest coevolution coefficient was between G44 and S36 of the CSF1,
both found close to the receptor-binding site 2, and the residues of CSF1RD4-D5 . There were
also residues from the N terminus of the ligand coevolving with CSF1RD5 of the receptor,
indicating their involvement in receptor dimerization (perhaps stabilising the complex).
Finally, two groups including residues from the ligand-binding domains CSF1RD3 and
CSF1RD1-D2 were found correlated with CSF1_33 and CSF1_25, both found close to the
receptor-binding site.
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D2#169'
47'

D2#122'

D4#369'

D4#399'

D2#125'
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D2#128'

186'
D4#356'
D2#191'
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D4#383'
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D5#461'
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42'

D5#468'

44'
D5#478'

D4#346'
D5#490'
D4#357'
36'
33'
D3#279'

D5#445'
D3#298'

D5#418'
D5#408'

30'

162'

118'

Figure 5-21. Coevolving residues in the CSF1 and CSF1R. A) In birds the sites of
coevolution are found in the C terminus of the CSF1 and predominantly, residues from ligand
binding CSF1RD2 and dimerizing CSF1RD4. B) Mammalian CSF1/CSF1R pair shows
coevolution between the dimerizing CSF1RD5 of the receptor and the CSF1 residues found
throughout the mature peptide. Correlation strength 0.9 -1 indicated by blue-to-red coloured
arrows, calculated through CAPS. CSF1 residues pictured as blue squares. Residues in the
receptor coloured according to a domain: D1- salmon; D2 – pink; D3 – orange; D4 – blue; D5
– red. Visualised using Biolayout.

For the avian IL34/CSF1R pair two coevolving groups were discovered, comprising amino
acids from dimerising CSF1RD4-D5 of the receptor and IL34 residues within the α3 helix and
the α3 – αD loop (Figure 5-22A). This correlation suggests close involvement of the ligand
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in receptor dimerization. IL34_170 (G170 in chicken) is significant here and in the intramolecular coevolution study.
Finally, in mammals a group of IL34 amino acids from the loop in between helices α2 and
αB coevolves with residues from CSF1RD3-D4. Val138 found within αC – α3 loop coevolves
with a number of residues from the dimerizing CSF1RD5 (Figure 5-22A). In addition, F40
and K63, found within the site of IL34-IL34 dimer interface and neighbouring the receptorbinding amino acids of site 2, coevolve with a number of residues from CSF1RD1-D3 found in
both ligand binding sites That indicates very close relationship between the receptor-ligand
interface both during ligand binding. It is worth noting that CSF1R_92 (G92) appears here as
well as in CSF1/CSF1R analysis. The two remaining coevolving groups involve residues
from the N terminus of the ligand interacting with the amino acids from the CSF1RD3 and a
residue in a proximity of receptor-binding site 1 (IL34_106) interacting with the CSF1RD1-D4.
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D3#229'

D5#468'

D5#477'

D5#490'

Figure 5-22. Coevolving residues in IL34 and CSF1R. A) In birds there are coevolving
residues found between CSF1RD4-D5 of the receptor and amino acids from a3 helix and a3 –
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aD loop of the IL34. B) In mammals there are four coevolving groups, comprising residues
from all five CSF1R domains and in the majority of the ligand. Correlation strength 0.9 – 1
indicated by blue-to-red coloured arrows, calculated using CAPS. IL34 residues pictured as
yellow triangles. Residues in the receptor coloured according to domain: D1- salmon; D2 –
pink; D3 – orange; D4 – blue; D5 – red. Visualised using Biolayout.

5.3.7 Genetic variation of genes of the CSF1R system within chicken populations
After establishing the between species variation of the members of the CSF1R system,
evidence of positive selection acting on the CSF1, IL34 and CSF1R genes in birds was
analysed by looking at polymorphism within chicken populations. Within-species variation
was assessed in the analysis of SNPs between commercially available chicken breeds,
broilers and layers, followed by the MKT comparison of the between- and within-species
diversity.
5.3.7.1 Greater number of CSF1 nonsynonymous polymorphisms found within broiler lines
Firstly, SNPs in the CSF1 gene (encoding the mature 154 aa CSF1 peptide) were detected by
mapping of Broiler (B) and Layer (BEL, WEL) lines data onto the reference chicken
genomic sequence, obtained in Chapter 1, using the BWA pipeline. One coding SNP was
found in exon 3 in line 5 of BEL. Five non-synonymous polymorphisms were found within
the two lines of broilers, within exons 3 and 4 (Table 5-16). The only nonsynonymous SNP
found in the layers (in Val74) is found within αB, away from the receptor-binding site. In
contrast, polymorphism in Leu83 found in broilers may severely affect receptor binding, as
this residue is directly involved in CSF1R interactions (see Chapter 3). The remaining SNPs
are found facing away from the receptor-binding site.
Breed

Line

Location

SNP

AA change

Mean frequency
of non-reference allele

BEL

Line 5

exon3

T325G

V74G

0.267

B

Line 3, 4

exon3

T352C

L83S

0.358

Line 3

exon3

A450G

N116D

0.271

Line 3, 4

exon4

T553G

V150G

0.393

Line 3

exon4

G560T

F153H

0.298

Line 3

exon4

C588A

L161M

0.221

Table 5-16. List of nonsynonymous SNPs in coding regions in the CSF1 gene. BEL – brown
egg layers, WEL – white egg layers, B – broilers.

5.3.7.2 Most IL34 nonsynonymous SNPs are shared between broilers and layers
For the generally more conserved IL34, non-synonymous SNPs were found at the very start
of the mature protein in both layer and broiler lines (Table 5-17). Exon 3 encodes the very
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start of the bioactive part of avian IL34 comprising the disordered region and the beginning
of α1 helix (see Chapter 3). The layer-specific SNP E24G is found directly at a cleavage site
of the signal peptide. Polymorphism at that site might interrupt peptide processing, however
further studies would be necessary to analyse the phenotype.
Breed

Line

Location

SNP

AA change

Mean frequency
of non-reference allele

BEL

Line 1

exon3

A71G

E24G

0.303

WEL

Line 2

exon3

A71G

E24G

0.286

B

Line 2

exon3

A77G

E26G

0.239

Table 5-17. List of non-synonymous SNPs in broiler and layer IL34. Mean frequency of nonreference alleles was set to 0.2.

5.3.7.3 CSF1R has a number of high frequency nonsynonymous SNPs
Finally, for the CSF1R in broiler and layer populations a large number of non-synonymous
SNPs were found within the coding region. One unique SNP each was identified in WELs
and BELs, and four were found exclusively in broilers (Table 5-18). G1240A (residue
G414S) was found in all breeds and its mean frequency exceeds 0.99, which indicates that
this polymorphism is close to being fixed within all of these populations. G414S is found
within the extracellular part of the CSF1R (dimerising domain 5, see Chapter 4) and is an
example of a SNP close to being fixed in domesticated chickens.
Furthermore, N153S, found in broiler population, is directly involved in CSF1 binding, and
R294W is found right next to the ligand-binding site. This could indicate the importance of
the two in maintaining ligand-receptor interactions (see chapters 4 and 5 for ligand binding
site analysis).
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Breed

Line

Location

SNP

AA change

Mean frequency
of non-reference allele

WEL

BEL

B

Line 1, 7

exon5

C880T

R294W

0.55

Line 1, 2, 3, 6, 7

exon8

G1240A

G414S

0.997

Line 7

exon12

T1791G

F597L

0.267

Line 1, 3

exon19

T2594G

V865G

0.27

Line 8

exon3

T373C

F125L

0.524

Line 5, 8

exon5

C880T

R294W

0.55

Line 5, 8

exon6

G922A

A308T

0.581

Line 2, 5, 8

exon8

G1240A

G414S

0.997

Line 3

exon1

T2G

M1R

0.377

Line 4

exon1

A49C

T17P

0.323

Line 1, 4

exon3

T373C

F125L

0.524

Line 3, 4

exon3

A458G

N153S

0.365

Line 1, 2, 3, 4

exon8

C1226T

S409L

0.396

Line 1, 2, 3, 4

exon8

G1240A

G414S

0.997

Line 1, 2, 4

exon9

A1402C

I468L

0.376

Table 5-18. A list of non-synonymous SNPs in layer and broiler CSF1R gene. In bold marked
SNPs not shared between breeds.

5.3.7.4 MK test suggests ongoing positive selection within chicken lines
Finally, ongoing adaptive evolution within the avian CSF1R system was measured by
comparing the number of within species polymorphisms to the between species divergence.
The number of SNPs was compared with the number of fixed differences at the two types of
sites – synonymous and non-synonymous, in a MK test (Table 5-19). The Neutrality Index
(NI), indicates the direction and degree of departure from neutrality and the α value –
percentage of sites under positive selection. As outlined in Materials and Methods, pN/pS >
ω and NI > 1 indicate negative selection acting on the gene and pN/pS < ω and NI < 1
indicate an ongoing positive selection.
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Breed	
  

CSF1	
  

IL34	
  

	
  

pN/pS	
   ω

NI	
  

p-‐

pN/pS	
  

CSF1R	
  
ω

NI	
  

value	
  

p-‐

pN/pS	
  

value	
  

ω

NI	
  

p-‐
value	
  

Broilers	
  

0.70	
  

0.12	
   5.83	
   0.35	
  

0.30	
  

0.14	
   2.14	
   0.32	
  

0.10	
  

0.30	
   0.33	
   <	
  0.05	
  

Layers	
  

0.17	
  

0.12	
   1.41	
   	
  0.30	
  

0.20	
  

0.14	
   1.43	
   0.29	
  

0.07	
  

0.30	
   0.23	
   <	
  0.05	
  

Table 5-19. Results of the MK test for the chicken CSF1R system. MKT compares the pN/pS
and ω = dN/dS ratios of a gene; NI = (pN/pS)/ ω.

As the MK test for both ligands show a high p-value (approx. 0.3), the results are not
statistically significant. The results for the CSF1R in both broilers and layers, on the other
hand, showed with statistical significance (p-value < 0.05) that the avian CSF1R is under
diversifying selection (NI < 1).

5.4 Discussion
Previous evolutionary analysis of the CSF1R system suffered from insufficient avian
sequence data. The Garceau et al. (2010) study lacked the statistical power to make strong
predictions on specific amino acid residues subjected to positive selection or co-evolution.
The sequences obtained in Chapters 1 and 2 enable a more thorough and robust analysis.
5.4.1 Evolutionary relationships between members of avian and mammalian CSF1R
system
In this chapter, the gene tree analysis was performed to recognise overall evolutionary
patterns of the CSF1R systems by estimating evolutionary rates for each individual branch. It
is important to point out that the reconstruction of gene phylogenies based on sequences
alone is often very difficult. Homologous sequences are challenging to align unambiguously,
which leads to incorrect gene trees and inaccurate predictions of events of duplications and
losses. What is more, sequence alignments generally contain insufficient information to
accurately model gene evolution. This was certainly the case for avian IL34, where the
apparent lack of apomorphic change on several branches is most likely the result of missing
data. For the ground finch, American crow, falcon and killdeer, the only available part of
IL34 was the highly conserved core of the sequence, which maintains almost 100% identity
between these species. Whilst this observed presence of highly conserved core of IL34
sequence is important when assessing protein function, it significantly limits the power of
gene tree prediction. As discussed in Chapter 2, a blat search for additional exons in
neighbouring regions was performed in order to expand the sequence, however, no extra data
was obtained due to a close proximity of multiple “Ns”.
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Previous studies have hinted on the positive correlation found between sequence length and
congruence to the species tree – the longer the sequence, the closer the similarity between
gene and species tree (Boussau et al., 2013). This was partially confirmed in the Ktreedist
analysis, where CSF1R tree was shown to have closer similarity to the avian species tree
than IL34.
5.4.1.1 Episodic selection acting on CSF1R systems
Measuring the overall evolutionary rate does not provide sufficiently informative results, as
it omits episodic selection at individual amino acid sites. The subsequent focus of this
Chapter has therefore been in detecting positive selection affecting particular sites, or one or
more lineages. The analyses performed indeed revealed dissimilar selective pressures acting
upon the CSF1R system: whilst IL34 is generally conserved, site and branch-site analyses
suggest that the CSF1/CSF1R pair is under strong positive selection in both birds and
mammals.
5.4.1.1.1 IL34 is a conserved protein
Analysis of IL34 revealed no sites of positive selection present neither in birds nor mammals
in either site or branch-site analyses. Furthermore, no lineages under significant positive
selection were detected, indicating that the ligand is uniformly maintained, under very strong
purifying selection in both birds and mammals. The uncovered patterns governing IL34
evolution in birds and mammals are in agreement with previously discussed roles of IL34
(see Introduction and Chapter 2). In mammals, this ligand may have an essential role in
development (Wang et al., 2012), and as a non-immune gene would be expected to evolve
under greater selective constraints. The results of this chapter indicate that IL34 may have a
similar role in birds.
5.4.1.1.2 Distinctive evolutionary pressures act on CSF1 in birds and mammals
The analyses presented in this chapter contrast with previous studies, suggesting that CSF1
has been under positive selection (Garceau et al., 2010, Gow et al., 2012). Here, the analyses
indicate that, whilst both avian and mammalian CSF1/CSF1R pairs have been under positive
selection, the nature of this pressure is different in the two groups.
The study of pervasive selection (site analysis) indicated that the avian CSF1 has been under
strong negative selection, whilst mammalian CSF1 has been largely neutrally selected.
According to FUBAR and M8 analysis, the only pervasive, positively selected residue in the
mammalian CSF1 was found distant to to the ligand-receptor interface. In fact, this site has
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been shown to be in direct contact with a different protein that interacts with human CSF1:
BARF1 (J. I. Cohen & Lekstrom, 1999). BARF1, a protein encoded by EBV (see
Introduction), mimics CSF1R and inactivates CSF1 signalling (Elegheert et al., 2012). The
presence of a positively selected residue in the CSF1/BARF1 interface suggests that other
mammalian lineages might have evolved to evade BARF1 or similar viral protein.
When the analyses are viewed as a whole, it is apparent that there is a difference between the
pervasive and episodic selection of avian and mammalian CSF1, and that the strong adaptive
evolution has acted on the CSF1 ligand only along certain branches. Branch-site analysis
allowed identification of EDS in several lineages. In birds, EDS of CSF1 was indicated in
Passeriformes. As the positively selected residues were found distant to the receptor-binding
site, it is unlikely that they affect cross-species reactivity (as observed in zebra finch/chicken
study in Chapter 4). It is more likely that they play a role in CSF1 interactions with as yet
unidentified pathogen of Passerines.
In mammals, CSF1 evolves especially rapidly in rodents, with the murine CSF1 presenting a
number of positively selected residues. In contrast with birds, however, these positively
selected residues were found neighbouring the receptor-binding site (see Table 5.12). As
stated in Chapter 4, in vitro studies identified a lack of cross-species reactivity between
mouse CSF1 and human CSF1R (also see Gow et al., 2012). The analyses presented in this
chapter indicate that this could be accounted for by positive selection acting on the mouse
ligand, especially through changes in residue 76 (Lys in human to Asp in mouse) and 117
(Leu in human to Asn in mouse).
5.4.1.1.3 Positive selection in avian CSF1R
In both birds and mammals there are three distinct parts of the CSF1R that evolve quite
differently (see Figure 5.7). MSA analysis in Chapter 2 already showed conservation of the
TK and TM domains, here it was shown that all residues in the TM domain have been under
very strong, negative selection. This is consistent with preservation of its role in anchoring
the receptor in the cell membrane. TK conservation indicates that TK activity is maintained
in both birds and mammals. In contrast, residues in extracellular domains have been under
relaxed selective pressure in both groups.
Positive selection restricted in the extracellular part of the transmembrane proteins is not
unique – previous studies have showed similar patterns, for example, in the extracellular
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domain of CD45 in primates (Filip & Mundy, 2004), or the IL1 receptor in chicken (Guida,
Heguy, & Melli, 1992). Here, positive selection was found to have acted on the extracellular
part of the CSF1R. Moreover, the avian CSF1RD1-D5 region has evolved significantly faster
that the mammalian counterpart, as indicated by a high number of pervasive positively
selected residues, observed in both FUBAR and M8 analyses. Superimposing these residues
onto the predicted structure of avian CSF1R (Chapter 3) highlighted their proximity to the
ligand binding sites. This indicated that selective pressures have directly targeted the
receptor-ligand interface of the avian CSF1/CSF1R complex, resulting in fixation of amino
acid changes in the receptor. Combined with the differences in CSF1 evolution discussed
above, these pressures may have led to the lack of cross-species reactivity between chicken
and zebra finch CSF1R system, observed in Chapter 4.
The EDS acts on both avian and mammalian CSF1R along number of lineages and the
already diverse extracellular part of the avian receptor has been under additional selective
pressure in Passeriformes (see Table 5.13). These changes, especially in residue 149 (Ser in
chicken and Pro in zebra finch, both under EDS in Passerines as well as pervasively
positively selected), and 250 (Pro in chicken and Ala in zebra finch), found within the
ligand-binding sites (see Chapter 3) most likely explain the lack of cross species reactivity
between chicken and zebra finch CSF1R systems observed in Chapter 4. Interestingly, these
positively selected residues were found outside of the protein-protein binding site. This
might indicate the existence of a yet unrecognised pathogen (most likely one that infects
birds from the Passerine lineage) that interacts with the CSF1/CSF1R complex, away from
the ligand-receptor interface.
Finally, the observed lineage-specific EDS acting on the mammalian CSF1R can further
account for the lack of reactivity between mouse CSF1 and human CSF1R. Episodically
positively selected residues in both CSF1 and CSF1R, revealed by a branch-site MEME
analysis, were all found close to (or within) the ligand-receptor interface. That indicates
additional selective pressure has acted directly on the receptor- and ligand-binding sites in
several mammalian lineages. Interestingly, none of them were present in mouse, which
indicates that the lack of cross-species reactivity between mouse and human is solely due to
differences in the CSF1 ligand.
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5.4.2 Co-evolution study highlights protein-protein interactions
Previous studies have shown that both CSF1 and IL34 function as homodimers, and that
CSF1R forms a dimer upon activation (see Chapter 3). Sites of intra-molecular coevolution
should coincide with sites of dimerization, as mutations in amino acids must arise
simultaneously in order to conserve the functional interactions between them (Dib &
Carbone, 2012). For the majority of the CSF1R system, this was shown not to be the case.
5.4.2.1 CSF1R system dimers are generally formed without restricting amino acid evolution
While the mammalian CSF1 dimer is formed through a disulphide bond, avian CSF1 lacks
the necessary Cys residue (see Chapters 2 and 3). As no coevolving amino acids were
identified in either avian or mammalian CSF1, structural stability of the dimer may be
maintained without restricting evolution of their residues, perhaps via non-covalent
interactions (e.g. salt bridges). Similarly in the case of mammalian IL34 coevolving residues
are more likely involved in processing the mature peptide, rather than dimer formation. In
contrast, in avian IL34 coevolving amino acids may play a role in maintaining IL34-IL34
interactions (see Figure 5.12), which would indicate different methods of dimer formation in
birds and mammals.
The majority of coevolving avian and mammalian CSF1R amino acids are most likely
involved in stabilising ligand-receptor interactions (for ligand/receptor interfaces see Chapter
3). In addition, in birds a group of coevolving residues was found within the CSF1RD4-D5
region. As previously mentioned (Chapter 3 and Introduction), in mammals these domains
are involved in receptor dimerization. To this date no studies have been performed on the
avian CSF1R dimer, therefore the presence of coevolving amino acids in this region is the
closest indication that in birds the receptor dimerises through similar interactions.
5.4.2.2 Different methods of maintaining receptor-ligand complexes employed by birds and
mammals
Diverse co-evolutionary patterns can be indicative of different methods of stabilising and
maintaining receptor-ligand interactions. In Chapters 3 and 4 the avian CSF1/CSF1R
interface was analysed in structural and functional studies. When the results of this chapter
are combined with these analyses several hypotheses can be made. Firstly, maintenance of
the ligand/receptor complex is more complicated in birds and requires additional
interactions, with CSF1 not necessary for receptor dimerization. In mammals the relationship
between the pair extends beyond ligand binding, with CSF1 catalysing formation of the
receptor dimer. Maintenance of the IL34/CSF1R complex seems to occur differently to that
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of CSF1 and CSF1R. For the avian pair, results indicate a role for IL34 in CSF1R
dimerization. In mammals, IL34 may be involved in both receptor dimerization and
maintaining ligand-receptor interactions outside of the receptor-binding site.
5.4.3 Intra-species variation as additional evidence of selection on avian CSF1R system
In the case of artificially created breeds, polymorphisms can be related to the trait that those
animals are selected for. Moreover, taking into account the previously discussed function of
the CSF1R system in the immune response and in development (see Introduction and
Chapter 2), it was expected that within species variation might still be present in
domesticated chickens.
A number of segregating sites (the nucleotide sites that are polymorphic within a set of
sequences from genomes of the same species) were discovered in all three CSF1R system
genes and were especially numerous in broiler CSF1 and CSF1R (see Tables 5.15 and 5.17).
Of particular interest are nonsynonymous polymorphisms found in the receptor-binding site
in CSF1 (Leu83) and in the ligand binding CSF1RD1-D3 region. Here, exclusively in broilers,
two nonsynonymous SNPs were found directly within the ligand-binding site. Together,
these three polymorphisms have potential for further study as natural mutations that may
impact ligand binding. Taken as a whole, these results could be an indication of a breedspecific phenotype. However, the low number of available sequences, combined with the
low frequency of many of the SNPs, might mean that once more data become available these
differences will no longer be significant. With this in mind, it would be prudent to follow up
the analysis once more individuals will be sequenced.
5.4.3.1 CSF1R remains under adaptive evolution
The MK test comparison of within and between-species variations in chicken populations
provided additional evidence, both for the conservation of the avian ligands and adaptive
evolution of the CSF1R. The results need to be treated with care as they were obtained by
pooling data from different broiler and layer lines. In addition, the results were not
significant for the CSF1 and IL34 ligands, and thus would need to be repeated once new data
become available.

5.5 Conclusion
This penultimate chapter described the evolutionary relationship between the members of the
CSF1R system in birds and in mammals by looking at their phylogenies, the inter-species
selection constrains, coevolution and finally the intra-species polymorphisms.
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The combined results point towards high conservation of IL34 in both groups and
conservation of the avian CSF1, with some lineages (e.g. Passeriformes) showing sites under
positive selection. In contrast, mammalian CSF1 remains largely under neutral selection,
with sites under diversifying selection present in a number of lineages, including the mouse.
Mammalian CSF1R shows signs of diversifying selection at the branch-site level, but it is the
avian receptor that has clearly been under positive selection. The extracellular domains of
avian CSF1R have undergone rapid positive selection, especially in Passerines, where amino
acid differences with Galliformes are found in the receptor binding domains. Those changes
may underpin the lack of cross-species reactivity between zebra finch and chicken CSF1R
systems as shown in Chapter 4.
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Chapter 6 : Conclusions and future directions
	
  

6.1 Structure of the CSF1R system is maintained within vertebrates
Macrophages are present in a large number in every tissue from a very early age of
embryonic development, but dynamic studies of their biology are proving problematic in
mammals. Utilising chicken as a model organism for the investigation of the mononuclear
phagocyte lineage offers a unique opportunity to study the system. However, studies on
avian innate immunity have been thus far lagging behind that of the mammals.
	
  
Despite the differences between avian and mammalian immune systems the most crucial
components of macrophage maintenance machinery are well conserved. This Thesis has
identified CSF1R and its two ligands, CSF1 and IL34 in a number of evolutionary distant
avian species.
	
  
The sequence similarities between avian and mammalian genes confirmed that they are in
fact orthologs and as such may retain the same functions. However, while CSF1R was
identified in almost all of the available avian genomes (44 out of 46) and IL34 was found in
22 out of 46 species, CSF1 was found only in 10. That indicates either that CSF1 is missing
in a number of species, that it is highly diverse and thus difficult to recognise in a sequence
homology search, or that the region in which the ligand is found for some reason presents a
challenge to sequencing in the methods used so far. It is highly doubtful that in the remaining
species CSF1R has no ligand. As the CSF1 was found in a number of evolutionary distant
species, such as Galliformes and Passeriformes, and it is also unlikely that the lack of
sequence conservation is the problem. However, as made apparent both by the conserved
synteny study of the available birds genomes, where gaps in the regions containing the CSF1
were identified in all but one species, and by the low coverage of the CSF1 observed in all
transcriptome experiments, the latter explanation is most likely correct. In fact, in this Thesis
the chicken CSF1 was found in a highly GC-rich region of the genome (GC > 65%). Hillier
et al. (2004) reported that in a fragment of incompletely sequenced red jungle fowl BACs
where the average GC content was 52% (with some regions exceeding 60%), sequencing
coverage dropped rapidly. Whilst the more common techniques such as Illumina failed to
fully sequence the region, PacBio SMRT technique, not so limited by GC composition, was
more successful in sequencing the previously unassembled parts of the chicken chromosome
26. Perhaps if this, or other similarly efficient techniques, were utilised in other studies, the
gaps in the avian genomes would be filled and CSF1 would be found and annotated in more
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species. Currently the chicken genome consortium is using this strategy and more than 85%
of these gaps have been filled (Wes Warren, personal communication).
6.1.1 CSF1 Receptor:ligand interface and protein structure
The availability of the mammalian CSF1 receptor:ligand crystal complexes allowed in silico
3D models of the avian CSF1/CSF1R and IL34/CSF1R interfaces to be predicted. The
models produced by homology modelling of the chicken ligands and the CSF1 receptor
highlighted the similarities between the protein tertiary structures in both birds and
mammals, which was further explored in structural alignments. Ligand docking revealed the
receptor binding sites to be located to the parts of the chicken proteins corresponding to
those of the known mammalian ligand:receptor interface. Despite these similarities,
however, previous studies have indicated that the mammalian ligands do not activate the
avian CSF1 receptor (Garceau et al., 2010; Gow et al., 2012). Similar lack of cross-species
reactivity will most likely be observed between avian ligands and mammalian receptors.
Crucial differences between residues within and in the direct proximity of the CSF1
receptor-ligand binding sites are likely to be the reason for these findings.
	
  
The results from the in silico modelling of the chicken CSF1/CSF1R complex were explored
further in a number of in vitro assays, including avian cross-species reactivity of CSF1,
single-nucleotide mutations of the CSF1 ligands within the presumed CSF1 receptor binding
site and the CSF1 ligand binding domain swap experiments between chicken and zebra
finch. These studies, and especially the species-specificity switch observed between the
chicken and zebra finch CSF1 in the domain-swap study, confirmed that the structural and
functional predictions of the avian CSF1/CSF1R interface overall resemble the mammalian
counterpart.
6.1.2 Conserved gene regulation, expression and role of the vertebrate CSF1R systems
Another similarity between avian and mammalian CSF1R systems uncovered during the
course of this study is the conserved gene regulation and preferential tissue specific
expression of the ligands. The CSF1 and IL34 promoters share a number of predicted TFBS
in birds and mammals. The CSF1R not only had conserved TFBS’s in the macrophagespecific promoter, but also shows the highly conserved FIRE region that acts as an enhancer
of gene expression. In studies performed by colleagues in the lab, a transgenic chicken line
expressing reporter genes from the CSF1R promoter containing the FIRE region was
developed, which confirmed the maintained structure of the avian CSF1R regulatory patterns
in the chicken, turkey, Adelie penguin, zebra finch, rifleman and ostrich (Balic et al., 2014).

249

	
  
The NF-κB family of transcription factors plays a central role in immunity by regulating and
controlling crucial immune processes in mammals (Vallabhapurapu & Karin, 2009). Here
the members of the NF-κB family were predicted to control the regulation of CSF1
expression in birds.
	
  
Interestingly, a binding site for one of the NF-κB factors (REL) was also found conserved in
the upstream region of the avian and mammalian IL34 promoters. IL34 was recently studied
in six diverse teleost fish, and was shown to be an inducible immune effector (Wang et al.,
2013). Fish IL34 is structurally similar, apparently orthologous and occupying syntenic
genome location to the avian and mammalian cytokines, but there is greater variation
amongst the fish sequences. Fish IL34 is acutely regulated by immune stimuli, suggesting
that it may have a larger role in innate immunity and therefore be under stronger positive
selection. Perhaps IL34 also has a yet unidentified important immune function in birds and
mammals.
	
  
The other conserved elements identified here in both mammalian and avian IL34 belong
binding sites for transcription factors, Pax4/6 usually involved in development. Paired box
(Pax) genes are involved in early chordate development and have key roles in the
development of such organs as the eye, muscles, CNS, kidney, pituitary, and the gut and
related organs (Holland & Short, 2010). Pax4/6 genes (Pax4 is a transcription repressor
whilst Pax6 is the activator) are expressed in the vertebrate olfactory epithelium, eye, and the
pineal and pituitary glands (Glardon et al., 1998; Rath et al., 2009). The fact that they are
predicted to control both avian and mammalian IL34 expression suggests that this ligand is
preferentially involved in the development and regeneration of the cells of CNS and
associated organs in both groups. The fact that the CSF1R-/-, but not CSF1-/- mice present an
atrophy of the olfactory bulb (along with several severe CNS deficiencies), is congruent with
this model in mammals (Wang et al., 2012).
	
  
Differential expression of CSF1 and IL34 has been put forward as a reason for the
evolutionary maintenance of the non-redundant two ligands: one receptor system. Nandi et
al. (2012) showed that in the mammalian brain, IL34 exhibited a broader regional expression
than CSF1, mostly without any overlap. Here CSF1 mRNA was found in chicken BMDM
and spleen, but not in the brain. Whilst it is unlikely that the CSF1 ligand is completely
missing in the chicken brain, this Thesis indicates low levels of its expression. At the same
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time RNA-seq analysis identified IL34 mRNA in the chicken brain. In mammals, studies
have shown the crucial role of IL34 in microglial development (Nandi et al., 2012; Wei et
al., 2010), and the present study suggests a similar role of avian IL34.
	
  

6.2 Differences between avian and mammalian CSF1R systems
6.2.1 Avian and mammalian CSF1R systems show different patterns of evolutionary
constraint
Evidence of evolutionary selection gives a valuable insight into the constraints on protein
structure and function. Protein conservation is a result of negative purifying selection acting
to eliminate disadvantageous mutations in molecules, or their parts, that need to stay
unchanged, and highlights their structural and functional importance (Jukes & Cantor, 1969).
An example of such a protein in vertebrates is IL34. Despite the primary sequence
differences between the avian and mammalian ligand, within each of these groups, IL34
remains conserved in all lineages examined.
6.2.1.1	
  CSF1R	
  is	
  pervasively	
  positively	
  selected	
  in	
  birds,	
  but	
  not	
  mammals	
  
Whilst certain parts of the CSF1R present strong evidence of positive Darwinian selection,
such as the extracellular domains, others, such as the TM and TK domains, appeared to be
under purifying negative selection. These contrasting evolutionary rates likely correlate with
the role of the protein domains. As the TM domains are generally required for protein
stability and remain conserved in most proteins. TMs of the CSF1R remain under a strong
selective pressure against change in both mammals and birds. For the intracellular enzymatic
domains, such as TK domains of the CSF1R, this trend is not as obvious. The lack of
positively selected sites in the CSF1R indicates absence of positive selective pressures (e.g.
intracellular pathogens) affecting mammalian or avian TK and TM domains.
	
  
Positively selected proteins or amino acids can indicate the role that the proteins may play in
the host-pathogen arms race. Constantly needing to adapt to novel pathogen challenges,
genes of the immune system are often forced to evolve faster compared to other genes
(Ellegren 2008; Ferrer-Admetlla 2008). As a result, a number of immune system genes and
the proteins they encode display variability that is among the highest known in animals.
Positive Darwinian selection has been described for a variety of genes associated with
adaptive immunity, including the MHC molecules and the leukocyte antigen, CD45
(Vallender & Lahn, 2004). Signs of positive selection have also been shown for genes
associated with the innate immunity, such as chemokine receptors (Metzger & Thomas,
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2010), IL (J. Zhang & Nei, 2000) and IL receptors (Quintana-Murci & Clark, 2013).
Extensive studies on mammalian and avian TLRs have shown that episodic positive
selection has played a crucial role in their evolution (Grueber, Wallis, & Jamieson, 2014; S.
A. Smith, Haig, & Emes, 2014) perhaps to adapt to new niches during the process of
speciation. In the great majority of those genes, residues in extracellular domains evolve
more quickly, which is believed to result from the heightened selective pressure resulting
from ligand-binding and pathogen interactions of those domains (Grueber et al., 2014;
Metzger & Thomas, 2010; S. A. Smith et al., 2014).
	
  
Analyses of avian and mammalian CSF1R presented in this Thesis highlighted the difference
between pervasive and episodic diversifying selection acting upon the receptor in the two
groups. In birds, CSF1R presents a high evolutionary rate in its five extracellular domains,
with a number of pervasively positively selected residues found in both the domains
responsible for ligand binding (CSF1RD1-D3) and for receptor dimerization (CSF1RD4-D5).
Similarly, the branch-site analysis highlighted additional sites under positive selection in
different lineages, especially in the Passerines.
	
  
In contrast, in mammals only two residues in the extracellular part of the receptor have
evidence for pervasive positive selection and branch-site selection showed increased
numbers of positively selected residues. Evolutionary analysis, therefore, suggests altered
selective pressures acting upon avian and mammalian receptors - in birds the CSF1R is
strongly positively selected in all species, whilst in mammals the selection pressure mostly
acts on the receptor along particular lineages – including rodents. Rodents and Passerines
were, therefore, singled out as groups under strongest positive selection of the CSF1R, which
corresponds with the cross species study that showed lack of reactivity of murine and
chicken CSF1 on human and zebra finch CSF1R, respectively.
	
  
Because of its location on the surface of macrophages, and its ability to mediate endocytosis
(Chitu & Stanley, 2006), CSF1R is an obvious route of entry for the many pathogens that
can infect macrophages. A major difference between birds and mammals is the absence of
lymph nodes. Combined analysis using the transgenic chickens and newly developed
monoclonal antibodies against CSF1R revealed the exceptionally high level of expression of
CSF1R on antigen-capturing cells in the bursa and lymphoid follicles, which may present
CSF1R as a specific target for pathogen immune evasion in birds (Garcia-Morales et al.,
2014). That could explain the high evolutionary rate of the extracellular domain of the
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CSF1R in most avian lineages. The fact that the extracellular part of avian receptor is
pervasively positively selected points toward the existence of an unknown pathogen that
interacts with CSF1R.
6.2.1.2	
   Mammalian	
   CSF1	
   shows	
   accelerated	
   evolution	
   whilst	
   the	
   avian	
   CSF1	
   is	
   positively	
  
selected	
  only	
  along	
  particular	
  lineages	
  	
  
The contrasting situation is found in CSF1. In mammals, CSF1 presents a high evolutionary
rate in most lineages. There are positively selected residues throughout the protein, although
none of them are thought to be involved in receptor binding or play a crucial structural role.
This finding can be partially explained by known interactions between CSF1 and EBVencoded protein, BARF1, in humans. BARF1 mimics CSF1R and can binds to all isoforms
of the ligand (a, b and g CSF1) (Cohen & Lekstrom, 1999; Elegheert et al., 2012; Shim et al.,
2012; Strockbine et al., 1998). This competitive binding presents a strong evolutionary
pressure, encouraging faster molecular evolution of the human (and mammalian) CSF1. It is
also possible that other, yet unknown, pathogens target CSF1 in other mammalian species.
	
  
In contrast, avian CSF1 is overall conserved. Branch-site analysis revealed that in the
Passeriformes CSF1 presents highly increased evolutionary rate compared with the rest of
the examined birds. Increased rates of CSF1 evolution in the Passeriformes indicate that this
group has been exposed to stronger evolutionary pressures, possibly from a yet unrecognised
pathogen.
6.2.2 Genetic variation in genes of the CSF1R system in broiler and layer lines may have
potential future implications
To examine whether natural (or artificial) selection in still operating within modern chicken
populations, broiler and layer lines were assessed for the presence of line-specific SNPs.
IL34 remained equally conserved intra-specifically as it is between the species. Potentially
interesting non-synonymous SNPs were found, however, in broilers, in both CSF1 and
CSF1R ligand-receptor binding sites.
	
  
In the past 50 years, broiler growth rates have increased by over 300% (from 25 g per day to
100 g per day). The primary risk factors associated with impaired locomotion and poor leg
health are those specifically associated with rate of growth (Knowles et al., 2008). SNPs
were found in the extracellular CSF1RD1-D3, including changes in residues directly involved
in ligand biding. These changes were found in the screened populations at a low frequency,
but within a number of different broiler lines. As those amino acid changes can directly
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affect both CSF1 and IL34 binding, there should be further investigated to find out whether
they might be, to some extent, involved in the broiler phenotype.
	
  
Similarly in layers, non-synonymous SNPs were found in the extracellular part of the
CSF1R. Layers tend to suffer from osteoporosis (a condition that involves the progressive
loss of structural bone during the laying period (Whitehead, 2004)). This bone loss results in
increased bone fragility and susceptibility to fracture, and fracture occurrences increase 30%
over the laying period. Although studies have shown that good nutrition, such as transferring
birds to a higher calcium diet, can help to minimize osteoporosis, it is unable to prevent it
(Whitehead & Fleming, 2000). Macrophages play a role in bone resorption, and thus changes
in CSF1R, which controls macrophage differentiation, could influence the layer phenotype
(Dobbins et al., 2002). As some bone strength traits have been shown to be heritable, SNPs
analysis could be beneficial in identifying the underlying causative genes and, potentially,
addressing the issues by directed breeding. However, further studies would have to be
performed to characterise the nature of these SNPs and to examine their roles in vivo.
	
  
Table 6-1. summarises the similarities and differences between the avian and mammalian
CSF1R systems identified in the course of the study.
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Similarities	
  

Differences	
  

CSF1R	
  system	
  is	
  maintained	
  within	
  vertebrates.	
  

Biochemical	
  properties	
  of	
  the	
  amino	
  acids	
  
involved	
  in	
  the	
  receptor:ligand	
  interactions	
  	
  
vary.	
  

Protein	
  tertiary	
  structures	
  are	
  similar	
  	
  

CSF1	
  is	
  pervasively	
  neutrally	
  selected	
  in	
  

between	
  the	
  groups	
  

mammals	
  and	
  pervasively	
  negatively	
  
selected	
  
in	
  birds.	
  	
  	
  

Ligand:receptor	
  binding	
  sites	
  are	
  	
  

Avian	
  CSF1R	
  presents	
  a	
  high	
  evolutionary	
  

conserved	
  in	
  both	
  CSF1/CSF1R	
  and	
  IL34/CSF1R	
  

rate	
  and	
  both	
  pervasive	
  and	
  episodic	
  

complexes	
  

selection	
  of	
  the	
  extracellular	
  domains.	
  
Mammalian	
  CSF1R	
  is	
  pervasively	
  under	
  
negative/neutral	
  selection.	
  	
  

Branch-‐site	
  analysis	
  of	
  CSF1	
  and	
  CSF1R	
  shows	
  

	
  

lineages	
  under	
  positive	
  selection	
  in	
  both	
  birds	
  
and	
  mammals	
  
Overall	
  high	
  IL34	
  conservation	
  is	
  maintained	
  	
  

	
  

between	
  birds	
  and	
  mammals	
  
Ligand	
  differential	
  tissue	
  expression*	
  
Table 6-1. Similarities and differences between avian and mammalian CSF1R systems
identified in the course of the study. * remains to be fully confirmed.

	
  

6.3 Further studies utilising the avian genomes database
The avian genomes database and the pipelines utilised in this study, created in Chapter 2,
were developed to provide visiting scientists and colleagues with an easy access to
unprecedented amount of avian genomic data, ensuring subsequent collaborations. The avian
genomes database became a novel source for gene and peptide sequence searches and the
pipelines developed for various phylogenomic studies provided a useful tool for a robust and
rapid evolutionary analysis. During the course of this PhD I had an opportunity to contribute
to a number of parallel projects on the avian immune genes, testing the usefulness of the
database.
6.3.1 IFITM with Jacqueline Smith, Roslin Institute (submitted)
The question of how ducks can deal with infection by influenza viruses yet chickens cannot
remains an important area of research due to the human health implications and the
continuing threat of pandemic disease posed by avian viruses. Most strains are able to
replicate in duck and seldom cause disease. HPAI has proven to be deadly to chickens within
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a very short time frame post-infection whilst ducks are able to mount a robust innate immune
response against even highly pathogenic viruses (see Chapter 1) (Huang et al., 2013; PantinJackwood et al., 2013; Vanderven et al., 2012).
	
  
The IFITM gene family in mammals is known to play a role in limiting influenza infection
(Smith et al., submitted). IFITM proteins have been found to be enriched in late endosomes
and lysosomes and are thought to have their effect before viral membrane fusion occurs.
Until this study, no known IFITM homologues were annotated in any avian species and their
role in avian influenza infection un-determined. The evolutionary analysis of these newly
discovered avian genes highlighted differences in the evolution of these genes in birds,
where the duck IFITM genes were shown to be evolving at a higher rate than the genes in
other birds. Judging by the role of IFITMs in limiting virus spread, that result indicates their
involvement in host-pathogen ‘arms race’, perhaps indicating as to why ducks are able to
respond quicker to the AI infection.
6.3.2 TLRs with Hana Bainova, Charles University in Prague (manuscript in preparation)
TLRs form an essential class of pattern recognition receptors that play a key role in the first
line of vertebrate innate immune defence against various pathogens (Takeda, Kaisho, &
Akira, 2003). The avian TLR family comprises in ten receptors, where each receptor
homodimer or heterodimer is capable of recognizing a distinct set of microbe-associated
molecular patterns (Brownlie & Allan, 2011). In this study additional avian TLRs were
identified and provided an insight into avian TLR evolution.
	
  
The evolutionary analyses revealed the positive diversifying selection in TLRs recognising
bacterial, rather than viral, PAMPs. That finding was in line with previously published data
on mammalian TLRs evolution (Areal, Abrantes, & Esteves, 2011). Furthermore, the unique
phenomenon of TLR5 pseudogenization recently published in passerines was found in other
bird taxa (e.g. in Psittaciformes, Cariamiformes, Trogoniformes, Phaethontiformes,
Eurypygiformes and Apodiformes).
6.3.3 Defensins with YuanYuan Cheng, University of Sydney (manuscript in preparation)
Defensins are a group of small cationic antimicrobial peptides that are a key component of
the innate immune system (Jenssen, Hamill, & Hancock, 2006). Out of the three known
distinct families of defensins, only β-defensins have been identified in birds. Avian β
defensins play a role in the innate host defense against viruses, bacteria, and parasites in the
digestive system and reproductive system. The peptides may play a role in blocking viral
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infections by disrupting the replication cycle or altering host cell recognition sites. Of
particular interest is their activity against avian influenza viruses. They also might play an
important role in the link between other parts of the immune system by signaling to
macrophages, lymphocytes, and mast cells and have been proposed as an alternative to
antibiotics. Here, 13 novel avian β-defensin subfamilies were identified. The preliminary
analysis showed that the main difference between avian species lies in diverse, lineagespecific gene duplications.
6.3.4 Trojans with Petar Petrov, University of Oulu, Finland (published)
Trojan is a novel cell surface protein, discovered in chicken embryonic thymocytes,
predicted to be involved in apoptosis regulation and proliferation of immune cells. The
molecule is predicted to be type I TM protein having a Sushi and two fibronectin type III
domains and a pair of intracellular phosphorylation sites (Petrov et al., 2010).
	
  
In the collaborative study the two Trojan-related proteins, previously characterised in the
chicken, were identified in ten other bird species. Phylogenetic analysis of the homologues
revealed a gradual diversification among the family members. Similarly to the CSF1R
analysis in this Thesis, evolutionary analyses of the avian Trojans showed that the
extracellular regions of the proteins have been subject to positive selection, possibly due to
evolutionary pressures from the pathogens.
6.3.5 Other genes and genomic regions identified with Avian Genomes database
In addition, the availability of Avian Genomes database allowed the annotation for the first
time the leptin gene to a particular location on the avian genome. The leptin gene was only
recently found in birds, but its genome location was not identified (Prokop et al., 2014). Here
leptin was found in a woodpecker, neighbouring the RNA binding motif 28 gene. This gene
in a mouse is found on chromosome 6, right next to leptin, therefore this result confirmed
that there is a conserved synteny of leptin between mammals and birds.
	
  

6.4 Future perspectives
There are a number of projects that arise from this study. Once more avian data becomes
available, and especially when a greater number of CSF1 sequences will be obtained, it
would be worth repeating the evolutionary analysis in both birds and mammals. 10 CSF1
sequences have been sufficient for the performed analysis, but the greater the number of
analysed genes/proteins, the more informative the study.
	
  

257

Due to the time and financial constraints it was not possible to obtain a crystal structure of
the chicken CSF1 and CSF1R. If the avian ligand:receptor interfaces were to be undoubtedly
identified, those would need to be addressed in a subsequent study. Another idea would be
to engineer single-nucleotide mutations in the binding interface of the receptor and repeat the
experiments to identified beyond any doubt amino acids required for ligand binding.
	
  
Lack of an efficient expression system for IL34 production limits the amount of protein
readily available for study. If the avian IL34/CSF1R complex was to be fully characterised,
first an appropriate expression method would have to be identified and then the in vitro
studies similar to that on CSF1/CSF1R interface should be performed.
	
  
Finally, previous studies on the kinetics of the mammalian CSF1/CSF1R and IL34/CSF1R
complexes shown that the human IL34 binds the receptor with greater affinity (Wei et al.,
2010). At the start of the study it was proposed that the Surface Plasmon Resonance (SPR)
technology could be used to assess the kinetics and affinity of the avian CSF1R system
(https://www.biacore.com/lifesciences/index.html).

The

extracellular,

ligand-binding

domains of the receptor (CSF1RD1-D3) would be immobilised on the chip and the purified
ligands would be introduced to the machine at known concentrations. SPR can then
characterise the specificity of receptor-ligand interactions, assess the on and off rate and the
binding strength for each ligand (Yau & Shochat, 2014). The BIACORE system utilises SPR
and has been used successfully in analysing receptor-ligand interactions in a number of
studies (Mistrík, Moreau, & Allen, 2004; Rich et al., 2002).
The

identification

of

avian

pathogens

interacting

with

CSF1R/CSF1

complex,

characterisation of the SNPs affecting CSF1R system activity in different chicken lines, and
the in vitro analysis of promoter regions of the ligands are just a few other ideas that spring
to mind and that could shed more light into CSF1R system structure, evolution and function
in birds and in mammals.
	
  
The increasing number of available genome-scale datasets will encourage re-examination of
central dogmas about protein evolution. It will then be prudent to revisit the CSF1R system
once more.
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