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Abstract:

Toxoplasma gondii is a ubiquitous parasite that infects all warm blooded
animals. It can cause pathology in both infected humans and infected animals. There
have been many studies investigating the factors the affect infection of laboratory
animals, with T. gondii, but relatively few that have studied mechanisms of infection in
natural populations. Laboratory studies have shown that the host gene INOS
influences sensitivity and resistance to T. gondii infection. This study sets out to
investigate the role of genetic and epigenetic mechanisms of INOS gene expression
in the outcome of infection of natural populations of Apodemus sylvaticus with T.
gondii.

Collections of Apodemus sylvaticus were made from the Malham Tarn region
of the Yorkshire Dales in the UK. These were tested for T.gondii infection using PCR
based detection and each collection showed a significant prevalence ranging between
20 -40% of infected animals. This provided useful sample sets for investigating the
role of INOS gene expression in relation to infected or uninfected animals.

The DNA sequences of the INOS and Arginase genes of A. sylvaticus were not
available in the DNA databases. PCR amplification, based on development of primers,
from related rodent sequences were used to build up a partial sequence of both genes.
Additional use of a partial genome sequence was used to determine the sequences of
several exons and introns in the Apodemus INOS and Arginase genes. This also

included a detailed analysis of the INOS gene promoter and Exon 1.

Gene expression of the INOS and Arginase genes were measured by
guantitative PCR from mRNA derived cDNA. When the iNOS and Arginase gene
expression was measured, uninfected Apodemus showed significantly higher ratio of
INOS/Arginase expression compared to infected animals.

Analysis of single nucleotide polymorphisms and epigenetic polymorphisms
(methylated and non-methylated cytosines), were carried out on 144 animals within
the INOS gene promoter and exon 1. Interesting differences between infected an
uninfected animal were observed that could potentially be linked to expression
differences in INOS gene expression.

Xl



The conclusions of this work are that there are both genetic and epigenetic
differences in expression of the INOS gene in wood mice and that these differences

influence infection with Toxoplasma gondii.
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Chapter 1: Introduction

1.1 Introduction:

The broad aims of this thesis are to investigate the influence of the immune
regulating proteins, inducible nitric oxide synthase (iNOS) and L-Arginase, on infection
of natural populations of wood mice, A. sylvaticus, with the protozoan parasite,
Toxoplasma gondii. An understanding of infection in this example wild animal system
could help to understand the roles of these regulators in other natural populations of

animals, including humans.

Toxoplasma gondii is widely prevalent in humans and animals. It is a member
of the group of organisms in the phylum Apicomplexa, a large group of protozoon
parasites that includes the causative agents of cryptosporidiosis, malaria and
Toxoplasmosis (Vannier and Krause, 2012). This group of parasites is responsible for
major global health issues. Toxoplasma gondii can potentially infect all warm-blooded
animals and birds. The definitive host of the parasite are cats, as they are the only
hosts where the parasite can complete its full sexual life cycle. The main source of
infection in humans is thought to be through eating contaminated food, that contains
bradyzoites, which is undercooked (Dubey et al 2009). However, it is generally
thought that the source of that infection in livestock comes from contaminated water,
grass and soil, containing Toxoplasma oocysts. Another potential route of
transmission is by congenital infection where the parasite is passed from the mother
to her foetus during of pregnancy. In humans, this route of transmission can cause
miscarriage, foetal damage or severe neuromuscular disease. There is also a high risk
of serious infection in immunocompromised hosts which can occur during
transplantation of organs, cancer chemotherapy or infection with HIV. The frequency
of congenital transmission, is controversial with some authors reporting it to be very
low, such as 1 in 10,000 live births in humans (Tenter and Weiss, 2001), and generally
rare in sheep (Innes, 2010), while other studies show rates of about 75% in mice
(Marshall, 2004), 69% in Sheep (Duncanson et al, 2001; Williams, 2005) and, more
recently, 9.9% in humans (Hide, 2009, ; Yarovinsky, 2014a; Haqg et al., 2016).There



are several techniques used to detect Toxoplasma infection including conventional
methods such as histological, serological and bioassay methods. Molecular
approaches, such as PCR amplification from DNA, offer other diagnostic approaches
and these can differentiate between strains of parasite, in more precise detail. These
approaches can identify and recognise specific genotypes and strains (Johnson and
Sawva, 1990; Howe et al., 1997), and a number of different T. gondii genetic markers
are used for this. These include markers such as the SAG1 gene, the SAG2 5’ end
and the SAG2 3’ end of that gene.

During infection of the human or animal body, the defence systems are activated by
recognition of the infection and trigger a complex set of responses (Takeuchi and
Akira, 2010). Two types of the immune system are evoked, to tackle and resolve the
infection. The first response is the innate immune response which consists of sensors,
such as the family of molecules known as the Toll-like Receptor (TLRS), which act by
sensing Pathogen-Associated Molecular Patterns (Takeuchi and Akira, 2010),
PAMPs, which are released from T. gondii . Secondly, there is the adaptive immune
response that gets subsequently triggered to generate an antibody and cellular
response. A wide variety of molecular mechanisms are involved in the innate immune
response but one of the key components is Nitric Oxide (NO) which is generated by
the enzyme iINOS. This molecule is an important inhibitor of intracellular pathogens. A
related enzyme, L-Arginase, utilising the same substrate as iINOS (arginine), is
antagonistic to INOS and reduces the production of NO. The balance of INOS and L-
Arginase expression has been shown to have an important influence in experimental
infection of laboratory mice and rats with Toxoplasma gondii ( Li et al., 2012; Zhao et
al., 2013; Wang et al., 2015). Little is known about the influence of these enzymes on
natural infection of natural populations of rodents. The broad aim of this thesis is to

investigate this question.



1.2 Life cycle and Reproduction

Toxoplasmosis is considered to be one of the most frequently transmitted
diseases amongst warm-blooded animals and , for birds (including humans) (Tenter,
... and 2001; Philip and Michel, 2014). Toxoplasma was first discovered in Tunis in
1908 in a rodent, the Gundi (“(Ctenodactylus gundi), by Nicolle and Manceaux (1908).
A year later Splender (1909) reported it in South America in Rabbits. Human
Toxoplasmosis was unknown until its discovery by Wolf & Cowen (Dubey, 2009)”)
and the acknowledgement that it caused a human disease (Thomasson, 2011;
Bajnok et al., 2015). This is a zoonotic disease and transmission cycles can involve a
wide range of both carnivores and herbivores by ingesting contaminated foodborne
cysts or oocysts shed in cat faeces. Rodents considered to be an important
intermediate host, to transfer the infection to other animals but specifically between
cats., In 1970, a complete understanding of the life cycle was established (Dubey
1970). There are three transmission routes of the disease starting out with the
definitive host the cat. Infection by T.gondii, can happen by ingesting oocysts produced
in cat faeces which have contaminated food sources and the environment. The second
method is via ingestion of undercooked meat cysts reach the stomach and duodenum
and the cyst wall is breaks down to release tachyzoites. Tachyzoites infect the
epithelial layer of the intestinal, then become systemic and lodge to form a cysts where
it differentiates into the slowly growing bradyzoite stage (Black and Boothroyd, 2000).
Liver, lung, heart can be infected but the and the optimal organ for Toxoplasma is the
brain (Dubey, 2014; Bajnok et al., 2015), Sexual reproduction is completed in the cats
intestinal epithelial tissue (Su et al., 2012). The third route of transmission is congenital
transmission where the parasite is transmitted directly from mother to offspring.

Figurel.l shows the life cycle.



A\ = Infective Stage
A\ = Diagnostic Stage

Fecal
Dol::ysts

Both cocysts and tissue cysts transfurm

into tachyzoites shortly after ingestion,
Tachyzoites localize in neural and
muscle tissue and develop into tissue
cyst bradyzoites. If a pregnant woman
becomes infected, tachyzoites can infect
the fetus via the bloodstream.

Serum
CSF

Figure 1-1 Life cycle of Toxoplasma.

1 Sexual reproduction is only performed in the definitive host, the cat. Oocysts
develop from the male & female gametes, which are then excreted in cat faeces.
Ingested oocysts infect secondary hosts such as A. Sylvaticus, then tachyzoites
form cysts containing bradyzoites. 2. Infection can occur by carnivory — ingestion of
infected meat. 3 .Congenital transmission can also occur in the secondary hosts. In
the case of Apodemus sylvaticus, found in the region relatively free of cats at
Malham, it is likely that transmission route 1 (oocysts) is reduced but that routes 2
(carnivory, perhaps by scavenging dead infected carcasses) or 3 (congenital
infection) are more important. The figure is taken from the following website and also
used in the following references:
(https:/lweb.stanford.edu/group/parasites/ParaSites2006/Toxoplasmosis/reference
s.html) (Dubey et al 2009; Hunter and Sibley, 2012; Murphy et al., 2008; Wen et al.,

2016;Dubey et al., 1995; Dubey, Lindsay et al., 2009; Innes et al., 2009).
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1.3 Morphology

Toxoplasma gondii has a typical apicomplexan structure with the dominating
key feature being the apical complex. This structure comprises the conoid, that is
thought to be involved with host cell invasion and motility as the parasites becomes
intracellular (Graindorge et al., 2016), the rhoptries and the micronemes. The latter
two are thought to be the cellular machinery that manufactures and stores the
enzymes necessary for cell invasion and remodelling of the cell membrane
(Dlugonska, 2008). Other features typical of eukaryotic cells (e.g. nucleus and
mitochondrion) are also present. These structures are shown in Figure 1.2.

The parasite exists in several different life cycle stages (Figure 1.3). The tachyzoite
(rapidly diving stage) is the main trophic stage of the parasite and invades host cells,
reproduces and spreads around the human or animal body. The tachyzoite becomes
intracellular and can most often be seen within cells such as macrophages. The
tachyzoites transform into the bradyzoite stage (slow/non-dividing stage) as the
immune system starts intervening and this results in the formation of a cyst which

encapsulates the bradyzoites.



rhoptries
micronemes
ﬁ apicoplast
mn
nucleus

. 2
endoplasmic
reticulum

plasma membrane

Figure 1-2 structure of Toxoplasma.

The parasite is pear shaped, a single cell approximately -8um long. The figure shows
the key cytoplasmic structures as defined using specific antibodies. (Taken from:

(Joiner and Roos, 2002)).




Figure 1-3 varied form stages of Toxoplasmosis.

Toxoplasmosis are lllustrations of life cycle stages using electron microscopy,
immunocytochemistry and staining of infected tissue samples. (A), (d) and (g) are
the Tachyzoite stages showing the anti SAG1 antibody shown in brown (a), (b)
shows the nuclei and endoplasmic reticulum red-stained with antibody ENO2 and
the anti SAG1 antibody in green; and (g) shows a phagocytosis of two tachyzoites
by a Macrophage. While (b), (e) and (h) show tissue cysts: (b) stained brown using
the anti Bagl antibody which specifically recognises the bradyzoite stage, (€) shows
the cyst wall stained in red with antibody CC2 and the anti BAG1 antibody staining
green (Bradyzoites); (h) shows a tissue cyst containing a high number of
Bradyzoites. (c), (f) and (i) show an early stage host cell invasion, (c) the Tachyzoite
stages showing the anti SAG1 antibody shown in brown, (f) shows the nuclei and
endoplasmic reticulum red-stained with antibody ENO2 and the anti SAG1 antibody
in green; and (i) shows a phagocytosis of a tachyzoite by a Macrophage. (Taken
from: (Ferguson, 2004; Prandovszky et al., 2011)).




1.4 Taxonomy

The traditional taxonomy of Toxoplasma has it classified as belonging to the
phylum Apicomplexa. This classification is based on the protein complex, the apical

complex, which is found in all species in this phylum (Figure 1.4).

P. falciparum
Theileria annulata

Toxoplasma gondlii

apicomplexan

Cryptosporidium parvum

Figure 1-4 phylogenetic tree of some of the important parasites within the phylum
Apicomplexa. (Taken from: (Ajioka and Soldati, 2007)).

Toxoplasma can be classified in three basic strain types based on the genotypes and
nucleotide polymorphisms. These are Toxoplasma 1,11, and Type lIll, and are defined
using a range of different PCR markers based on RFLP analysis (Sibley and
Boothroyd, 1992). In humans in the European region and North America strain type
strain Il is the most commonly seen genotype (Khan et al., 2009). A wide range of
studies have explored the genotypes in different locations. Toxoplasma strain types
have often been described as clonal and this can be seenwhen comparing a wide
range of isolated strains. For example, in Tunisia an isolate has been compared to
existing isolates and is shown to be nearly identical to strains collected from many

different species and locations (Figure 1.5).
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Figure 1-5 Phylogenetic tree of Toxoplasma.

a Toxoplasma isolate from a ewe in Tunisia and compares it with a number of other
annotated isolates (Taken from: (Rouatbi et al., 2017)).

More recent studies have shown that the number of strains is now much greater than
the 3 basic strains. These are recorded in the ToxodB database (Bahl et al., 2003;
Kissinger et al., 2003; Gajria et al., 2008). In the wild animal of host, A.sylvaticus in
the U.K, the subject and location on which this thesis is based, for all strain types are
present but type Il & Ill, predominate (Bajnok et al 2015).



1.5 Diagnosis

Toxoplasma infection is considered to cause chronicle and acute disease It can
be screened and detected using a number of techniques: serological testing which
recognises the presence of antibodies against T. gondii is the most widely used
approach (Nowakowska et al., 2006; Montoya and Remington, 2008; Calderaro et al.,
2009). Other methods comprise various types of ELISA methods, isolating
Toxoplasma from tissue using mouse-specific inoculation, using Immune
histochemistry, Immune cytochemistry with individual anti-SAG1/ENO1 antibodies
(Ferguson, 2004). Genetic technigues using DNA and the polymerase chain reaction
(PCR) are also available and a wide variety of markers can be used (Ferreira et al.,
2011; Khanaliha et al., 2014). RNA detection can also be used as a method which
measures gene expression but this is rarely used diagnostically (Calderaro et al.,
2009).

1.6 Treatments & Vaccine

The only vaccine against T. gondii is an live attenuated vaccine called Toxovax
(Dlugonska, 2008; Innes et al., 2009; Bolhassani and Zahedifard, 2012). This is valid
for goats and sheep in veterinary use. It is not licenced for human use due to the
concerns that it might revert to a pathogenic form. There are no drugs that specifically
kill T. gondii however sulphonamides, & pyrimethamine are reasonably effective at
eliminating an infection and are typically the drugs used when a mother becomes
infected during pregnancy (Araujo and Remington, 1974; Denkers et al.,, 1993;
Elsheikha, 2008).
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1.7 Background to the Immune system and the interaction
with Toxoplasma gondii

The human and animal body has several processes which make up the immune
system. Each one interacts with its neighbouring system. The immune system is
presented in this summary. This system defends our bodies from diseases and
pathogens and it has two essential parts: the innate immune system and the adaptive
immune system. The innate immune system can be divided into two types (Johnson
and Savva, 1990; Gavrieli and Ben-Sasson, 1992; Furuta et al., 2006), The first is an
hereditary system which is an essential subsystem within the overall immune system.
It includes the cells which prevent infections are a first line of defence against
pathogens. A deeper look at these cells, highlights the most important receptors of
this system, for example, the Toll-Like receptors. These consist of about thirteen types
in mice which have been identified, and ten types in humans. They recognise a variety
of pathogens. Some of them recognise gram-negative bacteria, or gram-positive
viruses, fungi and eukaryotic parasites (Table 1). The essential principle behind these
receptors is that they do not recognise specific antigens from specific pathogens but
instead recognise generic molecular identities that are produced by pathogens but not
by the host itself. The molecular signatures are know as Pathogen Associated
Molecular Patterns (PAMPSs) and include molecules such as Lipopolysaccharide (LPS)

and various forms of nucleic acids.
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Table 1-1 varied types of TL-Like receptors

lable 1. FHHKS and Ineir Ligands

PRRs Localization Ligand Origin of the Ligand

TLR

TLR1 Plasma membrane Triacyl lipoprotein Bacteria

TLR2 Plasma membrane Lipoprotein Bacteria, viruses, parasites, self
TLR3 Endolysosome dsRNA Virus

TLR4 Plasma membrane LPS Bacteria, viruses, self

TLR5 Plasma membrane Flagellin Bacteria

TLR6 Plasma membrane Diacyl lipoprotein Bacteria, viruses

TLR7 (human TLR8) Endolysosome ssRNA Virus, bacteria, self

TLR9 Endolysosome CpG-DNA Virus, bacteria, protozoa, self
TLR10 Endolysosome Unknown Unknown

TLR11 Plasma membrane Profilin-like molecule Protozoa

Examples of Toll-like receptors (TLRs). This table shows the various types of TLRs
with their locations and ligands. It also shows the associated foreign bodies, which
can cause disease. TLR12 and TLR 13 , from mice are not show as they were
discovered later than this paper This table was taken from (Takeuchi and Akira,
2010)

Secondly, the acquired immune system is the stage in the immune reaction. It requires
signals from the innate immune system and generates a specific immune response
consisting of T-cell and B Cell production. Both of these cell types are produced in the
bone marrow, but T-cells are then transferred to the lymph nodes and develop to
become more specific in the medulla of the node. While B-cells can grow in the cortex
of the lymph node, T-cells can be separated into a number of types. One key type is
called CD8, or cytotoxic T-cell, another is called CD4 or helper T-cells. Figures 1.6,

1.7 and 1.8 illustrate a summary of the defence system and how it works.

12



Ub (K&3 type)

-«

IKK
complex

TBK1

0

|

IRF~3@

‘ b (K48 type)
g: Degradation
NF-xB
pa S
/ \NF-NB
NE-eR " IRF-3p)

IFN-B and IFN-
inducible genes

IRF-5

Proinflammatory
cytokines

Figure 1-6 single TLR-4

This diagram illustrates the single TLR-4, IFN-B & IFN inducible gateway which
triggers the transcription factor NFkB. Taken from: (Akira et al 2006)

Diagram (1.6) above summarises how pro-inflammation can be activated, which
consists of many pathways. Firstly when LPS, a lipoprotein of a negative gram of
bacteria binds to TLR4, it can cause it to dimerise with TLR6. This consists of four
molecular adaptors: MYDB88, then IRAK1-IRAK4, through several links to the ultimate
transcriptional key molecular activator which is NF-Kb. This acts in producing a
cytokine as an inflammatory response, while the type 1 IFNs cannot include MYD88
as a molecular adaptor. However, the sensing of DAMP OR PAMP, by the Toll-like
receptor activates the factors of the inflammatory response, which consist of cytokines
such as IFN-a,8. These produce an adaptive response. The studying of the
relationship of the innate immunity TLR (“TOLL-LIKE receptors”), infected transmitting

diseases by parasite, [the engagement between both of them, and which one of the
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TLRs can be with specific sort of parasites] and the gene excretion of the immunity
response of producing the pro-inflammatory cytokine- IFN, ILs, chemokines. These
could be offering advantages to treating dangerous diseases, for instance, cancers,
growth factors (GF), as disadvantages of losing control in which the overproduction of

it might be vital in itself.

These Toll-Like receptors are located in the cell surface or on the surface of the
endosome of DCs. Natural killer cells, macrophages, of the mammalian cell, as has
been mentioned above and can be explained here in much detail. There is some ability
of these receptors to recognise SSRNR (TLR7), dsRNA (TLR3), ssDNA, dsDNA
(TLR9), it depends on which Toll-Like receptor. E.g. the dimerization of TLR1/TLR2,&
TLR2/TLR6 recognise teichoic lip acid of gram-positive bacteria, & bacterial
lipoprotein. While TLR4 h can realise LPS, of gram-negative bacteria, TLR5 can be
combined with a specific target such as flagella of the bacteria which occurs, while the
link activation factors between the T and B cells of the adaptive system and the innate
immunity system are activating or switching on these transcription factors. The nuclear
element of activated T cells (NFAT), and NF-kB, IRF, IFR factor3, besides, can be
activated by a combination between TLRs and mitochondrial antiviral signal (MAVA).

This combination can detect 5’ triphosphate of SSviral RNA.

Finally, the Toll-like receptors are the ‘first line in the immunity system against
invaders, which can cause dangerous or vital diseases (Ruan and Zheng, 2011; Ruan
et al., 2012).

In contrast, the Focalin's: [Focalin’s: which consist of collagen-Like, fibrinogens] are
the molecule of the TLRs, which bind to the specific components of the strains, and
they can activate the phagocytosis process by, DCS, or Natural Killer Cells to start
phagocytosis or endocytosis. The cells then start processing it, and after that
introducing the pathogen as simple data as an epitope, to confirm T, cells by cytokines
pathway, or by MHC major histocompatibility (Johnson and Savva, 1990; Matsushita
and Fujita, 2002).

Figure 5 and 6, illustrates TLRs that are located on the surface of the dendritic cell,
which combines with the pathogen (PAMP) (coloured blue). It can start the process
for phagosome/endosome. Upon this process, the phagosome appears as a cell
compartment in which the pathogen can be eliminated (in Figure 1.7, the process is
done via MHC I1).
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Figure 1-7 Dendritic cell

Dendritic Cells triggered by a PAMP. This summarises the mechanism of TLR
activity and how they sense PAMPs from the pathogens. This activates
phagocytosis, inflammation and activation of the adaptive immune system. The blue
represents the PAMPs which are recognised by the TLRs, they are then
phagocytosed and digested into key components. These are then presented on the
cell service as a type Il major histocompatibility molecule (MHC II) Taken from:
(lwasaki and Medzhitov, 2010).
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Figure 1-8 Dendritic cells

Effect of microbial and endogenous (host) agonists on the stimulation of Dendritic
Cells via Toll-Like Receptors Taken from: (lwasaki and Medzhitov, 2010).

In the case of Toxoplasma gondii the TLRs have a role in detection of the parasite.
Laboratory created transgenic mice which were TLR11 deficient were highly
susceptible to T. gondii infection (Pifer and Yarovinsky, 2011; Yarovinsky, 2014).
Furthermore, it was shown that profilin, a parasite specific molecule, from T. gondii
was required for resistance to T. gondii infection by means of its interaction with both
TLR11 and TLR12 (Kucera et al., 2010; Koblansky et al., 2013) However, while studies
in laboratory animals have shown the role of TLRs, little is known about what happens
in wild animals. (Morger et al., 2014) investigated polymorphism in both TLR11 and
TLR 12 in wild wood mice, A. sylvaticus but were unable to detect haplotypes that
were under-represented (resistance associated haplotypes) in T. gondii infected

animals.

Another key influencer of growth in T.gondii is interferon gamma (IFNy). This is
released as a consequence of detection of PAMPS by Toll-like Receptors as a result

of infection. Tn acts as a signal which inhibits T. gondii growth. This is summarised on
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Figure 1.9. IFNy binds to the surface of infected cells and can promote expression of
both inducible nitric oxide synthase (iNOS) and Indoleamine 2,3-dioxygenase (IDO).
The first essential inhibitory factor (INOS) needs to metabolise Arginine to Nitric Oxide
(NO), and produces substantial metabolic toxicity, which reduces the growth of
Toxoplasma (Wilson et al., 2010; Sturge and Yarovinsky, 2014; Yarovinsky, 2014).
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Figure 1-9 Macrophage

Action of IFNy on infected macrophages. IFNy prevents Toxoplasma gondii by
activating iINOS which in turn generates the highly toxic NO. Photo Taken from :

(Yarovinsky, 2014b).

The macrophage’s ability to tackle the Toxoplasma infection is based on the
expression of iINOS (Li et al., 2012), which increases the toxicity and blocks
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Toxoplasma metabolism. It does this by increasing NO production, reducing the
essential amino acid Arginase as well as activating other highly critical factors IRGs/
GBPs that can destroy the parasite parasitovorous vacuole that protects the

Toxoplasma, (Yarovinsky, 2014)

Previous studies (Li et al., 2012; Zhao, et al., 2012; Zhao et al., 2013), have shown
that resistance to Toxoplasma in rats is linked to the ability of the rats to produce high
INOS expression and low Arginase expression. The susceptibility of infection in mice
(Zhao et al., 2013; Hargrave et al., 2019; Zhu et al., 2019)is linked to high levels of
Arginase and low levels of INOS expression produced in peritoneal macrophages.
Furthermore, in rat alveolar macrophages, the opposite effect is seen to rat peritoneal
macrophages where there is a higher level of infection and this is associated with lower
levels of INOS and high Arginase (Zhao et al., 2013). This is interesting because it
shows different susceptibilities of rat peritoneal and alveolar macrophages to parasite
infection despite these cells coming from genetically inbred lines of rats. Furthermore,
the correlation of INOS and Arginase expression with infection suggests that these
differences in iINOS expression and protection against infection might be caused by
epigenetic differences between this cell type. This raises an important question — to
be explored in this thesis — as to whether the epigenetic control of INOS and/or
Arginase expression could be responsible for determining resistance or susceptibility

to T. gondii infection.

During acute T.gondii infection, production of NO reduces growth of Toxoplasma and
other intracellular pathogens however, a down side is that overproduction of NO can
harm the host cells (Khan et al., 1997). Nitric oxide is synthesized from arginine which
increases the cytotoxicity of the macrophage as has been demonstrated in cultured
tumour cell lines using the inhibitor L-N-methyarginase. There are a wide range of
INOS homologues known in a wide range of animals although the chromosomal
locations of these genes varies (Murad, 2006). Knowledge of the mechanisms of how
nitric oxide production is activated will be important in understanding the mechanisms
of resistance (Dupont, et al 2012). Key mechanisms that need to be considered are
the involvement of the transcription factor NF-kB and its role in increasing Nitric oxide
levels and the reduction of T. gondii infection. Both TLR4 and NFKkB can enhance
expression of NOS2 (iNOS) and are clearly involved (Jorge, Duarte and Silva, 2010).

While, mice with active TLR2, signal through IFN- gamma, combined with Tumour
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Necrosis Factor alpha (TNFa) and secondary LPS alone can enhance MyD88 which
can activate the transcription factor of NFkB. This is responsible for transcription
activation of nitric oxide that activates mediated immunity and prohibits growth of a
Toxoplasma (Mun et al., 2003). However, as demonstrated in both cellular murine
models in vivo, high arginase levels which are synthesised by M2 macrophages,
hydrolyse arginine to Urea and Ornithine, and arginase is considered to be vital for
T.gondii. A wide range of factors have been demonstrated to enable Toxoplasma
replication in macrophages (Araujo and Remington, 1974; Li et al., 2012, 2012; Li,
Zhao, et al., 2012; Zhao et al., 2013).

1.8 DNA Methylation, epigenetics and the INOS structure.

One of the main methods of control of gene expression is the methylation of
DNA. Specifically, these epigenetic effects occur in the CpG Islands (Bird, 1986).
These are runs of CG residues where the cytosine becomes methylated causing the
gene to be switched on or off or to modulate expression). This form of gene control is
associated with more permanency for longer term control.
The INOS gene is located on chromosome 17 in humans (Qidwai & Jamal, 2010),
and chromosome 11 in the mouse (Mus musculus) (Glomerulonephritis et al., 1994).
The Mus musculus INOS gene is a large gene that has 27 exons spanning 45-50kB
of genomic sequence on chromosome 11 and it expresses a mRNA of about 3700bp
(Guo et al., 2007). The promoter region and the 5 untranslated region (5’UTR) has
been investigated (Lowenstein et al., 1993). There are similarities with the human
INOS gene (called NOS2 in humans) and has a length of approximately 4200bp and
occupies about 45-50kB of genomic DNA spanning 27 introns (Charles et al., 1993;
Mehrabian et al., 1994). The promoter and 5’UTR have been characterised (e.g. Chu
et al 1998) and annotated in the DNA data bases. A summary of the gene structure

of the promoter, 5’UTR and Exon is shown in figure 1.10
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Exon 1:
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Figure 1-10 Schematic Diagram of the INOS gene of Mus musculus.

There are no published data on the INOS gene of Apodemus sylvaticus however a
partially completed genome is available and this could be used to convert bioinformatic
information from Mus musculus studies to enable parallel studies in Apodemus
sylvaticus.

It has been shown that DNA methylation can modulate gene expression (Hmadcha et
al., 1999; Chan, et al., 2005) with increased methylation causing lower expression and
vice-versa (Kuriakose and Miller, 2010). Methylation of the iINOS promoter has been
shown to be modified by exposure to environmental pollutants in humans (Tarantini et
al., 2009), with suppressed methylation and a consequent increase in expression of
INOS. Furthermore, evidence suggests that methylation is acting as an epigenetic
method of silencing the human NOS2 gene (Gross et al., 2014).

Development of tools for analysing DNA methylation patterns in A. sylvaticus offers
the potential to develop a model system in wild animals to investigate the relationship

between methylation and infection status.

1.9 Wild rodent infection with Toxoplasma gondii in the
collection site (Malham Tarn, Yorkshire, UK).

Mice probably play an important role in T. gondii transmission as the cat is the
definitive host and mice form a major source of prey. Surprisingly little is known about
T. gondii prevalence in wild populations of rodents in general. Typically,
epidemiological studies on mice are based on serological diagnostic methods which

detect both current and historical infection (Franti et al., 1976; Jackson et al., 1986;
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Dubey et al., 1995; Wei et al., 1995; Hejlicek 1997; Jakubek et al., 2001; Yin et al.,
2010; Bajnok et al., 2015). However, studies have also been conducted using PCR-
based methods (Li et al., 2004; Marshall, 2004; Hughes et al., 2008; Kijlstra et al.,
2008; Murphy et al., 2008; Thomasson, 2011; Bajnok et al., 2015a; Thomasson et al.,
2019). In the Malham Tarn area of Yorkshire, prevalence’s of infection have been
typically quite high: for example, 30 — 40% has been reported (Thomasson, 2011;
Bajnok et al., 2015a; Thomasson et al., 2019). This makes this an ideal sampling site
to investigate host-parasite interactions between T. gondii and the most common
rodent, A. sylvaticus. The availability of samples (Bajnok et al., 2015a) was utilised,
alongside new collections of mice, to build a substantive collection of samples for use

in this project.

1.10 Aims of the project

Most studies on the basis of resistance and sensitivity to infections by
pathogens like Toxoplasma gondii have been carried out on laboratory strains of mice
and rats. While these studies are highly controllable and hugely informative, they give
us little insight into what happens in natural populations of animals. These lab strains
are highly inbred and, in reality, probably only represent a very small sample of the
wild immunological variation seen in natural populations. Furthermore, using
controlled parasite doses — while helpful for reproducibility in the lab — probably do not
mirror the trickle infections experienced by wild animals. The aims of this study are to
try to bridge these gaps by utilising key information gained from laboratory work and
address specific questions of wild animal populations. A key aspect of this is the study
of INOS and Arginase gene expression in relation to T. gondii infection in wild
populations of wood mice, A. sylvaticus. The INOS gene has a complex structure and
there are 27 iINOS exons covering 50Kb of the mouse genome. Laboratory based
studies have demonstrated that there is evidence that differences in the expression of
these genes could be linked to resistance and susceptibility (Murphy et al., 2008; Li
et al., 2012; Zhao et al., 2013; Lun et al., 2015).

To investigate INOS / Arginase expression in A. Sylvaticus, new approaches need to
be developed to enable analysis of these large genes. To focus this study, two key

aspects were considered. Firstly, the notion that control of gene expression is often
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co-ordinated through the upstream promoter regions of genes. For this reason, these
areas will be focussed upon. Secondly, the studies of (Zhao et al., 2013),
demonstrated that epigenetic control might be important in controlling the expression
of these genes. For this reason, there will be a focus on epigenetic modifications within
the promoter region that might be responsible for influencing gene expression. CpG
islands are key parts of the genome that can be involved in gene expression. These
regions can readily become methylated at the cytosine residues, which in combination
with the binding of other proteins can result in either the switching off or on of the
relevant gene. The broad aims of this study are to use an existing collection of wood
mice and new collections to develop a model system for investigating the roles of these
genes in wild populations. A collection of Apodemus sylvaticus DNA samples was
available from the Malham Tarn area in Yorkshire in the U.K (Bajnok et al., 2015a).
These have been tested for Toxoplasma infection and a wide range of other features.
There will also be the need for new collections to enable the extraction of RNA, for
expression studies, and to build up a further collection of samples. It will be necessary
to develop, optimise and update protocols for reliable analysis of these genes from
Apodemus sylvaticus which are currently poorly characterised from a genetic

perspective.

The overall aim of this thesis is to investigate whether the roles of INOS and Arginase
on resistance/sensitivity to T. gondii infection, as defined in laboratory rodent studies,
have a similar level of importance in determining infection in wild populations of
rodents. There are two basic hypotheses to be tested. Firstly, an expectation of the
lab results is that wild infected rodents should have a low iINOS/Arginase expression
balance to enable infection with T. gondii. The approach to testing this will be to
measure iINOS and Arginase expression levels in infected and uninfected Apodemus
sylvaticus. The second hypothesis is that epigenetic mechanisms control the
expression of INOS and that epigenetic mechanisms may therefore control infection
with T. gondii. The approach to investigating this will be to look for different profiles of

epigenetic mutations in infected and uninfected A. sylvaticus.
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1.11 Objectives:

To make a collection of A. sylvaticus and to investigate the prevalence of T.
gondii in these samples. using PCR amplification protocols. Furthermore, to create a

sample set to augment existing samples for subsequent analyses.

Additionally, to develop tools to investigate INOS and Arginase genes of A. sylvaticus.

also, measure the expression of these genes using quantitative PCR

Finally, to develop tools for investigating epigenetic differences between T. gondii

infected and uninfected A. sylvaticus.
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Chapter 2: material and Methods

2.1 Sample collection

This study involves the analysis of Toxoplasma gondii infection and expression
of host genes in the wood mouse A. sylvaticus. This study received ethical approval
at the University of Salford, No: STR1718-32 and involves collections of wood mice
made from the Field Studies Council Centre grounds at Malham Tarn in North
Yorkshire England (see Figure 2.1). Permissions and collection methods have been
described previously (Boyce et al., 2012, & 2019; Morger et al., 2014; Bajnok et al.,
2015). The study makes use of DNA extracted from the brains of 116 wood mice, A.
sylvaticus, that were collected between 2012 and 2014 (Bajnok et al., 2015;
Duncanson et al., 2001; Morley et al., 2005; Thomasson et al., 2011; Boyce et al.,
2012). A further 38 and 12 wood mice brains collected in 2014 (Hide G, personal
communication) and 2017 (Eshenshani A. and Hide, G), respectively, were also used.
Animals were collected and killed using the ‘Code of Practice for the Humane Killing
of Animals under Schedule one of the Animals (Scientific Procedures) Act 1986 as
previously described (Bajnok et al., 2015). The 116 wood mice DNA samples have
been previously tested for Toxoplasma infection (Bajnok et al., 2015), and the
remaining 50 were extracted and tested for T. gondii infection by the author of this

thesis.
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Figure 2-1 Location of collection of A. sylvaticus populations at the Malham Tarn
Field Centre, North Yorkshire, UK. Four sampling sites were used for population 1
(Table 2-1, Bajnok, 2017) (Tarn Woods, Ha Mire, Spiggot Hilland Tarn Fen). All
other samples (populations 2, 3 and 4, Table 2-1) were collected from Tarn Woods
(Location 1). (Photo Taken from Bajnok et al., (2015)).

The Malham Tarn Field Centre occupies a periaquatic location in North Yorkshire,
England, at 375m above sea level and is reputed to be the highest lake in England
(Spiro et al., 2002), This location has been owned by the National Trust since 1947

and has been the location of a number of scientific studies (Society, 2016)

Table 2-1. 1 Different Sample collections from Malham Tarn used in this
thesis.
Population Species
1 Bajnok , 2017 2012 A. Sylvaticus 116
2 Malham Tarn Collection 2013 A. Sylvaticus 16
3 Malham Tarn Collection 2014 A. Sylvaticus =
4 A. ESHENSHANI, 2017 A. Sylvaticus .
Collection Myodes glareolus 4
(vole)
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All mice were necropsied at Malham Tarn Field Centre and brain tissue (and on occa-
sions heart tissue) was taken, and collected in 400ul lysis buffer (100mM NacCl, 25mM
EDTA, 0.5% SDS, 20mM Tris pH 8.0). For some samples, brain tissue was additionally
collected in RNA Latter, for subsequent RNA extraction, and collected according to

the manufacturer’s instructions. The DNA (and RNA) was stored at -20°0 until use.

2.2 Extraction of DNA

Phenol-chloroform extraction from mouse brain tissue was carried out as
described (Morley, 2005). Briefly, samples were thawed, and proteinase K was added
to a final concentration of 50pug/ml and incubated overnight at 56°C. Samples were
then extracted three times using 500ul Tris buffered phenol/chloroform pH8.0 with
mixing for 10 minutes at each stage. The final collected supernatant was precipitated
by the addition of 2 volumes of ice-cold ethanol and 0.3M sodium acetate and left
overnight at -20°C. Following centrifugation, pellets were resuspended in 100ul TE
buffer (Yang et al., 1998; Lynch and Tsai, 2002; Cheng and Jiang, 2006).

Samples were analysed by gel electrophoresis using a 1% agarose TBE mini gel
system as described (Morley, 2005; Bajnok et al., 2015). Briefly, 0.3 grams of agarose
was added to 30 ml of 1x TBE and melted by boiling. To include the stain, 30ul of GEL
RED (1000x) was added and mixed by swirling gently. Gels were allowed to set, and
then covered with 1x TBE buffer (approximately 200ml) for running. Samples were
loaded in loading buffer and run at 70V until the dye front had migrated 2/3 down the
gel. Larger size gels were used also and reagents scaled up appropriately.
Quantification of the phenol-chloroform extracted DNA, and the purity was measured
using a nanodrop 2000. Using 1ul of DNA free water as a standard solution.
Measurements were carried out at 260nM and 280nm to determine the concentration

and purity of the DNA. Additional Apodemus sylvaticus Brain and Heart samples were

used to extract DNA & RNA, by using commercial kits purchases from Qiagen.

Protocols were followed as the recommended by the manufacturer.
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2.3 PCR Amplification

PCR using universal Mouse Tubulin primers, which amplify all mammalian
DNAs was carried out to investigate the quality of the extraction (Terry et al., 2001).
(Mouse Tubulin Forward: ( 5CGT GAG TGC ATC TCC ATC CAT 3’). Mouse Tubulin
Reverse: (5-GCC CTC ACC CAC ATA CCA GTG-3’). PCR reactions were carried
out using Biotaqg TM DNA polymerase 5u/ul Bio21060, Master Mix, (2.5 ul of Bioline
NH4 PCR Buffer without MgClz, 1ul of 50Mm Mgcl2, with 0.25ul of dNTPs, 0.5ul of
each forward & reverse primer, 18.75ul water, and of 5ul (5units Taq), 1uL of DNA.
The PCR reactions were run for 40 cycles (94°C for 40 seconds, 60°C, for 40 seconds
and 72°C for 1:30 minutes). An initial denaturing step of 5 minutes at 94°C and a final
elongation step of 72°C for 10 minutes was carried out to ensure complete
denaturation and complete elongation. Other PCR amplifications were carried out
using the same approaches but with other primer pairs, modified annealing

temperatures and other modifications as listed (Wang et al., 1997; Terry et al., 2001).

2.3.1 Detection of Toxoplasma gondii DNA by SAG1 and SAG2 PCR.

The majority of the Apodemus samples were tested for infection with
Toxoplasma by Dr Jaroslav Bajnok as described (Bajnok et al., 2015b). In the
remainder of the samples, which were tested by the author, diagnosis of the presence
of Toxoplasma DNA was carried out by detection of the SAG1 or SAG2 genes using
PCR. Detection was carried out using protocols as described (Bajnok et al., 2015b).
Briefly, the SAG1 protocol follows the above protocol for the mouse tubulin PCR
except for the following. The annealing temperature used was 63°C and the master
mix was as follows: 2.5 pl of Bioline NH4 PCR Buffer without MgClz, 1ul of 50Mm
MgClz2, 2.5ul B-Mercaptoethanol (50mM) with 0.25ul of dNTPs, 0.5ul of each forward
& reverse primer, 18.75ul water, and of 5ul (5units Taq polymerase). The reaction is
a two stage nested PCR. The first round follows the above protocol and uses the
following primers: DS29 Forward: 5TTGCCGCGCCCACACTGATG3" and DS30
Reverse: 5CGCGACACAAGCTGCGATAGS producing an expected band size of 914
bp, (Johnson and Savva, 1990). One microlitre of the first round reaction was
transferred to a new tube and the above reaction was then replicated but using the
following primers: DS38 Forward 5° CGACAGCCGCGGTCATTCTC 3’; DS39 Reverse
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5" GCAACCAGTCAGCGTCGTCC 3" producing an expected band size of 522 base
pairs.

The second diagnostic approach was to use the SAG2 gene. The SAG2 locus
comprises two locations, the first position at 3’ end while the second location is placed
at the 5’ end of the gene (Howe et.al, 1997). The SAG2 3 end PCR was carried out
as previously published (Bajnok et al. 2015). Briefly, the following nested primers were
used in the first and second round PCRs. 1%t Round: Forward: SAG2.F3 (5
TCTGTTCTCCGAAGTGACTCC 3’) and Reverse: SAG2.R3 (5
TCAAAGCGTGCATTATCGC 3’). The same protocol was used as for the SAG1 PCR
reaction. The second-round primers that were used were: Forward, SAG2.F2 (5’
ATTCTCATGCCTCCGCTTC 3’) and Reverse SAG2.R2 (5
AACGTTTCACGAAGGCACAC 3)).

Similarly, the SAG2 5’ end reactions were carried out under the same conditions as
the SAG1 nested PCR. The following primers were used: 15t Round: Forward: SAG2.
F4 (5 GCT ACC TCG AAC AGG AAC AC 3’) and Reverse: SAG2. R4 (5 GCA TCA
ACA GTC TTC GTT GC 3’), The second round (nested PCR) used the following
primers: Forward: SAG2.F (5 GAA ATG TTT CAG GTT GCT GC 3’), Reverse:
SAG2.R2 (5" GCA AGA GCG AAC TTG AAC AC 3’) and the PCR conditions remain
the same (Schumacher et al., 1993; Lafay et al., 1994; Follmann et al, 1996; Frank et
al., 1996; Lekutis, Ferguson and Boothroyd, 2000; Mishima et al., 2001; Orciari et al.,
2001; Grbi¢, 2003; Huang et al., 2004, Cliquet et al., 2007; Ling et al., 2008; Chong et
al., 2011; Rummel et al., 2014; Mahl et al., 2014).

2.3.2 PCR Amplification of the Arginase and iINOS gene from
Apodemus sylvaticus

PCR amplification of the Arginase gene from Apodemus PCR was carried out
as follows. Primers were selected from a previous publication (Li et al., 2012) which
used them to amplify the Arginase gene from Mus musculus (Forward :5 AAG AAA
AGG CCG ATT CAC CT 3 and Reverse: 5 CAC CTC CTCTGC TGT CTT CC 3)) which
is expected to produce an expected band size of 201 bp. The reaction was carried out
in 12.5 ul ready-mix Taq (Bioline, BIO-25044) (Béji-Hamza et al., 2015; Berrens et al.,
2017; laconelliet al., 2017; La Rosa et al., 2017; Tallei, Fatimawali and Pelealu, 2019)

which included MgClz, this called ready mix Taq buffer technology, 1 ul of each forward
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and reverse primerl0pm, 9.5 ul water, and 1 pl DNA. The PCR reactions total volume
25 ul were run for 40 cycles (94°C for 40 seconds, 600C for 40 seconds and 72°C for
1:30 minutes). An initial denaturing step of 5 minutes at 94°C and a final elongation
step of 72°C for 10 minutes was carried out to ensure complete denaturation and

complete elongation.

PCR amplification of the INOS gene from Apodemus PCR was carried out as follows.
Primers were selected from a previous publication (Glomerulonephritis et al., 1994; Li
et al., 2012; Li, Zhao, et al., 2012), which used them to amplify the INOS gene from
Mus musculus (Forward :5 GCCTCGCTCTGGAAAGA 3 and Reverse: 5
TCCATGCAGACAACCTT 3)) which is expected to produce an expected band size of
419 bp. The reaction was carried out in 25ul PCR total volume ready-mix Taq (Bioline,
B10-25044) with 12.5 pl buffer technology which includes a 50Mm MgClz, 1 ul of each
forward and reverse primer, 9.5 ul water, and 1pl DNA. The PCR reactions total
volume of 25 ul, were run for 40 cycles (94°C for 40 seconds, 60 C° for 40 seconds
and 72°C for 1:30 minutes). An initial denaturing step of 5 minutes at 94°C and a final
elongation step of 72°C for 10 minutes was carried out to ensure complete
denaturation and complete elongation. As these primers were unsuccessful in
amplifying the iINOS gene from Apodemus, further sets of primers (Table 2.1) were
designed (see later in the bioinformatics section for methods), based on access to the
partial genome sequence of Apodemus
(http://www.ebi.ac.uk/ena/data/view/GCA 001305905.1). Primers were designed that

would be capable of distinguishing cDNA and genomic sequences by inclusion of

intron sequences within the target sequence (see Chapter 4 for strategy and results).
PCR reactions were carried out in 12.5 pl ready-mix Taq (Bioline, BIO-25044) buffer
technology with all the PCR essentials reagents  1pl of each forward and reverse
primer, 9.5ul water, and 1l DNA. The PCR reactions were run for 40 cycles (94°C for
40 seconds, 54°C for 40 seconds and 72°C for 1:30 minutes). An initial denaturing
step of 5 minutes at 94°C and a final elongation step of 72°C for 10 minutes was carried

out to ensure complete denaturation and complete elongation.

29


http://www.ebi.ac.uk/ena/data/view/GCA_001305905.1

Table 2-2 Summary of primers used for PCR amplification of the INOS genes in A.

sylvaticus
Primer Forward Reverse Band Size
name
iINOS 5/AATGTTCCAGAA 5/GCCCCTCGCTGC 410bp in Mus
AF1/AR1: TCCCTGGAC/3 ATCGG/3
iINOS B, 5/AGCTCATCTTTG 5/AAGTACGAGTGGT 468bp in Mus
F2/R2: CCAC/3 TCCAGG/3
iINOS C, 5'AGAGGACAACAT 5'-TCCCAGGAG 604bp in Mus
F3/R3: CCCAAGAAG-3' GCTAGGATAAA-3'
iINOS, 5'GAGAAGCTGAAG J5'GCTTGTCACCACC 620 bp DNA mRNA
cDNA CCCAAGAA3' AGAAGTAG3' 263bp
F1/R1:
iNOS, 5 CACATCTGGCA 5 ACCTTGGTGTT 619bp DNA
cDNA GGATGAGAAG 3 GAAGGCATAG 3’ MRNA 200bp
F2/R2:
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2.3.3 DNA sequencing of PCR amplicons.

PCR amplicons were sent for commercial sequencing at Source Bioscience.
Amplicons were cleaned up using a Bioline Isolate Il Gel kit, Bioline, BIO-52060)
purification, prior to sequencing and concentrations of DNA and sequencing primers
were sent as described in the instructions provided by Source Bioscience. Data was
provided as an interpreted sequence (files labelled file’s) and as the raw
chromatogram (files labelled file.abl). Forward and reverse sequences were
generated where possible, raw chromatograms were used to check ambiguities or
identify heterozygotes and forward and reverse sequences were used to generate a

consensus sequence.

2.4 Bioinformatics

The key bioinformatics tool used to read the chromatograms was Finch TV
(https://en.freedownloadmanager.org/Windows-PC/FinchTV-FREE.html) (Finch,

1956; Bruno, 2019). is the results from the sequencing come back as a chromatogram
coloured in Green, Blue, Red, Black (for each base), these are used to view and to

correct the sequence. _Using forward and reverse sequences, where possible, or

multiple replicates of sequences, sequences were corrected by checking and

correcting ambiguous bases and deleting poor quality ambiguous sequences which
could not be corrected with confidence. Once sequences were corrected, their identity
was determined using the programme BLAST. The NCBI database
(https://blast.ncbi.nim.nih.gov/Blast.cq) (Ganley and Kobayashi, 2007; Wheeler and
Bhagwat, 2007; Madden, 2013), was searched using BLAST to identify related

sequences and the extent and degree of similarity was used to assess whether the

correct amplicons had been generated by PCR. When comparison of sequences was
required from the partial A. sylvaticus genome sequence, BLAST was carried out via
the following web link

(https://blast.ncbi.nlm.nih.gov/Blast.cqi?PAGE TYPE=BlastSearch&PROG DEF=blasth&BLAST

SPEC=Assembly&ASSEMBLY_NAME=GCA 001305905.1 ).

31


https://en.freedownloadmanager.org/Windows-PC/FinchTV-FREE.html
https://blast.ncbi.nlm.nih.gov/Blast.cg
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn&BLAST_SPEC=Assembly&ASSEMBLY_NAME=GCA_001305905.1
https://blast.ncbi.nlm.nih.gov/Blast.cgi?PAGE_TYPE=BlastSearch&PROG_DEF=blastn&BLAST_SPEC=Assembly&ASSEMBLY_NAME=GCA_001305905.1

The programme Clustal Omega (https://www.ebi.ac.uk/Tools/msa/clustalo/) was used

to create multiple sequence alignments of sequences. Sequences were formatted in
the FASTA format for data entry.

In order to generate PCR primers, the Integrated DNA Technology (IDT), website was
used as described in the instructions:

To check if there is any self-dimerization in the primer or production of primer dimers
with the reverse primer, may or there are free tools can be used online for this
purpose (Web address:

https://www.idtdna.com,https://www.idtdna.com/pages/tools/oligoanalyzer).

To check for primer dimer a free website from Fisher

used:(https://www.thermofisher.com/uk/en/home/brands/thermo-scientific/molecular-

biology/molecular-biology-learning-center/molecular-biology-resource-library/thermo-

scientific-web-tools/multiple-primer-analyzer.html)

Free calculating a copy number for the Realtime Q-PCR

(www.scienceprimer.com/copy-number-calculator-for-realtime-pcr.), additionally

another website used to converts a sequence to reverse sequence is

(https://www.bioinformatics.org/sms/rev_comp.html)

2.5 RNA Extraction

RNA Extraction was carried out using the Qiagen kit, RNeasy Fibrous Mini Kit
(50)- Cat No./ID: 47704 Kit (cat. no. 74034) as directed by the the manufacturers
recommendations (Osterholzer et al., 2013). During RNA extraction, DNase Digestion
was carried out using an RNase-Free DNase Kit (The QIAGEN Kit, catalogue no.
79254, contains RNase-Free DNase Set (50) DNase |, RNase-Free (lyophilised) 1500
Kunitz units* Buffer RDD 2 x 2 ml RNase-Free Water 1.5 ml to set up a working
solution. The kit was used as in the manufacturers protocol recommendations (He et
al., 2016; QIAGEN, 2018; Swiderski et al., 2019).

2.5.1 Quantitative PCR (qPCR).
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However, RNA extraction performed on the remaining piece of the Brain

samples, taken out of the RNA later, using kit called Fibber RNeasy from Qiagen, the
kit used as the manufactory recommendations, and DNA digested in the spin Column
, final volume of the extraction 30l of total RNA saved in three PCR tubes, 10ul each
two of them saved in -80c®, then the first group called A group used in Nanodrop to
measure the quality and the quantity of the RNA extracted, and the result represented
in the quality of the RNA extracted using RNase Fibrous kit, gives an excellent yield
of the 18S & 28S RNA, However, this extraction went well as the nanodrop & agarose
gel, which can perform a good g-PCR, in addition, it confirms that the gDNA digested
and there is no any DNA bands can appear beside of the tow RNA bands.
Before establishing the q-PCR, there is a step which is converting all the RNA to cDNA,
has been applied using a QuantiNova Reverse Transcriptase, Cat No./ID: 205410,
From Qiagen (Chen et al., 2016; Asumda et al., 2018), contains all the important
components for instances dNTPs, the enhancer the, RNase inhibitor, which can
converts a total RNA consist of a poly AAA tail to a cDNA (Cho et al., 2014; Kluess et
al., 2015; Ahmadipour et al., 2018).

"SensiFAST™ SYBR® & Fluorescein Kit BIO-96005, SYBER, all needed for qPCR,
which consist a buffer chemistry technology , with the enhancer all in one, this regents
considered as a Hot-Start DNA polymerase system, additionally this system called
a2x master mix compromises all the necessary reagents for performing, a technology
of florescent marking the tag, and when the amplification started and the taqg binds the
primer with the cDNA companioned sequence amplicon, it made a reflected florescent
can be g-PCR detector, then it recorded with a time measurement to each
amplification, logarithmic calculation via the machine shows the real time of the CT of
each sample (Mehta et al., 2013; Jiménez and Forero, 2018). while used as the
recommendation protocol recommendations, in addition to that a specific cDNA primer
required to quantifying a specific expressed gene, two specific primers has been used
for the gene expression measurements, biased for this study the are INOS & Arginase
both are ready for quantification, and measurement applied via using a Rotor-Gene Q,
Cat No./ID 9001550, from Qiagen (Figueroa-Lépez et al., 2017; Kim et al., 2018;
Stevens et al., 2019).
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2.6 Bisulphite treatment of DNA, design of bisulphite
primers and bisulphite sequencing.

For the epigenetic studies, the genomic location (ID: GenBank: L23806.1) of
the Mus musculus NOS2 gene (inducible nitric oxide synthase) was searched in order
to get the sequence of the promoter region 5’UTR and exon 1. This sequence was
compared with the partial Apodemus genome to get a sequence for designing INOS
primers which covered the promoter and exon 1 of Apodemus. Using bioinformatic
analysis, a family of primers were designed to amplify the regions of this gene as
follows:

AF1:5 TGATTTGTAATTCATTTATTC3’, AR1: 55ACTAGGCTACTCCGTGGAGTGA3’
expected band size 1253 bp,

primer BF2: 5TCTTTCTGTTTGTTCCTTTTCCCCTAAZ, BR2: 5AGTATTCCAAC-
GCCCAGGAAACCT’3, expected band size: 458 bp.

CF3: 5 TCTTTCTGTTTGTTCCTTTTCCCCTAA 3, CR3:5: CTAGGCTACCTAGG-
CTACTCTGTGGAGTGAAC 3, expected band size1075 bp.

In order to amplify bisulphite treated DNA regions of the INOS promoter and Exonl,
special bisulphate primers need to be designed to account for the changes of Csto Ts
when they are unmethylated. Using the Apodemus sequence for this region,
programme Bisulfited Primer Seeker (Website

https://www.zymoresearch.com/pages/bisulfite-primer-seeker ) was used to suggest

atotal of 12 predicted primers, were chosen in the Tm range: 55-60°C. These primers
were confirmed by using web tools on the ZymoResearch website

(http://www.zymoresearch.com/tools/bisulfite).

The following primers were chosen: BIOS F1:
S5TATTGGTTATTTGGAATTTGGATTTTTTTTTTITAG 3

BIOS R1: 5 ATAATCCCCAATTAAATATACAAATTAACTCATTCAC 3’

expected band size 338 bp. BIOS

F2: 5 TATTGGTTATTTGGAATTTGGATTTTTTTTTTTAG 3’ BIOS

R2: 5 CAATATTCCAACATACCCAAAAAACCTTCA 3’ expected band size 771 bp.
BIOS F3: 5 TGAAGGTTTTTTGGGTATGTTGGAATATTG 3’ BIOS Ra3:

5 TTTTACATAAAATCACTATTCCCCAAAAAATAATCCCC &

expected band size 421 bp.

BIOS F4: 5 GTTATTGAGGGAAAAAGAAAAGAAAAAGGTTG 3, BIOS R4:
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5 CCACTCCTAATCTATATACTATAACATCACTC 3 expected band size 514 bp
BIOS F5: 5 AGATAGTATTTTAGGGGTTTTTTTGTTTTTATAGTTTG 3’

BIOS R5: 5 CAAAACCCRAACCTAAAAAACCTCZ’ expected band size 680 bp.
Bisulphite treatment of DNA, has been carried out using a Kit called EZ DNA
Methylation-Gold Cat:D5031 size 200 Rxns, from a ZYMO RESEARCH the U.S (D,
no date; Gruntman et al., 2008; Igarashi et al., 2008; Vaitkiene et al., 2013), supplied

via Cambridge Bioscience, the protocell participated as the manufactory
recommendation, after adding the amount of DNA 3 ul plus 17 ul of H20, to justify it to
20 ul, a CT conversion reagent of 130 ul added in the same tube, to make a total
reaction volume up to 150 ul, then the tubes carried out on the thermocycler Robo-
cycler, which consist of on denaturation step at 98¢ for a 8 mints, aneling temperature

53 one Sycle for one hour, storage at 4,

PCR Amplification, of DNA, applied using the one ul of non-bisulphate threated DNA,
amplified with Hot Start Taq polymerase from Bioline, MyTaqHS Red Mix Bio-25047
(Laggan et al., 2017; Al Khaled et al., 2018), a PCR total reaction 25ul, of 12.5 of the
HS Red mix taq, 1ul of each iINOS Primers CF3

CRa3, finally 9.5 ul of H20, carried out on the 200UL PCR tube, using a Robo-cycler
the U.S the temperature condition like a Tubulin condition, and the annealing

temperature is 60

Sequencing of Bisulphite PCR amplicons of bisulphite treated DNA, applied using the
3ul of bisulphate threated DNA, amplified with Hot Start Taq polymerase from Bioline,
MyTagHS Red Mix Bio-25047, a PCR total reaction 25ul, of 12.5 of the HS Red mix

tag, 1ul of each PRIMERES BIOS Fs/BIOS R5, finally 7.5 ul of H20, carried out on

the 200UL PCR tube, using a 96 well Robo cycler The U.S the temperature condition
like a Tubulin condition, and the annealing temperature is 60

27 Gel electrophoresis and Sequences Preparation.
Final PCR products has been separated of both of bisulphates and non-

bisulphate, via 1.5 agarose gel electrophoresis FOR 1 hour 100v, and bands have

been extracted from the gel using a Bioline gel extraction, BIO-52060, purification
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methods, the protocol has been a participated as recommended a Nanodrop used to
guantifying the PCR products, justified PCR products have been prepared as Source-
Biosciences recommendation, samples 1ng/ul bear 100 bps, have packaged in the
PCR tube and 3.2 pmol/ul primers has been used to amplifying a both PCR reaction
sent with the samples to Commercial sequencing company ( Source-Biosciences,
Nottingham The U.K branch), ( https://www.sourcebioscience.com/)

An account constricted with them, and a result then received via email
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2.8 Statistical Analyses

Microsoft excel, has been used for the graphs construction, and whisker blots,
additionally a contingency table 2x2 & 2x4 has been used online:
(http://www.physics.csbsju.edu/stats/contingency NROW_ NCOLUMN_form.html) P-
Value <0.05 = significant, >0.05= not significant (McCulloch, 1981; Kallianpur, 2006;

Matchima, Vongprasert and Chutiman, 2018)

GraphPad prism 8 free trial downloaded from the
website(https://www.graphpad.com/demos/) (Swift, 1997), University of Salford
licence MATLAB R2018A software use as well_(Shiue et al., 2018; Hwang, Mitz and
Murray, 2019).
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Chapter 3: Investigation of the prevalence of
Toxoplasma gondii infection in wild wood mice
(Apodemus sylvaticus)

3.1 Introduction

A fundamental principle of any clinical and pathological study of parasitic
infection is proficiency in detecting and identifying the correct organisms in diagnostic
tests. In the case of zoonotic diseases these diagnostic tests need to work on both
humans and animals. A wide variety of different methods are available, but modern

methods are often based on the detection of specific DNA sequences.

The application of DNA technologies has improved our understanding and enabled
the development of sciences like molecular epidemiology to describe the diversity and
epidemiology of parasitic infections, such as those caused by Toxoplasma gondii,

such techniques can be reliable methods to detect the parasite during host infection.

There are several different DNA sequences (or target genes) that can be used for the
detection of Toxoplasma. Examples of these are the Toxoplasma SAG1 gene - the
gene encoding surface antigen number 1; SAG2 and many others (Bajnok et al.,
2015a).Target genes such as these can be used to diagnose infection by Toxoplasma
in warm-blooded hosts like humans and animals as they are specific to the parasite,
and these genes are absent in the host. They are accurate as their function is to
provide a defence against the host (Ideozu et al., 2015; Haq et al., 2016; Wen et al.,
2016). The use of specific target genes, such as these, can be used with the
polymerase chain reaction to develop an accurate and sensitive diagnostic technique.
The overall aims of this chapter are to test a collection of wood mice (A. sylvaticus)
samples for Toxoplasma infection to establish which are infected. These can be used
for later analysis of differences in DNA sequences of immune system genes (either
polymorphisms or epigenetic marks such as methylation) between infected and
uninfected mice. A collection of brains from 38 wood mice were available from a
previous project, and these were used as a base population to investigate the
prevalence of Toxoplasma infection and provide DNA for further downstream

analyses.
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3.2 Objectives

1. Extract DNA from Wood mice brain and heart samples.
2. Measuring the quantity and quality of the DNA obtained.

3. Conduct PCR reactions using generic mammalian tubulin primers to establish that
each sample can be amplified.

4. Test for Toxoplasma using SAG1, SAG2 3end and SAG 2 5end PCR amplification

using specific primers.

5. Use agarose gel electrophoresis to separate the DNA and identify PCR amplified

DNA fragments.

6. Sequence, the PCR amplicons samples, to confirm that they are from Toxoplasma.
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3.3 Material & Methods

DNA was extracted from brain and heart tissue from the wood mouse A.
sylvaticus using a Phenol-chloroform DNA extraction method as described in Chapter
2. DNA concentrations were measured using a Nanodrop 2000 spectrophotometer.
PCR amplification of the target genes (Tubulin, SAG1, SAG2) and agarose gel

electrophoresis was carried out as described (Chapter 2, Section:2.2-2.3.1).

A collection of wood mouse (A. sylvaticus) samples was collected from the Malham
Tarn area of the Yorkshire Dales as part of another project in 2014. Table 3.1 provides
details of the mouse characteristics and other parasite infections. Further samples,
obtained from an earlier study in 2013 were also used to supplement some aspects of
this study — these are described earlier in the relevant section, (Chapter 2, Section:
2.1).
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Table 3-1 A. sylvaticus collection from 2014

The table shows the year of collection, mouse identification number, sex, length
(cm), weight (g) and infection intensity (numbers of parasites) for a range of
gastrointestinal and other parasites (H, Heligmosomoides; P, Plagiorchis; S,
Syphacea; C, Capillaria; Tr, Trichostrongylus; Ta, Taenia, Hy, Hymenolepis.)

Year Mouse Sex L Wit H P

S

C

Tr

Ta

Hy

2014 406 F 7.1 14 0 0
2014 408 F 8 15 12 0
2014 409 M 8 17 0 1
2014 410 M 8 19 0 0
2014 411 M 8 20 0 0
2014 412 M 6 13 0 0
2014 413 M 85 20 1 0
2014 414 M 9 21 3 0
2014 415 F 83 16 0 0
2014 416 M 8 18 1 0
2014 417 M 8 18 0 0
2014 419 F 8 22 1 0
2014 420 M 10.2 23 6 0
2014 421 F 7 13 7 0
2014 422 M 7.2 14 5 0
2014 423 M 7.2 14 28 0
2014 424 M 6.5 13 0 0
2014 425 M 85 16 4 0
2014 426 M 6.8 15 2 0
2014 427 F 6.6 16 0 2
2014 428 F 7.4 17 0 0
2014 429 M 7.5 18 0 0
2014 430 M 8.2 13 1 0
2014 431 F 7.7 15 10 0
2014 432 F 8.6 19 0 0
2014 433 M 8.1 16 6 1
2014 434 M 5 17 0 0
2014 435 M 7 16 0 0
2014 436 M 8 16 2 0
2014 437 M 7 16 0 0
2014 438 M 7.2 19 6 0
2014 439 M 6.5 18 0 0
2014 440 M 5 14 0 0
2014 441 M 72 13 0 0
2014 442 M 8 20 4 0
2014 443 M 92 25 4 2
2014 444 M 7.1 23 0 0
2014 445 M 9 19 0 1
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3.4 Results

3.4.1 Extraction of DNA from A. sylvaticus samples.

Genomic DNA was extracted from the brain tissue from 38 A. sylvaticus (Table
3.1) by using phenol-chloroform, and then the concentration and purity were measured
using a Nanodrop 2000 spectrophotometer. A ratio of absorbances at 260nm and
280nm (A260 over A280) gives a value of 1.8 for pure DNA. Results represented in
Table 3.2. In all cases, there was DNA present at reasonable concentrations (ranging
from 19.4 to 124.9 ng/ul). Samples were extracted with this method and had a high
purity of 1.8 to 1.9. The extraction was successful and can be used to obtain DNA

with high purity.
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Table 3-2 Concentration and purity extracted of DNA from brain tissue from
Apodemus

Information is provided on the tissue type (B = brain), the animal code and details
of the concentration and purity of the DNA.

NO Type Code Concentration A260, ng/ul Purity 260/280
1 B 406 34 1.9
2 B 408 28 1.9
3 B 409 41 1.9
4 B 410 28 1.9
5 B 411 21 1.8
6 B 412 35 1.9
7 B 413 63 1.9
8 B 414 50 1.9
9 B 415 67 1.9
10 B 416 39 1.9
11 B 417 124 1.9
12 B 419 24 1.9
13 B 420 44 1.9
14 B 421 48 1.9
15 B 422 44 1.9
16 B 423 80 1.9
17 B 424 69 1.9
18 B 425 46 1.9
19 B 426 19 1.8
20 B 427 65 1.9
21 B 428 96 1.9
22 B 429 25 1.9
23 B 430 102 1.9
24 B 431 72 1.9
25 B 432 46 1.9
26 B 433 32 1.9
27 B 434 64 1.9
28 B 435 41 1.9
29 B 436 48 1.8
30 B 437 103 1.9
31 B 438 23 1.9
32 B 439 45 1.9
33 B 440 25 1.9
34 B 441 55 1.9
35 B 442 63 1.9
36 B 443 60 1.9
37 B 444 28 1.9
38 B 445 52 1.9
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3.4.2 Analysis of DNA quality by Gel Electrophoresis:

To build up a resource of DNA to investigate infection with Toxoplasma gondii
regarding host immune gene expression, DNA extraction was carried out, as
described, on 38 samples. To evaluate the presence and purity of DNA, samples were
examined by gel electrophoresis. In some gels DNA samples were visible as a smear
(data not shown) with the smear representing a range of sizes of DNA from large to
small and demonstrating that the DNA was good. Other samples showed no DNA and
were extracted again. It was observed that there was some variability in the strength
of the bands. This reflects differences in extraction efficiency or in amounts of starting
material (45ng/pl compared with 25 ng/ul see Table 3.2 above). However, the gel
electrophoresis demonstrated that a high proportion of smaller DNA fragments were
present in all samples suggesting that some degradation may have occurred or that
the samples contained a lot of RNA. The slightly higher ratios of the
spectrophotometric analysis (A260nm/A280nm =1.9) also supports the possibility of
an overabundance of RNA.
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DNA quality, purity & concentration were measured using the Nanodrop
spectrophotometer. Typical results are shown in figure 3.1.

# Sample ID User name Date and Time Nucleic Acid Conc. Unit A260 A280 260/280 260/230 Sample Type Factor

10mm Absorbance

3i5 320 225 330 3ls 340 ¥
(]

Figure 3-1 Example Nanodrop chromatogram of Apodemus DNA samples.

This figure is an example illustrating the output from the Nanodrop
spectrophotometer showing the profile of absorbance across a range of
wavelengths. DNA purity of mouse brain tissue extracted DNA was achieved in this
way. The peak of this graph at 260nm represents the concentration of each sample.
Each sample is indicated by a single line. The higher the peak and the sharper, the
subsequent decline to 280nm means the highest amount and purity. For example,
sample number 429 has the highest purity, followed by samples number 437.

Overall, this data shows that the extraction of the DNA has been successful, as has
been confirmed by the quantitative measurements, purity measurements and by
agarose gel electrophoresis. This method has obtained excellent purity of DNA for all
the samples. However, the gel electrophoresis demonstrated that either a high
proportion of smaller DNA fragments were present, or RNA contamination was
present. To ensure that the DNA is suitable for use as a template for PCR, a control
PCR amplification for host DNA is necessary. Generic mammalian primers for tubulin

can be used for this purpose.
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3.4.3 Use of Tubulin PCR to test for the quality of the Wood mouse DNA
and the capability for PCR amplification.

To investigate the quality of the DNA extraction and suitability for use in PCR
detection of the parasite, PCR amplification of the host tubulin gene was tested. PCR
amplification using mouse tubulin primers is used routinely to amplify Mammalian
DNA. The ability of tubulin primers to anneal to a wide variety of DNAs of many species
of mammals including human DNA, makes this an excellent system to evaluate the
guality of DNA. In our laboratory, these primers have been shown previously to amplify
DNA from sheep (Terry et al., 2001), foxes (Smith et al., 2003), domestic mice
(Marshall, 2004), wood mice (Hughes et al., 2006; Thomasson, 2011; Bajnok et al.,
2015), rabbits, bats and humans (Murphy et al., 2008; Dodd et al., 2014; Haqg et al.,
2016; Bajnok et al., 2019b). The sizes of PCR amplicons vary between each of the

other listed species.

Sequences of experiments carried out to develop a working protocol for the tubulin
PCR reaction and to test the extracted DNA samples. In an initial analysis, an existing
protocol was used. The results of the initial investigation using a control DNA sample
and mouse 406 is shown in Figure 3.2. A band size of around 1200 base pairs was
seen in the positive DNA control and mouse 406 while no bands were seen in the
negative control (water). The band sizes of 1200bp are consistent with the sizes
expected for the mouse tubulin gene in Apodemus. The bands seen in Figure 3.6
were very faint. This might be due to an error in loading, as loading small amounts of
DNA is sometimes difficult, and it takes time to practice loading correctly. There are,
however, several other interpretations, for instance, low concentration of the primer,
or the presence of some inhibitors that inhibit the PCR, to work correctly, but it appears

this result has worked successfully.
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1200 bp

300 bp

4(H} bp

214 bp

Figure 3-2 PCR amplification of Tubulin gene marker from A. sylvaticus.

Lane 1 is the 1Kb marker; lane 2 is a sample the genomic DNA of a mammal
(mouse) used as a positive to indicate that the PCR has worked, lane 3 is
Apodemus 406 DNA from Brain, 4 is the negative control (H20).

To test further samples and to try to improve the signal strength for the band, further
PCR amplifications were carried out. An example is shown in figure 3.3. The results
show that a faint band can be seen in some samples and that the PCR amplification
has only partly worked. However, there was considerable background smearing
which is obscuring the target band, and the band itself was faint. There are several
possible reasons that have caused this PCR reaction to be poor. It could be because
an increased amount of DNA was used (2ul instead of 1ul) and possibly due to too
much primer. It also seen that primer dimers have produced a very strong smear in
the positive samples:(414, 409, 410, 412) and also the negative control. This last

result is supporting this notion that the primer concentration is too high.

To investigate whether the primer concentration was too high, some optimisation
experiments were carried out. The PCR performed better once the primer
concentration was reduced. to test amplification from the complete set of samples, a
tubulin PCR amplification was carried out on wood mouse brain DNA samples from
mice coded (406-445) with a reduced primer concentration (20 pM) to (10 pM). The
results are shown in Figure 3.3. The results show that there is a band of 1200 bp in

most samples and is negative in the negative control indicating that amplification using

47



the tubulin primers was specific. Only samples 415, 416 and 428 did not convincingly
amplify. The negative results found for these samples suggest that they need to be
tested again. It is possible that some pipetting errors occurred when setting up the

tubes or the DNA was poor quality.
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Figure 3-3 PCR amplification of the Tubulin gene marker from A. sylvaticus for
samples 406 to 445.

Lanes were prepared as follows with the target DNA sample indicated. Lane 1= 1kb
hyper ladder, lane 2 = positive control DNA, lane 3= 406, lane 4 = 408, lane 5 = 409,
lane 6 =410, lane 7 =411, lane 8 =412, lane 9 = 413, lane 10 = 414, lane 11 = 415,
lane 12 = 416, lane 13 = 417, lane 14 = 419, lane 15 = 420, lane 16 = 421, lane 17
=422, lane 18 = 423, lane 19 = 424, lane 20 = 425, lane 21 = 426, lane 22= 427,
lane 23 = 428, lane 24 = 429, lane 25= 430, lane 26 = 431, lane 27 = 432, lane 28
= 433, lower panel: lane 29 = 1Kb hyper ladder, lane 31 = positive control of DNA,
lane 32 = 434, lane 33 = 435, lane 34 = 436, lane 35 = 437, lane 36 = 438, lane 37
= 439, lane 38 = 440, lane 39 = 441, lane 40 = 442, lane 41 = 443, lane 42 = 444,
lane 43 = 445, lane 44 = negative control contains just water.

The results presented show significant amplification in more than 90% of the samples,
also, the negative control has not worked which means there is no contamination and
the experiment worked well. In conclusion, 35 of the 38 wood mouse samples were

tested, and the tubulin has been amplified successfully, and these samples could then
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be used to test for the presence of Toxoplasma DNA. Further experiments
demonstrated that the remaining three could be amplified if more template DNA was

used.

3.4.4 Investigation of Toxoplasma infection in Apodemus samples using
SAG1 PCR:

To detect whether these samples were infected, a specific nested PCR reaction was
carried out using primers that recognised the SAG1 gene. The results from the
second-round amplification are shown in figure 3.4. A band size of 522bp is expected

in infected samples.

22 23 24 25 26 27 28 29 30 31

Figure 3-4 Second round PCR products from the specific nested PCR amplification
the SAG1 gene of Toxoplasma in A. sylvaticus DNA samples.

Lane 1= 1kb hyper ladder, lane 2 = positive control of DNA, lane 3= 406, lane 4 =
408, lane 5 = 409, lane 6 = 410, lane 7 =411, lane 8 = lane 412, lane 9 =413, lane
10 = 414, lane 11 = 415, lane 12 = 416, lane 13 = 417, lane 14 = 419, lane 15 =
420, lane 16 =421, lane 17 =422, lane 18 =423, lane 19 = 424, lane 20 = 425, lane
21 = 426, lower panel : lane 22= 1Kb hyper ladder, lane 23= 427, lane 24 = 428,
lane 25 = 429, lane 26= 430, lane 27 = 431, lane 28 = 432, lane 29 = 433, lane 30
= 434, lane 31 = negative control containing just water.
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The A. sylvaticus brain samples were tested using the SAG 1 nested PCR system to
detect potential Toxoplasma gondii infections as described in Chapter 2. The results
are shown in Figure 3.4. A very faint band in the positive control is seen, and the band
size is approximately the correct size of 522bp as judged by a log size/mobility plot.
There was no amplification for SAG1 in samples 406 - 434. There is a slight faint band
in the sample no 408 it is about 180 bp, but this is below target. The negative control,
containing water, shows no DNA amplified bands, and this confirms that the reaction

was clear of any contaminants.

Using the SAG1 nested PCR, the positive control has worked and produced a band
of the correct size, but there were no detectable bands in any of the samples. Due to
the faint band in the positive control and the high background in the batches, it
suggests that either the samples were uninfected or that the SAG 1 nested PCR was

not performing optimally.

Furthermore, several different aspects might be contributing to conditions that might
have been responsible for creating inhibitors which could be impeding the PCR to
amplifying this target gene. For instance, it might be that the concentration of SAG1 is
too low and SAG1 is sometimes challenging to expand in the experience of lab
members. There is also, sometimes, an improvement with operator experience. To
confirm the identity of the control band and any possible bands from the samples were
purified and the amplicons sent for sequencing to Source Bioscience UK. They
returned without a signal, and this was probably due to the low signal intensities. It
would be necessary to try to work on the SAG1 PCR system to improve the

performance.

To improve the SAG1l PCR, a new reaction mix, commercially supplied, was
investigated. The MyTaq mix polymerase system from bio line was tested on just the
positive control sample following the recommended protocol (see Chapter 2).
Secondly, the objective was to investigate if there is any effect of the addition of 8-
Mercaptoethanol to the reaction mixture. The latter reagent is used in the previous

experiments as part of the existing protocol.
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Nested SAG1 PCR was carried out on the positive control using the MyTaq red mix

with and without the B-Mercaptoethanol. The results are shown in figure 3.5.

1 2 3 4

Figure 3-5 PCR amplification of the SAG1 PCR using the MyTaqg buffer and
polymerase system.

A 1.5 % agarose gel was used to resolve fragments of a smaller size for clarity.
Lane 1= 1kb hyper ladder, lane 2 = positive control of infected brain from A.
sylvaticus with B-Mercaptoethanol, Lane 3= positive control of infected brain from
A. sylvaticus DNA without 3-Mercaptoethanol, 4 = negative control containing just
water.

Figure 3.5 demonstrates that the system appears to be working much better. Bands
of the correct size were seen (522bp), but there were also other bands present which
could confuse the diagnostic test. There appeared to be no difference between the
presence and absence of 3-Mercaptoethanol. To check that the 522bp bands were
amplicons of the SAG1 gene, the PCR products were purified and sent to Source
Bioscience for sequencing. The sequence that returned was viewed by the programme
Finch TV, and this was followed by manual checking of the sequencing peaks and
clarification of any ambiguous bases (removal of N’s from the raw sequence. Figure
(3.6), shows the sequence. This sequence was then used in a BLAST search using
the programme Mega Blast. The results showed a somewhat similar sequence to the
SAG1 gene and matched at 97%, and the probability that it was not SAG1 (E value
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0.0) was zero and therefore confirmed that it was the correct product. The results show
that it is the Toxoplasma gondii surface antigen one gene (SAG1). This demonstrates
that the SAG1 PCR is amplifying the correct sequence. The sequence derived from
the SAG1 amplification was compared with the SAG1 sequence, identified in the
database (Accession No S85174 — the T. gondii SAG1 gene), by alignment using the
programme CLUSTAL (Figure 3.7). The alignment was nearly perfect. The
discrepancies could be due to a few errors in the sequence from the amplicon which
could not be corrected. Al in all, the data support the conclusion that the 522bp band

is the correct band.

TGGGCTAAAAAGGCTGCAAGAGACTCCCACTCTTGCGTACTCACCCAACAGGGA
ATCTGCCCAGCGGGTACTACAAGTAGCTGTACATCAAAGGCTGTAACATTGAGCT
CCTTGATTCCTGAAGCCAAAGATAGCTGGTGGACGGGGGATTCTGCTAGTCTCGA
CACGGCAGGCATCAAACTCACAGTTCCAATCCAGAAGTTCCCCGTGACAACGCA
GACGTTTGTGGTCGGTTGCATCAAGGGAGACGACGCACAGAGTTGTATGGTCAC
AGTGACAGTACAAGCCAGAGCCTCATCGGTCGTCAATAATGTCGCAAGGTGCTC
CTACGGTGCAAACAGCACTCTTGGTCCTGTCAAGTTGTCTGCGGAAGGACCCACT
ACAATGACCCTCGTGTGCGGGAAAGATGGAGTCAAAGTTCCTCAAGACAACAAT
CAGTACTGTITCCGGGACGACCCTGACTGGTTGCAAAC

Figure 3-6 DNA sequence of the 522bp band amplified by the SAG1 nested PCR
(second round).
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SAGFOR
EMNA|S85174|S85174.1.

SAGFOR CAAGAGACTCCCACTCTTGCGTACT CACCCAAC -AGGGAATCTGCCCAGCGEETACTACS
EMNA|S85174|S85174.1. ACAGAGCCTCOCACTOCTTGOGTACTCALC

ACAGGCALATCTGOCCAGOGGGETACTACA

SAGFOR AGTAGCTGTA AAAGECTETAACATTGAGCTCCTTEAT TCCTEAAGCCAAAGAT AGT
EMA|S85174| 585174 .1. AGTAGCTGT.A

AAGECTOTAACATTEAGCTCCTTEAT TCC TEAAGTAGANGAT AGT

SAGFOR TGGETEGACGEEEGEAT TCTGCTAGTCTOGE GECAGGCATCAAACTCACAGT TCCAATC
EMA|S85174]| 585174 .1. TGGETEGACGEEEEAT TCTGCTAGTCTCG —~

AACTCACAGT TCCAATC

SAGFOR CAGAAGTTCCCCGTGACAACGCAGACGTTTGTGGTOGGET TGCAT CAAGEGAGAC GACGICA
EMA|S85174]| 585174 .1. GAGAAGT TCCCCGTEACAACGCAGACGTTTGTGGETCGGET TGCAT CAAGEEAGACGACGEICA

SAGFOR CAgAGTTGTATGGTCACAGTEACAGTACAAGLCAGAGCCTCATCGETCGTCAATAATGETC
EMA| S85174|S85174 .1. CAGAGTTGTATGETCACAGTGE TACAAGCCAGAGCCTCATCGETCGTCAATALATETC

SAGFOR GCAAGGTGCTCCTACGE TGCAAACAGCACTCTTGETCCTETCAAGTTGTCTGOGGAAGGES,
EMA|S85174|S85174.1. GCAAGETGCTCCTACGETGCAAACAGCACTCTTGETCCTETCAAGTTGTCTGOGGAAGEA,
SAGFOR CCCACTACAATGACCCTCGTGTGCEEGAAAGATGEAGSTCAAAGT TCC T CAMGAC ANCAMAT
EMA|SB5174|S85174.1. CCCACTACAATGACCCTOGTGTGCGEGAAAGATGEAGTCAAAGT TCC T CAAGAC AMCAAT
SAGFOR CAGTACTGT TCCGGEACGACCCTGACTGE T TG AMAC — — - == - mmmm mm e m e m e
EMA|S85174|S85174.1. CAGTACTGTTCCGGGACGACGC TGACTGGT TGCAACGAGAAATCGTTCAAAGATATTTTG

Figure 3-7 Clustal alignment of the SAG1 forward sequence with the
SAG1 gene (NCBI Accession No. S85174).

Overall, the MyTaq buffer and polymerase system succeeded in amplifying the
Toxoplasma SAG 1 gene while the adding B-Mercaptoethanol did not have any impact
on the result.

SAG1 nested PCR was attempted on all of the Apodemus samples using the MyTaq
system. Unfortunately, all were negative despite the positive control band appearing
in all experiments. Variability in performance of the SAG1 PCR has been noted in our
lab before. Further optimisation of the SAG1 PCR was abandoned as parallel studies
on nested PCR using the SAG2 gene markers were providing better and more reliable
results. The samples were not tested again with SAG1 in order not to waste samples
on a PCR that was not fully optimised.
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3.4.5 Investigation of Toxoplasma infection in wood mice using the
SAG2 3’ end Toxoplasma specific marker.

To further test the wood mice samples for the presence of Toxoplasma, PCR
amplification of the 3’ end of the SAG2 gene was carried out as described in Chapter
2. The resulting band is expected to be 221bp. The results are shown in figure 3.13.
The positive control produced the target gene band size of 221 bp while the lack of a
band in the negative control indicates the reaction was uncontaminated. Brain DNA
samples from mouse numbers 406, 412, 416, 430, 434 and 443 also showed
amplification of the target gene band size of 221bp. (See Figure 3.8) This
demonstrated that these samples were positive for Toxoplasma infection and lack of
amplification in other donors and the negative control suggested this was specific
amplification. To confirm that the correct amplicons were being amplified, it is essential
to carry out DNA sequencing on the SAG 2 amplicons following purification.
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Figure 3-8 PCR amplification of the 3’ end of the SAG2 gene by PCR.

A 1.5 % agarose gel was used to resolve fragments of a smaller size for clarity. Lane
1= 1kb hyper ladder, lane 2 = positive control DNA, lane 3= 406, lane 4 = 408, lane
5=1409, lane 6 =410, lane 7 = 411, lane 8 = 412, lane 9 = 413, lane 10 = 414, lane
11 =415, lane 12 = 416, lane 13 =417, lane 14 =419, lane 15 = 420, lane 16 = 421,
lane 17 =422, lane 18 = 423, lane 19 = 424, lane 20 = 425, lane 21 = 426, lane 22=
427, lane 23 = 428, lane 24 = 429, lane 25= 430, lane 26 = 431, lane 27 = 432, lane
28 = 433, lower panel: lane 29 = 1kb hyper ladder, lane 30 = 434, lane 31 =435,
lane 32 = 436, lane 33 = 437, lane 34 = 438, lane 35 = 439, lane 36 = 440, lane 37
=441, lane 38 =442, lane 39 =443, lane 40 = 444, lane 41 = 445, lane 43 = negative
control which contains just water.

3.4.6 Confirmation of the SAG2 3 END PCR amplification using DNA
sequencing of amplicons.

To check that the bands were definitely amplicons of the SAG2 3’ end of the
gene, the PCR products from the positive control and mouse 430 (positive for T.
gondii) were purified and was sent for sequencing. The sequence that returned was
analysed using the programme Finch TV, and this was followed by manual checking
of the sequencing peaks. Figure 3.9 shows the sequence. This sequence was then
used in a search using the program BLAST to investigate the identity of the sequence.
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A clustal alignment between the amplicon sequence and the identified sequence by
BLAST.

TGGGTCTGGCGGAAGCGCAGTACTGCAGCAGTGTGTCGGCAAACAAGTTCCTCTGT
CACATAATCGCAGATCCGGAAATACATTTTCTCGCGTTCCTCCCAGGATCTACGCCA
AGAACAATCGCAATCCCACCCCTCAACAACGTTITCTTITGCACGACAATTTCCAAGC
GGAGGCATGAGAATA.

Figure 3-9 DNA sequence of the amplified SAG2 3’end amplicon.

The BLAST result showed high homology to a range of sequences. Figure 3.10 shows
the clustal alignment of that the sequence for the amplicon band, from the brain DNA
of mouse 430, matched the SAG2 gene (Accession number: CB372842|CB372842.1)
This shows that the amplicon from sample 430 is confirmed as the correct target being
amplified for the SAG2 3’ end sequence. Each of the DNA samples was amplified as
three replicates, and a total of 8 mice from the collection were found to be infected.
These were numbers 406, 410, 412, 416, 421, 430, 434, 443. It was now necessary
to confirm these using the SAG2 5’ PCR marker.

CLUSTAL O(1.2.4) multiple sequence alignment

SAG2 TGGGTCTGECEGAMGCGCAGTACTGCAGCAGTGETGTCAGCAAACAAGTTCCTCTGTCACA
ENA|CB372842|CB372842.1 TTTTTTTTTGAAAGCGCAGTAC TGCAGCAGTGTGTCGGCAMACAAGTTCCTCTGTCACA
SAG2 TAATCGCAGATCCGGAAATACATTTTCTCGOGTTCCTCCCAGGATC TACGCCAAGAACAA
ENA|CB372842|CB372842.1 TAATCGCAGATCCGGAAATACATTTTCTCGOGTTCCTCCCAGGATC TACGCCAAGAACAA
SAG2 TCGCAATCCCACCCCTCAACAACGTTTTCTTTGCACGACAAT TTCCAAGCGGAGGCATGA
ENA|CB372842|CB372842.1 TCGCAATCCCACCCCTCAACAACGTTTTCTTTGCACGACAAT TTCGAAGCGGAGGCATGA
SAG2 GBAAT A= = == == = = m e
ENA|CB372842 |CB372842.1 AAATTGCAGGETCEGACCGCTCTCACGAAAAAGAC AMAAGC CGCACGECCCATCTGGAGT

A

Figure 3-10 Clustal alignment of the SAG2 3’ forward sequence with the SAG2 gene
identified in the BLAST search.
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3.4.7 Investigation of Toxoplasma infection in wood mice using the
SAG2 5’ end Toxoplasma specific marker.

To confirm the PCR results obtained for the SAG2 3’ ends, PCR amplification
was also carried out using primers to the 5’ end of the SAG2 gene. The target band
size was 242bp. Initially, four samples (410, 412, 421, 443) tested positive for
Toxoplasma (data not shown). All of the samples were PCR tested at least three times.
Of all of the samples, eight were positive, and they corresponded to the positive
samples identified by the SAG2 3’ end PCR (mice 406, 410, 412, 416, 421, 430, 434,
443). To ensure that the correct amplicons were being generated, bands were purified
and sequenced. Use of the BLAST search and CLUSTAL alignment demonstrated
that the sequences did indeed match the SAG 2 5’ end.

3.4.8 Detection of Toxoplasma gondii in a new set of wood mouse
samples using the SAG2, 5’ end PCR.

To increase the sample size of wood mice, a further 15 mice collected the
previous year (2013) were tested. In the case of these animals, the tissue available
was mostly heart tissue and not a brain. Table 3.3 lists the details of these mice and
the parasite profile of gastrointestinal parasites. These Apodemus samples were
trapped and examined in 2013 from the same location in Malham Tarn, North
Yorkshire, as were the previous batches. Extracted tissues were frozen until the DNA

extraction was performed in 2017.
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Table 3-3 New samples of A. sylvaticus with associated information.

The table shows the year of collection, mouse identification number, gender, length
(cm), weight (g) and infection intensity (number of parasites) for a range of
gastrointestinal and other parasites (H, Heligmosomoides; P, Plagiorchis; S,
Syphacea; C, Capillaria; Tr, Trichostrongylus; Ta, Taenia, Hy, Hymenolepis.)
Year Mouse Sex L wt H P S C Tr Ta

I

2013 368 M 8.5 18 5 5 0 0 0 0 0
2013 369 M 8.2 17 8 0 0 0 0 0 0
2013 370 F 57 9 0 0 0 0 0 0 0
2013 371 M 7 18 0 0 0 0 0 0 1
2013 373 M 8.5 18 7 0 0 0 0 0 0
2013 382 F 9 24 0 0 0 0 0 0 0
2013 386 F 7.3 14 0 0 0 0 0 0 0
2013 387 M 5 13 0 0 0 0 0 0 0
2013 388 M 9 19 0 0 0 0 0 0 0
2013 389 M 53 19 0 0 0 0 0 0 0
2013 391 F 84 20 0 0 0 0 0 0 0
2013 392 F 8 19 0 0 0 0 0 0 0
2013 393 M 84 21 12 9 0 0 0 0 0

DNA was extracted from these mice and tested with the Tubulin PCR as described
for samples 406 - 445. The slight difference between these samples and those
extracted previously (406 - 445) was that Qiagen kits were used for the extraction.
These were found to be able to produce cleaner DNA and a more efficient yield. The
new set of 15 samples of Apodemus were tested with the nested SAG2 5’ end PCR
for the presence of T. gondii. In addition to these heart DNA extracts, a sample of

brain tissue from mouse 387 was also tested. The results are shown in Figure 3.11.
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Figure 3-11 Detection of T. gondii DNA using the SAG2 5’ end PCR.

Lane 1 = 1Kb hyper ladder, lane 2 = positive control, lane 3 = 368, lane 4 = 369,
lane 5= 370, lane 6 = 371, lane 7= 372, lane 8 = 373, lane 9 = 382, lane 10 = 386,
lane 11 = 387, lane 12 = 387 brain tissue, lane 13 = 388, lane 14 = 389, lane 15 =
390, lane 16 = 391, lane 17 = 392, lane 18 = 393, lane 19 = negative control
consisting of water.

A positive control produced a band of the correct size, and the negative control was
clear and positive bands were seen in samples 369, 370, 371, 386 and 388. Samples
negative for Toxoplasma are 368, 372, 373, 382, 387, 389, 390, 391, 392 and393.
The brain sample from mouse 387 was also negative. This suggests that 5 of these

samples were infected.

To confirm these PCR results obtained using the SAG2, 5’ end PCR, the above DNA
from heart tissue from Apodemus were tested again to confirm these results by
repeating the SAG2 5’ end PCRs. Example results are shown in figure 3.12.

4 s 6 7 8 9 10 11 12 13 14 15 16 17 18 19

200 bp

Figure 3-12 Detection of T. gondii DNA using the SAG2 5’ end PCR.

Lane 1 = 1Kb hyper ladder, lane 2 = positive control, lane 3 = 368, lane 4 = 369,
lane 5= 370, lane 6 = 371, lane 7= 372, lane 8 = 373, lane 9 = 382, lane 10 = 386,
lane 11 = 387, lane 12 = 387 brain tissue, lane 13 = 388, lane 14 = 389, lane 15 =
390, lane 16 = 391, lane 17 = 392, lane 18 = 393, lane 19 = negative control consist
of water.
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A positive control produced a band of the correct size, and the negative control was
clear and positive bands were seen in samples, 370, 371, 386 and 391. Samples
negative for Toxoplasma are 368, 369, 372, 373, 382, 387, 388, 389, 390, 392 and

393. This suggests that 4 of these samples were infected.

In some experiments, occasional samples were found not to amplified when they
have previously amplified. After replicating experiments, a total of 6 of the heart DNA
samples were found to be infected (369, 370, 371, 386, 388 and 391). The overall
infection status of all of the donors is presented in Tables 3.4 (infected samples) and

Table 3.5 uninfected samples).

Table 3-4 Summary of Apodemus samples tested using the SAG PCRs for T. gondii
detection (infected samples).
Sample No Sex SAG1PCR SAG2 3 ENDS SAG5 ENDS Overview
406 F - + + +
410 F - + + +
412 M - + + +
416 M - + + +
421 F - + + +
430 M - + + +
434 M - + + +
443 M - + + +
369 M Not tested Not tested + +
370 F Not tested Not tested + +
371 M Not tested Not tested + +
386 F Not tested Not tested + +
388 M Not tested Not tested + +
391 F Not tested Not tested + +
TOTAL 14
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Table 3-5 Summary of Apodemus samples tested using the SAG PCRs for T.
gondii detection (uninfected samples).

Sample Sex SAG1PCR SAG2 3 SAG 5 Overview
No ENDS ENDS
408 F - Not tested - -
409 M - Not tested - -
411 M - Not tested - -
413 M - Not tested - -
414 M - Not tested - -
415 F - Not tested - -
417 M - Not tested - -
419 F - Not tested - -
420 M - Not tested - -
422 M - Not tested - -
423 M - Not tested - -
424 M - Not tested - -
425 M - Not tested - -
426 M - Not tested - -
427 F - Not tested - -
428 F - Not tested - -
429 M - Not tested - -
431 F - Not tested - -
432 F - Not tested - -
433 M - Not tested - -
435 M - Not tested - -
436 M - Not tested - -
437 M - Not tested - -
438 M - Not tested - -
439 M - Not tested - -
440 M - Not tested - -
441 M - Not tested - -
442 M - Not tested - -
444 M - Not tested - -
445 M - Not tested - -
H368 M Not tested Not tested - -
H387 M Not tested Not tested - -
H389 M Not tested Not tested - -
H390 NA Not tested Not tested - -
H392 F Not tested Not tested - -
Total 35
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In conclusion, a total of 49 A. sylvaticus were tested with a variety of Toxoplasma
PCR diagnostic markers. Fourteen of those were positive for the parasite DNA. Thus
prevalence of 28.6% (CIl: 95% 17.8 — 42.5%) was observed.

3.4.9 Investigating the relationship between Toxoplasma infection and
other parasitic infections in A. sylvaticus.

As the collections of mice available for this study had additional data on the
presence of other parasites (gastrointestinal parasites). An opportunity exists to do a
preliminary study to see if there might be a relationship between Toxoplasma
infection and coinfection with the other parasites. Taenia and Trichostrongylus were
not recorded in any of the mice in this study and were, therefore, not considered in

the subsequent studies.

A total of 47 Apodemus were available that had infection data on both Toxoplasma
and the other parasites. Possible co-infection was carried out by using 2 x 2
contingency table analysis of mice suing four categories: Toxoplasma infected;
Toxoplasma uninfected and compared against infection status (positive or negative)

for the other parasite.

Investigation of co-infection between Toxoplasma and Capillaria was investigated

using the 2 x 2 contingency table analysis. The results are shown in Table 3.6

Table 3-6 Investigation into the association between Toxoplasma and Capillaria in
A. sylvaticus.

Toxoplasma infected uninfected Total
Capillaria+ 1 1 2
Capillaria - 13 32 45

Total 14 33 47
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Statistical analysis of the frequencies of infection presented in Table 3.6, using 2 x 2
contingency table analysing the result, showed that there was no significant
association (P=0.5116).
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Investigation of co-infection between Toxoplasma and Syphacea was investigated us-

ing the 2 x 2 contingency table analysis. The results are shown in Table 3.7

Table 3-7 Investigation into the association between Toxoplasma and Syphacea in
A. sylvaticus.

Toxoplasma infected uninfected Total

Syphacea+ 0 5 5

Syphacea - 14 28 42

Total 14 33 47

Statistical analysis of the frequencies of infection presented in Table 3.7, using 2 x 2

contingency analysis, representing that there was no significant association

(P=0.307) between Toxoplasma and Syphacea.

Investigation of co-infection between Toxoplasma and Heligmosomoides was

investigated using the 2 x 2 contingency table analysis. The results are shown in

Table 3.8
Table 3.8 Investigation into the association between Toxoplasma and
Heligmosomoides in A. sylvaticus.
Toxoplasma infected uninfected Total
Heligmosomoides+ § 16 21
Heligmosomoides- 9 17 26
Total 14 33 47

Statistical analysis of the frequencies of infection presented in Table 3.8, using 2 x 2

contingency analysis, illustrating there was no significant association (P=0.528)

between Toxoplasma and Heligmosomoides.
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Investigation of co-infection between Toxoplasma and Hymenolepis was investigated
using the 2 x 2 contingency table analysis. The results are shown in Table 3.9

Table 3.9 Investigation into the association between Toxoplasma and Hymenolepis
in A. sylvaticus.

Toxoplasma infected uninfected Total
Hymenolepis + 1 1 2
Hymenolepis - 13 32 45
Total 14 33 47

Statistical analysis of the frequencies of infection presented in Table 3.9, using 2 x 2
contingency analysis, represented that there was no significant association (P=

0.5116) between Toxoplasma and Hymenolepis.

Investigation of co-infection between Toxoplasma and Plagiorchis was investigated

using the 2 x 2 contingency table analysis. The results are shown in Table 3.10

Table 3.10 Investigation into the association between Toxoplasma and Plagiorchis
in A. sylvaticus.

Toxoplasma infected uninfected Total
Plagiorchis + 1 6 7
Plagiorchis - 13 27 40
Total 14 33 47

Statistical analysis of the frequencies of infection presented in Table 3.10, using 2 x
2 contingency table analysis, showed that there was no significant association (P=
0.6566) between Toxoplasma and Plagiorchis.

Polyparastism is known to occur in many species and this was investigated using the
data obtained here. This was carried out by investigating whether there is a statistical
association between T. gondii infection and infection with any other parasite (Table
3.11).
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Table 3.11 Investigation into the association between Toxoplasma and any
parasitic infection in A. sylvaticus.

Toxoplasma infected uninfected Total
Any parasite + 6 20 26
Any parasite - 8 13 21
Total 14 33 47

Statistical analysis of the frequencies of infection presented in Table 3.11, showed
that there was no significant association (P= 0.76) between Toxoplasma and any
other parasitic infection.

In conclusion, there were no statistically significant relationships between infection

with any of the gastrointestinal parasites and infection with Toxoplasma.
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3.5 Discussion

This chapter aimed to look at a collection of wood mice, A. sylvaticus with the
intention of determining the prevalence of infection and creating a sample set that
could be used for later analysis of immunity specific genes. Overall, a prevalence of
28.6% (Cl: 95% 17.8 — 42.5%) was detected in these wild mice. This also provided
a sample size of 14 mice that could be used in later DNA investigations as examples
of infected animals (see following chapters). As additional data was available on other
parasitic infections in these mice, it was interesting to investigate whether there was
evidence of co-infection with these parasites. Although there is no evidence from the
literature that there would be any associations a preliminary analysis was easily
conducted to address this question. In all cases, there was no significant association
between T. gondii infection and co-infection with one of these gastrointestinal

parasites.

In this latter analysis, a set of simple pairwise 2 x 2 contingency analyses were carried
out to look for primary associations. This analysis showed no significant results which
were supported by inspection of the data. Furthermore, an analysis was conducted
to see if there was any relationship between T. gondii infection and the presence of
any gastrointestinal parasites. No significant associations were found. However,
there are some statistical limitations to these approaches. If there were a justification
to look in more depth (e.g. a reason why an association might be present or results
that showed one or more parasites having an association), a better approach would
have been to utilise a statistical modelling approach that considered all parasites and
information together. This would get around any confounding factors or problems of
interpreting multiple statistical tests. If a P value of less than 0.05 is used as the
criterion, then 1 in 20 parasite tests could be significant just by chance. This limitation

would be overcome by a modelling approach that considered all tests together.

In this study, no association was found between T. gondii infection and other parasitic
infections. However, studies in experimental mice have shown that T. gondii infection
can increase fecundity of intestinal worms like Heligmosomoides (Ahmed et al.,

2017). Other studies have shown that infection with H. polygyrus can enhance T.
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gondii infection (Khan et al., 2008) or modulate neuroimmune responses to T. gondii
infection (French et al., 2019). However, no evidence of these kinds of interactions
were observed in our population of woodmice.There were several limitations
encountered when developing the PCR diagnostic tools for the detection of the
parasite. The SAG1 nested PCR is a robust test that has been used in many studies
in our laboratory with a wide range of species (Duncanson et al., 2001; Williams,
2005; Dodd et al., 2014; Bajnok et al., 2019), including Apodemus (Thomasson,
2011; Bajnok et al., 2015). On this occasion, it was found to work sub-optimally for
control samples but not at all in the Apodemus samples. Troubleshooting PCR
protocols can be a lengthy process because it requires sequential elimination and
testing to determine which reagents are working sub-optimally. As the SAG 2
diagnostic tests, being developed in parallel were working successfully attempts to
develop the SAG further nested PCR were not continued. Ideally, each sample
should be tested with all available markers to confirm infectivity (Bajnok et al., 2015a,
2019), however, in this case, the results of the SAG2 nested PCRs were reliable.
Several replicates of each PCR detection were carried out and, although occasional
positives showed up as negative, the combination and broad consistency of the PCR
identifications provided confidence of the individual infection status and prevalence

in these mice.

A prevalence of 28.6% (CI: 95% 17.8 — 42.5%) (n=49) was measured in this collection
of Apodemus. Comparison with other studies at this same site in years prior to
2011(Thomasson et al., 2011), which showed a prevalence of 40.78 (Cl: 95% 34.07
— 47.79%) (n=206), was of comparable magnitude as judged by the overlap of 95%
confidence levels. Furthermore, the prevalence was comparable with a further
collection of Apodemus from the same site (Bajnok et al., 2015) where a prevalence
of 34.92% (CI: 95% 27.14 — 43.59%) (n=126) was recorded. These high prevalence
are high considering that this study site (Malham Tarn Field Centre) has a low
estimated cat density (<2.5 cats/km?) (Hughes et al. 2008) and that the cat is the
definitive host. By comparison, other studies on an urban population of domestic
mice, Mus domestics, found in an area of high cat density (>500 cats km?) (Murphy
et al., 2008) had a higher prevalence of 59% (CI: 95% 50.13-67.87%) (n= 120)
(Marshall, 2004). While the presence of cats is higher in the urban population, there
is still a significant prevalence in the wild mice of Malham Tarn. This suggests that
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the parasite could be utilising mechanisms of transmission that bypass the cat
(Thomasson, 2011). The data provided here also support that notion. Vertical
transmission, by means of congenital transmission, has been suggested as a
possible mode of transmission that could explain this (Murphy et al., 2008; Wen et
al., 2016) although the importance of vertical transmission remains controversial
(Dubey et al., 1995; Dubey, Lindsay et al., 2009; Innes et al., 2009).

Dissection of the natural transmission cycles of Toxoplasma is complicated. The
parasite is found at high prevalence’s (approximately 30%) in several animal species
(Tenter et al., 2001), and 30% globally in humans (Pappas et al. 2009). It has also
been reported in all warm-blooded animals (birds and mammals) studied so far
(Tenter et al., 2001; Dubey, Lindsay and Lappin, 2009), including marine mammals
(Bigal et al. 2018) thus making it a highly successful parasite. An understanding of
the transmission cycles could help us to understand how the parasite is so
successful. Prevalence of infection is, of course, determined by the rate of transfer of
parasite from host to host but is also related to the susceptibility and resistance of

hosts to infection.

In laboratory mice, these mice are classically highly susceptible to infection with
Toxoplasma and typically die within a week, It is, therefore, very surprising that wild
mice, like the Apodemus studied here, harbour the parasite and are not killed.
Evolution should select out those mice infected. Therefore, there must be a difference

in resistance to the parasite in wild mice.

Studies in laboratory mice and rats have revealed interesting possible mechanisms
of resistance. Laboratory rats are highly resistant, while lab mice are highly sensitive.
Studies have shown that two enzymes, inducible nitric oxide synthase (iINOS) and
Arginase act in opposition to determine resistance to Toxoplasma ( Zhao, et al.,
2012). Rat peritoneal macrophages express high levels of iINOS and low levels of
arginase and are highly resistant to infection, while mouse peritoneal macrophages
express high levels of arginase and low levels of INOS and are highly sensitive. This

suggests that differences in expression of these two enzymes could affect resistance.

Furthermore, studies in rats have shown that different rat strains have different levels

of resistance (Wang et al., 2015) and that this resistance is correlated with the ratio
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of INOS expression to arginase expression (i.e. INOS/Arg). In the more resistant

strains, the rate is higher.

Further demonstration of the role of these enzymes can be found in a study by ( Zhao
et al.,, 2013). They showed that there was a difference in resistance between
peritoneal and alveolar macrophages from the same genetically inbred rat strain.
Peritoneal macrophages are resistant and have high iINOS/Arg ratios while alveolar
macrophages are not resistant and have low iINOS/Arg ratios. The other exciting thing
that this study reveals, therefore, is that epigenetic control of these enzymes occurs.
So resistance and sensitivity could be due to both genetic mechanisms (genetic
polymorphisms that influence expression) or epigenetic polymorphism (for example

changes in DNA methylation states).

These studies, therefore, suggest possible investigations in wild populations of mice
to establish the mechanisms of resistance. Control of gene expression often involves
the gene promoter region which interacts with protein complexes to switch the genes
on and off. The Apodemus system studies in this chapter could potentially be used
to investigate this further. for example, it would be possible to conduct DNA sequence
analysis of the INOS gene promotor and analysis of cytosine methylation patterns in
Toxoplasma infected and uninfected mice to investigate any possible variants that
could be linked to infection. These ideas form the basis of subsequent chapters.
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Chapter 4: PCR Amplification of the INOS & Arginase genes of
Apodemus sylvaticus

4.1 Introduction:

Parasitic infection by Toxoplasma gondii is one of the most frequent infections.
T. gondii can maintain an epidemic and spread amongst a broad spectrum of hosts
and includes all warm-blooded animals (Tenter et al., 2001; Luder et al., 2003). Based
on its distribution it is probably one of the most successful apicomplexan parasites.
While it may have some pathology in its definitive host, the cat, the main impacts of it
are on secondary hosts who are infected but not required to complete the life cycle. In
humans, significant problems can occur in immunocompromised people such as those
undergoing transplant therapy or have lower immunity due to AIDS/HIV infection.
Significant pathology is associated with foetuses born from pregnant women who are
infected during pregnancy when the parasite is transmitted to the foetus across the
placenta (Coutinho et al., 2012). The question as to what influences the susceptibility
or resistance of a host to the parasite is a complex one.
In order to persist with an infection, the host might need to have a weakened immune
system and this might either be due to an innate phenotype or immune-manipulation
by the pathogen. One mechanism, that has been shown to be important in mice and
rats, is the iINOS and Arginase expression systems. Typically, studies on inbred
laboratory mice strains have shown these mice to be highly susceptible to infection
and death caused by T. gondii (Zhao, et al., 2012). In the case of most inbred
laboratory rat strains, a higher degree of resistance to the parasite exists (Li et al.,
2012). These differences in resistance/susceptibility are due to differing levels of INOS
and Arginase gene expression in cells such as macrophages (Zhao, etal., 2012; Wang
et al., 2015). Both iINOS and Arginase use the same substrate (arginine) and generate,
respectively, nitric oxide (NO) or urea as a product. As NO is a powerful effector
against intracellular pathogens, macrophages expressing iNOS at a high level than
Arginase are resistant to T. gondii infection. In the study by (Zhao, et al., 2012), it was
shown that lab strains of mice have a low iNOS to Arginase balance of expression and
this is associated with a high level of infection.
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Conversely, rat strains have high iINOS expression and low arginase expression, and
this is correlated with a significantly higher degree of resistance. Furthermore, different
rat inbred lines have different levels of resistance, and the degree of resistance is
associated with the ratio of INOS/Arginase expression (Wang et al., 2015) This
suggests that these two antagonistic processes play a significant role in resistance or
sensitivity to T. gondii infection. Furthermore, additional studies comparing T. gondii
infection in different rat tissues (peritoneal macrophages vs alveolar macrophages)
showed differences in both resistance to infection and INOS/Arginase expression
profiles (Zhao, et al., 2012; Cai et al., 2013) Rat peritoneal macrophages are typically
highly resistant to T. gondii and have a high INOS/Arginase ratio of expression,
however, in alveolar macrophages, from the same rat inbred line, a high degree of
susceptibility to T. gondii infection and a low iINOS/Arginase ratio of expression was
observed (Zhao et al., 2013; Lun et al., 2015). As the genetic background of peritoneal
and alveolar macrophages are virtually identical in the same rat inbred line, then these
tissue-specific differences may be due to epigenetic modifiers that alter the
INOS/Arginase balance. Such a process of epigenetic modification could be a lead
into understanding the control of resistance/susceptibility to infection with T. gondii.
Susceptibility/resistance to T. gondii infection can be easily studied in laboratory
animals, but these studies generally take place on a small number of inbred lines. This
raises questions as to how the outcomes of these studies are reflected in natural
populations of animals which have a much greater genetic diversity. Given that many
studies demonstrate a high prevalence (around 30%) in many wild animal species,
adaptations to resistance, or at least tolerance, must have evolved. Unfortunately,
many of the tools and reagents needed for such studies are limited or non-existent for
wild animal species. A fundamental necessity, therefore, is to develop the tools
required for such analyses and to select suitable wild animal populations to study.
Some studies on T. gondii infection of wild rodents have been conducted at the
Malham Tarn Field Centre in the Yorkshire Dales (Thomasson et al. 2011; Bajnok et
al. 2015; Chapter 3, this thesis (Chapter 2, Table 2.1, Populations 2 and 3)) where a
prevalence of T. gondii of 41%, 35% and 25%, respectively, have been reported.
Collections of A. sylvaticus (wood mice), Myodes glareolus (bank voles) and Microtus
agrestis (field voles) are available from this area and offer the opportunity to develop

these tools. Very little is known about the iINOS/Arginase systems in these wild
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species; however, their relationship with lab mice (Mus musculus) offers the possibility
of developing these tools based on homology.

The laboratory studies conducted in mice and rats (Li et al., 2012; Zhao et al., 2013;
Gao et al.,, 2015), show that rats resist infection because they have a high
INOS/Arginase gene expression ratio — that is, they have an imbalance in favour of
INOS expression over Arginase expression. In these studies, the laboratory mice had
detectable deficient levels of INOS activity, had an extremely low iINOS/Arginase
expression ratio and consequently died relatively quickly from infection. If this situation
were mirrored in natural populations of mice, then we would expect to see no infected
mice at all — they would all be killed. To explain the parasite infection prevalence
reported, of 25 — 41% in the Malham Tarn collection site (Thomasson et al. 2011;
Bajnok et al 2015; Chapter 3, this thesis (Chapter 2, Table 2.1, Populations 2 and 3))
and other studies on natural populations, some mice, at least, must show a degree of
resistance to infection. It also raises the question as to whether this degree of
resistance might determine whether individual animals become infected or not. For
example, animals with a high iINOS/Arginase ratio would be expected to be more
resistant than those with a lower balance of these two enzymes. A very high
INOS/Arginase ratio might prevent infection completely (i.e. the animals would be
uninfected) while those with a lower ration might be susceptible to disease but not die.
If this were the case, then if we examined infected and uninfected mice, we might
expect to see the infected mice had a lower INOS/Arginase ratio (balance) than the
uninfected mice. If we have tools to be able measure the expression of INOS and
Arginase from A. sylvaticus, then this is a hypothesis that can be tested.

This chapter aims to develop tools to investigate iINOS and arginase expression and
to investigate the relationships with Toxoplasma infection in natural populations of

wood mice and voles.
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4.2

Objectives

. Design and test PCR primers for Arginase to amplify the homologous gene

from A. sylvaticus.

2. Sequence the amplified Arginase PCR products and confirm their identity.

. Compare the Apodemus Arginase sequence with the arginase gene from

Mus musculus

. Design and test PCR primers for INOS to amplify the homologous gene from

A. sylvaticus and to design PCR primers that will be specific for amplification
of INOS mRNA. Sequence the amplified INOS PCR products and confirm
their identity. Compare the Apodemus iINOS sequence with the INOS gene

from Mus musculus.

. Collect samples of A. sylvaticus and voles for use in DNA and RNA extrac-

tion and test for T. gondii infection using PCR based markers

. Develop tools for investigating INOS and arginase gene expression in A.

sylvaticus.

. Measure the expression of INOS and Arginase levels in T. gondii infected

Apodemus.
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4.3 Methods:

A. sylvaticus were trapped as described in Chapter 2 from the Malham Tarn
area and with ethical approval provided by the University of Salford (STR1718-32).
The mice used for the studies in this chapter are populations 2,3 and 4 (Chapter 2,
Table 2.1), where samples were specifically collected to enable analysis of both DNA
and RNA. DNA and RNA were extracted from brain and heart tissue by phenol-chlo-
roform methods or using bespoke kits as previously described. PCR primers were
designed as described below or taken from existing publications (Zhao, et al., 2012),
to enable amplification of the Apodemus genes for INOS and Arginase and to be able
to amplify expressed iINOS mRNA from cDNA. Furthermore, information was used
from a preliminary genome sequence for A. sylvaticus, which became available from
Liverpool University during this work, to assist with this process
(http://www.ebi.ac.uk/ena/data/view/GCA _001305905.1). PCR protocols, conversion
of MRNA to cDNA and gPCR methods are described in Chapter 2 or part of the de-
velopment section in this chapter. The strategy used to distinguish between mRNA
derived cDNA, and genomic DNA was to design primers that spanned introns so that
a smaller size band will be observed for mRNA compared to genomic DNA that in-

cluded introns.

76



4.4 Results:

4.4.1 PCR Amplification of the Arginase gene from Apodemus sylvaticus

Published arginase gene primers were available for Mus musculus and used in
several publications (Zhao, et al., 2012; Zhao, et al., 2012; Zhao et al., 2013; Zhao et
al., 2013; Guo et al., 2015; Qin et al., 2017; Shen et al., 2017) (Li at el 2012, Zhao et
al 2013, Wang et al 2014, Gao et al 2015, Shen et al 2017, Qin et al 2017). These
were initially tested to see if they could amplify the arginase gene from Apodemus.

Primer sequences are shown in table 4.1.

Table 4-1 Summary of primers used for PCR amplification of the INOS & ARG

genes in A. sylvaticus.

Primer name Forward Reverse Band Size Reference
Arginase 5/ AAGAAAAGG 5/CACCTCCTCT 201bpin Z.Lietal
ARGF/ARGR: CCGATTCACCT GCTGTCTTCC/3 Mus 2012,
/13, )
iINOSF / INOS 5GCCTCGCTC 5TCCATGCAGA 499%pin Z. Lietal
R TGGAAAGA 3 CAACCTT & Mus 2012
5/AATGTTCCAGA 5/GCCCCTCGC 410bp in
iINOS ATCCCTGGAC/3 TGCATCGG/3 Mus This study
AF1,/AR1:
INOS B, F2/R2: 5/AGCTCATCTTT 5/AAGTACGAG 468bp in  This study
GCCAC/3 TGGTTCCAGG/ Mus
3
iNOS C, 5'’AGAGGACAAC 5-TCCCAGGAG 604bpin This study
F3/R3: ATCCCAAGAAG- GCTAGGATAAA Mus
3 -3
iINOS, 5'GAGAAGCTGA J5'GCTTGTCACC 620 bp
cDNAF1/R1: AGCCCAAGAA3" ACCAGAAGTAG DNA
3 MRNA  This study
263bp
INOS, 5 5 619bp  This study
cDNAF2/R2: CACATCTGGCA ACCTTGGTGTT DNA
GGATGAGAAG 3 GAAGGCATAG MRNA
3 200bp
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To investigate whether the Arginase primers (Li et al. 2012; Table 4.1) could amplify
the gene from A. sylvaticus, the PCR was carried out on 24 Apodemus DNA samples
extracted from brain tissue. The expected band size for these published primers was
201bp based on the sequence of the Mus musculus arginase gene. An example of the
resulting gel electrophoresis is shown in figure 4.1. In some experiments, PCR results
were not precise and had to be repeated to obtain definitive results (e.g. sample 417,
figure 4.1). The majority of samples produced a single bright band. PCR amplicon
sizes were calculated by using a standard curve of molecular log size plotted against
mobility. After optimisation of PCRs and repeats a band size of 372 base pairs was
observed in all samples. The negative control lane remained clear. Results for each

Apodemus sample are shown in Table 4.2.

400bp  »

200 bp -

Figure 4-1 Gel electrophoresis of PCR amplification of the Arginase gene from
Apodemus Brain.

Gel electrophoresis of PCR amplification of the Arginase gene from Apodemus Brain
DNA. Lanes: 1= 1kb marker, 2= 417, 3= 419, 4= 420, 5= 437, 6= 438, 7= NC

negative control (water)
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Table 4-2 List of Apodemus samples and the band sizes of the PCR amplified
Arginase gene fragment.

Year of cap- Apodemus Sex Length  Weight (g) Arginase PCR

ture Number (cm) (band size
(bp))
2014 417 M 8 18 372
2014 419 F 8 22 372
2014 420 M 10.2 23 372
2014 422 M 7.2 14 372
2014 423 M 7.2 14 372
2014 424 M 6.5 13 372
2014 425 M 8.5 16 372
2014 426 M 6.8 15 372
2014 427 F 6.6 16 372
2014 428 F 7.4 17 372
2014 429 M 7.5 18 372
2014 430 M 8.2 13 372
2014 431 F 7.7 15 372
2014 432 F 8.6 19 372
2014 435 M 7 16 372
2014 436 M 8 16 372
2014 437 M 7 16 372
2014 438 M 7.2 19 372
2014 439 M 6.5 18 372
2014 440 M 5 14 372
2014 441 M 72 13 372
2014 442 M 8 20 372
2014 444 M 7.1 23 372
2014 445 M 9 19 372
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This work demonstrates that the published primers (Li et al. 2012) are capable of
amplifying a product from A. sylvaticus genomic DNA. However, a discrepancy exists
between the size of this band (372bp) and the expected size based on the Mus
musculus gene. Two possibilities therefore exist, either this is not the correct gene or
that the scope of this fragment of the Arginase gene is larger than its homologue in
Mus musculus. To investigate this question, it was necessary to sequence the PCR

amplicon.

To confirm that the right gene has been amplified, DNA from sample numbers 417,
428 and 438 were selected randomly for sequencing The DNA was cleaned up by
cleaning and purification of samples using Bioline kits (ISOLATE PCR and GEL KIT
Bio-52060) as described in the Materials and Methods. Cleaned up amplicons were
guantified, using a nanodrop spectrophotometer and sent for sequencing via a
commercial company (Source Bioscience — as detailed in Chapter 2). Fragments were
only sequenced using the forward primer. Sequence chromatograms were checked
by eye and corrected as necessary to obtain reliable consensus sequences. These
sequences were then analysed using the BLAST programme to determine the identity
of the chains. The consensus sequence of sample 417 (population: 2, 2014 collection,

see table 2.1), is shown in figure 4.2.
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AGTGATTTGCCCTTTTCTTTATGTTGTGGGAGGCCCATCGTATAGAGAAGGCCT
CTATATCCCAGAACAAATCTACCAGAAGGTAGGTAAACCTCAGGCCATAAAGC
AGCAGCTGTGTGCGCCTGGCCAATGGGTTTGCCGGCCCCCCCGACTAGACTGC
CTGTCACATGGTGTGACAGCTCAATGTCACCACTAGATACACTTGGGAGTCAG
TTGTCCCAAACTTTGAAAGGTCAGTTATTTTGATCCGCTATGTCATTATCACTTT
TTTCGTTGTACGGCTCCTTTCAGGACTAGATATCATGGAAGTGAACCCCAACTC
TTGGGAAGACCGCAGATGAGGTGATC

Figure 4-2 Consensus sequence for the Arginase.

Consensus sequence for the Arginase gene fragment from sample 417, (population:
2, 2014 collection, see table 2.1).

The sequence obtained was 348 bp long — considerably longer than the predicted
band size of 201 bp. The length of the fragment was shorter than the measured band
size of 372 bp. The latter would include the forward primer which will not be seen in
the sequence shown in figure 4.2 — so adding 20 bases for the forward primer raises
the length of the sequence to 368 bp. A region towards the end of the sequence
(shaded yellow) in Figure 4.2 is a strong (but not perfect) match with the reverse
complement of the reverse primer (AAGACAGCAGAGGAGGTG). Two bases within
the primer seem polymorphic when compared to the actual sequence derived from the
Apodemus amplicon. This presumably depicts the end of the amplicon, three bases
short of the total, making a fragment length of 365 base pairs. Given the experimental
error associated with measuring the band size from the gel, this corresponds well with
the estimated band size of 372 bp. It is assumed that the three bases beyond the
reverse primer, in the sequence, are artefactual and derived from some contaminating
sequence included within the sequencing chromatogram. At this end of the sequence
chromatogram, the peaks were becoming indistinct and thus subject to interpretation
error.

The sequence described above was used with the BLAST program to inspect the
NCBI databases to check the identity of the sequence. The results confirmed the

correct sequence (data not shown). This indicates that the right target sequence (Mus
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domestics arginase) is being selected as the most likely match with 94 % identity.
However, this is only over about 180 bp. The remaining half of the amplified sequence
(when BLAST is carried out separately with that half) does not match with anything in

the databases.

This suggests that the Apodemus gene is longer than the Mus homologue by around
180 base pairs. (This is consistent with the difference in the measured size of the PCR
amplicon (372bp) and the predicted band size for Mus (201bp) and also the difference
between the Apodemus sequence (365bp) and the matching sequence with Mus
arginase (180bp)). To investigate this further, we needed to see if there was any
existing detail on the Arginase gene sequence of Apodemus. At the time of writing, the
main NCBI and other databases did not possess sequence information for this gene
in Apodemus, however, in Liverpool, there was an ongoing unannotated and
incomplete Apodemus sequencing project underway
(https://www.ncbi.nim.nih.gov/assembly/GCA 001305905.1/). The sequenced
Apodemus amplicon was used to BLAST search the Apodemus genome project. This
produced a match, as shown in figure 4.3.

The identity is 95% and confirms that this A. sylvaticus arginase fragment is longer

than the equivalent in Mus domestics.
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Query 21  TGTTGTGGGAGGCCCATCGTATAGAGAAGGCCTCTATATCCCAGAACAAATCTACCAGA- 79

Sbjct 411 TGTTGTGGGAGGCCTATCGTATAGAGAAGGCCTCTATATCACAGAACAAATCTACAAGAC 470

Query 80  AGGTAGGTAAACCTCAGGCCATAAAGCAGCAGCTGTGTGCGCCTGGCCAATGGGTTTGCC 139

Sbjct 471 AGGTAGGTAAACCTCAGGCAATAAAGCAGCAGC--TGTGCGCTTGGCCAATGGGTTTGCC 528

Query 148 GGcccccccGACTAGACTGCCTGTCACATGGTGTGACAGTCAATGTCACCACTAGATACA 199

Sbjct 529 GGCCCCCAGGACTAGACTGCCTGTCACGTGGTGTGACAGACAATGTCACCACTAGATACA 588

Query 200 CTTGGGAGTCAGTTGTCCCAAACTTTGAAAGGTCAGTTATTTTGATCCGCTATGTCATTA 259

Sbjct 589 CTTGGGAGTCAGTTGTCACAGACTTTGAAAGGTCAGTTACTTTGATCAGCTATGTCATTA 648

Query 268 TCACTTTTTTCGTTGTACGGCTCCTTTCAGGACTAGATATCATGGAAGTGAACCCCAACT 319

Sbjct 649 TCACTTTTTTCGTTGTAGGGCTCCTTTCAGGACTAGATATCATGGAAGTGAA-CCCAGCT 707

Query 328 CTTGGGAAGA 329

Sbjct 708 CTTGGGAAGA 717
Figure 4-3 Alignment of the PCR amplicon from the brain tissue DNA of Apodemus.

Alignment of the PCR amplicon from the brain tissue DNA of Apodemus with a contig
from the preliminary Apodemus genome project. The query sequence is the
Apodemus Amplified DNA while the subject is the matched sequence from the
Apodemus sequencing project. There is a 95% sequence match.

These experiments demonstrate that the Mus musculus primers can amplify a frag-
ment of the Arginase gene from A. sylvaticus. However, the corresponding fragment

of the gene is longer in Apodemus than in Mus.

4.4.2 PCR Amplification of the INOS gene from Apodemus sylvaticus

To develop tools for the analysis of the INOS gene in A. sylvaticus, it is
necessary to develop PCR primer to amplify part of this gene. The gene in Mus
musculus is a large gene of around 50kb in size and is split over 27 exons and
therefore represents a complex challenge. The aim of this study is not to characterise

the entire gene but to develop a PCR base system that can be used in qPCR to
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guantify gene expression. What is ideally required are two sets of primers — one that
can distinguish only genomic DNA and the other that detects cDNA. This can be
achieved by designing PCR primers within intron sequences, that span an exon
(detects genomic DNA (gDNA)) and primers within adjacent exons that span an intron

(producing a truncated PCR product from correctly spliced cDNA copies of RNA).

Primers for gPCR detection of expression have already been published for Mus
laboratory strains of mice (Li et al. 2012) (Forward 5 GCC TCG CTC TGG AAA GA 3’
and reverse 5TCC ATG CAG ACA ACC TT 3’). Initially, these primers were tried to
achieve PCR amplification of a suitable fragment from Apodemus. Initial experiments
were conducted similarly to those aimed at establishing PCR amplification of the
arginase gene. Despite many PCR experiments and optimisation, the published
primers did not amplify anything from Apodemus DNA. Thus, it would be necessary to
design new PCR primers based on the annotated sequence of the INOS gene from

Mus musculus and the preliminary Apodemus genome sequence.

Several strategies were explored to design suitable primers. Typically, these involved
selecting regions of the Mus INOS gene, using the BLAST programme to identify the
homologous region from the partial Apodemus genome sequence and to use primer

design programmes to design appropriate PCR primers.
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4.4.3 PCR Amplification of the INOS gene from Apodemus using primers
AF1 and ARL1.

Based on the Mus sequence and corresponding preliminary Apodemus
genome sequence, primers AF1 and AR1 were designed AF1:
AATGTTCCAGAATCCCTGGAC, AR1: GCCCCTCGCTGCATCGG, (Table 4.1). This
primer was designed to cover exon 13 and regions of exon 15 regions of the

Apodemus seguence.

PCR amplification was carried out as described in chapter 2, and a range of annealing
temperatures was used to determine the optimum: 52°C — 63°C. A band size of 499bp
is predicted from the genomic sequence. The result is shown in Figure 4.6. This shows

that there was no amplification at any of the annealing temperatures tried. Another

experiment also failed to get this primer pair to anneal.

12 34 5 6 78 910101218

Figure 4-4 PCR amplification of the INOS Primers AF1/AR1 using Apodemus genomic
DNA.

A range of PCR annealing temperatures, across a gradient (52°C — 63°C), using gDNA
from Apodemus heart tissue DNA as a test set. The sample came from mouse number
415. Lanes, 1= 1k ladder, 2= 520C, 3=530C, 4=540C, 5= 550C, 6= 560C, 6= 570C, 8=
580C, 9=590C, 10=600C, 11=610C, 12= 620C, 13= 630C. Negative control was also
run — not shown. This primer has failed to amplify the target gene sequence.

It appears there is no amplification at all, under any conditions, which means that this
primer does not work with Apodemus DNA and therefore cannot amplify the INOS

gene.
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4.4.4 PCR Amplification of the INOS gene from Apodemus using primers
INOSBF2 and iINOSBR2.

Based on the failure of the AF1 and AR1 primers, the second set of INOS
primers were designed using the same approach (see Table 4.1). These primers were
based on exon B: F2: AGCTCATCTTTGCCAC, R2: AAGTACGAGTGGTTCCAGG,
expected band size: 468 was predicted. PCR amplification was carried out on genomic
DNA from mouse 417 (heart tissue DNA), using a temperature gradient Figure 4.7
shows the results. No band of the expected size was found in any of the PCR
conditions which spanned a generous range either side of the predicted annealing

temperature. Further experiments failed to amplify from these primers

D3y 4 8 67 8 510 0B

Figure 4-5 PCR amplification of the iINOS Primers BF2/BR2 using Apodemus
genomic DNA.

A range of PCR annealing temperatures, across a gradient (52°C — 63°C), using
gDNA from Apodemus heart tissue DNA as a test set. The sample came from mouse
number 417. Lanes, 1= 1k ladder, 2= 52°C, 3=53°C, 4=54°C, 5= 55°C, 6= 56°C, 6=
57°C, 8= 58°C, 9=59°C, 10=60°C, 11=61°C, 12=62°C, 13= 63°C. Negative control
was also run — not shown. This primer has failed to amplify the target gene sequence.

These results show that these primers are unsuitable for use with Apodemus DNA for

amplification of the INOS gene
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4.4.5 Design of new PCR primers based on Exon 6 of the INOS gene.

To improve the chances of finding appropriate PCR primers to use as tools for
the amplification of the INOS gene from gDNA, a strategy was developed to design
primers around exon 6 of the gene. This region appeared to have suitable homology
between the Mus gene sequences and those of Apodemus. Bioinformatic analysis of
the locations of exon six was carried out by examining the Mus genome for the
appropriate region (Figure 4.11). A pair of primers were chosen and compared with
the Apodemus preliminary genome sequence to ensure that they matched exactly.
The primers were then checked for hairpins and possible primer-dimer formation.
Since the primers are within the introns flanking exon 6, they will only amplify genomic
DNA and not cDNA. So in addition to acting as a PCR amplification method for the
Apodemus iINOS gene, it can also be used to confirm the presence/absence of
genomic DNA contamination of cDNA as a pure sample of cDNA derived from RNA
should not contain these intron regions. The primers, INOS CF3 and iNOS CR3 are
shown in Table 4.1. Comparisons of the proposed amplicon from Mus and Apodemus
are compared in Figure 4.8. Exon 6 is 163bp in Apodemus and longer (203bp) in Mus
which means that the predicted amplicon sizes in both species are 566 and 604bp

respectively.
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Mus musculus targeted KO-first, conditional ready, lacZ-tagged mutant allele Nos2:tm1a(EUCOMM)Wtsi: transgenic

GenBank: JN931303.1
GenBank  FASTA
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Figure 4-6 Graphic derived from the NCBI database showing exon 6 of the INOS gene from Mus musculus.

The grey bar in the middle of the diagram shows the location of exon 6.
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Forward > >>>-----566 bp <-<<< Reverse
Intron Exon no: 6, length 163 bp Intron
Apodemus sylvaticus

Exon no :6 inmus 14382..14544,
Transcript: Nos2-203

ENSMUSEQ0000266822, Chromosome 11

Figure 4-7 Schematic showing the proposed amplicons and primer design strategy
for primers CF3 and CR3.

The upper diagram shows the Apodemus gene as derived from the bioinformatic
analysis. Exon 6, the middle yellow section, is shorter than the equivalent exon in
Mus musculus (lower diagram, white panel). The green bar indicates the proposed
amplified fragment from both species.

4.4.6 PCR amplification of Apodemus DNA using the CF3/CR3 iINOS
primers.

This pair of primers (see Table 4.1) was designed as described above and
covered part of intron 6, exon 6, and part of intron 7. PCR amplification was carried
out as before at a range of temperatures, and an optimum annealing temperature of
54° C was determined (data not shown). An expected band size of 604bp in Mus and
566bp in Apodemus were predicted. Figure 4.10 shows the resulting gel for a range
of heart DNA samples taken from several different Apodemus animals (Population 2,
table 2.1). A band size of 566 was seen in most of the samples. Some samples
produced a smeared band that appeared a different size (e.g. lanes 5, 8,11) — it is
thought that these were due to either overloading or sample preparation since they
were not consistent in other experiments (where a band of 566 was seen for these

samples).
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Figure 4-8 PCR amplification of the INOS Primers CF3/CR3, the expected band size of this
primer is around 566 bp, using Apodemus gDNA.

PCR amplification of gDNA from Apodemus heart tissue DNA from different animals.
Numbers refer to the animals used. Lane 1= 1k ladder, 2= 440, 3= 413, 4= 414, 5= 415, 6=
416, 7= 417, 8= 419, 9= 420, 10= 421, 11= 422, 12= Negative control consisting of Hz20.

This shows that these set of primers work correctly and amplify a band of the correct

size from Apodemus.

90



4.4.7 Design and evaluation of an INOS gene cDNA specific primer

The INOS gene expression has been shown to increase the resistance of ro-
dent hosts to Toxoplasma. To develop tools for detecting INOS mRNA, levels in A.
sylvaticus, it is necessary to have a PCR methodology that can semi-quantitatively
identify cDNA reverse transcribed from expressed mRNA. The strategy involves de-
signing a primer that can amplify both the genomic DNA and cDNA created from
MRNA. By developing a primer that spans two exons, PCR amplicons generated from
cDNA will be shorter than those produced from genomic DNA because the intron will
have been spliced out. To achieve this, two primers, INOScDNAF1 and iINOScDNARL1
were designed (see Table 4.1: (5° GAGAAGCTGAAGCCCAAGAA 3’and 5 GCTT-
GTCACCACCAGAAGTAG 3’) around exon 13 - 15 from the Mus genome sequence.
The forward primer is located 31 bp from the beginning of exon 13, (Accession no:
23690.23884), while the reverse is located 49 bp from the start of the exon 15, (Ac-
cession no: 24899.25003). Thus spanning three exons and two introns. The expected
size of the genomic fragment (QDNA) is 757 bp, while the cDNA generated from the

spliced exon is expected to be 263bp. Figure 4.11 summarises this strategy.

A: During normal PCR Amplification

Exon 13 Intron Exo 14 Intron Exon 15

50 bp 410 bp 144 bp 84 bp 69 bp

T : 2

B: During cDNA PCR Amplification

Exon 13 Exo 14 Exon 15
50 bp 144 bp 69 bp

Figure 4-9 Procedure for the development of the INOS cDNA specific primers.

The top A bar shows the expected fragment generated from the genomic DNA
(derived from accession number NCBI AF427516.1) which gives a total PCR
fragment 757 bps. The middle B panel explains the arrangements of joined Exons
50 bp of exon 13, all the exon 14 about 144 bp, and 69 bp of 15 with the associated
introns. In addition to that lower panel shows the joined exons when the mRNA has
been spliced and converted to cDNA approximately 263 bp.

91



PCR amplification and optimisation were carried out using the primers, following
protocols described in Chapter 2, with a range of annealing temperatures between 52-
63°C. Figure 4.12 shows the amplified PCR products detected on a 2% agarose gel.

1 2 3 4 5 6 7 8 9 10 11 12 13 14

Figure 4-10 Agarose gel electrophoresis of products produced by primers
INOScDNAF1 and INOScDNARL.
A 2 % agarose gel showing PCR amplicons from genomic DNA from Apodemus 417

at different annealing temperatures. Lanes: 1= 1kb ladder, 2= 52°C, 3=53°C,
4=54°C, 5= 55°C, 6= 56°C, 6= 57°C, 8= 58°C, 9= 59°C, 10= 60°C, 11= 61°C, 12=
62°C, 13=63°C C°. 14= Negative control.

In this PCR, the INOS primers successfully amplified from gDNA at all annealing tem-
peratures and produced a band of the expected size of 757bp for genomic DNA. At
the range of annealing temperatures used, indicates that 58-60°C is probably the op-
timum annealing temperature. This shows that a set of primers have been developed
that are capable of distinguishing genomic and cDNA and work in amplification of ge-
nomic DNA. The next stage is to evaluate their use for the detection of cDNA in the

semi-quantification of mRNA expression.
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4.4.8 Evaluation of the INOS cDNAF1 and iNOScDNAR1 primers as for
PCR tools to distinguish amplification of genomic and cDNA from
Apodemus samples.

To test the INOS cDNA F1 and iNOS cDNA R1, for the ability to distinguish
amplification of genomic DNA and cDNA (i.e. from splice-edited mRNA), DNA and
RNA were extracted from Apodemus heart tissue from mice samples H368 and H369.
DNA was extracted using the DNeasy kit from Qiagen, as described in Chapter 2, and
RNA extraction and conversion to cDNA was also carried out using Qiagen commer-
cial kits as described in Chapter 2.PCR amplification of both prepared gDNA and
cDNA, from Apodemus 2 and 3, was carried out using the iINOS cDNAF1 and iNOS
cDNAR1 primers, with an annealing temperature of 54°C, and run on a 2 % agarose

gel. The results are shown in Figure 4.13.

600 bp —»
400 bp >

200 bp—»

Figure 4-11 PCR amplification of gDNA and cDNA using primers iNOS cDNA F1
and iINOS cDNA R1.
Lanes: 1= 1kb hyper ladder, PCR products from gDNA which also contain intron,

thus give a larger band size, from Apodemus: lane 2 = H368, lane 3= H369
respectively; while lanes 4 and 5 = PCR products from cDNA (derived from mRNA),
which is lacking the exons, using Apodemus Heart tissues,(population 2, table 2.1)
lane 4 = H368, lane 5 = H369, lane 6 = negative control.
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The same primer pair has successfully amplified amplicons from both the gDNA, and
RNA converted to cDNA. The cDNA amplification (lanes 4 and 5) produced a smaller
band (shorter fragment) which comprises the spliced exons and is 260bp and corre-
sponds to the expected size of 263bp. The gDNA amplified a band of 757bp which
corresponds to the predicted size (757bp). The negative control produced no band as
expected. This demonstrates the flexibility of this set of primers to be used for both
DNA and cDNA PCR amplification. It also offers the opportunity to be able to check
the purity of cDNA preparations because impure cDNA, when running on a gel follow-

ing PCR amplification, will show up the contaminating band at 620bp.

To confirm that the cDNA has been correctly generated and amplified, the bands were
purified and sent for sequencing. The sequence was returned, as a chromatogram,
examined using the programme Finch TV and errors or unallocated bases were cor-

rected to generate a consensus sequence (see Figure 4.12).

AGCTTCCGTGCTAATGCAAAAAGTCATGGCTTCCCGAGTCAGAGCCACAGTCCTC
TTTGTACTGAGACAGGGAAATCCGAGGCGCTAGACAGGGACCTGGCGGCCTTGT
TCAGCTATGCCTTCAACACCAAGGTTGTCTGCATGGACCAGTATAAGGCAAGCGC
CTTGGAAGAGGAGCAGCTACTTCTGGTGGTGACAAGCA

Figure 4-12 Figure 4.17 DNA Sequence.
Sequence result of the PCR products received from source Biosciences analysis of

the PCR amplicons from the cDNA amplification using primers iNOScDNAF1 and
INOS cDNARL1, these are a more evident sequence about 200bp, while the rest of
63 bs were cut off from the beginning and at the ends, because there is an Ns which
is a noise, that not chromatogram at the sequences, and not included for the align-
ments.

The consensus sequence was analysed using the program blast against the NCBI

web site to confirm that this is the right gene and is the iINOS gene.
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However, the INOScDNAF1 and iINOScDNARL1 primer amplicon from cDNA was a
match with Mus caroli nitric oxide synthase 2 (NOS2, synonymous with iNOS), tran-
script variantX3, mRNA (Accession number: XM_021176044.1). This confirms that the
cDNA target has been successfully amplified. Furthermore, alignment of the amplified
sequence (Figure 4.13) with the sequence in XM_021176044.1 shows a very high
similarity with only a few SNPs. These are presumably differences between the Mus

and Apodemus genes.
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https://www.ncbi.nlm.nih.gov/nucleotide/1195676602?report=genbank&log$=nuclalign&blast_rank=1&RID=0SFU2PVC015
https://www.ncbi.nlm.nih.gov/nucleotide/1195676602?report=genbank&log$=nuclalign&blast_rank=1&RID=0SFU2PVC015

Query 2 GCTTCCGTGCTAATGCAAARAAGTCATGGCTTCCCGAGTCAGAGCCACAGTCCTCTTTGCT 61

Frerrrrrerrerrer v revrerrr e ey rreer e e e e
Sbjct 1458 GCTTCCGTGCTAATGCGARAGGTCATGGCTTCCCGGGTCAGAGCCACAGTCCTCTTTGCC 1517

Query 62 ACTGAGACAGGGAAATCCGAGGCGCTAGACAGGGACCTGGCGGCCTTGTTCAGCTATGCC 121

Frerreer reeer e e re rerr rerrerrrreer  rerrrrrrrerrr el
Sbjct 1518 ACTGAGACGGGGAAGTCTGAAGCACTAGCCAGGGACCTGGCCACCTTGTTCAGCTACGCC 1577

Query 122 TTCAACACCAAGGTTGTCTGCATGGACCAGTATAAGGCAAGCGCCTTGGAAGAGGAGCAG 181

FEEEEEET e e e e e e e e e e e e e e e e e e e e el
Sbjet 1578 TTCAACACCAAGGTTGTCTGCATGGACCAGTATAAGGCAAGCGCCTTGGAAGAGGAGCAA 1637

Query 182 CTACTTCTGGTGGTGACAAGCA 203

ARERRRNRERRRNNAA Y
Sbijct h638 CTACTGCTGGTGGTGACAAGCA 1659

Figure 4-13 Alignments of Apodemus INOScDNAF1 and iNOScDNAR1sequences

from the BLAST search to the top match.

There is 93 % the identity between the sequences. The primers designed for

detection of both of gDNA & cDNA have worked and can now be used for semi-
quantitative PCR of cDNA derived from expressed messenger RNA. However, there
is some mutation or called varied SNPs to the Mus where there is no presenting a
vertical line.
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4.4.9 Evaluation of the INOS cDNA F2 and iINOS cDNA R2 primers as
for PCR tools to distinguish amplification of genomic and cDNA from
Apodemus samples.

As difficulties were experienced in designing primers for the INOS gene in gen-
eral, the second set of primers were developed in parallel with the INOS cDNA F1/R1
primers to provide a backup methodology. These have been named iINOS cDNA
F2/R2. These second primers have been designed in a similar way to the F1/R1 pri-
mers. The primers amplify 66 bp from exon 13 & 144 bp from exon 14 producing a
total band size 210 bp, Figure 4.14 shows the final cDNA amplified consists of exon
13 & 14, when generated from cDNA., When generating amplicons from gDNA, by
PCR, an expected band size 620 bp is produced.(Apodemus Heart tissues, (Popula-
tion 2, Table 2.1)).The results of the PCR products shown in Figure 4.15.

A: During normal PCR Amplification

Exon 13 | Intron Exo 14

66 bp 410 bp 144 bp

1 T

B: During cDNA PCR Amplification

Exon 13 | Exo 14
66 bp 144 bp

Figure 4-14 Strategy for the development of the INOS cDNA specific primers.
The top A bar shows the expected fragment generated from the genomic DNA

(derived from accession number NCBI AF427516.1) which gives a total PCR
fragment 620 bps. The middle B panel explains the arrangements of joined exons
13 of 66 bp, and all of the exon 14 which is about 144 bp. in addition to that lower
panel shows the joined exons when the mRNA has been spliced and converted to
cDNA approximately 210 bp.
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600bp

400 bp—»

200 bp—>

Figure 4-15 4.21 PCR amplification of gDNA and cDNA using primers iNOS cDNA
F2 and iN-OS cDNAR2.

Lane 1= 1k hyper ladder, lane 2= H368, lane 3= H369, lane 4= H370, lane 5= H371,
lane 6= negative control, these samples in the lanes 2,3,4,5, are RNA was treated
by Turbo DNase, 6= negative control, lane 7= H368 and lane 8 = H369, these are
gDNA achieved 620bp, of Apodemus Heart PCR, lane 9= H368 and lane 10= H369
of the mMRNA TURBO DNA treated samples of Apodemus Heart converted to cDNA
using Qiagen reverse transcriptase cDNA enzyme, expected band size of the Poly-
merase chain reaction approximately 210 bp from the cDNA.

Figure 4.15 shows PCR products of INOS F2/R2, amplified from Apodemus RNA and
DNA. Lanes 1,2,3,4,5, lanes contain RNA that was treated with Turbo DNase - this
enzyme removes any contaminating DNA from RNA preparations. The lack of ampli-
fication demonstrates that RNA preparation is indeed DNA free. Lanes 7 and 8 contain
gDNA to prove that the PCR can work and shows the larger band size of 620 bp rep-
resenting the amplified exon and intron sequences. Lanes 9 and 10 show cDNA that
was synthesised from the A. sylvaticus RNA. This demonstrates that cDNA synthesis
has worked successfully. A band size 210 bp is produced by amplification of just the

exons.

This demonstrates that both of the specific primers have worked and will detect the
INOS gene either is amplified from either gDNA or cDNA.

98



4.4.10 Preparation of RNA samples from infected and uninfected
rodents.

To investigate the expression of the INOS gene in relation to infection with
Toxoplasma gondii, RNA is required from mouse brain tissue. As the previously
characterised Apodemus were not collected and prepared with the aim of RNA
extraction in mind, another collection of animals was made. This included 8 A.
sylvaticus and four voles. DNA and RNA were extracted from the brain tissue of these
animals. These were then tested for T. gondii infection using the DNA and examined
for expression of INOS and Arginase using the RNA.

For Toxoplasma detection, DNA was extracted from the twelve brain samples as
described in Chapter 2. (Population 4, Table 2.1). RNA was extracted using the
Qiagen RNase Fibrous Tissue Mini Kit for RNA extraction as described in Chapter 2.
SAG2 PCR amplification was used on the DNA samples to test for the presence of
Toxoplasma. Figure 4.16 below shows the results. This PCR was repeated twice

more, and vole five and Apodemus 10 and 12 were infected.

1 2 3 4 3 6 7 8 9 10 11 12 13 14

Figure 4-16 PCR Amplification using the SAG2 gene (2nd round) for Toxoplasma
detection.
Lane 1, is1Kb ladder, extracted DNA from brain tissue, lane 2 = Vole 1, 3= Vole 2,

4 = Apodemus 3, 5 = Apodemus 4, 6 = Vole 5,7 = Vole 6,8 = Apodemus 7,9 =
Apodemus 8, 10= Apodemus 9, 11= Apodemus 10, 12= Apodemus 11, 13 =
Apodemus 12, 14 = Negative control (H20), Bands can be seen in animals 5,10
and12 indicating that they are infected.
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Table 4-3 Summary of SAG2 Toxoplasma Infection Status

Mouse no Species Diagnosis of Toxoplasma
1 VOLE Not Infected
VOLE Not Infected
3 APODEMUS Not Infected
4 APODEMUS Not Infected
5 VOLE Infected
6 VOLE Not Infected
7 APODEMUS Not Infected
8 APODEMUS Not Infected
9 APODEMUS Not Infected
10 APODEMUS Infected
11 APODEMUS Not Infected
12 APODEMUS Infected

RNA extraction was performed on the remaining pieces of the brain tissue samples.
The concentration of RNA was measured using a nanodrop spectrophotometer (Table
4.4).
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Table 4-4 Concentrations of Brain RNA.

RNA ConC

Mouse no ng/ul A260 A280 260/280 260/203 Factor
1V 941.9 23.548 11.185 2.11 3.22 40.00
2V 952.6 23.815 11.191 2.13 2.81 40.00
3A 360.3 9.007 4.240 2.12 1.48 40.00
4 A 361.4 9.035 4.264 2.12 1.45 40.00
5V 517.3 12.932 6.257 2.07 2.98 40.00
6V 970.3 24258 11.442 2.12 2.81 40.00
7A 2745 6.861 3.373 2.03 2.86 40.00
8A 742.1 18.552 9.005 2.06 2.02 40.00
9A 543.2 13.581 6.429 2.11 3.94 40.00
10 A 94.1 2.353 1.088 2.16 13.80 40.00
11 A 483.0 12.074 5.757 2.10 2.59 40.00
12 A 503.8 12.595 6.000 2.10 2.34 40.00

Sufficient quantities of RNA were extracted from each brain sample. Furthermore, to
confirm the concentrations as determined using the nanodrop spectrophotometer, 9pl
of the RNA samples were examined by gel electrophoresis (Figure 4.17). RNA could
be seen in all lanes as judged by bands representing the 28S and 18S RNA.
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1 2 3 4 5 6 7 8 9 10 11 12 13

S00bp

200bp

Figure 4-17 Agarose gel electrophoresis of RNA extraction.

Lane 1 is the 1Kb is a ladder, RNA extractions as follows: lane 2 = Vole 1, 3= Vole
2, 4 = Apodemus 3, 5 = Apodemus 4, 6 = Vole 5,7 = Vole 6,8 = Apodemus 7, 9
= Apodemus 8, 10= Apodemus 9, 11= Apodemus 10, 12= Apodemus 11, 13 =
Apodemus 13. first band at 600 bp is the 18S RNA, while, the band at 800 bp is the

28S RNA.

Figure 4.17 confirms the presence of RNA and shows that it is of good quality. This

RNA can be used for quantitative PCR (qPCR) measurement of gene expression.
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4.4.11 Quantification of INOS and Arginase RNA levels

Firstly, the RNA was converted to cDNA, which is a more stable and suitable
template for RNA measurement by gPCR., cDNA was made using a Qiagen kit as
described in Chapter 2. gPCR was carried out using a Retrogene qPCR machine from
Qiagen. Each sample was measured in four replicates using fluorescent primers to the
INOS (iNOS cDNAF1/R1, table 4.1), Arginase (Z Li et al. 2012; Table 4.1) and tubulin
(internal control) genes. Dilutions of each sample were used as follows: 1/10, 2/10,
3/10, The tubulin gene primers were included as internal controls and water were

included as a negative control in all experiments.

The results for the g-PCR amplification were collected, and all three genes (iNOS,
Arginase and tubulin) had a good best fit with R? values as follows: 0.905, 0.931 and
0.993, respectively. The results of the amplification and measurements are shown in
Table 4.5.

Table 4.5 indicates the animal number and the species (Vole or Apodemus) and the
infection status with Toxoplasma. In columns 3-5, the CT values (mean of 4 replicates)
of the three genes (INOS, Arginase and tubulin) are shown. Using the internal tubulin
control, these have all been corrected so that they represent expression levels relative
to each other (Column 6, Arginase; Column 7, iINOS; Column 9, tubulin control). It has
been shown (Gao et al., 2015) that the sensitivity and resistance of rodent hosts to
Toxoplasma is related to the ratio of the expression of iINOS/Arginase. Column 8
shows the INOS/Arginase ratios for each animal. These latter values have been

calculated from the corrected relative expression levels.
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Table 4-5 Summary of the Expression Level s of ARGINASE and iNOS.

Argf{Ct iNOS/Ct Control Corrected Corrected Ratio Corrected
Mean Mean Ct Ct Arg CtiNOS iNOS/Arg Control
1v - 15.596 | 18.413 11.92 15.60 18.41 1.18 11.92
2V - 15.123 18.06 13.12 16.65 19.88 1.19 11.92
3A - 15.816 | 15.776 12.46 16.53 16.49 1.00 11.92
4 A - 15.063 | 14.823 12.67 16.01 15.76 0.98 11.92
5V + 13.903 | 13.956 13.05 15.22 15.28 1.00 11.92
6V - 14.563 19.68 11.38 13.90 18.79 1.35 11.92
TA - 15.25 17.95 15.95 20.41 24.02 1.18 11.92
8A - 14.936 | 14.566 11.25 14.10 13.75 0.98 11.92
9A - 15.143 18.75 13.08 16.62 20.57 1.24 11.92
10A + 13.823 12.7 12.89 14.95 13.73 0.92 11.92
11A - 14.36 20.673 9.9 11.93 17.17 1.44 11.92
12 A + 15.323 12.7 8.83 11.35 9.41 0.83 11.92

From Table 4.5, it can be seen that the INOS/Arginase ratios range from 0.83 to 1.44
and that the infected animals have a broadly lower rate of INOS to arginase than the
uninfected animals. Analysis of the distributions of the infected compared to the
uninfected animals were compared. The data did not conform to a normal distribution
(tested using a Shapiro-Wilks Test) and therefore a Mann-Whitney U-Test was
conducted. This showed that there was a significant difference between infected and
uninfected animals (P=0.05). The infected animals had a higher iNOS to Arginase ratio
(Figure 4.18).
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Figure 4-18 Box and whisker plot.

Box and whisker plot of the mean iINOS/Arginase ratios. The orange box represents
infected animals, while the blue box is uninfected. There is a standard error of the
means of 0.054 for the non-infected INOS/Arg ratios and a standard error of 0.05 for
the infected mice. There is a significant difference between the distribution of the
INOS/Arginase ratios (P= 0.05), of the infected and uninfected animals (Mann-
Whitney U-Test).

Figure 4.19 shows the distribution of the Arginase and iNOS levels in both infected
and uninfected animals. It can be seen that in the infected animals, the Arginase ex-
pression is higher than the iINOS expression, while in the uninfected animals the Ar-

ginase expression is lower than the INOS expression.
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Figure 4-19 Bar chart showing the mean, corrected INOS and Arginase expression
levels.

The yellow and orange bars show the mean iINOS and Arginase expression levels
in infected animals, respectively, while the blue and light blue bars show the
Arginase and iINOS expression levels in the uninfected animals.

Since the 12 animals used in this study were from different species (Apodemus and
voles), these results may be confounded by mixing the species. To eliminate the effect
of that, the INOS/Arginase ratios were considered only on the 8 A. sylvaticus brain
samples. Figure 4.20 shows a box and whisker plot of the INOS/Arginase ratios for the
8 Apodemus samples (2 infected and six uninfected). Again, there is an observable
difference between the distribution of INOS/Arginase ratios of infected and uninfected
Apodemus however this was a very small sample size and only approached
significance (P = 0.065). This provides evidence that iINOS/Arginase ratios are

different between the infected and uninfected animals.
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Figure 4-20 Box and whisker plot of the mean iINOS/Arginase ratios.

Box and whisker plot of the mean iINOS/Arginase ratios. The orange box represents
infected animals, while the blue box shows uninfected animals. There is a standard
error of the means of 0.054 in non-infected INOS/Arg ratios and a standard error of
0.05 for the infected mice. There is not a significant difference between the
distribution of the INOS/Arginase ratios (P= 0.065), although this approaches
significance, of the infected and uninfected animals.
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4.5 Discussion

This chapter aimed to measure the gene expression of iINOS and Arginase,
with regards to diagnosing and investigating Toxoplasma infection of the Apodemus
samples. DNA and RNA were extracted from brain tissues, from Apodemus and voles
from the Malham Tarn area, and high yields were obtained for both nucleic acids. Use
of the SAG2 PCR marker to test for Toxoplasma presence shows a prevalence of 25%
of the animals infected (2/8 Apodemus; 1/4 voles). Gel electrophoresis was used to
confirm that the RNA was of good quality as judged by the bright 18S and 26S bands.
Primers were chosen for the Arginase gene to amplify the homologous gene from A.
sylvaticus, based on the Mus musculus primers used in a previous study (Z. Li, Z. J.
Zhao, et al., 2012), The PCR product was sequenced and confirmed the identity with
95% similarity to the arginase gene from Mus musculus.

Previously designed PCR primers from the iNOS gene of M. musculus (Z.Li et al.,
2012) failed to amplify the homologous gene from A. sylvaticus. Several combinations
of primers were tried before a set of successful primers were designed which could
distinguish between A. sylvaticus genomic DNA and cDNA generated from reverse
transcriptase conversion of RNA. Sequencing of the amplified INOS PCR products
from the DNA and cDNA, outcomes confirmed their identity and showed that the
portion of the Apodemus INOS gene was 94% similar to the INOS gene from Mus
musculus. Thus, these tools could be used for investigating INOS and arginase gene
expression in A. sylvaticus.

The results confirm that the uninfected animals had a higher expression level of the
INOS relative to the lower level of arginase. In the case of the infected animals, the
expression level of the Arginase gene was higher than the INOS gene when measured
using gPCR. Previous studies have shown that a determinant of sensitivity and
resistance to T. gondii infection is the ratio of INOS/Arginase expression — a high ratio
appears to confer resistance while a lower rate, sensitivity. In this study, the infected
animals had a significantly lower INOS/Arginase ratio than uninfected animals
(P=0.05). As these experiments were conducted on 12 animals of mixed species (A.
sylvaticus and voles), there is the possibility that the mixture of species was
responsible for confounding this analysis. To address this, the 8 Apodemus mice were

examined separately. Of these, two were infected while six were not. When the
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INOS/Arginase ratios were calculated, there was, again, an observable difference
between the uninfected (higher rate) than the infected but due to the small sample size
this only approached significance (P=0.065).

In previous studies in mice and rats (Li et al., 2012; Zhao et al., 2013; Gao et al., 2015)
expression at high levels of inducible nitric oxide synthase (iNOS) prevented infection
in rats but did not in mice. The laboratory mice inbred lines had low iINOS activity, were
very sensitive to infection with Toxoplasma and died quickly. The balance of INOS and
Arginase expression, two enzymes that share the same substrate Arginine, determine
whether a cell or tissue produces either nitric oxide (NO) (high INOS expression) or
urea (high Arginase expression). The former is known to Kill intracellular pathogens
including Toxoplasma. Differences in resistance, to Toxoplasma, in different inbred rat
lines, has been correlated with the ratio of INOS to Arginase gene expression. These
studies in laboratory rodents highlight the importance of these enzymes in infection,
but very little is known about the role of these infections in natural populations of
rodents.

There have been a wide range of studies on Toxoplasma infection in rodents where
often high prevalence have been reported (e.g. (Marshall, 2004)) with a number of
studies based, primarily on A. sylvaticus around the Malham Tarn Field Centre in
Yorkshire, UK (Thomasson et al. 2011; Bajnok et al. 2015; this study, Chapter 3, 4).
In these latter studies, prevalence of between 25 — 41% have been reported: 40.78%
(Cl: 95% 34.07 — 47.79%; n=206) (Thomasson et al. 2011), 34.92% (CI: 95% 27.14
— 43.59%; n=126) (Bajnok et al. 2015), 28.6% (CIl: 95% 17.8 — 42.5%; n=49) (this
study, Chapter 3), 25 % (CI: 95% 8.2 - 53.8%; n=12) (this study, this chapter).

If these wild Apodemus behaved in the same way as the laboratory mice and had
shallow iINOS levels, they would become infected and die quickly. So there clearly
must be some inherent resistance which at least allows them to survive. Furthermore,
the uninfected mice could either be uninfected because that have not been exposed
to the parasite or because they have a higher degree of innate resistance to the
parasite. As the INOS/Arginase gene expression balance determines resistance and
sensitivity in laboratory model systems, this question could be investigated in the wild
Apodemus and voles used in this study. As described above a significant difference
was observed in the INOS/Arginase ratios thereby supporting the hypothesis that
uninfected mice are associated with higher iINOS/Arginase ratios while infected mice
have lower rates. In the study of (Zhao, et al., 2012; Zhao et al., 2013), INOS RNA
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expression was undetectable in 4 laboratory strains of mice (Swiss, BALB/C, C57BL/6
and NIH) giving iINOS/Arginase ratios of, respectively, 0/2.6; 0/2.5; 0/2.4 and 0/2.6 —
giving proportions effectively of zero. In these mice, death occurred in, respectively, 6,
5, 7- and 6-days post-infection. In the case of the wild infected mice the ratio was much
higher, at 0.92, while the wild infected mice were (significantly) higher still at 1.17.
While the age of the wild mice could not be determined, they were adult mice
suggesting that they were not under the same survival pressure as the laboratory
mice. This indicates that there is a gradient of severity of infection, zero to low INOS
ratio results in rapid death, a ratio of below one is associated with infection but survival
while mice with a ratio above 1 remain uninfected (Li et al. 2012; Gao et al. 2015.) The
ratio of 1 refers to the concentrations of INOS/Arginase — since these enzymes draw
from the same substrate (arginine) a balance of above 1 will draw substrate away from
Arginase while below 1 it will draw it away from iINOS. Thus the outcomes of INOS and
Arginase expression are finely balanced. It is appreciated that it is not possible to draw
direct comparisons between the wild and laboratory mice since different infection
routes and doses may apply. It is also recognised that the collection of wild mice is
small. While more extensive collections were available for some studies, these were
not collected in such a way or at a time to enable RNA extraction. However, these
results are indicative of a fascinating phenomenon that deserves further study.

These studies suggest that there is a genetic component to host resistance - the ability
to control INOS and Arginase levels. As far as we know, there are no studies that
investigate this question. One possibility would be looking at the DNA sequence of the
promoter region of the INOS gene to identify any polymorphisms that might correlate
with infection or the lack of it. This question is addressed in the next chapter.

In the case of one study, (Zhao et al., 2013; Shen et al., 2017)it was shown that control
of the INOS gene might be under epigenetic control. In this study, the authors looked
at INOS expression and infection with T. gondii in rat peritoneal macrophages and
compared with alveolar macrophages from the same inbred rat lines. In the case of
the peritoneal macrophages, resistance to infection was evidence and correlated with
high INOS levels compared to Arginase. This confirmed the results of (Zhao, et al.,
2012; Zhao et al., 2013; Shen et al., 2017). However, alveolar macrophages from the
same genetic background (same inbred line) showed a high degree of susceptibility
to Toxoplasma infection and also showed a low level of INOS expression compared

to Arginase expression. They were thereby suggesting that an epigenetic difference
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between the two types of macrophage was occurring which decreased the INOS levels
(in alveolar macrophages) and consequently increased susceptibility to infection.
Many mechanisms of epigenetic control exist, but one of these involves the DNA
methylation of cytosine residues which can act to either shut down or switch on a gene.
This often occurs in locations called CpG islands (Bird et al. 1985; Bird, 1986) where
CG residues become methylated and control the expression of the gene (Antequera
and Bird, 1988; Bird, 2002). If such methylation sites existed in the iINOS 5 UTR
(untranslated region), the 5’ promoter and exon 1, they might be responsible for
transient control of INOS expression and thereby influence infection with Toxoplasma.
In the following chapter, in addition to looking for Single Nucleotide Polymorphisms
(SNPs) that might be associated with infection, bisulphite treatment of DNA from the
5’ promoter regions was also examined for the presence of epigenetic polymorphisms

that might be related to infection or the lack of it.
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Chapter 5: Investigation of genetic and epigenetic
variation in the Inducible Nitric Oxide Synthase (INOS)
gene from Apodemus sylvaticus.

5.1 Introduction:

The Inducible Nitric Oxide Synthase (INOS) gene plays an essential role in the
immune response to parasitic diseases and to intracellular parasites like Toxoplasma
gondii. The gene product (protein) it produces is responsible for generating nitric oxide,
an important molecule that acts against pathogens and elicits other immune
responses. DNA methylation can play a role in the epigenetic control of gene
expression of genes such as INOS and this gene is differentially expressed in a range
of physiological inflammatory circumstances. The INOS protein utilises the amino acid
arginine as a substrate and competes with the enzyme L-Arginase which can draw on
this to generate urea (Spink and Evans, 1997; Li, Z., et al., 2012; Zhao et al., 2013).
There are three forms of the enzyme, NOS1 which is also known as neuronal or nNOS,
NOS3 also known as endothelial or eNOS and NOS2 also known as iINOS (Vannini,
Kashfi and Nath, 2015). High levels of INOS expression are associated with resistance
to many parasites, for example Schistosoma japoncium (Liu et al., 2017; Shen et al.,
2017). In the latter study, it was shown that INOS knock out rats are more sensitive to
infection by S. japonicum. In the case of T. gondii, there is an exciting story. Laboratory
strains of mice are known to be highly susceptible to T. gondii infection and die quickly
while laboratory strains of rats are relatively resistant. Studies have shown that mouse
peritoneal macrophages express high L-arginase levels and low iINOS levels; rat
peritoneal macrophages, on the other hand, express high iINOS expression (Li et al.,
2012). As these correlates with a sensitivity of the peritoneal macrophages to infection
(mice) or resistance to infection (rats), it is proposed that this high INOS/ low Arginase
balance is what confers resistance and vice-versa for sensitivity (Li et al., 2012). This
is supported by other studies that show that different strains of laboratory rats have
differing levels of resistance to T. gondii infection and that this also correlates with the
INOS/Arginase expression balance in these strains (Gao et al., 2015). Furthermore,
these differences in resistance in different rat inbred lines suggest that there is

variability in resistance (Gao et al., 2014). Since that study uses only six inbred rat

112



lines (which are equivalent to picking six rats from the wild), it raises the question as
to how much variability in resistance levels are found in wild natural populations of
animals like rats or mice. In addition to host genetic differences in INOS expression
some drugs such as glucorticoids, commonly used in the clinic as drugs to reduce
inflammation caused by autoimmune diseases, have the effect of suppressing nitric
oxide production by macrophages.(Wang, 2014), showed that peritoneal
macrophages from rats showed depressed INOS expression, depressed NO
production and increased sensitivity to infection with T. gondii in response to
glucocorticoid treatment. They suggest that this may explain the resultant acute
Toxoplasmosis that can be associated with this treatment. Interestingly, alveolar
macrophages from rats, unlike peritoneal macrophages are sensitive to infection by T.
gondii and they are also associated with a reversed expression balance and have a
high Arginase to low INOS expression balance (Zhao et al., 2013). This further
supports the notion that expression of INOS is associated with resistance and low
expression (or at least a small imbalance compared with Arginase expression) is
associated with sensitivity. As the rat lines used in these laboratory studies are inbred
lines (i.e. genetically identical), this suggests that there is a difference in regulation of
expression of INOS and Arginase in alveolar compared to peritoneal macrophages.
As these are derived from genetically inbred rats, these differences cannot be due to
DNA sequence differences but must be due to epigenetic changes. This suggests that
epigenetic control of the INOS gene is a factor involved in regulation of expression of

this gene.

One of the critical methods of epigenetic control of gene expression is the methylation
of tracts of DNA, especially the so-called CpG Islands (Antequera and Bird, 1988).
These are tracts (or single motifs) of CG residues where the cytosine residue can
become methylated causing regulation of expression of the gene (this can act to either
switch the gene on or off or to modulate expression). This enables the gene to be
controlled with more permanency for more extended control as might be required in a
differentiated tissue type. It is possible that methylation differences account for the
differences in expression of the INOS gene in alveolar and peritoneal macrophages
although this has not been determined.

The INOS gene is located at position 17g11.2-12 (chromosome 17, the g arm, position
11.2 to 12) in humans (Qidwai and Jamal, 2010), while for the mouse (Mus musculus)
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it is located on chromosome 11(Mcdonald et al., 1995). The Mus musculus INOS
gene is a large gene that has 27 exons spread over about 45-50kB of genomic se-
guence on chromosome 11 and produces an mRNA of approximately 3700bp depend-
ing on the mouse strain (Guo et al., 2007) The promoter region and the 5’ untranslated
region (5’UTR) has also been characterised (Lowenstein et al., 1993). Similarly, the
human iINOS gene (referred to as NOS2) has also been described and is located on
chromosome 17, has a length of approximately 4200bp and occupies about 45-50kB
of genomic DNA (Charles et al., 1993; Mehrabian et al., 1994). Like the mouse gene,
the sequence spans over 27 exons (Chartrain et al 1994; Marsden et al., 1994; Spink
and Evans, 1997). Again the promoter and 5’UTR have been characterised (e.g.
(Yamashita et al., 1998)). A summary of the gene structure of the promoter, 5UTR

and Exon in Mus musculus is shown in figure 5.1

Promoter and 5° UTR 1592 bp Exon 1: 169bp.

Figure 5-1 Schematic Diagram of the iINOS gene of Mus musculus.

There are no published data on the INOS gene of A. sylvaticus. However, a partially
completed and, as yet, unannotated genome is available
(https://www.ncbi.nim.nih.gov/assembly/GCA 001305905.1/).

It has been established that DNA methylation can reduce INOS gene activity

(Hmadcha et al., 1999; Chan, Henderson and Jacobsen, 2005) the higher methylation,
the lower the expression and vice-versa (Kuriakose & Miller, 2010). Methylation of the
INOS gene promoter has been shown to be modified by exposure to particulate matter
in humans (Tarantini et al., 2009), with suppressed methylation and an associated
increase in expression of INOS. Furthermore, there is evidence for methylation acting
as an epigenetic method of silencing the human NOS2 gene (Gross et al., 2014).

If expression of INOS, and specifically methylation of the INOS promoter, is associated
with resistance to infection with T. gondii in animals, it should be possible to detect a
difference in the frequency of methylation in infected versus uninfected animals. A
broad hypothesis is that infected (sensitive) animals would have methylated cytosines

within the promoter region of the INOS gene causing the gene to be switched off and
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allow parasite growth. Conversely, uninfected animals (resistant animals or those not
exposed to the parasite) would be expected to have a lower frequency of methylated
cytosines within the iINOS promoter region (i.e. those animals that have been exposed
to the parasite but are resistant would have an unmethylated INOS promoter). This
chapter aims to test this hypothesis. In this study, DNA from the brains of A. sylvaticus
were available from a previous study (Bajnok et al. 2015) and comprisesr 116
samples, 44 of which were Toxoplasma infected., A further set of 38 samples were
collected 2014, tested for T. gondii and 8 of them found to be infected and 30 of them
were not infected (see Chapter 3). Additionally, a third group of 12 samples were
collected in 2017, tested for Toxoplasma and three of them were found to be positive
with nine of them negative. The screening methods and results for the 2014 and 2017
samples are described in Chapter 3.

In order to investigate the above hypothesis, tools have been developed to analyse
the INOS gene from A. sylvaticus (see Chapter 4) to enable a detailed investigation of
the variation in this gene.

The broad methodology for this chapter is to sequence the promoter and exon 1 region
of the Apodemus iINOS gene to search for CpG islands and to investigate if there are
any single nucleotide polymorphisms (SNPs) across the population of mice which
might have a association with infection. Furthermore, these samples will undergo
bisulphate treatment. This is a method which modifies unmethylated cytosines and
can distinguish between unmethylated and methylated cytosines once the bisulphite
treated DNA has been sequenced. Thus, it will be possible to investigate differences
in the methylation patterns, in the INOS promoter region and exon one, between T.

gondii infected and uninfected A. sylvaticus.
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5.2

5.3

Objectives

Obtain the sequence of the Mus musculus iINOS gene promoter and exon one
from databases

Align the Mus musculus iNOS gene promoter with matching sequences from the
partial A. sylvaticus genome to determine the exact sequence of the
homologous region in Apodemus.

Identify potential methylation sites (CpG islands) within the Apodemus iNOS
gene.

Design primers for amplifying the iINOS promoter and exon one region from A.
sylvaticus to enable sequencing of this region.

Design primers for the amplification of bisulphite treated regions of the
Apodemus iNOS gene promoter and exon 1.

Test the efficacy of the designed primers to amplify the correct regions
Develop protocols for bisulphite treatment of Apodemus DNA to investigate
methylation patterns.

Amplify, sequence, bisulphite treat, and bisulphite sequence the iINOS gene
promoter and exon one from an extensive collection of A. sylvaticus that have
been tested for T. gondii infection.

Analyse Single Nucleotide Polymorphisms (SNPs) and differences in

methylated bases between T. gondii infected and uninfected A. sylvaticus.

Methods:

5.3.1 Apodemus Samples

This study was submitted for ethical approval at the University of Salford, No:

STR1718-32 and involves collections of wood mice, A. sylvaticus, made from the Field

Studies Council Centre at Malham Tarn in North Yorkshire England (see Chapter 2;

Figure 2.1). Permissions and collection methods have been described previously

(Morger et al., 2014). The study makes use of DNA extracted from the brains of 116

wood mice, A. sylvaticus, that were collected between 2012 and 2014 (Chapter 2,
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Table 2.1, Population 1) (Morger et al., 2014; Bajnok et al., 2015a). A further 38 and
12 wood mice brains collected in 2014 and 2017, respectively, were also used (see
Chapter 2; figure 2.1, populations 3 and 4). Animals were collected and killed using
the ‘Code of Practice for the Humane Killing of Animals under Schedule one of the
Animals (Scientific Procedures) Act 1986 as previously described (Rogan et al., 2007).
The 116 wood mice DNA samples have been previously tested for Toxoplasma
infection (Bajnok et al., 2015) and the remaining 50 were extracted and tested for T.
gondii infection by the author of this thesis, using the SAG 2 gene method as described
in Chapter 2.1.
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54 Results

5.4.1 The sequence of the Mus musculus INOS gene promoter and exon
1.

To work with the A. sylvaticus INOS gene promoter and exon 1, it was necessary to
identify a homologous sequence from the related species Mus musculus to be able to
identify the region in A. sylvaticus. The PubMed database was searched to obtain a
possible sequence. An appropriate sequence from Mus musculus was identified that

represented the relevant region (GenBank: accession number L23806.1).

5.4.2 Alignment of the Mus musculus INOS gene promoter with
matching sequences from the partial Apodemus sylvaticus genome

The Mus musculus Inducible nitric oxide synthase (Nos2) gene, promoter and 5 UTR
was obtained from GenBank: accession number L23806.1. Approximately 1000 bp
was located that covered the whole of Exon 1 (169 bp) and 831 bp of the promoter
region upstream from exon 1. Figure 5.2 shows the sequence of the Mus musculus
INOS gene and indicates the Promoter region, the TATA box (in red) and Exon 1 (in

yellow).
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TEATTTGTAATTCATTTATTCAATCAACAATTTATTTGTTCTCCCAACTATTGAGG
CCACACACTTTTTGGGTGACTTAGTCTGTGTACCTCAGACAAGGGCAAAACACG
AGGCTGAGCTGACTTTGGGGACCATGCGAAGATGAGTGGACCCTGGCAGGAT
GTGCTAGGGGGATTTTCCCTCTCTCTGTTTGTTCCTTTTCCCCTAACACTGTCAA
TATTTCACTT TCATAATGGAAAATTCCATGCCATGTGTGAATGCTTTATTGGAAG
CATTGTAAGAAATTATAATTTATTCGTTITTTGTTTGTTTCTCAGAACAGGGTTTTT
CTGTGTAGTGTTCCTGGCTTATCCTAGAACTTACTCTGTAGACCAGGCTAGCCC
AAACTCAGGGATCAGCCTTTCTCTGTCTCCTGAATCCCGGGATTAAAGGCTTAT
GCCACCACACCCAGGTAGGACATTATAATCCTATATATAAGAAGTCACCCACAC
ATACAAACACACACACACCACACACACACACACACACACACACACACACACAGA
GAGAGAGAGAGAGAGAGAGAGGGAGAGAGAGAGAGAGAGAGAGAATGCCACT
GAGAAAAAAALTAAAALGGCTTCACTCAGCACAGCCCATCCACTATTCTGCCCA
AGCTGACTTACTACTAGTGGGGAAATGCTGGTCAGACGGCATCTGTGCCCACA,
GCTTGCCTTCCATCCTTTCTAGAAAACCTCCTGATGAATGTGTCCTGGGCGTGT
TGGAATATTGGCACCATCTAACCTCACTGAGAGAACAGACAGAAAGCCAGAGA
GCTCCGTGCCCAGAACAAAATCCCTCAGCAGCTGCAAGCCAGGGTATGTGGTT
TAGCTAAGAAAAGCCAGCCTCCCTCCCTAGTGAGTCCCAGTTTTGAAGTGACTA
CGTGCTGCCTAGGGGCCACTGCCTTGGACGGGCGACCAGGAAGAGATGGCCT
TGCATGAGGATACACCACAGAGTGATGTAATCAAGCACACAGACTAGGAGTGT
CCATCATGAATGAGCTAACTTGCACACCCAACTGGGGACTCTCCCTITGGGAAC
AGTTATGCAAAATAGCTCTGCAGAGCCTGGAGGGG| [AILLLAITACCTGATGGCTG
CTGCCAGGGTCACAACTTTACAGGGAGTTGAAGACTGAGACTCTGGCCCCACG
GGACACAGTGTCACTGGTTTGAAACTTCTCAGCCACCTTGGTGAAGGGACTGA
GCTGTTAGAGACACTTCTGAGGCTCCTCACGCTTGGGTCTTGTTCACTCCACGG
AGTAGCCTAGTCAACTGCAAGAGAACGGAGAACG

Figure 5-2 The Mus musculus inducible nitric oxide synthase (Nos2) gene, promoter
region and 5' UTR.

This is obtained from Sequence ID: L23806.1. The sequence not highlighted is the
promoter region, the TATA box is highlighted in red and Exon 1 is highlighted in
yellow.

There is likely to be sequence divergence between the iINOS gene promoter (+ exon
1) between the homologous genomic regions of Mus musculus and A.sylvaticus. To
understand and identify these differences, the promotor region from M. musculus
(GenBank: L23806.1)was compared to the partial A. sylvaticus genome

(https://www.ncbi.nlm.nih.gov/assembly/GCA 001305905.1/) using the programme

BLAST. This genome, as yet, is unannotated and so the Apodemus iINOS sequence
would need to be inferred by homology. The iINOS gene from Mus Figure 5.3 shows

the degree of homology when aligned.
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Figure 5-3 results of the BLAST using the iINOS gene promoter and Exon 1 from
Mus Musculus against the partial A. sylvaticus

The results of the BLAST programme alignment using the iNOS gene promoter and
Exon 1 from Mus musculus against the partial A. sylvaticus whole genome sequence
ID: LIPJ01033896.1. The Apodemus sequence shows 88.76% identity to the
sequence of Mus musculus. Red and purple bars indicate a high degree of
homology. The grey bar represents novel sequence that is present in the Apodemus

sequence but absent in the Mus musculus sequence.

The alignment of the Apodemus and Mus sequences show 88.76% identity. Overall
the homology is high, but there is a region of the promotor that is present in the
Apodemus sequence but not in the Mus musculus sequence. This sequence may be
an artefact of the partial assembly of the Apodemus genome sequence. This needs to
be explored further by direct sequencing of this region from A. sylvaticus DNA. Figure
5.4 shows examples of sections of the alignments between the Apodemus and Mus
INOS promoter and exon one sequences. It can be seen that there are both single
nucleotide polymorphisms (SNPs) and insertions in the Apodemus sequence that

distinguish it from the gene homologue in Mus.
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Features: b

Cuery 739 gasagocagagagCTCCETGOOCAGARCARARATCOCCTCAGCACCTGCARGCCAGGETATG 858
Penr v prnrnnnpErpneRnRnRrrrrenr e o rergnnnnRrRrernRner

Sbdct 62755 GAAACCCGEACACCTCCETGOOCAGARRCARRAATTOCCCACGCACCTECARCGCCAGCGEARTG 62814

CQuery 853 TCETTTAGC TRAGAARAGCCACCCTCCCTOOCTAGTGAGTOCCAGTTTTGRAGTGACTAC 918
trrrrrprrrrrnnni terrrrerrrrrnrrrerrrrrnrprrrrerenne Foni
Shjct 62815 TGETTTAGCTAAGARA----AGOCTCCCTCOCTAGTGAGTOCCAGTTTTGAAGTGGCOCAC 62870

Ouery 519 CTECTGCCTA-GGEECCACTCOCTTGRACCGCOCACCACGARACACATCEOCTTGCATGAL 977
PEERRnr  rnnneerrennnnennrer or  reereeennny veeerenenr nenn
Sbjct 62871 TTGCTGCCARGGGGGCCACTGCCTTGEACTGECTACCAGGARGAGEGTGGCCTTGE - TGAG 625259

CQuery 578 GATACACCACACRCTCATCTAATCAACCACACACACTACCACTCTCCATCATGAATEACE 1037
AN N N e A RN NN NN
Sbjct 62530 GACACACCACACACTCATCTCAT--ACTACACACACTACCGRCTCOCCATCCTCARTCAGC 62987

Query 1038 TAACTTCCACADCCARCTCCCCACTCTCCOTTTOECAACAC ———— - TTATCCARAATACC 1052
N N e Ny Prrrnnnneeeen
Sbjct 625BE TAACTTGCACACCCARCTCCCCACTATCCCTTCCRCCARCACTCACTTTATCCAARATACC 63047

Query 1053 TCTGCAGAGCCTGGAGGGETATARATACC TGATCEC TGCTGCCAGGGTCACAACTTTACA 1152
Porrnnnrey rnen pprnrnnnnnrprennennnrnnennnngny vevn vepy n
Sbjct 63048 TCTGECAGAGCATCGA-GGETATAAATACCTGATCCCTGCTROCAGGGCCACACCTTTGCA 63106

OQuery 1153 GEGACTTGAAGACTGAGAC TCTGG - —————COOCACGGGACACACTGTCACTGCTTTGAA 1206
Peenr penrven  vpvrrvnni PrrRrrErerrnnney prenenny pni
Skjst 63107 CCCACCTCAACACCAMCACTCTCCCCCCACCCOCACCCCACACACTATCACTCOCOTCTCAR 63166

CQuary 1207 ACTTCTCACCCACCTTCCTCAACECAC TGAGCTCTTAGRGACACTTCTGAGCCTCCTCAL 1266
PRRRRRRRn e rernnenneeyr vy prenener vepreny vnveni
Sbjct 63167 ACTTCTCACCCACCTTCCTCAACCCACTCCCCTOTCTCACACACCTCTCACCTTCOTCAL 63226

Query 1267 CCTTCGEETC ACTCAACTCCARE 1311
e reper renerprereey repvrrrrnnRRRRCILLNNNN
Sbjct 63227 GCTCOGGEGTCCTGTTCACTCCACAGAGTAGCCTAGTCARCTGCARG 63271

Range 2: 61828 to 62165GenBankGraphics Next Identities (91%)

Query 1 TGATTtgtaattcatttat tocaatcalCARATTTATTTGTTCTCOCAACTATTGAGGCCAC &0
trrrrrnrrenerrererrrerr r renry veer reprer orpppy o rreerenrna
Sbjct 61828 TGATTTGTAATTCATTTATTCARCCGACARTCTATTCGTTCTCTCAACTTTTCGAGGOCAC 6L1EET

Query 61 ACACTTTTTGEETGA - CTTAGTCTGTGTACCTCAGRCARCCCCARRACACCGACCCTGRG 118
trrrerernnnnnd PR 00 TRy nernry v verrrnennnnren
Sbjct 61888 GCACTTTTTCCCTGACTCTTCCTTTCTCTACCTTAGACARAMCCCAACACACCACCCTGAL 61547

Cuary 119 CTGACTTTGCCGACCATGOGAAGATGACTCGACCCTGCCAGGATCTCCTAGGGggatttt 178
PeE vnrnenr prerenr vpnrnrenennererennrnnrernenny rvegnennrni
Sbjct 61948 CTCEATTTCCEARCCATCCEARCATGACTCCACCCTOOCACGATCTCCCAGCCOEATTTT 62007

Query 179 cooctatototgttEgttOCTTTICCOCTAACACTGTCAATATTTCACTTTCATAATGGAR 238
PRRREE TRRnenrerer e g vrereneety reeeeprererrnrvrrrerernrnn
Sbjct 62008 CCOCTCTTTCTGTTIGTTCCTTTTCCOCTAACACCCTCAATATTTCACTTTCATAATGGAR 62067

Query 239 AATTCCATGCCATGTCTGAATCCTTTATTCGRAACCAt tgtaagaaattataatttatteg 298
PERRTuennnnenry v vnpnrwrnney reinrpeerr rnnpnrereen veen
Sbijct 62068 AATTCCATCCCATCTATARATCCTTTATTCCAACCATTCTACCARATTATAATCTATTAC 62127

Cuary 299 tttttgtttgtttoctocagaacagggtttttctgtgtag 3236
ftrerrrnennner prenenpRrwrRNr rprRInRnnn
Ebqjct 62128

G21ES

Range 3: 62456 to 6267 1GenBankGraphics Next Match Identities (82%)

uery S88 aatgeocactga-—g-aaas-asastassaagyottcaCTCAGCACAGCCCAT-CCACTAT 642
e rreeener 0 bREr RREL RCELIRORLD rernnn ornennend e

Shjct 62456 GCCCCCTAC 62515

DQuery 643 TCTGCCCARGCTGACTTAC TACTAGTGCEGARAATGCTGCTCAGAL - G- == =GCA~===T=  §32
Prereneneny vnny rveervrery o vorenenr pnnpenn Il I
Sbjct 62516 CCTGOOCAAGCTAACTTCCTACTAGTGGAG-AATGCCACTCAGACAGCCATCCCAGGGGTC 62574

Query 632 —CTGTG—-COCACACCTTGCCTTCCATOC TTTCTAGAARACCTCC TGATGAATGTGTCCT 749
PEorr rRrr R e e e rn e nnnnpnney veneny e ovenn
Sbjct 62575 CCTCTECTOCCACAGCTTCCCTTCCATCCTTTCTAGARARACCTCCOCGATGARGCTTTCCT 62634
Query 750 GGECCTCTTCGAATATTGCCACCATCTARCCTCAC L 786
PRLL PRRnnneney repnrnrvrererpennrnnnnn
Sbjct 62635 GGGCATGTTGGAATACTGGCACCATCTAACCTCACTG 62671

Figure 5-4 Example alignments of the A. sylvaticus sequence with that of Mus
musculus.

The alignments show that there is variation between the Mus, sequence and the
Apodemus sequence. These different alignments each represent different sections
of the sequence that have been aligned by the Blast programme.
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5.4.3 Design of PCR primers for amplification of the INOS gene
promotor, 5’UTR and Exon 1 from A. sylvaticus.

Having established the equivalent homologous gene sequence from A.
sylvaticus, it was possible to design PCR primers that would amplify regions of the
iINOS gene promotor, 5UTR and Exon 1. The program PRIMER3 was used to design
primers for PCR amplification. These are shown in Table 5.1, and their locations in the
INOS gene and promotor are shown in figure 5.5. Three sets of primers were designed
which covered either the entire promotor and Exon 1 (Primers A) or parts of the

sequence (Primers B and C).
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A
TGATTTGTAATTCATTTATTCAACCGACAATGTATTCGTTCTCTCAACTTTTGAGGCCACGCACTTTTT

GEGTGACTCTTGGTTITGTGTACCTTAGACAAAGGCAACACACGAGGCTGAGCTGGATTTGGGAACC
B &¢

F2&3:-3:-3-3;‘
ATGGGAAGATGAGTGGACCCTGGCAGGATGTGCCAGGGGGATTTTCCCTCTITCTGTTTGTTCCTTT

TCCCCTAACACGGTCAATATTTCACTTTCATAATGGAAAATTCCATGCCATGTATAAATGCTTTATTCC

AAGCATTGTAGGAAATTATAATCTATTAGTTTITTIGTTITGTTTTTCAGAACAGGGTTTCTCTGTGTAGCC
CTG1BAGGATCTGCCTTTCTCTGTCTCCTGAATCCCAGGATTCTTTAATCCTTGTGCCACCACACCTGG
GTAGGACATTATAATTCTGTAGATAAGAAGTCACACACAACGCCACTGAGGGAAAAAGAAAAGAAA
AAGGCTGCACTCAACACAGCCCTGCCCCCTACCCTGCCCAAGCTAACTTCCTACTAGTGGAGAATGC

CAGTCAGACAGCATCCCAGGGGTCCCTCTGCTCCCACAGCTTGCCTTCCATCCTTTCTAGAAAACCTC
B

lc<c<<<<R2)
CCGATGAAGGTTTCCTGGGCATGTTGGAATACTGGCACCATCTAACCTCACTGGTCATCTGGAACCT

GGACCTTTTTTTCCAGCACGTTCCACACTGCCAGTATTTCCTAGCATTCTGGACTCCTGCTGCAAACTG
GAAACCCGGAGAGCTCCGTGCCCAGAACAAAATTCCGCAGCAGCTGCAAGCCAGGGAATGTGGTTT

AGCTAAGAAAAGCCTCCCTCCCTAGTGAGTCCCAGTTTTGAAGTGGCCACTTGCTGCCAAGGGGGCC

ACTGCCTTGGACTGGGTACCAGGAAGAGGTGGCCTTGCTGAGGACACACCACAGAGTGATGTCATA
GTACACAGACTAGGAGTGGCCATCGTGAATGAGCTAACTTGCACACCCAACTGGGGACTATCCCTTG

GGGAACAGTGACTTTATGCAAAATAGCTGTGCAGAGCATGGAGGGIMATACCTGATGGCTGCT

GCCAGGGCCACAGCTTTGCAGGGAGCTGAAGACCAAGACTCTGGCCCCACCCCCACGGGACACAGT

ATCACTGGTCTGAAACTTCTCAGCCACCTTIGGTGAAGGGACTGGGCTGTGTGAGACACCTCTGAGGET

Cc

<<<<<<R3

TCCTCAGGCTCGGGTCCTGTTCACTCCACAGAGTAGCCTAGTCAACTGCAAGGTGAGTCTTGTGTTGG

zz<<=<R1l

A
Figure 5-5 The sequence of the Apodemus iNOS promoter, 5’UTR and Exon 1.

This sequence was derived from the partial Apodemus genome sequence by using
homology with the Mus musculus sequence. Primer pairs (A, B and C) are indicated
and the locations shown in bold. Detailed primer sequences are available in Table
5.1. The green underline section shows the region spanning Exon 1 and the red box
indicates the proposed TATA box based on homology with the Mus sequence.
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Of the three primer pairs, the A primers were expected to amplify a fragment of 1253
bp, while the primer pairs B and C should amplify fragments of 458bp and 1075bp

respectively.

Table 5-1 Designed iINOS primers which covered the promoter, 5 UTR and exon
one from A. sylvaticus. The final column indicates whether the PCR amplification
was successful or not.

Forward Sequence Reverse Sequence Expected PCR
Band Size success

A F1: A R1: 1253 bp No

51

TGATTTGTAATTCATT 5ACTAGGCTACTCCGT

TATTC 3 GGAGTGA3

B F2: B R2: 458 bp Yes

S5TCTTTCTGTTTGTT 5AGTATTCCAACATGC

CCTTTTCCCCTAAZ CCAGGAAACCT3

CF3: CRa: 1075 bp Yes

S5TCTTTCTGTTTGTT 5CTA GGC TACTCT

CCTTTTCCCCTAAZ GTG GAG TGA AC3

PCR amplification was performed on Apodemus DNA samples using the primers
described in Table 5.1. The results are shown in figure 5.6. Primer pairs A, B and C
successfully amplified a PCR product, but pair A did not.
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Figure 5-6 PCR amplification of DNA from A. sylvaticus samples using PCR primer
pairs A, B and C (see Table 5.1).

The PCR products have been amplified with an annealing temperature 60°c for all
samples. Lanes 1-12 (Group A) show the results of the amplification by primer pair
A. The expected band size is 1253bp. Group B lanes 1 -12 show the amplification
results from the B primer pair. The expected band size is 458. The Group C lanes
1-12 show the results using the C pair of primers. The expected band size is 1075
bp. The lanes labelled S show the 1Kb ladder. The Apodemus sample codes are
as follows: Lane 1 is 68h, 2 is 69h, 3 is 70h, 4 is 71h, 4 is 72h, 5 is 73h, 6 is 82h, 7
is 86h, 8 is 87 h, 9is 87b, 10 is 88h, 11 is 89h. 12 is 90h. These are DNA samples
extracted from heart tissue DNA from Apodemus. (Heart tissue DNA was used for
primer optimisation experiments to conserve brain DNA for later studies). The
results show that primer combination B amplified the target band size of 458bp, and
the C primer has amplified the target expected band size 1075 bp. However, the
primer A combination failed to amplify any product.
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Agarose gel electrophoresis of PCR amplified products from primer pair combinations
demonstrated that bands of the correct size, respectively 458bp and 1075bp, could be
amplified by primer pairs B and C when using an annealing temperature of 60°C on a
template of heart DNA extracted from several A. sylvaticus. Primer pair A failed to

amplify under these conditions.

5.4.4 Testing the efficacy of the designed primers to amplify the correct
regions of the INOS gene promoter and exon 1.

Having designed primers that should amplify the INOS promoter and exonl from A.
sylvaticus, these primers need to be tested to see if they amplify the correct products.
As the primer pair A failed to amplify a product, only amplicons from Primers B and C
were used. The B primer pair is illustrated in Figure 5.7 and amplifies part of the

promoter and 5’UTR. This primer covers approximately 458 bp region of the genome.

P22 <<<<<
Group B: Group B:
F2 — 458bp © |R2

Promoter and 5" UTR 831 bp -

Figure 5-7 Schematic diagram of the iINOS B primer pair.
The F2-R2 primers cover 458 bp of the promoter 5° UTR region which is upstream
of the exon.

One of the samples from group B primer PCR products was chosen randomly, then
purified and sent to Source Bioscience for sequencing. The sequence was analysed
using the program Finch TV to enable manual inspection of sequencing peaks and the
program Chromaspro was used to analyse the sequences. The final consensus

sequence is presented in Figure 5.8.
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87B. R:

GTAAGCCGAAGGCACTACAGATAGAAGCTAGGCATTCTGTGGGAGCAAGGGACC
CCTGGGATGCTGTCTGACTGGCATTCTCCACTAGTAGGAAGTTAGCTTGGGCAGG
GTAGGGGGCAGGGCTGTGTTGAGTGCATCCTTTTTTCTTTTCTTTTCTTTTTCCCTC
GGTGGCATTGTGTGTGACTTCTTATCTATAGAATTATAATGTCCTACCCAGGTGTG
GTGGCACAAGTCTTTAATCCTGGGATTCAGGAGACAGAGAAAGGCAGATCCCTG
AGTTTGGGCCAGCCTGGTCTACAAAGTGAGTTCTAGGACAAGCCAGGGCTACAC

AGAGAAACCCTGTTCTGAAAAACAAACAAAAACTAATAGATTATAATTTCCTAC

AATGCTTGGAATAAAGCATTTATACATGGCATGGAATTTTCCATTATGAAAGTGA
AATATTGACCGTGTTAGGGGAAAAGGAAAAAAAAAAAAAAA

Figure 5-8 Consensus sequence of the INOS Promoter sequence generated using
the B pair of primers.

DNA sequence obtained from Apodemus sample number 87 generated by the B
primer pair following visual inspection of the chromatogram and analysis to ensure
the quality of the sequence.

The consensus sequence from the amplified B primer pair (Figure 5.8) was analysed
by the program BLAST to search for related sequences in the NCBI database and to
confirm that the correct sequence has been amplified. the results of BLAST and figure
5.9 shows the detail of the best alignments and confirms that the correct sequence

has been amplified.
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Query 175 TGTGTGTGACTTCTTATCTATAGAATTATAATGTCCTACCCAGGTGTGGTGGCACAAGTC 234

LECE TEPEEEEEE e PEEee Feeeere e e e e e e Peee e 1|
Sbjct 1039 TGTGGGTGACTTCTTATATATAGGATTATAATGTCCTACCTGGGTGTGGTGGCATAAGCC 986

Query 235  TTTAATCCTGGGATTCAGGAGACAGAGAAAGGCAGATCCCTGAGTTTGGGCCAGCCTGGT 294
LECEEEEE TEEEEEEEE TP Er e e er e eeee e e e Terrr

Sbjct 979  TTTAATCCCGGGATTCAGGAGACAGAGAAAGGCTGATCCCTGAGTTTGGGCTAGCCTGGT 920

Query 295 CTACAAAGTGAGTTCTAGGACAAGCCAGG---GCTACACAGAGAAACCCTGTTCTGAAAA 351

[ECEE e FEEEreee e e el fere e FEEE e
Sbjct 913  CTACAGAGTAAGTTCTAGGATAAGCCAGGAACACTACACAGAAAAACCCTGTTCTGAGAA 860

Query 352  ACAAACAAAAACTAATAGATTATAATTTCCTACAATGCTTGGAATAAAGCATTTATACAT 411

FECEEEEEEEEr Teee TEErer e Peere e e teee e b i

Sbjct 859  ACAAACAAAAACGAATAAATTATAATTTCTTACAATGCTTCCAATAAAGCATTCACACAT 80e

Query 412  GGCATGGAATTTTCCATTATGAAAGTGAAATATTGACCGTGTTAGGGGAAAAGGaaaaaa 471

III|I|I|I|I|I|IIII\||I|IIIIII|I|][III ARERRARRRRAR AN
Sbjct 799 CATGGAATTTTCCATTATGAAAGTGAAATATTGACAGTGTTAGGGGAAAAGGAACAAA 740

Figure 5-9 Example alignments of the A. sylvaticus sequence with that of Mus
musculus. The alignments show that there is minor variation between the Mus,
sequence and the Apodemus sequence but that the correct sequence has been
amplified.

The arrangement of the C group of primer pairs (F3-R3) is illustrated in Figure 5.10
and covers both the promoter region and the whole of exon 1. A product of 1075bp is

predicted.

—__.1075bp -
Promoter and 5° UTR. 831 bp -

Figure 5-10 A schematic diagram of the C group of primers (F3-R3) in the
Apodemus iINOS gene. These primers cover the 5 UTR, promoter & exon1 and
should amplify a predicted fragment size of 1075bp.

The PCR products were sequenced and demonstrated to be the correct sequence.

Figure 5.11 shows the consensus sequence and Figure 5.12 shows a BLAST program
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alignment that demonstrates a high degree of homology with the Mus musculus iINOS
gene. Figure 5.13 shows detailed alignments between the PCR amplified Apodemus
sequence and the Mus musculus sequence in GenBank. It contained a broad overall
homology with occasional SNPs or insertions/deletions when compared. This

demonstrated that the correct gene had been amplified.

>L5 not BIOS

TCaGITTGTTCetTTTTeCCCCTAACCACGGGTCAAAtaT TTCaaATTTCATAAATGGAAAAATTCCCaTGe
CCAGTALaAAATGCITTTaTTCCAAGCATTGTTAGGAAAATTATAATCIATTAGGETTTGTTTGTTITCAG
AACAgGGGTTCTCTGTGTAGCCCTGGCTTGTCCTAGAACTCACTCTGTAGACCAGGCTgGCCCAAACT
CAGGGATCTGCCTTTCTCTGTCTCCTGAATCCCAGGATTAAAGACTTGTGCCACCACACCTGGGTAGG
ACATTATAATTCTATAGATAAGAAGTCACACACAATGCCACTGAGGGAAAAAGAAAAGAAAAGAAAA
AAGGCTGCACTCAACACAGCCCTGCCCCCTACCCTGCCCAAGCTAACTTCCTACTAGTGGAGAATGCC
AGTCAGACAGCATCCCAGGGGTCCCTCTGCTCCCACAGCTTGCCTTCCATCCTTTCTAGAAAACCTCCC
GATGAAGGTTTCCTGGGCATGTTGGAATACTGGCACCATCTAACCTCACTGGTCGTCTAGAACCTGGA
CCTTTTTTCCCAGCACGTTCCACACTGCCAGTATTTCCTAGCATTCTGGACTCCTGCTGCAAACTGGAA
ACCCGGAGAGCTCCATGCCCAGAACAAAATCCCGCAGCAGCTGCAAGCCAGGGAATGTGGTITAGCT
AAGAAAAGCCTCCCTCCTTAGTGAGTCCCAGTTTITGAAGTGGCCACTTGCTGCCAAGGGGGCCACTG
CCTTGGACTGGGTACCAGGAAGAGGTGGCCTTGCTGAGGACACACCACAGAGTGATGTCATAGTAC
ACAGACTAGGAGTGGCCATCGTGAATGAGCTAACTTGCACACCCAACTGGGGACTATCCCTTGGGGA
ACAGTGACTTTATGCAAAATAGCTGTGCAGAGCATGGAGGGTATAAATACCTGATGGCTGCTGCCAG
GGCCACAGCTTTGCAGGGAGCTGAAGACCAAGACTCTGGCCCCACCCCCACGGGACACAGTATCACT
GGTCTGAAACTTCTCAGCCACCTTGGTGAAGGGACTGGGCTGTGTGAGACA

Figure 5-11 The consensus sequence from amplified Apodemus DNA using
primers F3 and R3.
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Query ID |cl|Query_23277 Database Name nr
Description L5 not BIOS Description MNucleotide collection (nt)
Molecule type dna Program BLASTN 2.9.0+ p Citation
Query Length 1074

Other reports: » Search Summary [Taxonomy reports] [Distance tree of results] [MSA viewer]
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1 200 400 600 800 1000

LT

Figure 5-12 BLAST alignment of the Apodemus sequence from the amplified INOS
C group primers (F3, R3).

The BLAST program confirmed a strong homology and alignment with the INOS
promoter of Mus musculus, the red lines indicates an excellent alignment. The
gene map at the top of the figure, illustrated with a red line, shows that 975 bp of
the sequence of sample no. L5 has a 97% identity to the Apodemus sequence.
The lower panel shows the BLAST sequence alignment with the database
sequence.
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Susery 334 Quaquuov-‘aooo 1 L CACTTCAACACASCOTTOCCCOCTACTC TICOCTAAICTA 1%)
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sbict 63473 m """ ARAAAGGOTGCACTCAACACAGOOCTGOOOCOTACCOOTGOOCAADGCTA 232

Cuary 3% ACTITCTTACTAOTOOAGAMTICTAITCADACASGCATOCTADIOOTOCTICTICTOCTACA 432

B R N R N R R R N NN RN R AR
Bhietr 43539 ACTTOOTACTAGTOGAGAATOCCAGTCAGATASCATOOTASSOOTOCCTOTOOTOOCATA 42588

Quecy 454 OCTTOOCTTIOCATCOTTICTAGMAAMACCTOCCOATOAMSO TTICCTOGOCATOTTIOOMT 3212
R R R R R R R R R R R R R L R R A
fojetr £3589 GOTTOOOTTOCATOOTTTOTAGAAAACCTOOCCGATAAGOTTTOCTGOOCATOTTAOAAT CIcen

Susry S14 ASTAOCASCATCTAASCTCASTAGTCOTCTAGAASCTICALSTTTTTTCCTASCACOTIC 27D
STRARRI R RN RPNy v SRR T RN RNE Astrdban)
Ehjes A% AOTEOCACTATOTAAOCTCACTEGTCATOTOSRACCTOGAODTTTITITOCAGUACOTTC  €3708

Suesy 374 CACACTOCCASGTATTICCTASCATECTOOASTCOTOCTOCAMOTOAAAASOCOGASADC €22
BLEA RN RN R R R e RNt
Fhijetr  S2709% CACACTOCCAOTATTIOCTACGCATTOTOGACTOCTIUTOCASASTOAARALOCTIGAIAOC 42740

Guary 634 TCCATOCOCAGALCAMAL TOCOOCASCADICTICANSSTCAOFANITUTGATTTAOSTARIA. €0
BER RRUERTSARRL RN st e et n ey nnnsnsnge
frijetr  €4374% TOOOTOOCCASAATAAAA TTIOGIAGCAGOTGCARDTTAGGIALTGTOITTTADTTAMGA =43

Quecy 624 ANAGCCTOCCTOCTTAGTIAST OCCAGTTTITOAGTOSOCACTTOCTOCCANGOGSOCCA . 152
ELRR R RN AR B RN RN aaaenaestnns
Enjen 43129  AAASOCTOCTTUCSTAOTOAITCOCASTTTTEAAGTAOCCATTTAOCTOCCAASQGOAICTA 42400

Ouersy 7354 CTEOCTTHAACTOOOTACCASGAAGAGOTGGOCTTOCTGABEACACADCACAGAGTGATG #1)
BURT RN RN R R RN R IR TR RN RN nt st eeenbnieieninn
ppjes  A235)  CTOCTTTGAACTOGOTACTAGGAMGASITOGCCTTOCTGAGGACACACTATAGAGTOATG €2%¢8

Cuecy 614 TCATASTACACAONCTAGGAGTGOCOCATOGTOAATGASCTARCTTIGCACACCCAACTGOG 073
R R R R R R R R R R R R R R R R R R N R R RN
Bhjes €290 TCATAGTACACASACTAASASTOAOCTATUITGRAATEASCTARACTTOCATACCCAASTOOG  €3008

Quetsy 874 GACTATCOCTTCGOOMOASTGACTTITATCOAAMTAGOTOTOCAGASCATOOASGOTAT 53
FERR RN PR R R IR RN R IR RN RN RN RN RN R RN RN ENRRsITIILIREIEYIIEIN]Y
#iet €009 GASTATCOCTTIUGOGAMCAGTOACTTTATOCAMMATANCTITOCASASCATOGAIGOTAT 43060

Cuecy )4 AATACCTAATOOCTICTOOCAGOOCCACASCTITTOCAGOGASTTOMOASCAMIACTST . )
R R R R R R N N R N R R R R R R R R A RN R N RN RN

FhIeT  4106% AAATACCTIATOOCTIOCTOCCAAOOCCACAICTTTOCASOGASCTOAACACTARASASTCT €312

Query MM SOOCCOCACCOOCANGOGATACAGTATCACTOGTOTGAAACT ICTCAGCCADCTTOGTGAA  10%)
FERA R R R R R R PR R R R TR R RN Rttt

Zbjct  6I13% OOCCCCACCOCCACOOOACACATTATCACTOITCTOMMASTICTCAOCCACCTTOOTOAA €186

Suersy 10354 SOGACTOSGCTOTOTGAGACA 1074

BIRRERRRARRIRR RN
Shies 43109 SOGASTOGACTOTOTAALACHA 42200

Figure 5-13 Comparison of the sequence of INOS promoter and exon 1 amplified,
using primers F3 and R3 from Apodemus DNA with the Mus musculus equivalent

sequence.
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5.4.5 Identification of potential methylation sites (CpG islands) within the
Apodemus iINOS gene.

DNA methylation is a fundamental process involved in the regulation of gene
expression, and characterisation of methylation patterns in the iINOS gene could
potentially open an opportunity to investigate the role of INOS gene expression in wild
mice populations. In practical terms, DNA methylation is usually detected by bisulfited
treatment of DNA which chemically modifies unmethylated cytosines such that they
are replaced by thymine residues which are identified during DNA sequencing.
Methylated cytosines remain intact. To understand whether methylation is involved in
INOS gene expression and linked to Toxoplasma infection, there is the opportunity to
develop approaches to compare methylation patterns in infected and uninfected wood

mice. To do this, there is a need to develop tools to enable this.

Having used similarity with the Mus musculus genome to identify the region of the
Apodemus genome that represents the INOS gene promoter and exonl, this
sequence was used to look for potential CpG islands. To do this, bioinformatics tools
to simulate bisulphite treatment, while leaving CG residues intact, were used to identify

potential CpG motifs. The results are shown in Figure 5.14.
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>The bisulfited converted sequence:Figure 5-14 CpG islands in the Apodemus iINOS gene promoter & exonl sequence.
The INOS gene sequence from A. sylvaticus was obtained using the homologous
region from the Mus musculus INOS gene. By utilising a bioinformatics program on
http://www.zymoresearch.com/tools/bisulfite, nine CpGs Islands were identified
(highlighted in green). The proposed TATA box is highlighted in red The sequence
contains a high proportion of “T” s, this is because all “C”s have been converted to
“T”s (as would happen in bisulphite treatment) except those adjacent to “G”s.

Figure 5.14 shows nine potential CpG islands. Experimental analysis will be required
to determine if these are indeed methylated. Details of the methylation process are

explained in more detail in Figure 5.15.
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ATTTECGAEBG

A: Bisulfite Conversion

ATTTEGABG

B: PCR Amplification

ATTTEGARG

Figure 5-15 Schematic diagram of the process of bisulphite treatment.

Bisulphate treatment adding a methyl group into unmethylated cytosine C in , is
highlighted in purple residues, thus converted it to uracil, and then to amplified in

the PCR as a A. 3, the last stage is when it is read by sequencing, it will be read as

a T. While, the methylated cytosine in green stays the same (Han et al., 2017).

5.4.6 Designing primers for the amplification of bisulphite treated regions
of the Apodemus iNOS gene promoter and exon 1.

To conduct the bisulphite sequencing reaction, it is necessary to PCR amplify
the INOS gene regions from the bisulphite treated DNA. Primers will need to be able

to recognise cytosine residues that could have been converted in thymine residues —
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so an entirely new set of PCR primers is required. These were designed using
bioinformatic tools available online (as described in Chapter 2) found at

http://www.zymoresearch.com/tools/bisulfite.

Table 5.2 shows the sequences of the primers designed to amplify regions of the INOS
gene promoter, Exon 1 and the 5 UTR. However, this software can also predict
possible mutations that will cause unmethylated cytosines to convert to Thymine when
bisulphite treated. Figure 5.15 shows the potential changes that could occur to
unmethylated cytosines and the conservation of methyl cytosines in the Apodemus
INOS gene promoter and exon 1. The nine possible CpG islands are identified in
green and potentially unmethylated cytosines as converted to Ts, are indicated in red.
The locations of the designed primers (Table 5.2) are indicated schematically in Figure
5.16. Figure 5.17 illustrates the positions of the nine putative CpG islands and shows

their locations along the sequence.
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Table 5-2 Designed iNOS primers for use on bisulphite treated DNA to PCR
amplify different regions covering the promoter and exon 1 of the Apodemus iNOS
gene.

Forward Sequence Reverse Sequence Expected
Band Size

BIOS F1: BIOS R1: 348 bp

S5TATTGGTTATTTGGAATTT 5ATAATCCCCAATTAAATATACA

GGATTTTTTTTTTTAGS AATTAACTCATTCAC3

BIOS F2: 5 BIOS R2: 71 bp

TATTGGTTATTTGGAATTT 5 CAATATTCCAACATACCCAAAA

GGATTTTTTTTTTTAGS AACCTTCA3

BIOS F3: BIOS R3: 421 bp

5TGAAGGTTTTTTGGGTAT S5TTTTACATAAAATCACTATTCC

GTTGGAATATTGS3 CCAAAAAATAATCCCC3

BIOS F4. BIOS RA4: 514 bp

5GTTATTGAGGGAAAAAGA CCACTCCTAATCTATATACTATA

AAAGAAAAAGGTTG3 ACATCACTC

BIOS F5: BIOS R5: 683 bp

5AGATAGTATTTTAGGGGT 5

[TTTTTGTTTTTATAGTTTG CAAAACCCRAACCTAAAAAACC

3 TC3
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Figure 5-16 Clustal alignments of the predicted bisulphite treated sequence (The),
and the Apodemus iINOS sequence (Your).
The highlighted cytosine residues in yellow which are linked to the red Thymine
residues are the unmethylated cytosine residues while the highlighted cytosine
residues in green represent methylated bases which remain the same after
bisulphite treatment.
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Figure 5-17 Locations of the bisulphate treatment primers on the map of the INOS
Promoter & Exon 1.

F= Forward primer, R=reverse primer. Predicted amplified fragments are presented
in base pairs for each primer combination. BIOSF1/R1 = 348 bp, BIOSF2/2 = 71
bp, BIOSF3/R3= 421 bp, BIOSF4/R4= 515 bp. These primers are in the promoter
region. However, BIOSF5/R5= 683 bp potentially amplifies both 514 bp of the
promoter and 136 bp of exon 1.
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Figure 5-18 The locations of the putative CpG islands.

CpG islands were predicted using the Zymo Research online software on the
Apodemus iINOS promoter and Exon 1. The numbers indicate the location relative
to the start of Exon 1. So, for example, CpG 47 (a positive number) lies 47bp

downstream of the beginning of Exon 1 while CpG — 119 (a negative number) is

located 119bp upstream of the start of Exon 1.

Having used bioinformatic analyses, mainly from the Zymo Research website
http://www.zymoresearch.com/tools/bisulfite, primers have been successfully
designed that could amplify portions of the Apodemus iINOS gene promoter and Exon
1. Furthermore, potential CpG islands exist and have been identified and located. The
next stage is to bisulphite treat the DNA, PCR amplify the products and sequence
them to determine whether any of the CpG islands are methylated and could act as

epigenetic marks.

5.4.7 PCR amplification of bisulphite treated DNA from the iINOS gene
promoter and Exon 1

To investigate methylation of the INOS gene, PCR reactions using the designed
bisulphite primers need to be carried out on bisulphite treated DNA. Treatment of DNA

was carried out using a kit supplied by Zymo Research. PCR amplifications were
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carried out using the bisulphite treated primers (Table 5.2). Expected band sizes for
primers BIOS F1-F5 and BIOS R1-R5 are summarised in figure 5.19.

Bisulphite treated DNA was PCR amplified using BIOS F1 and NIOS R1 primers
(expected band size 348 bp) using DNA extracted from Apodemus brain tissue. These
primers were expected to amplify part of the promoter region upstream of Exonl. The
results are shown in figure 5.19.

s 1 2 3 4 5 6 7 8 9 10 11 12 13 14 NC

200bp —

Figure 5-19 PCR amplification of bisulphite treated Apodemus brain DNA using
Primers BIOS F1/R1.
Apodemus samples 1-14 are loaded on lanes 1-14. While lane S is the 1Kb is ladder

DNA biomarker. Lane NC is the negative control (water). Amplification of the 348bp

band failed to work.

No amplification was seen when using primers F1/R1. Optimisation of the annealing
temperatures was carried out between 52°C and 63°C, and no amplification was
achieved under any of the conditions. PCR amplification using all four other primer
sets, BIOSF2/BIOS R2, BIOS F3/BIOSR3, BIOS F4/BIOS R4, BIOSF5/BIOS R5 was
also carried out in combination with optimisation of annealing temperatures as
conducted for primers BIOSF1/R1. No amplification was observed for any of the

primers under any of the optimisation conditions (data not shown).
As all PCRs were failing, further investigation of the best PCR conditions was carried
out. On advice from the company Bioline about PCR amplification of methylated DNA,

a new specific polymerase and reaction mixture was tried. The Bioline Tag HOT
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START (HS) red mix is a high fidelity Taq polymerase and buffer system which can be
more productive with difficult amplifications. These reagents were used to PCR amplify
Apodemus brain bisulphite treated DNA utilising the set of five primer groups (Bios
F1/R1- Bios F5/R5) (Data not shown).

Again, the amplification was still not working. Again, optimisation was carried out using
annealing temperatures of 55°C and 63°C. Additionally, higher concentrations of
starting DNA were used in the PCR reactions by adding more bisulphite treated DNA.
Several experiments were conducted, and all of the bisulphate primers pairs were
assessed. None of the primers pairs produced amplification products (data not shown)
except the BIOSF5/ BIOSR5 pairing which provided the correct band size when
amplified with an annealing temperature of 60°. Figure 5.20 shows an example set
of results for the primers BIOSF5/BIOSR5 when 3ul of methylation treated Brain DNA

was used.

141



S 123456789 1011213141516 17 NC

Figure 5-20 PCR amplification of bisulphate treated Apodemus brain DNA using
Primer pair F5/R5.

Lane S on the left is the 1Kb DNA Hyper ladder. lane 1, B5, lane 2, B9, lane 3,
B11, lane 4, B12, lane 5, B13, lane 6, B16, lane 7, B18, lane 8, B19, lane 9, B20,
lane 10, B21, lane 11, B25, lane 12, B26, lane 13, B33, lane 14, B38, lane 15,
B46, lane 16, B56, lane 17, B57. NC is the negative control (PCR water). The
majority of the samples amplified a band of 683bp, to a greater or lesser degree,

except samples B5, B20, B57.

By increasing the amount of the treated bisulphate DNA up to 3 pl per amplification,
reducing the amount of water and using an annealing temperature of 60°%, PCR
amplification using primer pair F5/R5 was successful. As these primers amplified the
whole of the exon one and a good-sized section of the adjacent upstream promoter,
these were used for an large scale amplification to investigate the methylation patterns
in a collection of Toxoplasma infected and uninfected mice.

A collection of 116 A. sylvaticus brain DNA samples (Bajnok et al., 2015), table 2.1
(population 1), and a further 50 samples, collected and tested for T. gondii infection
by the author (Chapter 4), were bisulphite treated and PCR amplified using the
bisulphite primers BIOS F5/R5. Samples were purified from the gels and sent to a
third-party company for DNA sequencing. Additionally, the same region was amplified
and sequenced from non-bisulphite treated DNA. Bisulphite sequencing was broadly
successful, although in some cases, some samples were unable to be amplified. In
other cases, sequences obtained were of lower quality and some of these sequences

could not be used.
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Once the sequencing results had been received, the sequence was checked using
Chromas software and visual inspection of chromatograms, unidentified bases (Ns)
were checked and verified to build a consensus sequence for each of the samples. In
some instances, when an anonymous basis could not be verified, that part of the
sequence had to be removed from the analysis. A blast search was conducted on the
NCBI database to confirm that the correct gene sequence had been amplified in each
case. The sequences showed a 97% match with the Mus musculus Nos2 promoter
region and Exon 1 (LOC111365144) on chromosome 11 and confirmed that the
correct sequence of the INOS promoter and exonl had been amplified from
Apodemus. Clustal Omega alignments were carried out to align bisulphite treated
samples with their untreated counterparts. An example of the bisulphite treated and
untreated sequences (mouse 92) are shown in Figure 5.21. Methylated C residues
remain unchanged by bisulphite treatment, but all non-methylated C residues are
changed to T. In the example shown in Figure 5.21, the majority of cytosines are
unmethylated, but a single methylated cytosine can be seen at position 665 in the
bisulphite sequence.
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Figure 5-21 Clustal alignment, of the DNA sequences of the bisulphate, treated
DNA and non-treated DNA from Heart from mouse P92, table 2.1 population 2.

The upper sequence shows the bisulphite treated sequence and the lower is the
untreated one. Bases highlighted in purple and green show unmethylated cytosines
(green) converted the thymine (purple) by bisulphite treatment. In this example, one
base towards the end of the sequence (highlighted red) at position 665 is methylated
as it remains a cytosine in the bisulphite treated DNA. Occasional sequencing
inconsistencies were detected such as in the first line of this alignment (incorrect

pairing and gaps) — such sections of section were removed from any further

Figure 5.22 shows the locations of possible CpG islands in the INOS promoter and

exon 1, that could be methylated in the Apodemus DNA samples. These have been

annotated and described in relation to the start of Exon 1 (shown in purple in Figure

5.24). The CpG islands are highlighted in red, and those with a negative number are
found within the promoter (CpG-59, CpG-119, CpG-175, CpG-392, CpG-394, CpG-
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476) and those with positive numbers are located within Exon 1. The numbers refer to
the number of bases upstream (negative) or downstream (positive) of the start of Exon
1. One CpG island (CpG47) is located within Exonl.

TTTGGGGGTTTTTTTTTTTAAAAAGGGGGTTTTAAATTTTTTTGAAAAAATTTTTRBGA
AAGGGTTTTTGGGGTTTTGGGAAATTGGGGTTTTTTAAAATTTTTGGGGGTTTTGAAA
ATTGGGATTITITI'I‘ITGAA-TI'ATATAGTTAGAATFTWTAGTAWTGGG GATT
TGTTGTAAAAAAGGGAAATTGGGAGAGTTTTGTTTTGAAAAAAAAATTTTGGTAGAG
GTAAAATATGGAAAATGGGGTATAtAAAAAAAAAGTTTTTTTTTAGAGAGAGTTAGA
GTTGAGATGGGGATATGTGGTGATAAGGGGGATAGTGTTTGAGAGGGTATTATGAG
GAGAGGGGGTITGGAGGAGATATAATAGAGAGAGATGATAGTGTATATAGATI’A
GGAGTGGTTATITGAATGAGTTAATI'TGTATATTI'AATTGGGGATTAT'I'I'TTTGGGG
AATAGTGATTTTA.T AAAATAGTTGTGTAGAGTATGGAGGG-TATTTGATG

GTTGTTGTTAGGGTTRTAGIITIGIAGGGAGTTGAAGATTAAGATTTTGGTTTTATTT

WA.GGATATAGTATTATTGGHTGAAAI [TTTTAGTTATTTtGGgGAAGGA

Figure 5-22 Predicted CpG islands within the Apodemus sequence amplified by
primers BIOS F5/R5.

CpG islands are highlighted in red. One CpG island (CpG47) is located in the Exon
1, at nucleotide 47 in Exon 1 (last line in the diagram). The highlighted sequence in
purple is the start of Exon 1. The highlighted nucleotides TATAAA in red are the
putative TATA box, based on the Mus musculus homologue, which is -30 bp from
the start of the exon. The remaining CpG islands highlighted in red are CpG-59,
CpG-119, CpG-175, CpG-392, CpG-394, CpG-476 which are all found in the
upstream promoter region.
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Figure 5.23 shows an example of alignment for mouse J10, indicating the CpG islands
and the effect of bisulphite treatment on the sequence. The difference between Fig-
ures 5.22 and 5.23 are that the first one shows predicted CpG sites while the second

one shows actual sites.
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CLUSTAL 0(1.2.4) multiple sequence alignment
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Fkkkkdkkk kdkkhkk khkhkdkhkdk ddkdkkdhdkdk dkhkkdk hhkkk dkhkkdkhkkkhkkkdkdkkkkk Kk

MABIO ATGGTTGTIGTTAGGGTTATAGTTTTGTAGGGAGT TGAAGATTAAGATTTTGGTTTTATT 577

L4non ATGGCTGCTGCCAGGGCCACAGCTTTGCAGGGAGCTGAAGACCAAGACTCTGGCCCCACC 780
F*kkk dkk kk  kkkk Kk kk dkkkk dkdkkkdk hkkkkk  kkkk Kk kkok *

M4BIO TTtallGGGATATAGTATTATTGGTTTGAAATTTTTTAGTTATT T tGEgGAA-———————~ 628

L4non CCCACGGGACACAGTATCACTGGTCTGAAACTTCTCAGCCACCTTGGTGARAGGGACTGGGE 840

* kkdkk Kk dkkdkkdk Kk kkkk kkkkdk kk k kk ok  kkkk kkk
M4BIO = W ————————————————————— 628
L4non CTGTGTGAGACACtTCtGAGT 861

Figure 5-23 An example clustal alignment of the DNA sequences of the bisulphate
treated DNA and non-treated DNA showing actual CpG sites.

These sequences were taken from the Braine DNA of mouse J10. This was an
example alignment, using DNA from brain tissue, and is used here to illustrate how
alignments were carried out. The upper sequence (M4BIO) shows the bisulphite
treated sequence and the lower sequence (L4non) is the untreated one. Bases
highlighted in red and green represent the sites of the CpG islands. Unmethylated
cytosines (green) are converted to thymines (red) by bisulphite treatment. In this
example, all the bases in the CpG islands are unmethylated as all of the bisulphite
treated Cs are converted to Ts. In this sample, CpG -394 is actually heterozygous
although it is recorded as unmethylated in this alignment. Clustal alignments are
not ideal methods for displaying heterozygotes.
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In addition to identifying methylated and unmethylated bases, there is also the
possibility, since Apodemus is diploid that there will be heterozygous bases which
could either be single nucleotide polymorphisms or could be heterozygous for
methylation status. Figure 5.24 shows an example of the appearance of a

heterozygote on the chromatogram.

AN A

Figure 5-24 Chromatograph of a DNA sequence showing a heterozygous base.

The overlapping peaks (red and blue) at position 458 indicate a heterozygote

with C and T representing the two alleles.

DNA sequences were obtained from 116 A. sylvaticus brain samples which had been
amplified using primers BIOSF5/R5 and their corresponding primers for non-bisulphite
treated DNA. The sequences were analysed for single nucleotide polymorphisms
(SNPs), DNA methylation events and inspected for heterozygotes at sites where both
the SNPs and the methylation/lunmethylation events occurred. Figure 5.25
summarises the region of the INOS gene and promoter that are covered by this

amplified region.
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- 683 bp

Promoter and 5° UTR. 843 bp

Figure 5-25 Summary of the PCR amplified region covered by the BIOSF5/R5
primers.

Analysis of the sequences shows that the Apodemus promoter, 5> UTR and Exon 1,
consists of seven putative CpG islands. The number of CpGs islands in the Apodemus
sequence is more significant than the corresponding sequence in Mus musculus which
has three less. A comparison between the identical sequences in A. sylvaticus and
Mus musculus is shown in Figure 5.26. (A more extended sequence of the Mus
musculus promoter is shown, and one CpG island exists outside of the corresponding

region in the Apodemus sequence).
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Figure 5-26 Comparison of the CpG islands.

in the promoter regions of the iINOS gene of A. sylvaticus and Mus musculus. A.
The upper panel shows a diagram of the Mus musculus nos2 gene for inducible
nitric oxide synthase, promoter region and 5'UTR (GenBank: L23806.1). B. The
lower panel shows a diagram of the Apodemus iINOS promoter and Exon 1. There
are sevenCpGs islands: CpG island 47 is in Exonl while CpG-59, CpG-119, CpG-
175, CpG-392, CpG-394, CpG-476 map to the Promoter and 5 UTR. In the Mus
sequence there is an equivalent CpG island at the same location in Exon 1 and
corresponding CpG islands in the Mus gene promoter.

Multiple sequence alignments were carried out, using Clustal Omega, to identify
differences in methylation pattern across all of the 683 base pair sequences obtained
from the Apodemus brain DNA samples. An example alignment of bisulphite treated
sequences at CpG island CpG47 is shown in figure 5.27. The presence of a C residue

in each of these samples indicates that this was a methylated cytosine.
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CLUSTAL O (1.2.4) multiple sequence alignment

CpG TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
10NB TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
8NB TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
4ANB TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
2NB TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
E19 TAGGGAGTTGAAGATTAAGATTTTgGTTTTATTTTTACGGG 41
E22 TAGGGAGTTGAAGATTAAGATTTTgGTTTTATTTTTACGGG 41
8 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTAECGGG 41
E2 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
E7 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
E9 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
E1l1l TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
ES8 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
E13 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACGGG 41
6 TAGGGAGTTGAAGATTAAGATTTTGGTTTTATTTTTACgGG 41

khkkhkkkkhkhkhkkhkhkhkkhkhkkhkhkhkhkhkhkhkhkhkhkhkkhkkhkkhkhkhkhkhhhhik

Figure 5-27 Example lustal alignment of the consensus sequences of several
Apodemus samples in the CpG island at exonic region 47.

(This is positioned at 47 base pairs into Exon 1). The highlighted green C is the
methylated cytosine. Sequence identities refer to the codes in column 3 of Table
5.3.

Another example (Figure 5.28), shows another Apodemus CpG island found in the
promoter region and is located at position -59 (59 base pairs ahead of the start of the
gene). In most of the samples, this CpG island is unmethylated (converted to a T by

bisulphite treatment).
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CLUSTAL O (1.2.4) multiple sequence alignment

EpG59 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTALG 54

E19 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E22 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
27 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTgGGGAATAGTGATTTTATG 54
5 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
8 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
13 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E2 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E6 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E7 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E9 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
E10 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
El1ll AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54
65 AGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGATTTTATG 54

kbbb bbddbddbbbdbdbddbdddbbdbddbddddbddbdbdbddbdddddddbdddddd &

Figure 5-28 Example Clustal alignment of the consensus sequences of a number
of Apodemus samples in the CpG -59 island in the promoter region.

This one is CpG -59 which indicates that it is 59 base pairs upstream of the start of
the gene. The highlighted green C is a methylated cytosine while the yellow
highlighted T residues indicate those that have been modified by bisulphite
treatment. Sequence identities refer to the codes in column 3 of Table 5.3.

Figure 5.29 shows another example, using the CpG island at position -119 (119 base
pairs upstream of the start of Exon 1). Again, in this example, residues that remain as
C residues, post-bisulphite treatment, are methylated while those that are converted
to T are unmethylated.

Similarly, figures 5.30, 5.31 and 5.32 show example alignments of, respectively, the
following CpG islands within the upstream promoter region: CpG -175, CpG -392 (and
CpG -394) and CpG -476.
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CpG-119

CLUSTAL O (1.2.4) multiple sequence alignment

13 AGaGtgaTgtTAtagTATATAGATTAGGAGTGGTTATEG
E2 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
E9 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
Ell AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
6S AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
S17 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
20 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
30 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATEG
E6 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATTG
E7 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATTG
E10 AGAGTGATGTTATAGTATATAGATTAGGAGTGGTTATTG

hhkhkhkhkhkhkhkhkkkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkhkkhkhkhkhkhkhkhkkk *

Figure 5-29 Example Clustal alignment of the consensus sequences of a number

of Apodemus samples in the CpG island in the promoter region.

This one is CpG -119 which indicates that it is 119 base pairs upstream of the start
of the gene. The highlighted green Cs are methylated cytosines while the yellow
highlighted T residues indicate those that have been modified by bisulphite

treatment. Sequence identities refer to the codes in column 3 of Table 5.3.

39
39
39
39
39
39
39
39
39
39
39
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E31 GTTATTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 477
E33BIOS GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 469
El4 GTTATTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 480
E35BIOSO GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 470
E36BIOSOL GTTAtTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 477
E15 GTTATTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 478
E13 GTTATTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 477
E34BIOS GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 479
Ell GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 472
E39BIOSOL GTTATTGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 477
E37BIOS GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 469
E40BIOSO GTTATCGTGAATGAGTTAATTTGTATATTTAATTGGGGATTATTTTTTGGGGAATAGTGA 479

dedkedkdkdk % ododeodk g g e o g ok g ok g ok ok ok ok e ok ok ok e ok e ok e ok e ok o ok e ok e ok e ok e ok e o ok e ok e ok e ok ek e ok e ok

Figure 5-30 Clustal alignment of the consensus sequences of a number of
Apodemus samples in the CpG island in the promoter region.

This one is CpG -175 which indicates that it is 175 base pairs upstream of the start
of the gene. The highlighted green Cs are methylated cytosines while the yellow
highlighted T residues indicate those that have been modified by bisulphite

treatment. Sequence identities refer to the codes in column 3 of Table 5.3.

E31 GTTTTTTGGAATTTGGAtTTTTTTTTTTAGTA.GTTTTATATTGTTAGTATTTTTTAGTA 177
E33BIOS GGtGTTTAgaAtTTGGatTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 169
El4 GTTGTTTAGAAATTGGATTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 180
E35BIOSO GTTGTTTAGaAATTGGatTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 170
E36BIOSOL GTtGTTTAGaAaTTGGatTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 177
E15 GTTTTTTTGTAATTGGATTTTTTTTTTTAGTA.GTTTTATATTGTTAGTATTTTTTAGTA 178
E13 GGTGTTTGGAAATTGGATTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 177
E34BIOS GTTTTTTGGAATTTGGAtTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 179
Ell GTTTTTTGGAATTTGGATTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 172
E39BIOSOL GTTaTTTGGAATTTGGALTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 177
E37BIOS GTTgTTTAGAATTTGGALTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 169
E40BIOSO GTTTTTTGGAATTTGGALTTTTTTTTTTAGTACGTTTTATATTGTTAGTATTTTTTAGTA 179

* %k khkk k Kk hhkkkkhhkkdkhkhkhkdkkkhkhkhhkk hhkkdkkkhkhkhkkkdkhhkkkkhkhkhkhkkkkhkhkk

Figure 5-31 Clustal alignment of the consensus sequences of a number of
Apodemus samples in the CpG island in the promoter region.

This one covers both CpG -392 and -394. These CpG islands are respectively 392
and 394 base pairs upstream of the start of the gene. The highlighted green Cs are
methylated cytosines while the yellow highlighted T residues indicate those
unmethylated cytosines that have been modified by bisulphite treatment. The purple
shaded A residues are single nucleotide polymorphisms. Sequence identities refer
to the codes in column 3 of Table 5.3.
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E31 AAATTTTTTGAagAAGGTTTTTTGGGTATGTTGGAAAATTGGTATTaTTTAAATTTATTG 117
E33BIOS AAATTTTTTGaATgAAGGTTTTTTGGGTatGTTGGaaAATTGGTaTTATTTAATTTTaTTg 109
El4 AAAATTTTTGARGAAGGTTTTTTGGGTAAGTTGGAAAATTGGTATTATTTAATTTTATTG 120
E35BIOSO ARATTTTTTGAIGAAGGTTTTTTGGGTATGtTGGaaAATTGGTaTTATTTAATTTTATTG 110
E36BIOSOL AAATTTTTTGATGAAGGTTTTTTGGGTATgTTGGAATATTGGTatTATTTAATTTTATTG 117
E15 AAATTTTTTGAAGAAGGTTTTTTGGGTATGTTGGAAAATTGGTATTATTTAATTTTATTG 118
E13 AAATTTTTEGAAGAAGGTTTTTTGGGTATGTTGGAATATTGGGATTATTTAATTTTATTG 117
E34BIOS ARATTTTTEGaagAAGGTTTTTTGGGTATgTTGGAATATTGGTATTATTTAATTTTATTG 119
Ell AAATTTTTTGAAGAAGGTTTTTTGGGGAAGTTGGAATATTGGTATTATTTAATTTTATTG 112
E39BIOSOL AAATTTTTTGATgAAGGTTTTTTGGGTATGTTGGaaAATTGGTATTATTTAATTTTATTG 117
E37BIOS AAATTTTTTGaagAAGGTTTTTTGGGTATGtTGGaaaATTGGTaTTaTTTAATTTTATTG 109
E40BIOSO AAATTTTITGAagAAGGTTTTTTGGGTATGTTGGAATATTGGTATTATTTAATTTTATTG 119

dkhk dhkkk hk hhkkhkhkhkkkhhkhkhkhkhk Kk hhkkkhkhkk dhkkhkhk hhkhkhkkhkhkhkk hhkkhkhkhkk

Figure 5-32 Clustal alignment of the consensus sequences of a number of
Apodemus samples in the CpG island in the promoter region.

This one is CpG -476 which indicates that it is 476 base pairs upstream of the start
of the gene. Sequence identities refer to the codes in column 4 of Table 5.3.

A summary of the sequences at each of the CpG island sites is listed in Table 5.3.
Included for each site, SNPs and methylation status is included. As each site is
expected to have a CG duo of residues, any deviation from this is listed as an SNP
and indicated with the relevant base. In the case of cytosine residues, the methylation
status of the CpG island is indicated. Since the wood mice are diploid, the two alleles
of the INOS gene are shown as C™/C™, C™/C or C/C for, respectively, homozygous
methylated, heterozygous and homozygous unmethylated cytosines.

An additional collection of wild rodents was carried out to enable simultaneous
extraction of RNA from the same animals to allow for correlation of data on infection,
INOS genotype and iINOS/Arginase expression. The genotype data from these 12
animals are presented in Table 5.4. Due to the unpredictability of collecting wild
animals, the catch of Apodemus on this occasion was low, and some voles were
additionally caught. Both species were included, and similarities between the iINOS

promoter and Exon 1 regions enabled both species to be included in specific analyses.

155




Table 5.3 Variation in methylation patterns in the CpG islands of the INOS gene
promoter and Exon 1. Column 1, mouse identity code; column 2, Toxoplasma infection
status; column 3, additional code for DNA sequences; columns 4 — 10, nucleotide
identity at each numbered CpG island, A, C, G, T refer to the four standard bases, C™
refers to methylated cytosines. NS, no sequence available. As these mice are diploid
C/C, for example, refers to both alleles where C/C™, for example, represents a
heterozygote. In the case of a single base entry, this refers to being homozygous for
that base.

Table 5-3 Variation in methylation patterns in the CpG islands of the INOS gene
promoter and Exon 1

Mouse Diagno DNA CpG*® CpG3¥* CpG3*2? CpG'® CpG'® CpG*® CpG¥
code -sisof Code

Toxopl

-asma
J23 + E2 G A Cc/C C/C cm/cm  CIC cm/cm
J43 + E6 G cm/cm  CIC C/C C/C c/C cm/cm
J44 + E7 c/C C/C c/C C/C C/C c/C cm/cm
J52 + E8 cm/cm cmem  C/C C/C C/C c/C cm/cm
J53 + E9 G C/C c/C C/C cm/cm  CIC cm/cm
J54 + E10 G cm/cm  CIC C/C C/C c/C c/C
J60 + E1ll G cm/cm  CIC C/C cm/cm  CIC cm/cm
J71 + E12 CM/C™ A cm/cm CIC C/C c/C cm/cm
J72 + E13 G cm/cm  CIC C/C C/C c/C cm/cm
J75 + M34 G A c/C C/C C/C c/C c/iC
J78 + El14 G G Cc/C C/C C/C c/C cm/cm
J84 + E15 G A Cc/C C/C C/C c/C cm/cm
J85 + E16 NS NS NS C/C cmicm A cm/cm
J86 + E17 NS NS NS C/C C/C c/C cm/cm
Ja7 + E18 NS NS NS C/C cm/cm  CIC cm/cm

Table 5.4. Variation in methylation patterns in the CpG islands of the INOS promoter
and Exon 1. in a new collection of wild rodents. This collection was specifically made
to enable collection of RNA for gene expression studies to facilitate correlation with
infection and iINOS sequence data. Column 1, mouse identity code; column 2,
Toxoplasma infection status; column 3, species (A, Apodemus or V, voles); columns
4 — 10, nucleotide identity at each numbered CpG island, A, C, G, T refer to the four
standard bases, C™ refers to methylated cytosines. NS, no sequence available. As
these mice are diploid C/C, for example, refers to both alleles where C/C™, for
example, represents a heterozygote. In the case of a single base entry this refers to
being homozygous for that base.
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Table 5-4 Variation in methylation patterns in the CpG islands of the INOS promoter
and Exon 1. in a new collection of wild rodents.

Mouse Diagno- Specie CpG*® CpG3* CpG3? CpG'® CpG'*® CpG®™® CpGY¥
code sis of -S
Toxopla
sma
Al _ \Y NS NS NS NS Cm/Ccm™ C™/C C/C
A2 _ V A NS NS ci/C A A NS
A3 _ A C/C cm/c cmcm Cc/IC Ccmcm  C/C C/C
A4 _ A G A C/C C/IC c/IC C/C cm/cm
A6 _ A C/C cm/Cc  Cm/C c/IC c/IC C/C cm/cm
A7 _ A G C/IC C/C c/IC c/IC C/C cm/C
A8 _ A G cm/cm  CIC C/IC C/IC C/C cm/cm
A9 _ A G cm/cm  CIC C/IC C/IC C/C cm/cm
All _ A C/C cm/C C/C c/Cc cm/cm  C/C cm/C
Ab + \Y G C/C C/C NS Cm/C™ C/C cm/cm
A10 + \Y/ NS NS NS NS NS NS cm/cm
Al2 + \ NS cm/C C/IC NS NS NS NS
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Due to the low catch of Apodemus and the supplementation of these new catches with
voles, the promoter region and exon one from voles was investigated for sequence
similarity. There were differences in the sequences between the Apodemus and vole
brain DNA which resulted in length differences in the promoter region. However, the

homologous CpG islands could be identified.

Analysis was carried out on the associations between Toxoplasma infection and
sequence status at each CpG island (2x 2 contingency table, Fishers Exact Test).
Table 5.5 and Figure 5.33 show the results for CpG island 47. This CpG island resides
within Exon 1. In the infected animals, a high proportion (86.66%) had homozygous
methylated cytosines at this position with very much lower proportions of unmethylated
cytosines or heterozygotes or other any SNPs have been found. This was in contrast
to the uninfected animals that had a much lower frequency of methylated cytosine
residues (61.17%). There was a significant association between infection and
methylation status (P = 0.0001). In the case of CpG island -59, which resides in the
promoter region, there was no significant association with infection status (P = 0.598),
At this site, the majority of cytosine residues were unmethylated whether the animals
were infected or not (Table 5.6 and Figure 5.34). CpG island -119, in the upstream
promoter region, had a high frequency of homozygous genotypes and there was no
association with infection (P = 0.479) (Table 5.7 and Figure 5.35). In the case of CpG
island -175, the majority of cytosines were unmethylated and there was no association
with infection (P = 0.252) (Table 5.8 and Figure 5.36).
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Table 5-5 CpG island 47 in Apodemus Exon 1.

CpG47 Infected % Infected Not % Not Total
infected | infected
Methylated 39 86.66 52 61.17 91
Homozygote
Any SNPs 6 13.33 33 38.82 39
TOTAL 45 100 85 100 130

Epigenetic variants in the Exonic region
CpG island 47 and the association with T.
gondii infection.
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Figure 5-33 Epigenetic variants in CpG island 47 and the association with T. gondii
infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, homozygote methylated cytosine, and the any other SNPs. Two
tailed Fishers Exact Test, shows a significant association between infection status
and cytosine methylation status P = 0.0001.
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Table 5-6 CpG island -59 in the Apodemus promotor.

CpG-59 Infected % Infected Not % Not Total
infected | infected
Methylated 2 4 1 1.13 3
Homozygote
Any Other SNPs 47 96 87 98.86 134
TOTAL 49 100 88 100 137

Epigenetic variants in the Intronic region
CpG island -59 and the association with 7.
gondii infection.
120
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Figure 5-34 Epigenetic variants in CpG island -59 and the association with T. gondii
infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, homozygote methylated cytosine and the any other SNPs. Two
tailed Fishers Exact Test, shows no significant association between infection status
and cytosine methylation status. (P = 0.598).
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Table 5-7 CpG island -119 in the Apodemus promotor.

CpG-119 Infected % Infected Not % Not Total
infected | infected
Methylated 22 51.16 41 45.5 63
Homozygote
Any Other SNPs 21 48.23 49 54.44 70
TOTAL 43 100 90 100 133

Epigenetic variants in the Intronic region
Cp6G island -119 and the association with 7.
gondii infection.
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Figure 5-35 Epigenetic variants in CpG island -119 and the association with T.
gondii infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM and the any other SNPs. Two tailed Fishers Exact Test, shows no
significant association between infection status and cytosine methylation status. (P
=0.479).
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Table 5-8 CpG island -175 in the Apodemus promotor.

CpG-175 Infected % Infected Not % Not Total
infected | infected
Methylated 1 2.5 1 1.20 2
Homozygote
Any other SNPs 39 97.5 82 98.79 121
TOTAL 40 100 83 100 123

Epigenetic variants in the Infronic region
CpG island -175 and the association with 7.
gondii infection.
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Figure 5-36 Epigenetic variants in CpG island -175 and the association with T.
gondii infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, homozygote methylated cytosine, and the any other SNPs. Two
tailed Fishers Exact Test, shows no significant association between infection status
and cytosine methylation status. (P = 0.252).
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Table 5-9 CpG island -392 in the Apodemus promotor.

CpG-392 Infected % Infected Not % Not Total
infected | infected
Methylated 2 6.6 3 4.5 5
Homozygote
Any other SNPs 28 93.3 63 95.5 91
TOTAL 30 100 66 100 96

Epigenetic variants in the Intronic region
CpG island -392 and the association with 7.
gondii infection.
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Figure 5-37 Epigenetic variants in CpG island -392 and the association with T.
gondii infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, and the any other SNPs. Two tailed Fishers Exact Test, shows no
significant association between infection status and cytosine methylation status. (P
= 0.537).
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Table 5-10 CpG island -394 in the Apodemus promotor.

CpG-394 Infected % Infected Not % Not Total
infected | infected
Methylated 10 33 25 37 35
Homozygote
Any other SNPs 20 67 42 63 62
TOTAL 30 100 67 100 97

Sequence variants at intornic
CpG Island -394 in relation to T.
gondii infection status
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Figure 5-38 Epigenetic variants in CpG island -394 and the association with T.
gondii infection

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, and the any other SNPs. Two tailed Fishers Exact Test, shows no
significant association between infection status and cytosine methylation status. (P
= 0.656).
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Table 5-11 CpG island -476 in the Apodemus promotor.

CpG-476 Infected % Infected Not % Not Total
infected | infected
Methylated 3 11 2 3 5
Homozygote
Any other SNPs 25 89 62 97 87
TOTAL 28 100 64 100 92

Sequence variants at intornic
CpG Island -476 in relationto T.
gondii infection status
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Figure 5-39 Epigenetic variants in CpG island -476 and the association with T.
gondii infection.

The blue columns indicate the percentage of infected Apodemus and the orange
columns indicate the percentage of uninfected Apodemus with a particular sequence
variant. CM/CM, homozygote methylated cytosine and the any other SNPs. Two
tailed Fishers Exact Test, shows a significant association between infection status
and cytosine methylation status. (P = 0.049).
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CpG island -392, in the upstream promoter region, had a high frequency of
unmethylated cytosines and there was no association with infection (P = 0.537) (Table
5.9 and Figure 5.37). In the case of the adjacent CpG island -394, there was a wide
range of genotypes, including SNPs, and there was no association with infection (P =
0.656) (Table 5.10 and Figure 5.38). In the final CpG island — 476, there was a high
frequency of SNPs but no association with infection (P = 0.049) (Table 5.11 and Figure
5.39).

A key aspect of the hypothesis that the INOS/Arginase balance affects the outcome of
infection, is that genetic or epigenetic changes would influence iINOS expression. DNA
methylation is generally reported to be associated with inhibition of gene expression
and therefore down regulates the production of the associated protein. Methylation of
the INOS gene would therefore be expected to be associated with down regulation of
the INOS protein. In the case of CpG island -47, where a significant association was
found between methylation status and T. gondii infection status, this relationship can
be further analysed with respect to INOS expression. Data presented in Table 5.5 can
be simplified to address this. In the situation where CpG -47 is fully methylated (i.e.
the C™C™ genotype) or mutated due to a SNP, the INOS gene would be switched off
resulting in a lack of production of iINOS. This accounts for 86.66% (39/45) of infected
mice compared with 61.17 % (52/85) of uninfected mice. In the case of the other
genotypes, homozygous unmethylated and the heterozygous state, INOS would be
expected to be produced. This is the case in 13.33% (6/45) of infected mice and
38.82% (33/85) of uninfected mice. Infected mice have a greater frequency of
possessing non-iINOS producing genotypes than uninfected mice (Fisher exact test, P
= 0.0001).
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5.5 Discussion

The aim of this chapter was to investigate whether structural differences in the
INOS gene might relate to differences in INOS expression and influence infection with
T. gondii. In Chapter 4, it was demonstrated that differences in the relative expression
of INOS and Arginase were related to infection with T. gondii. The availability of DNA
samples from a large collection of characterised wood mice offered the opportunity to
compare structural differences in these genes between infected and uninfected
animals. In infected mice, a low INOS/Arginase expression ratio was found while a
high INOS to arginase ratio of expression was found in uninfected animals. The
structural differences between these two states could be, for example, single
nucleotide polymorphisms (SNPs) that associate with infection status. Evidence from
the control of infection in rat peritoneal macrophages (resistant) compared with
alveolar macrophages (sensitive) suggested the control of resistance might be
epigenetic (Z.-J. Zhao et al., 2013). The DNA taken from the brain tissue of this
collection of wood mice also offered the opportunity to investigate epigenetic
mechanisms, such as DNA methylation, in relation to infection. In order to investigate
possible structural differences between the DNA of infected and uninfected animals,
the upstream promoter region and first exon were chosen for the focus of this
investigation. This is because these regions are often the parts of a gene that are

responsible for control of gene expression.

Little is known about the INOS gene in A. sylvaticus, so a key activity was to
make use of genome information from Mus musculus to design tools to search for
genetic and epigenetic marks that might be of interest. The availability of detailed
resources for Mus and the opportunity to utilise partial genome sequence information
for Apodemus generated in Liverpool, meant that PCR primers and other tools could

be developed.

A collection of 144 A. sylvaticus was available from other studies (Bajnok et al., 2015)
and collected as part of this study. These wood mice had been characterised for
infection with T. gondii, other parasites and host phenotypes (weight and length as
indicators of age, sex, adult/juvenile status). In this study, DNA sequences were
obtained from the iINOS gene promotor and Exon 1 from these mice. Additionally, the

methylation status of 7 identified CpG islands was determined. Analysis of SNPs within
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this region showed that several SNPs existed but none were associated with infection.
However, analysis of DNA methylation status of these genes demonstrated a
significant association between methylation differences and infection status at the
exonic CpG 47, and the intronic CpG -476 a CPG island that is located within Exon 1
and 47 base pairs after the transcription start site (P=0.0001), while the intronic -476
bp before the starting the exon 1 (p=0.049).

These data showed that 87% of the infected mice possessed the homozygous
methylated cytosine (C™C™) genotype at CpG island 47 while only 61.17% of the
uninfected mice possessed this genotype. Additionally, in the uninfected mice there
was a higher frequency of non-methylated genotypes, with regards to other SNPs
(CM™C/CC and SNPs) than the infected mice with 38.82% instead of 13.33%
respectively, A SNP, at this position, was observed in one mouse that presumably
removes this site as a CpG island.

This raises an important question as to the role of this polymorphic CpG island in
relation to infection. There are many studies that link methylation of CpG islands with
expression of the INOS gene (for example, Chan et al. 2005; Hmadcha et al., 1999)
the higher methylation, the lower the expression and vice-versa (Kuriakose & Miller,
2010). This suggests that there might be a link between iINOS gene regulation and T.
gondii infection within this wood mouse population. In experimental studies in rats, it
has been shown that there is an epigenetic effect that influences differences in the
susceptibility of peritoneal and alveolar macrophages to infection with T.gondii, Within
the same inbred line of rats, peritoneal macrophages are resistant to infection with T.
gondii while alveolar macrophages are highly susceptible (Zhao et al., 2013).
Furthermore, these cell types differ in INOS and Arginase expression levels with
peritoneal macrophages expressing high INOS and low Arginase levels while alveolar
macrophages show the opposite expression levels. Nothing seems to be known about
the differences in iINOS gene regulation in these cell types but, since the differences
are epigenetic, it is possible that differences in methylation patterns in CpG islands

could account for this.

Since epigenetic modifications can affect INOS gene expression and iNOS gene
expression can influence T. gondii infection, it is possible that methylation

polymorphism could be linked to infection status in natural populations of A. sylvaticus.
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Given that methylation of cytosine residues acts to suppress iNOS expression, it would
be expected that non-methylated genotypes would be associated with INOS gene
expression. In this study, two genotypes (the heterozygous C™C and homozygous CC,
CM, SNPs genotypes) would express iNOS while the homozygous C™C™ genotype and
any SNPs that destroy the CpG island would not. When the frequency of INOS
expressing genotypes (C™C, SNPs and CC) in the wood mouse population is
considered, only 13.33% of infected mice had these genotypes compared to 38.82%
of uninfected mice. Similarly, the putative INOS non-expressing genotypes (C™C™ and
CpG island destroying SNPs were found in 86.66% of infected mice and only 61.17%
of uninfected mice. This significantly (P=0.0001) association between expressing and
non-expressing genotype with infection suggests that this genotype is integrally
associated with resistance and susceptibility to T. gondii infection. As well the intronic
CpG -476, with regads to sicnificancy of (P=0.049).

Although a significant association has been discovered between methylation patterns
and T. gondii infection, it raises the question as to what is happening in those wood
mice whose genotypes do not conform to the associations described above. In the
case of the uninfected mice, there is unlikely to be an absolute correlation since this
group of mice include two groups of mice: those that have been challenged by infection
but are resistant and those that have never been exposed to the parasite. In a natural
population of wood mice, it is not possible to distinguish individual mice in these two
populations although the 38.82% of uninfected mice possessing iINOS non-expressing
genotypes could contribute to the former group. In the case of the infected mice,
13.33% of the mice possess the resistant INOS expression related genotypes. One
explanation for these mice could be due, not to the expression of the INOS gene but
instead, to the expression of the Arginase gene. If the expression of Arginase was
higher in these mice, it might out compete the INOS gene expression and result in
lower NO levels and higher susceptibility to infection. Previous studies in rats (Wang
et al., 2015) showed that susceptibility or resistance to infection was related not to the
absolute expression of INOS but to the INOS/Arginase expression ratio. Data reported
in chapter 4, that shows differences in INOS/Arginase expression ratios between
infected and uninfected mice, is consistent with the possibility that both enzymes

contribute to this. Further work is necessary to address this question in more detail.
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In conclusion, this study has demonstrated that methylation status of a two CpG
islands in Exon 1 and the intrinsic -476, of the INOS gene is associated with infection
status in a natural population of wood mice. Extensive searches of the literature
suggest that this is the first time that this phenomenon has been reported in natural
populations of mice and furthermore, this phenomenon does not seem to have been
described in laboratory mice either. A hypothesis was proposed at the outset of this
chapter: that there could be a relationship between the methylation status of the INOS
gene promoter and infection status in natural populations. The data represented in this
chapter demonstrates that this is indeed the case and raises important questions
about the role of INOS gene expression in resistance to T. gondii in natural populations
of wood mice. It also raises important questions as to whether INOS gene expression
might be a key regulator of resistance in a wider range of hosts of T. gondii or perhaps

even a wider range of host-pathogen interactions involving intracellular pathogens.
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Chapter 6: General discussion

Discussion

The aims of this thesis were to investigate genetic and epigenetic mechanisms
of INOS gene expression in relation to infection of natural populations of A. sylvaticus
with the parasite Toxoplasma gondii. This ubiquitous parasite can probably be
considered one of the most successful protozoon parasites based on its ability to infect
most warm-blooded animals. Despite the cat being the only definitive host where the
parasite can complete a full lifecycle, high prevalence of the parasite is found in a wide
range of animal species. For example, in our laboratory, using PCR based
technologies, we have found prevalence’s of 10% in bats (Dodd et al., 2014), up to
70% in new born lambs (Duncanson et al., 2001; MARSHALL et al., 2004) and 100%
in human cancer patients (Bajnok et al., 2019b). Broader studies have demonstrated
the parasite in dolphins (Costa-Silva et al., 2019), in high prevalence in a wide range
of animal species (Blackston et al., 2001; Tenter et al., 2001) (Tenter et al. 2000;
Dubey 2010) and prevalence’s ranging from 10 — 80% in humans (Pappas., 2009).
The success of this parasite raises interesting epidemiological questions as to how the
parasite spreads and becomes so ubiquitous (Wen et al., 2016). However, if it can
spread so readily through intermediate hosts from bats to marine mammals and
generate such high prevalence, this raises interesting questions as to why the parasite
does not go on to achieve 100% prevalence in all species. Most animal populations
show a range of degrees of susceptibility to pathogen infections. Host resistance
probably plays a significant part in protecting subsets of populations of individuals from
infection. In laboratory studies, the enzymes iNOS and L-Arginase have been shown
to play key roles in defining laboratory mice as susceptible to Toxoplasma gondii
infection (low iINOS expression/high Arginase expression) and in defining rats as
resistant (high INOS expression/low Arginase expression). In chapter 1, the
hypothesis was proposed that INOS and Arginase expression might be responsible
for regulating infection by T. gondii in wild animals. Three broad objectives were set,

and the outcomes showed that T. gondii could be detected in A. sylvaticus from the
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sample site at Malham, in the Yorkshire Dales, and that there was a significant
difference in the balance of INOS to Arginase (the iINOS/Arginase ratio) between
infected and uninfected animals. Infected animals had a lower INOS/Arginase ratio,
suggesting that INOS higher might be preventing infection. Furthermore, a study of the
promoter region and 1%t Exon of the iINOS and the intronic -476 gene showed an
epigenetic mutation at a CpG islands that was significantly associated with prevention
of infection. Using a nested PCR with the T. gondii specific biomarker, SAG2, a 28%
(Cl: 95% 17.8-42.5%) prevalence was found in collections of Apodemus made for use
within this thesis. , This was compatible with previous studies conducted in the same
area where prevalence’s of infection of 41% (Thomasson et al. 2011) and 35% (Bajnok
et al. 2015) were reported. Samples of brain tissue collected for this study were used
for the extraction of DNA and RNA which could be used for expression studies while
a large collection of brain tissue DNA samples were available from a previous study
(Bajnok et al. 2015) which could be used for epigenetic studies.....

In laboratory, laboratory strains of mice are found to be highly sensitive to infection
with T. gondii and may survive less than a week. Measurement of RNA expression
levels by gPCR, protein expression by western blotting and production of substrates
has shown that this sensitivity is associated with a low INOS/Arginase expression ratio
(Li et al., 2012). however, laboratory rats are much more resistant and can survive
much longer. Measurement of INOS and Arginase expression levels have shown that
these rats have a much higher iINOS/Arginase expression ratio than mice (Zhao, et
al.,, 2012). Furthermore, different rat strains have a greater or lesser degree of
resistance and these degrees of resistance are related to the INOS/Arginase ratio,
with a high ratio being associated with resistance due to the toxicity of nitric oxide to
T. gondii (Gao et al. 2015). As these data are derived from a small number of
genetically inbred lines, each of these lines essentially represents a single individual
rat. so put into the context of wild rats, these inbred lines would be equivalent of
selecting individual rats from the wild. This suggests that in the wild there is probably
a large variation in the ability of individual animals to be resistant to T. gondii infection
(and possibly therefore a variation in the ability to resist infection in general). This
raises important questions therefore about the nature of resistance to T. gondii in wild
animals. Such resistance would be hard to measure in wild animals since populations

of individual animals cannot be tracked through the infection process and survivability
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easily tracked. Furthermore, it raises questions as to possible mechanisms of
resistance in wild animals. For example, are the same mechanisms involving the
balance of INOS/Arginase responsible for resistance/sensitivity to T. gondii infections

in wild animals as in laboratory animals.

Wild populations of A. sylvaticus offer the possibility of investigating these questions
for wild animals. Since prevalence’s of up to 40% T. gondii infection are found in the
wild Apodemus from Malham Tarn in the Yorkshire Dales, these mice cannot be as
susceptible to infection as laboratory mice because they would die quickly, fail to reach
reproductive age, fail to reproduce and would therefore be selected against. The very
demonstration of infected wood mice suggests that they must indeed be much more
resistant than laboratory mouse strains. These mice therefore offer a good model

system for investigating mechanisms of resistance.

In the case of the Apodemus studied in this thesis, their infection status was measured
by PCR. Infected mice are clearly mice that must have a degree of sensitivity in that
the innate immune system has not prevented infection from occurring. In the case of
uninfected mice, these mice could be the product of two possible outcomes. Firstly,
they might not have been exposed to the parasite and are therefore uninfected.
Secondly, they could have been exposed to the parasite, but their innate immune
system has rendered them resistant and therefore the parasitic infection has not taken
hold. Unfortunately, in uninfected mice it is not possible to make this distinction for
individual mice. Collectively, however, it may be possible to draw some conclusions
about mechanisms of resistance and specifically investigate the role of INOS and
Arginase in resistance/sensitivity in these wild animals. In this study, it was
hypothesised that infected mice would be sensitive to infection (i.e. their innate
immune system had allowed an infection to take hold) and therefore, they would have
a low iINOS/Arginase balance. On the other hand, the proportion of uninfected mice
that had been exposed to the parasite, but resisted infection would be deemed to have
a high iNOS/Arginase balance. Unfortunately, the non-exposed group of mice in this
cohort would contribute noise to the analysis. Despite this, when iINOS and Arginase
expression levels were measured in infected and uninfected Apodemus (Chapter 4)
the uninfected mice did have a significantly higher iINOS/Arginase balance when
measured by gPCR. These differences in the mRNA production of the INOS gene and

the Arginase mRNA show that there are differences in expression between the two
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groups. Unfortunately, differences in expression at the RNA level do not always
indicate differences in the protein expression level. Quantitative Western blotting
would need to be carried out to measure protein levels for each enzyme in uninfected
and infected mice. This was not able to be carried out in the time frame of this PhD
and would be considered important future work. Another PhD student,
A.Alshammmari, was however able to do western blotting on a different set of
Apodemus brain tissues, collected from Malham, and he was able to show that there
was a significant increase in the INOS/Arginase ratio in uninfected mice
(Alshammmari, Personal Communication). These data support the gPCR data from
this study and show that INOS expression is higher and Arginase expression is lower
in uninfected than infected mice. These data, taken together, support the laboratory
studies and show that arginase and iINOS are indeed involved the process of

resistance/sensitivity to T. gondii infection in wild A. sylvaticus.

There are, of course, limitations to the interpretation of these data. For example, it is
not clear whether INOS and Arginase are the causative agents of
resistance/sensitivity. These data only show an association between enzyme
expression levels and infection. In the laboratory, it is possible to generate transgenic
mice that lack either INOS or Arginase and investigate the causal relationship between
infection and INOS/Arginase expression. In wild animals, such experiments cannot be
done. Furthermore, the unknown status of the uninfected mice (i.e. whether they are
resistant or simply have not been exposed to the parasite) makes it difficult to be sure
about the actual status of resistance of these animals. If it were possible to identify
which animals had not been exposed, then this would give a much clearer picture.
These data also do not tell us whether the INOS and Arginase expression systems are
the controlling factor or whether they are simply components in the pathway of
resistance with some other process determining resistance. To ascertain this, it would
be necessary to look for genetic mutations associated with resistance and see if they

mapped to either or both of these genes.

Another set of laboratory studies suggested that there might be epigenetic control of
the INOS/Arginase system operating. (Zhao et al., 2013) showed, in rats, that
peritoneal macrophages were highly resistant to T. gondii infection while alveolar
macrophages from the same inbred lines were sensitive. They also demonstrated a

correlation between the IiINOS/Arginase balance and sensitivity (peritoneal
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macrophages had high INOS and low Arginase; alveolar macrophages had low iNOS
and high Arginase). As these two cell types were from the same genetically identical
inbred lines of rats, their primary DNA sequences was identical and therefore changes
to expression levels in both cell types must be epigenetic. This led to another
hypothesis, tested in Chapter 5, that it might be possible to locate epigenetic marks
that differed between the infected and uninfected Apodemus. The INOS gene was
selected for this study. Since gene expression is often controlled by the promoter
regions of a gene and the INOS gene is a large gene occupying some 50kb of genome,
the promoter and exon 1 was selected. Furthermore, DNA methylation has been
shown to be an important epigenetic mechanism that is involved in gene regulation
(Bird et al 1985; Bird 1986). Specifically, gene regions known as CpG islands can be
methylated or demethylated to enable long term control of gene regulation. It was
hypothesised that there would be a different pattern of methylation in the promoter
region of the INOS gene when comparing T. gondii infected and uninfected Apodemus.

Analysis of single nucleotide polymorphisms and epigenetic polymorphisms
(methylated and not methylated cytosines), were carried out on 144 animals within the
INOS gene promoter and exon 1. Interesting differences between infected uninfected
animals were observed that could potentially be linked to expression differences in
INOS gene expression. Several CpG islands and SNPs were examined in the
promoter and Exon 1 for differences in methylation or sequence when comparing
infected and uninfected mice. Only two of these CpG islands in Exon 1 CpG47 (47 bp
downstream of the transcription start site) and the second located CpG 476 bp from
the begging the Exonl. were found to have different methylation patterns which were
significantly different in the infected and uninfected population of wood mice. In the
infected mouse population, 86.66% of mice were methylated at this site with 13.33%
being heterozygous for methylation and SNPs. Only 2% of these mice did not have
methylated residues at this location. On the other hand, only 61.17% of the uninfected
mice had methylation at this location. This CpG island seems therefore to be
associated with infection status. As methylation is usually associated with genes being
switched off, this suggests that the INOS gene is switched off in the homozygous
methylated CpG 47 (86.66% of infected mice) and half of the gene copies switched off
in the heterozygous individuals (11%). Thus, in the infected mice, 98% of the mice had

the gene switched off or partially switched off. In gene expression terms this would
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mean that the INOS/Arginase balance would be low in these mice and therefore they
could be considered to be non-resistant to infection and hence their positive infection
status. The situation in the uninfected mice is less clear cut. In this group, 70% of mice
had methylated CpG47 or were heterozygous. The remaining 29% were non-
methylated (with 1% with a SNP that could not be methylated). In this case these
animals would be expected to have high INOS expression levels and therefore it would
fit with their uninfected status. Of the 70% of that had a methylated/partially methylated
CpG47, these animals could simply be animals that have not been exposed to the
parasite or possibly have some other mode of resistance. The latter could, for
example, be caused by low levels of Arginase expression, thus causing the
iINOS/Arginase balance to be high despite low iINOS expression. To establish this, it
would be necessary to investigate the Arginase gene and its expression,

Unfortunately, it was not possible to do this in the timeframe of this PhD thesis.

The role of Arginase may indeed be important. A recent study in humans was carried
out on the role of INOS and Arginase in airway inflammation in miners (Breton and
Marutani, 2014; Zhang et al., 2019). They demonstrated that the Arginase gene was
epigenetically controlled by methylation. In this case, the Arginase gene was shut
down by methylation and this resulted in high INOS activity which was associated with

inflammation in the airway. ,

The remaining six CpG islands found in the wood mouse promoter region, (CpG-59,,
CpG-119, CpG-175, CpG-392, CpG-394), showed no association with infection and in
3 of the cases the majority showed no methylation patterns. This suggests that it is
only two the CpG 47 & CpG476 islands that are important with respect to infection
with T. gondii. As these locations are within exon 1, intronic -476 it might suggest that
the mechanism of silencing is that the methylation interferes with the functioning of the
RNA polymerase that transcribes the iINOS gene. To our knowledge, this is the first
report of a gene location that might control resistance/sensitivity to infection with T.
gondii.

In humans there are seven CpG island within the human NOS2 (iNOS) exons that
can be methylated and result in silencing of the INOS gene expression (Barter, Bui
and Young, 2012; De Andrés et al., 2013). In studies on CpG island methylation in

humans in relation to cancer cells, suggest that methylation commonly occurs within
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gene exons to switch off genes and that it less commonly occurs in the promoter region
(Greenberg and Bourc’his, 2019).

DNA methylation of the INOS gene is of general interest in human medicine as it has
been associated with a number of aspects. Firstly, it has been shown that the iINOS
gene is differentially methylated in the M1 and M2 types of macrophages (Bakshi et
al., 2019) and therefore controls the levels of nitric oxide produced from each type.
Alzheimer’s disease has been associated with high levels of INOS gene expression
and that drugs affecting the methylation of the INOS gene could be a potential source
of treatments (Abdolmaleky et al., 2004).

Hypomethylation effects INOS synthesis levels, and can be associated with
Leishmania infection, lack of sufficiency of wound healing in injured vascular tissues
and in pollution related diseases like asthma (Xu et al., 1996; Chartraid et al., 2000;
Torrone et al., 2012; Bandara et al., 2019). However, hypermethylation of CpGs in the
promoter region of the INOS gene can cause a number of conditions such as fragile
chromosome X and diabetes type 2 (Hmadcha et al., 1999; Hoeijmakers, 2009;
Methylation et al., 2009; Blundell and Blundell, 2010; Feinberg, 2018; Schuster et al.,
2019)

In this study, the identification of a specific methylation locus associated with
expression of the INOS gene and potential resistance to T. gondii infection could open
up new avenues to investigate the role of INOS in other infectious diseases and other
disease systems. Future studies should be aimed at determining the complete
patterns of DNA methylations across different parts of the iINOS gene and its promoter.
Confirmation of the role of specific CpG islands in the control of INOS gene expression
could be determined by using Crispr-Cas9 editing systems to specifically mutate CpG
islands such that methylation cannot occur. In the case of CpG-47, and intronic CpG-
476, the equivalent location could be identified in laboratory strains of Mus musculus
and editing experiments conducted to see if resistance can be generated in these

highly sensitive hosts of T. gondii infection.
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Appendix:

Table 5-5 Variation in methylation patterns in the CpG islands of the INOS gene

promoter and Exon 1.

Mouse Diagnosis of [DNA CpG*® |[CpG=3* | CpG32? |CpG'® [CpG'® | CpG | CpG*
code Toxoplasma |Code <k
J8sg + E19 NS NS NS C/C cm/cm | Cc/C | CcmC™
J89 + E20 NS NS NS C/C cm/cm | C/IC | Ccm/C™
J97 + E21 NS NS NS C/C C/C c/iC | cm/em
J99 + E22 NS NS NS C/C C/C c/iC | cm/em
J102 + E23 NS NS NS C/C cm/cm | Cc/IC | CcmC™
J103 + E24 NS NS NS C/C crm/cm | C/IC | Ccm/C™
J106 + E25 NS NS NS cm/c |cmicm | A cmicrn
J108 + E26 NS NS NS cm/C |CMIC c/iC | cm/em
J110 + E27 NS NS NS C/C cm/cm | c/IC | CcmC™
J111 + E28 NS NS NS C/C C/C c/iC | cm/em
J112 + E29 NS NS NS C/C cm/C c/iC | cm/em
J113 + E30 NS NS NS NS cm/cm | C/IC | Ccm/C™
J114 + E31 G A CiC C/C C/C c/iC | cm/em
J115 + E32 c/C [cm/C cmc |CIC C/C C/IC | C"/C
J116 + E33 G cmcm | CIC C/C cm/cm | Cc/IC | Ccm/Cc™
J117 + E34 G cmcm | CIC C/C cm/cm | C/IC | CM/C
J118 + E35 G cmicC C/IC C/C crm/cm | C/IC | Ccm/C™
J119 + E36 c/iC [cM/C CiC C/C C/C c/iCc | cm/em
J121 + E37 G cmicC C/IC C/C crm/cm | C/IC | Ccm/C™
J123 + E38 c/iC [cM/C cmc |CIC cm/cm | C/IC | CM/C
J124 + E39 G cmcm | CIC C/C C/C c/iC | cm/em
J125 + E40 c/C [c"m/C C/iC C/C cm/c™ | C/IC | C"IC
J6 + B6 G A C/C C/C c"/C c/iC | cm/em
J59 + B22 G cmiC C/iC C/C C/C c/C | cm/em
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J32 B23 G A c/IC [CIC cm/cm | C/IC | Cm/C™
J120 B24 crm/cm cm/icm | c/Cc |CIC C/IC C/IC |C"/C
J1 M1 g cm/C Cc/IC [CIC cm/cm | C/IC |CIC
J2 M2 G cmic cmc |CIC cm/cm | C/IC | Ccm/Cm
J3 M3 c/iC |A cm/C |CIC C/IC c/iC |cm/Ccm
J10 M4 c/iC [cm/C c/IC [CIC C/C C/IC |CIC

M5 G cm/cm | C/IC  |CIC C/IC C/IC |C™C
J11

M6 G A c/iC [CIC C/C C/IC |C"/C
J14

M7 G A C/IC [CIC C/IC C/IC |CIC
J15
J22 M8 G C/C c/iC [CIC C/C Cc/IC |C™/C
J24 M9 G cm/ecm | C/IC  |CIC cm/cm | C/IC | Ccm/Cm
J27 M10 | G A c/iC [CIC cm/C C/IC |CIC
J29 M1l |G A C/IC [CIC C/IC C/IC |C™/C
J30 M12 | G A cmc |CIC cr/c™ | A cmicrm
J34 M14 | G cm/cm | Cc/IC  |CIC C/IC C/IC |CIC
J35 M15 | G A c/IC [CIC C/C c/iC |cm/Ccm
J36 M16 |C™/C |C"/C™ |C/IC |[CIC C/IC C/IC |C™/C
J37 M17 |G cm/C cm/C |CIC C/IC c/iC |Ccm/Ccm
J39 M18 |C/C [C"/C cm/C |CIC cm/cm | C/IC |CMC
J40 INB | C/C |[C/C G C/C C/IC c/iC |cm/em
Jal 2NB | C/C A c/iC [CIC C/IC c/iC |cm/Ccm
J42 M19 |G A C/IC [CIC C/IC c/iC |cm/em
J4a5s 3NB | NS NS NS C/C C/C C/IC |CIC
Ja7 M20 | G C/IC Cc/IC [CIC cm/cm | C/IC | CMC
J48 M21 | C/C [C"/C cmc |CIC cm/cm | C/IC | Ccm/Cm
J49 M22 | G A c/IC [CIC cm/cm | C/IC |CM/C
J50 M23 | G C/C c/C [CIC C/C c/iC | cm/em
J55 M24 | G cmecm | CIC [CIC cm/cm | C/IC |CM/C
J63 M25 | G cmecm | CciIC  [CIC C/C c/iC | cm/em
J65 M26 | G cmiC cm/cm |CIC cm/cm | C/IC | Ccm/Cm
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J66 M27 | G A c/IC [CIC cm/cm | C/IC | Cm/C™
J M28 | G A Cc/IC [CIC C/IC c/iC |cm/Ccm
356758 M29 | G cmcm | C/IC  |CIC C/C c/iC | Ccm/Ccm
J69 M30 |G cm/cm | C/IC  |CIC C/IC c/iC |cm/Ccm
J70 M31 | CcmCcm™ cm/cm | CMC  CIC cm/cm | C/IC | CM/C
J73 M32 | A cm/cm | C/IC  |CIC C/IC c/iC |cm/Ccm
J74 M33 | C/IC |[CIC Cc/IC [CIC C/IC c/iC |cm/Ccm
J76 M35 |G cmcm | C/IC  |CIC cm/cm | C/IC | CMC
J77 ANB | NS NS NS C/IC C/IC c/iC |cm/Ccm
J8o M36 |G cmcm | C/IC  |CIC cm/cm | C/IC | CM/C
J8l M37 | Cm/C |cm/C™ | CM/C |CIC cm/cm | C/IC | Ccm/Cm
J82 M38 | NS NS NS C/C cm/cm | Cc/IC | Ccm/Cm
Jo0 /NB | NS NS NS C/C C"/C™ | NS NS
Jo1 8NB | NS NS NS NS A NS cm/cm
Jo3 ONB | NS NS NS NS NS Em/C NS
Jo4 M39 | NS NS NS C/C cm/cm | C/IC | CMC
J95 10 NB | NS NS NS C/C C/C c/iC |cm/Ccm
J96 M40 | NS NS NS C/IC cm/cm | C/IC |CMC
J100 M41 | NS NS NS cm/Cc [cMIC C/IC |C™/C
J101 M43 | NS NS NS NS cm/cm | C/IC | Ccm/Cm
J104 M44 | NS NS NS C/C cm/cm | C/IC |CM/C
J105 M45 | NS NS NS C/IC cm/cm | C/IC | Ccm/Cm
J46 M46 | NS NS NS C/C cm/cm | C/IC |CMC
J4 cm/Cc |cm/C C/IC [CIC cm/cm | C/IC |ChC
J5 Bl C/C Cc/IC [CIC cm/C c/iC | cm/em
J9 B2 C/C C/IC [CIC C/C C/IC |C™/C
11 B3 cmc [cm/cm | c/Cc  |CIC cm/cm | C/IC | Cm/C™
J12 B4 cmic A c/C [CIC cm/cm | C/IC | CM/C
J13 B5 G A c/iC [CIC C/C c/iC |cm/Ccm
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J16 B6 |CUCr[cict |[C/IC ol [cic | cic | cvic
J18 B7 |G [cC" |CIC [ciIC  [cC™ | CIC | creT
J20 BO |A [cC" |C/IC [ciIc [ciIc | ciC |cic
J21 BIO |G  [c/C" |CIC [ciIC [ciIC | CIC | cCT
J25 BIL |A  [c/C" |C/IC [ciIC  [c"/c™ | ciC | cviC
126 B12 |NS NS NS [c/IC [c/c™ | ciC | cTicT
J33 BI3 |NS [C/C |CIC [ciIC  [c"C™ | c/IC | creT
J38 B14 |C/IC [c/C" |CIC [ciIC [ciC | CIC | cCT
J46 BIS |G A c/iC [cic  [cic | cic |cmcT
J51 NS |G [cic  |ciIc [cic [cic | ciC | NS
J56 B16 |C/IC [c/IC |C/IC |ciIc  [c'c™ | ciC | ciC
J57 B1I7 |NS NS NS [c/IC  [c/cT | cic | cricT
J58 B18 |C"/C [C"/C" |CIC [cIC  [c"/C™ | CIC | C/CT
J61 B20 |C/IC [c/IC  |CIC [ciIc [cic™ | ciIC | creT
J64 B21 |A  [C/C" |CIC [ciIC [ciIC | CIC | cCT
83 G [c/c" |cic [cic lcic | cic | crcT
98 G A ciC__cic__[cic_[cic | cmcT
406 6S [NS [NS |Ns [cvcm |cmer cic | cmien
411 11S [NS |NS [NS |NS cver cic | e
412 125 |[NS |NS |NS NS NS |cmer | erie
414 14s NS |Ns  |[Ns |Ns NS |cwer | cren
415 155 [NS |NS [Ns |cic |cic [cic | cmen
417 17s |cwe |cic |cwer jcic | cmer cic | cmen
419 195 |[NS |NS |NS NS cvc lcic | cmen
421 21S |[NS |NS |NS NS NS |omer | omjem
422 22s |[Ns  |NS |[Ns [cic |cmwer cic | cmien
423 235 |[Ns |NS |[Ns Ns cvc [cic | cmer
424 245 |NS |NS |NS NS NS e o
425 255 |NS |NS |NS NS NS NS | cmen
426 265 |NS |NS |NS NS cmem loiem | NS
430 30s |[Ns  |cmer [ cver lcic | cmer lcic | cmien
434 34s | A A cvc NS cic A cry/cn
436 365 NS | A cC NS cic INs  |Ns
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