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Abstract

Candida albicans is a commensal fungal pathogen that grows in yeast and
hyphal forms in the human gut. C. albicans causes mucosal and cutaneous
diseases that can result in significant mortality following systematic
infections and it also exhibits drug resistance. Zebrafish have been an
excellent model to investigate C. albicans infections because of their
transparency and the availability of many transgenic lines. However, there
Is a limitation in using zebrafish as a model because the fish embryos
cannot survive at 37°C therefore it is not suitable for studying Candida
infections at physiological relevant human body temperature. In this thesis,
the normal embryonic development of Arabian Killifish (A. dispar) is
investigated, revealing that embryogenesis was divided into 32 stages
based on diagnostic patterns of development. A. dispar can also found to
tolerate a wide range of temperatures and salinities. This suggests that A.
dispar could be developed as a novel model to investigate host-pathogen
interactions. The tolerance of A. dispar to high temperatures may in part be
attributable to brown pigment cells with a highly fluorescent character that
may have developed to allow the fish to adapt to live within extreme
environmental conditions with strong sunlight and a wide range of
temperatures (Chapter 3). In terms of Candida infections, this study
examined A. dispar as a model to test C. albicans pathogenicity. The
survival of A. dispar embryos following Candida infection showed a dose
dependent relationship. We also found that A. dispar can survive longer
than zebrafish after infection. Furthermore, C. albicans cells were observed
to undergo a transition from yeast to hyphae at 37°C. An investigation of the
ability of mutant strains of C. albicans with defects in cell wall
mannosylation revealed a significant impact on virulence, host mortality,
and the fishes’ immune response. The present study found that although
the deletion of O- and N-mannan from the cell wall of C. albicans, affected
fungal burden (attenuation), and the survival of the infected embryos per se
was significantly decreased in the infections of the mutant strains compared
to the WT. This data confirms the importance of the mannosylation state of
the cell wall in triggering an immune recognition event (Chapter 4). A.

dispar is also shown to be suitable for studying the effectiveness of
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antifungals. Fluconazole treatment of infected embryos and eggs promoted
greater rates of survival at high doses, alongside a significant reduction of
C. albicans CFUs (Chapter 4). When looking at the Candida-host
interaction, we directly observed phagocytosed yeast -cells within
macrophages. Various detection methods were used to follow
macrophages and neutrophils including Western blotting, immunostaining
and histological staining (Sudan black and FITC-tyramide) allowing the
monitoring of the time course of the immune cells. A biphasic response of
macrophages was detected by L-plastin Western blotting, suggesting
activation of two different type of macrophage: activated macrophage (M1)
and alternative macrophage (M2). We also assayed reactive oxygen
species (ROS) within infected embryos using a fluorescent probe
(H.DCFDA), revealing the accumulation of the fluorescent probe at the sites
of infection. Quantitative and qualitative analyses of the oxidative and
immune response using the H,DCFDA and qPCR were also accomplished
within A. dispar embryos after infection with both the WT and mutant strains
of Candida albicans (WT, pmriA, mnt1-mnt2A, and och1A). The results
confirmed that the mutant strains did not activate a host oxidative stress
response nor immune cell accumulation when compared to WT, suggesting
that the immune response is less activated against these mutants.

Finally, a new transgenic line of A. dispar fish was developed using Beta-
actin-DsR-LoxP-GFP. The new transgenic A. dispar is suggested to be an
ideal model for real time observation of host-pathogen interactions and for
investigation of molecular functions of the immune response.

Overall these results improve our understanding of the use of a new
transparent fish model to study fungal pathogenesis and demonstrates the
potential advantages of using this species in future studies of bacterial,
fungal and viral pathogens at a physiologically relevant temperature for
human infection. Such a model could lead us to investigate in more depth
the key interactions between pathogens and their host and permit the
screening and development of new antifungal therapies (that might target

the pathogens directly or target the host immune system).
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Chapter 1- Introduction

1.1 Candida species

In the past few decades, interest in fungal diversity has increased and has
attracted more attention from scientists than in any period before. Although
fungi are among the most important microorganisms in the world, currently
there are significant differences between estimated species numbers for
fungi and completed information on fungal diversity (Schmit, 2014). The
total number of fungal species has been estimated to be 1.5 million species
(Hawksworth, 2001). Fungi make up approximately 7% (611,000) of the
total number of Eukaryotic species, which have been recently estimated at
8.7 million. Over 600 species of fungi are known to be human pathogens
(Mayer et al., 2013) and cause life-threatening infections of billions each
year (Gow et al., 2011; Hawksworth, 2001). Fungal Infections have
markedly increased during the last three decades and fungal pathogens
have emerged as a significant public health problem. During the 20"
century, most common human fungal infections were caused by Candida
species. Certain factors have contributed in the occurrence of mycotic
infections, such as HIV/AIDS, the increased use of a broad spectrum of
immuno-suppressive therapies, and also increases in life expectancy, which
is a particularly important factor (Deorukhkar and Saini, 2015).

Candida species (Fig. 1.1) are a group of human pathogens and are the
fourth most common cause of blood stream infection (BSI) in the United
States (Hajjeh et al., 2004). Approximately, 8% to 10% of these infections
are acquired in hospitals (Pfaller et al., 2007; Wisplinghoff et al., 2004).
There are around 200 recognized Candida species, but only 10% are
considered pathogenic. The latter are the cause of life-threatening
systematic infections in immunologically weak people (Turner and Butler,
2014).
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Figure 1.1 Simplified fungal phylogeny. The blue highlighted species
indicate plant pathogens, and the red highlighted species indicate human

fungal pathogens (Butler, 2010).

1.2 A unique fungus: C. albicans

The frequency of fungal infections is steadily increasing, contributing
significantly to mortality and morbidity, especially in immuno-compromised
patients. C. albicans is a major human pathogen that is responsible for wide
variety of infections (Rolston, 2001), collectively called candidiasis. Candida
as a genus is classified in the phylum: Ascomycetes; Class:
Saccharomycetes; Order: Saccharomycetales and Family:
Saccharomycetaceae. C. albicans is a common commensal on mucosal

surfaces in the gastrointestinal and urgenitary tracts of the human
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population, but frequently, causes superficial infections of the skin as well
and can develop into life-threatening systemic disease. The fungus is
controlled by the innate immune system, epithelial barriers, and as a result
of interactions with the normal microbial flora (Calderone and Funzi, 2001;
Gow and Hube, 2012; Moran et al., 2012; Calderone and Clancy, 2012). It
is Important to understand that Candida has versatility as a pathogen, and
adapts as a commensal to various anatomically distinct sites (Miceli et al.,
2011). Candida can actively cause a spectrum of diseases exceeding that
of most other commensal microorganisms. The pathogenicity of Candida
species is enhanced or mediated by impairing a host’'s resistance to
infection, locally or systemically (Calderone and Funzi, 2001). In addition,
opportunistic infections are facilitated by a range of key virulence factors.

1.3 Virulence factors and pathogenicity

Pathogenicity refers to the ability of microbes to infect and damage the host
and cause disease. In this regard, host damage can result from the
interaction between the host and pathogen for example as a direct action
on tissue, or via expression of factors on both sides (Mayer et al., 2013).
Infection by a fungus depends on its capacity to adapt to the host
environment and to resist the activity of the host’s defences.

Candida pathogenicity arises from several factors that underscore their
versatility as pathogens. These factors are crucial components in
enhancing the survival of Candida in several distinct sites in the human
host, and when given the opportunity facilitate disease. The ability of
Candida to cause disease is also influenced by a wide diversity of
predisposing conditions that range from weakness in the host’s defence to
the use of ill-fitting dentures (Calderon and Fonzi, 2001; Ruiz-Herrera et al.,
2006; Mayer et al., 2013). The different outcomes arising from pathogenicity
per se are called virulence factors and they are expressed by C. albicans,
contributing to the impact on the host. The survival or death of the host is
determined during the host-microbe interaction by these factors, which can
be induced or constitutively expressed. Virulence factors affect the ability of

pathogens to expand and cause harm to the host (Khan et al.,, 2010;
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Casadevall, 2009). These factors include host recognition (adhesion),
polymorphism or morphogenesis (transitions between unicellular yeast
forms and filamentous forms), secreted proteinases and phospholipases.
Importantly, the virulence factors reported in a wide range of Candida
species include an ability to secrete proteases at 37°C encouraging
adherence, penetration of the tissue and dissemination, and resistance to
the immune defence. Some research has explored the ability of Candida
species to invade deep tissues (Khan et al., 2010) (Fig. 1.2). Overall,
pathogenicity is a complex phenomenon, and fungi usually require a
combination of properties, because possession of a single virulence factor
is often not enough to cause disease. Indeed multiple virulence factors are
involved in the many steps required for the process of infection to initiate
the pathogenicity (Brand, 2012).
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Figure 1.2 The mechanisms of pathogenicity in C. albicans. Candida
yeast cells express numerous factors that promote adherence to the host
cell, switches to a hyphal form and directed growth within tissues. Candida
cells can invade through induced endocytosis, with penetration of the host
assisted by the secretion of hydrolases. Mature biofilm matrix facilitates
protection against antibiotic activity by reducing accessibility of cells to the
drug. Some fitness traits implicated in pathogenicity include stress
responses resulting from the expression of heat shock proteins, the uptake
of amino acids and the utilization of distinct carbon, nitrogen and metal

sources (Mayer et al., 2013).

1.3.1 Adherence to the host tissue

The cell wall plays a crucial role in interacting with the environment, and
vice versa. It is also important for adherence to other surfaces, and
prevents cells from being washed away, especially under conditions of
shear stress. The cell wall protects cells from hazards by producing
extracellular polymers to facilitate biofilm formation and adhesion (Kojic and
Darouiche, 2004; Verstrepen and Klis, 2006).
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Adherence is one of the crucial determinants influencing fungal disease.
Adhesins are biomolecules that facilitate the adherence of microbes to the
host cells, which is an essential early step in the promotion of diseases.
Adhesins are typically glycosylphosphtidylinositol-dependent cell wall
proteins (GPI-CWP) (Chaffin et al., 2008).

Four proteins (Hwpl, Alalp/Als5P, Alslp) have been identified in C.
albicans as adhesins. These GPIl-anchored proteins are involved with
attachment to the glucan in the cell wall and allow adhesion to specific
tissues (Sundstrom, 2002).

Adhesins promote adhesion by binding specific amino acids or sugar
remnants to the surfaces of cells (Fig. 1.3)
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Figure 1.3 Fungal adhesion is promoted by secretion of specialised
cell surface protein, adhesins that anchor cells to surfaces (Verstrepen
and Kilis, 2006).
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In general, fungal adhesins possess three common domain structures:

1- The C-terminal part contains a glycosylphosphtidylinositol (GPI)-moiety
which links the adhesin to the cell wall itself (Bony et al., 1997).

2- The N- terminal part of adhesins contain a carbohydrate or peptide
binding domain, protruding from the cell wall surface (Kobayash and Cutler,
1998; Rigden et al., 2004).

3- The middle part of fungal adhesins are distinguished by their multiple
serine and threonine-rich repeats that are encoded by conserved DNA
sequences- Fungal adhesins have different modes of binding to another
cell. These modes can be divided into two groups: the sugar sensitive
group (lectin-like adhesions) and sugar- insensitive adhesion (Stratford,
1992).

The adhesins have a lectin-like carbohydrate binding domain in its N-
terminus, which enhances the binding of the adhesin to the residual sugar
on the cell surface (Guo et al., 2000; Stratford, 1992). Adhesions can be
induced by several environmental triggers, such as carbon or nitrogen

starvation, pH changes or ethanol levels (Sampermans et al., 2005).

1.3.2 Morphogenesis

C. albicans is a polymorphic fungus that can undergo transitions from
unicellular yeasts to filamentous forms. C. albicans is often termed
dimorphic, but more accurately as pleomorphic. This ability to switch growth
mode contributes to its pathogenicity by increasing adherence,
invasiveness, and elaboration of proteolytic enzymes, as well as antigen
presentation (Fidel and Vazquez 1999). Environmental conditions play a
key role in the growth mode of many fungal species (Whiteway and
Bachewich, 2007).

Particular conditions can lead the cell to grow as yeast or hyphae, and the
ability to switch from one form to another in response to external references
is rapid (Whiteway and Bachewich, 2007).

The transition is facilitated by: nutrients, pH, a temperature of 37-40°C, CO;
concentrations of approximately 5.5%, serum, biotin, and some amino

acids. This transition is a requisite for pathogenicity. Unicellular forms are
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more appropriate for dissemination in the host tissues, while filamentous
forms are required for damaging and invading the tissues. Filamentous
forms have a stronger capacity for adherence and display greater
invasiveness of the host tissues. For instance, during phagocytosis, yeast
cells produce hyphae and kill macrophages by secretion of hyphae-
associated proteinases. These cells prevent hyphae from being killed by
innate immune cells (Fig. 1.4). Additionally, hyphal cells have an ability to
escape from the blood stream through the induction of phagocytosis by
endothelial cells (Khan et al., 2010). In addition to the yeast-hyphae modes,
there are other distinct morphological forms, including the unique opaque-
colony form with oblong cells characteristic of the mating process (Pujol, et
al., 2004). Chlamydospores are also produced relating to the pseudo-
mycelium. Understanding of their biological roles remains inadequate and

there has been little investigation in this area (Fabry et al., 2003).

Figure 1.4 Morphogenesis of C. albicans within innate immune cells
(macrophages). C. albicans can germinate rapidly and disrupt the macro-

phages after switching to a filamentous form (Jimenez-Lopez et al., 2013).

1.3.3 Invasion of C. albicans

C. albicans is a pathogen that is notable for its ability to utilize two distinct
mechanisms for invasion and epithelial entry: induced endocytosis and
active penetration (Zhu and Filler, 2010; Naglik et al., 2014). C. albicans
can penetrate and degrade the mucosal tissue and vascular barriers,
procuring nutrition at the infection site and eventually killing epithelial and
endothelial cells. C. albicans can also invade epithelial cells by inducing

epithelial cell endocytosis which is regulated by Mitogen-activated protein
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(MAP) kinases that can trigger a switch from yeast cells to a more invasive
hyphal form (Csank et al., 1997). Candida cells stimulate the production of
pseudopods by cells, which engulf the pathogen and pull them inside host
tissues. This process requires binding to the epithelial cell surface proteins
and is dependent on the active participation of the pathogen — since dead
cells do not get taken up by this route (Zhu and Filler, 2010).

Candida viability is also required to achieve active penetration at different
anatomical sites. Indeed, invasion via C. albicans not only depends on
fungal viability and morphology, but also the type of anatomical site with
different lineages of epithelial cells showing difference in their sensitivity to
invasion. Candida thus invades and damages the epithelial cells via
induced endocytosis and/or active penetration. Candida invades oral
epithelial cells by both mechanisms, whereas gastrointestinal epithelial cell
lines are only invaded by active penetration (Zhu and Filler, 2010; Dalle et
al., 2010; Naglik et al., 2014).

1.3.4 Secreted hydrolases

Hydrolytic enzymes are one of the most important virulence factors that
affect C. albicans invasion and the avoidance of the host’s defence. Most of
the enzymes are extracellularly secreted, are required for survival, and
promote infection at different sites by giving pathogens sufficient flexibility to
cause pathogenicity. Hydrolytic enzymes help to degrade/digest host
proteins and alter the structure of the cell membrane to facilitate adhesion,
invasion, and avoidance of antimicrobial agents and host attack by targeting
cells of the host’s immune system (Bader et al., 2004; Mayer et al., 2013;
Naglik et al., 2003). Three of the most important hydrolytic enzymes
secreted by C. albicans are the aspartyl proteinases (Sap), phospholipases
and lipases. Many studies have referred to the biologically important role of
these hydrolytic enzymes, not only in C. albicans, but in other Candida
species (eg. C. parapsilosis, C. tropicalis and C. dubliniensis (Naglik et al.,
2003; De Viragh et al., 1993). It is clear that enzyme secretion provides
Candida with great flexibility and contributes to its success as an

opportunistic pathogen.
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1.3.5 pH sensing and metabolic adaptation

The high efficiency of fungi in causing diseases depends on their ability to
adapt and grow within different environments and within distinct host niches
that exhibit different pHs. In general, fungi are more acidophilic than other
microorganisms including many common bacterial pathogens (Dana, 2009).
Tolerance of a broad range of pHs is essential for pathogenicity of C.
albicans which can encounter highly acidic (pH -2) conditions in the
stomach, to mildly neutral and even alkaline conditions elsewhere. C.
albicans can directly alter the environment pH, making a neutral
environment with changing pH conditions. C. albicans can actively balance
the extracellular pH (from either acidic or alkaline) resulting in the induction
of a yeast-hyphal transition (Vylkova et al., 2011; Mayer et al., 2013). The
metabolic adaptation of Candida, is an important factor in a medical context
because of its capacity to occupy diverse niches in the human host.
Generally, human niches contain many different types of assimilable and
non-assimilable carbon sources. C. albicans is able to grow and assimilate
many of these carbon sources but primarily favours glucose (Ene et al.,
2014). To thrive within different human niches, Candida can exhibit
remarkable metabolic flexibility in these niches.

1.3.6 Biofilm formation

Biofilms are defined as complex accumulations of microorganisms attached
to a solid surface (Donlan and Costerton, 2002). Biofilms provide a niche for
microorganisms, in which the latter are protected from antibiotic treatment
and can create a source of permanent infection. They are the most com-
mon mode of growth of microorganisms both in nature and infectious states
due to their high ability to resist antibiotics (Chandra et al., 2001). The for-
mation of a biofilm is influenced by the species of Candida involved, by dis-
tinct patterns of morphogenesis, by environmental agents, and by the type
and quality of contact surfaces. In general, a biofilm is a co-operating com-
munity of adherent cells that are attached to surfaces and develop by pro-
ducing extracellular polymers that supply a structural matrix which may as-
sist adhesion (Donlan 2001; Kokare et al., 2009; Kojic, Darouiche, Bader et
al., 2004).
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(ii)

(i)

(iv)

The fungal biofilm is a complex, but highly organized structure. Although
there are few studies focusing on the formation of biofilms in Candida spe-
cies, it has been studied more extensively in C. albicans. C. albicans bio-
films have four distinct developmental phases (Hawser and Douglas, 1994;
Kojic and Darouiche, 2004; Chandra et al., 2001):

Early-phase spherical yeast cells, which allow C. albicans to adhere to the
device surfaces.

The intermediate phase, where the basal layer of the matrix with
proliferating cells is formed by yeast cells switching to a hyphal form.

The maturation phase with increased anchoring of cells, growth of
pseudohyphae and hyphae concomitant with the production of extracellular
matrix material, arranged to produce a three-dimensional architecture.

The dense network of cells (yeasts, pseudohyphae and hyphae) can slowly
disseminate yeast cells from the matrix to seed new sites (Nobile and
Johnson, 2015) (Fig.1.5).

Adherence
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Initiation

©)
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Figure 1.5 biofilm formation. Stages of biofilm formation and adherence
to surfaces in C. albicans: (1) Adherence of yeast-form of Candida to the
cell surfaces. (2) Proliferation cells initiated to form basal layer of anchoring
Candida cells. (3) growth of filamentous form (maturation). (4) Dispersal
stage to form new infected sites (Nobile and Johnson, 2015).
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1.4 Fungal Cell Wall

The fungal cell wall is vital in maintaining cellular integrity and
communicating with the environment, protecting it from environmental
conditions and osmotic stress. The assessment and response to
environmental change by the cell wall is mediated by a variety of cell wall
sensor proteins (Fig. 1.6) (Freeman, 2015; Ruiz-Herrera et al., 2017). The
cell wall is critical for adhesion and biofilm formation, contributing
substantially to virulence and pathogenicity. It also has vital properties for
the invasion of tissue and protection against other microbes. In addition, it

has a role in the regulation of host defence mechanisms (Free, 2015).
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Figure 1.6: The arrangement of C. albicans cell wall components. The
outer layer (protein and mannan) and the inner layer (glucan and chitin)
(Nobile and Johnson, 2015).

1.4.1 Fungal cell wall components

The cell wall is a coherent structure composed of linear and branched
polysaccharides, proteins and lipids (Klis et al., 2006; Karkowska-kuleta
and Kozik, 2014). The major components of the fungal cell wall are chitin,
chitosan, B -1,3 glucan, 3 -1,6 glucan, mixed 8 -1,3/3-1,4 glucan, a-1,3
glucan, melanin, and glycoproteins (Eisenman et al., 2005) (Fig. 1.7).

Plasma membrane-associated glucan synthases are responsible for

synthesizing and extruding glucan into the cell wall space. Chitin is
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extruded into the cell wall space by synthesizing from plasma membrane
associated chitin synthases (Gow and Hube, 2012). Chitin is a linear
polymer of N-acetyl-D-glucosamine (GICNAC) including 3-1,4 bands (Lo et
al., 1998). In C. albicans, chitin is a minor component, around (0.6 to 9%): it
is concentrated mostly at bud scars, but it is also scattered in the lateral
walls during cell wall structure and linked (1-3)- (1-6) 3-glucan (Ueno et al.,
2013; Molano et al.,1980).

According to Calderone (1991), approximately (47 to 60%) of the total
weight of the C. albicans cell wall is formed of (3-glucans. On the other
hand, mannan forms the outer layer of Candida albicans, which constitutes
about (12.2 to 22.9%) of the dry weight (yeast) and approximately 40 % of
the total polysaccharide component the cell wall (Calderone, 1991).
Mannan is a soluble immunodominant component in the C. albicans cell
wall, typically present as a phosphomannoprotein complex. This fraction
comprises homopolymers of D-mannose, phosphate, (1 to 2%) and proteins
(3 to 5%). Mannoproteins are formed by binding mannan and cell wall
proteins with different linkages: N-linked mannan links to asparagine, and
O-linked mannans are bound to serine or threonine (Lo et al., 1998). The
architecture of the C. albicans cell wall represents a linkage between
multiple  components  3-(1-3)-glucan, R-(1-6)-glucan, chitin and
mannoproteins (Kollar et al., 1997). The polysaccharides are essential for
structural function, while mannoproteins are responsible for cell wall
permeability and appear to act as a filler. Mannoproteins and 3-1,6-glucans
are attached over a remnant of glycosylphosphatidylinositol anchors that
includes five a-linked mannosyl residues. The [3-1,6-glucan components
have some R3-1,3-glucan branches that contribute to the reducing end of
chitin (Kollar et al., 1997; Lo et al., 1998).
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Figure 1.7: A simplified model of the Candida yeast cell wall.

To generate the mesh-like structure of the Candida cell wall, short branches
of R-1,3-glucan can be cross-linked to R3-1,6-glucan, with 3-1,3-glucans
cross-linking to chitin. Mannoproteins have glycosylphosphatidylinositol
(GPI) anchors which are covalently attached to 3-1,6-glucan. GPI anchors
are attached to the plasma membrane and can sequester the cell wall

proteins in the plasma membrane (Stuart and Charles, 2009).

1.4.2 C. albicans mannosylation

The fungal cell wall has numerous glycosylated mannoproteins at the
surface, which are required for cell shape, and conferring upon the cell wall
key physical and immunological activities. O- and N-linked mannosylation
and phosphomannosylation are the most common modifications (Brand et
al., 2010; Hall and Gow, 2013; Kruppa et al., 2011; Netea et al., 2006). The
outer layer of polysaccharides is considered to be the first point of
interaction between the pathogen and the host's immune system. Thus,
there is an interplay between this component, an inner layer (including 3-
glucan, chitin) and immune cells. O-mannosylated proteins play a crucial
role in some important physiological processes. The formation of O-linked
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carbohydrates was first studied in S. cerevisiae and later in C. albicans as
human fungal pathogens (Prill et al., 2005). Prill et al., (2005) and Hall and
Gow, (2013) mention in their studies that O-mannan in C. albicans is a
simple linear carbohydrate involved in a group of a-1, 2 linked mannose
units. These residues are attached to the serine/threonine residues
(hydroxyl group) by the enzymes Pmtl, Pmt2, Pmt4, Pmt5 and Pmt6.
Mntlp and Mnt2p encode partially redundant a-1, 2 mannosyltransferases
which are required for catalysing the addition of the second and third a-1, 2
mannose residues onto the a-mannose (Munro et al.,, 2005). O-linked
glycosylation is important for cell wall integrity (Timpel et al., 1998). In fungi,
O-mannan is significantly affected after the disruption of MNT1 and MNT2
and becomes a short chain of mannose, which has an impact upon host-
pathogen interactions and virulence. (Buurman et al., 1998). Loss of PMR1
by gene disruption (a gene encoding a high affinity Ca*’Mn?" P-type
ATPase) alters the morphology and growth rate of C. albicans as well as
biofilm formation (Navarro-Arias et al., 2016). The mutant is also more
susceptible to perturbation by some agents such as Calcofluor (Hall and
Gow, 2013). All of these outcomes might occur because of deficiency in the
provision of co-factors to mannosyltransferases to regulate mannan
synthesis and to attach glycoproteins (Papon et al., 2013; Hall and Gow,
2013) since pmrlA has a fundamental role in Golgi-resident ion pumps to
provide Mn®* and Ca®" ions which are essential for O- and N-
mannosyltransferase activity (Castillo et al., 2008). After disruption of O-
and N-mannan (pmr1A mutant), cells produce less dense fibrils, and a
thinner and longer glucan-chitin layer (Hall and Gow 2013). With regard to
the immune response, mannan reduction in the C. albicans cell wall
promotes delays in the engulfment of cells by macrophages but no change
in the rate of migration of immune cells and chemokines towards C.
albicans (Lewis et al., 2012; Keppler-ross et al., 2010).

N- mannosylation mutants, such as ochl1A display no branching in the outer
chain mannans but are attached to the branched mannans through an a-1,6
backbone (Bates et al., 2006) (Fig. 1.8). Deletion of ochlA results in a
considerable shortening of mannan fibrils, increased chitin and glucan

levels and a thickening of the cell wall. This appears to be the result of an
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enhanced ability of the cells to activate a so-called salvage pathway (Netea
et al., 2006; Bates et al., 2006). In general, deletion of O-and N- mannan
results in an increase of pathogen recognition by host Dectin-1 following the
enhanced exposure of the B-glucan layer (Wheeler et al., 2008; Hall and
Gow, 2013).
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Figure 1.8: Structures produced by C. albicans mannosylation
mutants (N- and O-linked glycosylation) (Hall and Gow 2013). Candida
mutants display truncations in both O- and N-linked mannan that influence

on the cell wall function and immune recognition.

1.5 Innate immunity

The human body is exposed to millions of microbes or pathogens daily. The
immune system is responsible for protecting the body from infections by
encountering pathogens and destroying them. The adaptation of the
immune response is not specific to individual pathogens, but depends on
the ability to recognize them and act quickly to attack them. This process is
achieved by a group of proteins such as pentraxins (homopentameric
proteins) or antibodies (associated with adaptive immunity) and phagocytic
cells (associated with innate immunity) (Medzhitov et al., 1997; Chaplin,
2010). Fundamentally, the immune system is organized into two
overlapping responses to destroy the pathogens: (1) phagocytosis to

promote intracellular killing and (2) production of cytokines and activation of
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lymphocytes to produce antigen-specific immunity that presents peptide
antigens to the lymphocytes. These innate responses are relatively rapid
but not always effective, because they are non-specific. However, adaptive
immune cells provide highly specific and effective protection against a wide
variety of pathogens (David and Chaplin, 2010) in both the short-term and
long-term. In addition, the short and long-term activation of pro-
inflammatory regulates another part of the immune system function through
creating immunoregulatory cytokines (Christ et al., 2016). A core ability of
the immune system is to distinguish between self and non-self. In view of
this fact, whilst the immune system employs many different and efficient
effector mechanisms to destroy a wide range of microbial cells it is crucial
that the immune system is capable of avoiding the destruction of its own
tissues by unleashing immune response mechanisms against the host’s
tissues. The avoidance of the reaction against its own tissue is expressed
by both innate and adaptive immune responses. This ability to avoid the
destruction of self-tissue is referred to as self-tolerance (Chaplin, 2006;
Chaplin, 2010).

1.6 Phagocytosis

Phagocytosis is a unique, complex and multifaceted process. Phagocytosis
is involved in normal growth and development and is involved with
autophagy, inflammation, tissue repair and reconstruction, and the
clearance of senescent cells. The success of the immune response against
fungal infections depends on numerous factors, including the manner of
infection, the host’s immune defence (status), readiness, and inoculum size.
Any failure of the innate immune defence leads to dissemination of
microbial infections. Qualitative and quantitative disturbance of
phagocytosis can expose host tissues to a considerable number of infection
factors (Erwig and Gow, 2016; Freeman and Freeman, 2014; Medzhitov
and Janeway 2002). Immune recognition of pathogens is mediated by a
distinct set of receptors that help identify infections by engaging pathogen-
associated molecular patterns (PAMPs) (Thompson et al., 2011). PAMPs

are recognized either directly, or by products generated from them
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(Medzhitov and Janeway 2002). In other words, PAMPs play a significant
part in activation of the innate immune cells response. This important role is
achieved through recognition by Toll-like receptors (TLRs) and other pattern
recognition receptors (PRRS).

PAMP recognition allows engagement of the PRRs and the presence of
specific pathogens is indicated by the nature of their ligands. There are
essentially three types of PRRs: humoral proteins (common in the plasma);
endocytic receptors; and signalling receptors (which can be expressed
intracellularly or on the cell surfaces) (Medzhitov and Janeway, 2002).
Membrane-bound receptors, (cellular PRRs) are expressed on effector cells
of the immune system, including Antigen Presenting Cells (APCs) as part of
the adaptive immunity response, and surface epithelial cells that function as
first response cells in the recognition of pathogens. After PAMP recognition,
PRRs can be activated directly to signal the presence of microbial agents to
the host by inducing and triggering proinflammatory and inflammatory
cytokines and chemokines (Medzhitov and Janeway, 2002; Mogensen,
2009).

1.6.1 Phagocytosis and macrophages

Macrophages, discovered in the 19™ century by Elie Metchnikoff during his
investigation of phagocytosis (Gordon, 2007; Cooper and Alder, 2006) are
key cells of the innate immune system that are distributed through the
tissues of the body and participate in critical homeostatic and disease
responses (Gordon and Pliddemann, 2017). Macrophages are essential to
the regulation of the activity and proliferation of lymphocytes (Epelman et
al., 2014; Jakubzick et al., 2008). Normal host defences are orchestrated by
macrophages, which display a variety of cell surface receptors in order to
direct migration (chemotaxis) to the infection sites, where they eliminate
and clear pathogens by phagocytosis and subsequently present antigens to
adaptive immune cells. Any inappropriate regulation of macrophages
activity leads to human disease (Park et al.,, 2011). This process of

migration and pathogen clearance occurs through the action of specific
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colony stimulating factore 1 (csfl) receptors tyrosine kinase by auto
phosphorylation of csfl during the infection (Pixley and Stanly, 2004).

Various studies have demonstrated that circulating monocytes give rise to a
variety of tissue macrophages (Epelman et al., 2014). These are created in

the bone marrow from myeloid progenitor cells and then released into the
peripheral blood in vivo (Elhelu, 1983). The subsequent development and
differentiation of macrophages occurs during tissue repair (Ogle et al.,
2016) and contribute to the host’s defence (Ebert, 1939; Takahashi, 2000;
Gordon and Taylor, 2005). The morphological heterogeneity of monocytes
is apparent in terms of variability of size, nuclear shape, and granularity.

In the last few years, understanding of the origin of macrophages has been
drastically revised. It has been demonstrated that the major tissue-resident
macrophages are established before birth (during embryonic development).
During adulthood, independent replenishment is perpetuated by blood
monocytes (Yona et al. 2013; Hashimoto et al. 1968; Ginhoux et al., 2013).
Tissue macrophages are quite heterogeneous in morphological form and
function, depending on the tissue. So, for example there are microglia, in
the central nervous system (CNS); Kupffer cells in the liver; osteoclasts in
bone and alveolar and peritoneal macrophages in the lungs (Eligini et al.,
2015). Macrophages exhibit remarkable plasticity and flexibility in their
activated states (Das et al., 2015; Mosser and Edwards, 2008) which are
responsible for changes in macrophage physiology, depending on the
environmental cues. The distinct functions of macrophages can be
activated in response to environmental stimuli, leading to effective
physiological changes, especially with regard to the induction of the pro-

inflammatory or anti-inflammatory responses (Das et al., 2015).

1.6.2 Macrophage specific gene expression

An appreciation of the literature on immune cell gene expression patterns is
useful when trying to identify an appropriate marker gene for immune
responses and cell types. Fortunately, the literature is rich in information on
candidate macrophage and neutrophil marker genes. These gene markers
are useful in identifying the abundance of macrophage or neutrophil
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populations within a site of infection. For instance, L-plastin is a marker that
can be used to distinguish macrophages from neutrophils, whereas CSF1R

Is utilised to maintain the development and migration of macrophages.

1.6.2.1 L-plastin

L-plastins are a family of human actin-bundling proteins (with distinct
isoforms) that are expressed in proliferating mammalian cells. They seem to
be induced following the tumorigenic transformation of cells (Lin et al.,
1993). L-plastin has also been identified as a fundamental constituent in
cellular processes that are critical for innate immune cells (macrophages
and neutrophils), eosinophils, osteoclasts, and T-cell and B-cell
lymphocytes (Morley, 2012; Deady et al., 2006). Under physiological
conditions, the expression of L-plastin is apparent in innate immune cells
(macrophages and granulocytes), where it occurs as a phosphorylated
protein in macrophages stimulated by exposure to bacterial
lipopolysaccharide (LPS). Phosphorylation of L-plastin takes place on ser5
in macrophages activated by LPS (Hirata, and Shinomiya, 2006; Shinomiya
et al., 1995). Ser5 phosphorylated L-plastin induces adhesion in neutrophils
(Deady et al.,, 2014). Additionally, the L-plastin action is influenced by
intracellular Ca*™ (Namba et al., 1992). L-plastin therefore appears to help
leukocytes to respond quickly to stimuli by inducing actin rearrangements in
macrophages at the time of an immune response (Bafiuelos et al., 1998).

In zebrafish biology, L-plastin is used as a marker for macrophages (Jones,
1998; Crowhurst, Layton, and Lieschke, 2008). The initiation of L-plastin
expression occurs as macrophages disseminate over the yolk sac 20 hpf.
The expression is dispersed along the body of the embryo and in the cranial
mesenchyme at 28 hpf. The levels of L-plastin expression are however
drastically reduced 5 dpf. Hence, L-plastin can be used to distinguish the
macrophages from emerging granulocytic populations at an early stage of
the Zebrafish’s development. L-plastin constitutes approximately 1.8% of
the overall cytoplasmic protein in macrophages, so is easy to detect
(Bennett et al., 2001).
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1.6.2.2 Irf8

The regulation of a range of immune responses (innate and adaptive) is
achieved through the activation of interferon regulatory factor (IRF) family
transcription factors (Kurotaki et al.,, 2013). Irf8, or interferon consensus

sequence binding protein (ICSBP), is one of nine members of the IRF
family (Yanai et al., 2012) that is implicated in the pathogenesis of myeloid

neoplasia and is responsible for the regulation of cellular genes involved in
stimulating immune responses (monocyte and macrophage differentiation)
against viral and bacterial infections, as well as regulating cell growth (Zhao
et al., 2017; Shin et al., 2011).

Irf8 is also a key regulator of autophagy in innate immune cells
(macrophages) and is required for their maturation. Moreover, Irf8 has a
major role in the resistance of innate immune cells to intracellular bacteria
(Gupta et al., 2015). In vivo studies have revealed that the expression of
Irf8 in macrophages is related to the differentiation of macrophages,
whereas irf8 inhibits the differentiation of neutrophils. Thus, Irf8 is
specifically expressed in macrophages, but not in neutrophils. Knockdown
of Irf8 function in zebrafish leads to macrophage depletion and increased

production of neutrophils (Li et al., 2011).

1.6.2.3 Csflr

Colony stimulating factors (Csflr) are essential haematopoietic growth
factors that act as mediators of the immune response. Csflr is a tyrosine
kinase receptor that is produced by macrophages, monocytes and its
committed progenitors (Charles et al., 1988). It is responsible for profound
effects on the activity of leucocytes. In addition, the Csflr receptor has an
ability to mediate growth and survival effects of colony-stimulating factor 1
(Marvin et al., 2010; Shi et al., 2006). There are more than 20 dissolvable
factors that play a key role in the cell development, such as macrophage
colony-stimulating factor (M-CSF), granulocyte colony- stimulating factor
(G-CSF), granulocyte-macrophage colony-stimulating factor (GM-CSF) and
multi-colony-stimulating factor (multi-CSF or IL-3). They are essential to
different biological functions in tissues, as they have functional pleiotropy.
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Inflammatory cytokines have a capacity for up-regulation of phagocyte
expression of M-CSF and GM-CSF. They can therefore play a crucial role
during infection time by stimulating production of other cytokines. In the
steady-state, prior to infection, M-CSF is already produced but there is a
rapid up-regulation of expression, depending on the response to different
pathogens (Daniel et al., 2004) For example, in response to bacterial
infection, macrophages can migrate to the site of an infection to remove the
debris of neutrophils which have infiltrated to clear the bacteria.
Macrophages then express the granulopoiesis factor Gcesf (Hall et al.,
2012). According to Panopoulos and Watowich (2008), G-CSF is
fundamental for driving granulopoiesis in steady state and stress (infection)

conditions.

1.6.3 Phagocytes (neutrophils)

Professional phagocytes include many types of leukocytes other than
macrophages, including neutrophils, mast cells, and dendritic cells.
Neutrophils are abundant leukocytes in the blood and are released from the
bone marrow. They comprise the first line of defence against many
pathogens (Silva and Correia-Neves, 2012). Neutrophils can migrate
directly to infected sites to kill invading microorganisms immediately by
different cytotoxic mechanisms. Neutrophils have an essential role in
phagocytosis by eliminating pathogens during the inflammation phase
(Furze and Rankin, 2008) and also have a fundamental role in the
orchestration of the immune response through their capacity to exchange
information with macrophages, and dendritic cells by soluble mediators or
direct cellular contact (Rosales et al., 2016; Kobayashi and Deleo, 2009).
Pathogen killing is achieved by several microbicidal functions of neutrophils,
utilizing an NADPH oxidase complex to produce cytotoxic Reactive Oxygen
Species (ROS) (Mantovani et al., 2011).

1.6.3.1 Mpx

Mpx gene is a myeloid-specific peroxidase (myeloperoxidase) gene in

Zebrafish and is the closest homologue of mpo in mammals (Loynes et al.,
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2010). During an inflammatory response, myeloperoxidase (Mpo) enzymes
are released by activated neutrophils catalysing the production of
hypochlorite via the conversion of chloride and hydrogen peroxide (Loria et
al., 2008). In zebrafish embryos, mpx is the most important marker for
neutrophils which first reveals expression within the posterior lateral plate
mesoderm (PLPM). Additionally, it has been suggested that Anterior Lateral
Plate Mesoderm derived cells contribute to neutrophil production, due to
clear mpx expression in both domains (Jin et al.,, 2012). One study has
implicated mpx in the control of lineages of granulocytes showing mature
amyloid in granulocytes, along with a decrease of the cell numbers that

express L-plastin (Forrester et al., 2012).

1.6.3.2 CXCR4

Leukocyte traffic is mediated via chemokines receptors, which are classified
into two groups: haemostatic chemokines, which play a key role in
controlling homeostatic leukocyte traffic; and inflammatory chemokines,
which conscript leukocytes to infected tissues. During the development of
stem cells, the process of migration must start from the generating zone to
the developing organs in the differentiated organs. It is clear that the cell
migration process is directed through small secreted proteins, called
chemotactic cytokines or chemokines during the inflammation and immune
response. Chemokines play a fundamental role in the recruitment of
leukocytes to the infected sites. Cxcr4 is member of a group of proteins (8-
14 kDa) that belong to a family of G-protein coupled receptors, with the
major functions of cxcrd4 including organogenesis during embryonic
development, haematopoiesis, and activation of the immune response.
Alongside the homeostatic chemokines SDF-1 and CXCL-12, cxcr4 and
cxcrd have a crucial role in developmental pathways by controlling
leukocyte traffic and guiding cell migration during disease. Depletion of
cxcrd within zebrafish results in considerable phenotypic alterations and
interrupted cell migration in which granule cells locate ectopically away from
the normal route of progenitor cell migration (Lu et al., 2002; Miller et al.,
2008; Raz and Mahabaleshwar, 2009; Walters et al., 2010).
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1.7 Reactive oxygen species (ROS)

ROS are defined as oxygen-derived radicals, that play a crucial part as
signalling messengers to activate the immune system and regulate the
response to pathogens (Chande and Schieber, 2014). There are different
reactive molecules that contain oxygen including hydrogen peroxide (H20,),
hydroxyl radicals ( OH), superoxide (O2), and single oxygen O, (1Ag) (Li et
al., 2017). ROS can enhance the bactericidal activity of innate immune cells
(macrophages) and play a critical in establishing host defence and
inflammation (Kanayama and Miyamoto, 2007). Many enzymes such as
NADPH oxidase Nox and amine oxidases along with the dysregulation of
antioxidant enzymes such as catalase, Superoxide dismutase SOD,
glutathione and thioredoxins are responsible for ROS generation in different
tissues (Segal, 2008; Bae et al., 2011).

1.7.1 Nox1

The NADPH (nicotinamide adenine dinucleotide phosphate) oxidase (NOX)
complex plays an essential role in maintaining human health through its
ability to initiate the respiratory burst (Masoud et al., 2014). This process is
accomplished by donating an electron from NADPH to molecular oxygen
(O,), leading to superoxide production (Paik et al., 2011). Therefore, the
biological function of NOX family enzymes is to generate Reactive Oxygen
Species (Bedard and Krause, 2007), which are the key to immune defenses
and ROS stress responses (Panday et al., 2015).

The NOX complex is associated with both membrane and cytosolic
components allowing it to provoke immune responses to a wide diversity of
viral and bacterial infections (Panday et al., 2015). NADPH oxidase
deficiency may cause immunosuppression (Huang et al., 2004). However,
excess ROS production via NOX can lead to a variety of lethal diseases,
including cancer and autoimmune disease (Wang et al., 2011). Inhibition of
apoptosis and viral diffusion may result from NOX mediated intracellular
ROS accumulation (Panday et al., 2015). In general, the enzymatic
components of NOX contribute to a wide range of functions starting from

host immune defence to cellular signalling.
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Nox has an essential role in many non-pathological responses too,
especially vascular Nox, which generates ROS to maintain normal health by

regulating blood pressure (Bae et al., 2011; Cross and Segal, 2004).

1.8 The interplay between C. albicans and innate host defence

The interplay between a pathogen and the host defence mechanisms is
influenced by a variety of receptors and signal transduction pathways
(Mogensen, 2009) in both parties. The interaction between C. albicans and
immune cells is initiated through the detection of C. albicans cell wall
components, mainly proteins and carbohydrate polymers. Groups of host
PRRs are responsible for recognizing microbial signatures (PAMPS) leading
to the activation of specific intracellular signalling pathways involving Toll-
like receptors (TLRs) (Mogensen, 2009). TLRs play a major role in the
initiation of the host immune response. TLRs include different types of
transmembrane proteins that possess an ectodomain that is capable of
recognizing PAMPs, leading to the activation of downstream signalling
pathways in different cells types, such as macrophages, plasmacytoid
dendritic cells and inflammatory monocytes. The TLRs possess leucine-
rich repeats and cytosolic Toll-IL-1 receptor (TIR) domains (Kawai and
Akira, 2011; Qin et al., 2016; Naglik et al., 2014).

The TLR family is divided into two groups: intracellular TLRs (such as TL3,
TL7, TL8, and TL9), which are expressed exclusively in the endolysosome,
endosome, lysosome and endoplasmic reticulum (ER) compartments, are
able to recognize microbial nucleic acids. The other group consists of cell
surface receptors (TL1, TL2, TL4, TL5, TL6) which are responsible for
recognizing microbial membrane components such as proteins,
lipoproteins, and lipids (Blasius and Beutler, 2010). Activation of TLR
signalling pathways invoke particular responses, tailored to each PAMP
(that are expressed by microbes) but also recognise conserved structures
associated with tissue damage (Kawai and Akira, 2010). Generally, TLRs-
mediate the triggering of specific responses to generate inflammatory
cytokines (Akira et al., 2001; Janewy and Medzhitov, 2002; Kawai and
Akira, 2010), however TLR3, and TLR4 induce both interferon and

44 |Page



inflammatory  cytokine responses. The triggering process and
proinflammatory cytokine or chemokine production are secured after the
recruitment of distinct adaptor molecules to provide biological responses to
the pathogens. The TIR domain, including the adaptor molecule myeloid
differentiation factor 88, is the first dedicated member of the TIR family, and
is generally used by all TLRs types (except TLR3 and TLR4) to induce a
biological response to a PAMP (Akira, Uematsu, and Takeuchi 2006).
However, TLR3 and TLR4 use TRIF as a TIR-domain to stimulate a
substitute pathway to induce type | interferon and inflammatory cytokine
response, as well as initiating transcription factors, such as IRF3 and NF-kB
(Kawai and Akira 2010; Blasius and Beutler, 2010).

TLRs are the most crucial of the receptors that initiate immune receptors
against pathogens. Howvere, not all PAMPs are recognized by TLRs but
require membrane-bound C-type lectin receptors (CLRs), RIG-I-like
receptors (RLRs) and cytosolic proteins NOD-like receptors (NLRs) as well
(Osorio and Reis, 2011). C-type lectin receptors (CLR) are probably the
second most important receptors that play a central role in antifungal
immune responses (Hardison and Brown, 2013). CLR is one of a large
membrane protein family, which contain C- type lectin domains that
respond to the activation of inflammatory receptors after recognition by both
bacterial and fungal PAMPs. The NLR family includes NALP1 and NALP3,
which are expressed intracellularly in macrophages and acts as
inflammasomal compartments, mediating the release of IL-13. Together,
these PRRs recognize distinct pathogens and immediately activate immune
response receptor ligands. After this, the exposure of immune cells to these
ligands will activate intracellular signalling pathways, which result in the
induction of gene expression involved in the immune response (Kawai and
Akira 2011).

In a successful immune response, the interplay between the innate host
defence and C. albicans is finally concluded by killing of the pathogen.
Medical intervention use of antifungals can potentially facilitate this

outcome.
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1.9 Antifungal reagents

There are five major classes of antifungal agents in regular clinical use:
polyene agents, derivatives of azoles, the allylamines and thiocarbamates,
the fluoropyrimidines and the echinocandins. The first three classes of
antifungal agent target sterols or sterol production in the plasma membrane
(Dixon and Walsh, 1996; Bartlett et al.,, 1994). Polyenes are fungicidal
compounds produced by Streptomyces species. Polyenes, such as
amphotericin B have a wide spectrum of activity, targeting ergosterol
complexes in the plasma membrane (Zhang et al., 2006). They cause cell
death by increasing the permeability of the membrane, altering the
distribution and leakage of cytoplasmic contents, and inducing oxidative
stress (Bolard, 1986). Allylamines (eg. naifitive and terbinafine) and one of
the thiocarbamates (eg. tolnaftate) block sterol biosynthesis by direct
inhibition of squalene epoxidase. This results in an alteration of membrane
structure as a result of both ergosterol depletion and squalene
accumulation (Georgopapadakou and Bertasso, 1992; Walsh, 1995; Dixon
and Walsh, 1996). Fluoropyrimidines are include 5-fluorocytosine (5-FC)
which is a synthetic fluorinated pyrimindine (Mayers, 2009). This antifungal
has a wide range of activity against Candida and Cryptococcus genera and
also active against Aspergellus species and protists such as Leishmania
(Stiller et al.,, 1983; Patrick et al., 2012). Fungal cells transport
fluoropyramidine via the role of an enzyme cytosine permeases and
subsequently convert these to fluorouracil by the action of cytosine
deaminase. Fluorouracil is combined into RNA in place of uracil.
Additionally, essential thymidylate synthetase is blocked by flucytosine
(Mayers, 2009).

Echinocandins are antifungal agents that act by suppression of 3 (1,3)
glucan synthase which is important for cell wall integrity (Wiederhold and
Lewis, 2003). The action of echinocandins results in osmotic instability and
cell death. Echinocandins possess good activity against Candida species
such as C. albicans, C. parapsilosis and C. guilliermandii and also against

Aspergillus species (Grover, 2010; Messer et al., 2006).
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The azole compounds (eg. fluconazole), discovered in the late 1960s have
potent antifungal activity and chemotherapy. Azole antifungals have a broad
spectrum of action on both yeast and filamentous fungi — some fungistatic
and some fungicidal. Azoles disrupt the plasma membrane and its
structure, causing vulnerability to further damage, inhibition of ergosterol
synthesis, and cell death in some cases. These activities alter the
membrane-bound enzyme activities, involved with processes such as
nutrient transport affecting the uptake of amino acids) and synthesis of
chitin (Georgopapadakou et al., 1987; Dixon and Walsh, 1996). Azole
agents are relatively free of serious toxicity issues compared with the other
antifungals, often making them the first line of defence in the clinician’s
armoury (Sheehan et al., 1999). In recent years, fluconazole has been
prominent in terms of its spectrum of activity, ease of use via oral or
intravenous routes, and potency as a therapeutic agent though there are
issues regarding the emergence of resistance (Ghannoum and Rice, 1999;
Rogers and Galgiani, 1986).

The fungal cell wall is a unique organelle, which as a potential target fulfils
the criteria for selective toxicity. However, the development of specific
agents to interfere with different steps in cell wall synthesis has proven
difficult and toxicity of potential leads to the host remains a significant
hurdle. Finding new models to test antifungal drugs prior to release is

therefore imperative if we are to secure a future free from fungal infection.

1.10 Limitation of animal models research for C. albicans at 37°C

Over the last few decades, a plethora of animal models has been
developed to understand the fungal disease-host responses mechanisms
and investigate various chemical and antifungal compounds (Hohl, 2014).
Researchers have developed different models based on vertebrates (e.qg.
mice, rats, guinea pigs, rabbit, and zebrafish) and others on mini-
invertebrate hosts such as fruit flies (Drosophila melanogaster) (Lionakis
and Kontoyiannis, 2012), nematodes (Caenorhabditis elegans)
(Muhammed et al., 2012a) and wax moths (Galleria mellonella) (Achterman

et al., 2011, Lionakis, 2011). As it has been reported by earlier studies each

47 |Page



model has some advantages and disadvantages. The rabbit’'s body size
facilitates easy drug administration and repeated fluid sampling. Various
genetically defined strains are available in mice and rats; meanwhile the
transparency of zebrafish has helped in non-invasive imaging of fungal
infections. These common models have therefore been used to study
disease syndromes caused by fungi and to gain insight into fungal disease
progression, host defence, diagnosis and to examine the effectiveness of
vaccination and antifungal treatments (Hohl, 2014).

In case of C. albicans infection, C. elegans has been used as a model host
for C. albicans Infection. The advantages of using C. elegans model include
a direct analysis of C. albicans morphogenesis independent of temperature.
The gastrointestinal tract of C. elegans can easily be infected by feeding C.
albicans cells to the worms reproducing the commensal colonization of the
gastrointestinal tract. This infection mode cannot be readily achieved in fly
and waxmoth models due to the difficulty in establishing an infection without
animal injection (Pukkila-Worley et al., 2009). Limitations for C. elegans
include evolutionary distance from us, and lack of organs/tissues such as a
blood, brain, internal organs, and defined fat cells. The small length of
nematodes (1 mm) leads to difficulty in obtaining material for biochemistry,
microarray, and immunoprecipitation studies because these techniques
need to be performed by extraction of the whole worms and that may result
in a limited understanding of tissue-specific signalling (Tissenbaum, 2015).
Mice have been increasingly used in studies of fungal infection as a result
of easy and inexpensive maintainance, handling, and production.
Genetically, it has been modified to develop knockout and transgenic
models to inoculate with fungi such as oral candidiasis, infection in
pulmonary and central nervous system (CNS) (Samaranayake and
Samaranayake, 2001; Allen, 1994; Naglik et al., 2008; Costa et al., 2013).
With regard to the Candida, albicans-infection mice have been used to
understand host immune response during Candida infection and also allow
immunosuppressive treatments (Costa et al., 2013). The limitation of using
murine models is that mice differ in their indigenous fungal flora from
humans. Early studies reported that in natural mice there is no colonization

by C. albicans (Savage and Dubos, 1967). In setting up murine infections
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with Candida no colonization on the murine reproductive tract is observed
(lliev et al.,, 2012). In the healthy human body, C. albicans exhibits an
asymptomatic pattern of colonization with respect to mucosal tissues such
as the gastrointestinal tract.

1.10.1 Zebrafish in some studies

Due to its optical transparency and similarity to mammals with respect to
immune structures, zebrafish have been developed as an important model
to examine and visualize pathogen-host interactions. Specifically, in recent
years, researchers have developed new transgenic lines of fish (Zebrafish)
that express fluorescent proteins in the determined innate immune cells,
and developed fluorescent fungal strains for in vivo imaging, and modified
anti-sense oligonucleotides (i.e. morpholinos). Based on this fact, Zebrafish
have become a useful model to examine fungal pathogenicity and help to
visualize in real-time the fungal cell-host interaction (Brothers et al., 2011,
Brothers et al.,, 2013). However, it was reported that the optimal
temperature is 28°C but it can grow within a range of temperatures between
18°C and 33°C which is considerably lower than human fever condition
(39°C) or even at normal human body temperatures (37°C) (Westerfield,
2000). Such studies have demonstrated the infection with C. albicans is
affected by temperature. Since high temperatures (37 C) induce a yeast-
hyphae transition in C. albicans, this model may not reflect efficiently the
situation in human disease. In other words, a major problem with the
zebrafish as a model for studying Candida infection is their inability to
survive at elevated temperatures, promoting a search for alternatives. In
this study, we have developed the Arabian Killifish embryo as an alternative
model for studying infection. We found that Arabian Kkillifish can survive at
37°C (normal human body temperature) or even at 39°C (human fever
conditions) which allows us to investigate host-pathogen interactions using

C. albicans as a model pathogen.
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1.10.2 Arabian killifish (A. dispar)

The Arabian Kkillifish (Aphanius dispar), belongs to the family of
Cyprinodontidae fish (Freyhof, 2014). It is widely distributed throughout the
Arab Peninsula and in the Middle East countries such as Iraq and Iran and
it can be found in East Africa as well (Victor and Menachem, 2000). This
species is usually found in estuaries, lakes, and along coastal areas. A.
dispar can also be seen in streams, shallow water and among vegetation
over rocks and sand. It uses plants and rock holes to spawn. The fish is
omnivorous, but their diet mostly consists of filamentous algae, diatoms and
aguatic insects (Hellyer and Aspinall, 2005).

The species is considered as a euryhaline fish due to its ability to live in the
environment tolerating a wide range of salinities from fresh water to the
salinities much higher than standard sea water (Plaut, 2000). According to
Gholami et al., (2011), Arabian Kkillifish are known to live at a wide range of
temperatures and can even be acclimated to elevated temperatures (37-
40°C). Based on this fact, Arabian Kkillifish is potentially a good mini-
vertebrate model to investigate the interaction of pathogens and immune
cells at human temperature (37°C). In addition, it has a good ability to
tolerate to low levels of O,. Currently, there are no data available about its
actual population structure, however, according to (Freyhof, 2014), its
population tends to be steady. Arabian Kkillifish tend to live in schools
(Mehdi et al., 2012).

Arabian Killifish can reach 8 cm in total length (Carpenter et al., 1997), and
sexual maturity is attained when the length reaches approximately 3 cm in
the first year. Usually, females lay their eggs on the river or sea bed.
Reproduction occurs throughout the year (peaking in May-July) within
areas that have some water flow and plants or algae-covered rocks. Fertility
is up to 73 mature eggs, with each egg reaching 2.2 mm in diameter
(Keivany, 2012). Eggs subsequently hatch after around two weeks or less
(Baensch and Riehl, 2004). The fish body is covered by large cycloid scales
and the lateral line is indistinct. There are some differences between the
males and females of Arabian Killifish. According to Hellyer and Aspinall

(2005), reproductive males are greenish-brown to grey in colour with shiny
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blue flank spots and brown to light orange, unequal, narrow bars. The
anterior belly is blue in colour with pearl spots. The dorsal fin is spotted light
blue on a bright orange background and is striped. The caudal fin is striped
with 2-3 alternating dark and light blue bars. Males are however less
brightly coloured outside the breeding period. In contrast, the females are
grey to silver in colour (Hellyer and Aspinall, 2005). The females have a
number of narrow bars on their flank and a dark brown stripe on the back.
The dorsal and anal fins are shorter in females (Fig. 1.9)

Figure 1.9: Arabian killifish (Aphanius dispar)

Over the last few decades, A. dispar was considered as a biological control
agent of mosquito larvae (Victor and Menachem, 2000). In addition, it was
recommended to use Arabian Killifish as an indicator organism to assess
the risk of potential ecotoxicological contamination (Saeed et al., 2015).

Many features make A. dispar suitable for experimental use in the
laboratory. It is a small fish and it is cheap and easy to maintain. Females
have the ability to spawn every day, their spawning is not limited to specific
seasons and so it spawns all year round (though our own observations
indicate that the rate of spawning increases during the spring). With a short
generation period (it takes between 3 to 4 months), they make an
appropriate model for research. Compared with other fish, A. dispar eggs
are large and transparent; the yolk is sequestered into separate cells.

Furthermore, fertilization is external, so live embryos are able to be
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manipulated and can be monitored through all developmental stages under
a dissecting microscope. In addition, since it was observed that its eggs
have pigment cells, it makes it an appealing model for research on
pigmentation.

The present study investigates Aphanius dispar, the Arabian Killifish as a
model for studying the interaction of pathogens and immune cells at 37 °C.
This remarkable fish is resistant to a wide range of salinities and
temperature ranges, compared with other commercially grown fish. It is
active over from 4-30 °C and can tolerate temperatures as high as 40°C
(Victor and Menachem, 2000). Furthermore, Arabian Killifish develop blood
vessels and immune cells in the yolk before the muscles and tail develop,
allows direct injection of pathogens and drugs into embryos, facilitating live
cell imaging without anaesthesia at a physiologically relevant temperature,
37°C.
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The aim of this study is to critically assess A. dispar’s suitability as a model
to investigate the behaviour of C. albicans in a host organism at human
body temperatures, and evaluate the immune response against the
pathogen in a transparent embryo.

We hypothesised that A. dispar could be developed as an alternative model
to Zebrafish, for the study of infection processes, with the additional
advantage of survival at higher temperatures. The overall objectives of the
study are therefore:

To characterise the normal embryonic development of A. dispar as a future
model for infection

To develop protocols for injection of C. albicans into A. dispar embryos

To develop tools for monitoring immune cell responses

To investigate host-pathogen interactions using the A. dispar embryo and
C. albicans

To investigate the virulence of mutants of C. albicans in the A. dispar
model, potentially revealing mechanisms of infection such as the role of
mannan in the cell wall of C. albicans and its impact on immune cell

recognition and host oxidative stress responses
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Chapter 2- Materials and Methods

2.1 Organisms group, strains, plasmids, and primers

2.1.1 Candida albicans strains

This study includes strains that are listed in Table 2.1

Table 2.1 C. albicans strains used in this study

Strain Genotype Origin
SC5314 Wild-type Exeter
University
Fonzi and
Irwin, (1993)
NGY152 ura3D::imm434/ura3D:: Exeter
imm434, RPS1/rps1D:: Clp10 University
Fonzi and
Irwin, (1993)
CaACT1 Ca ACT1::GFP integrated at Exeter
RP10 University
Walker et al.,
(2009)
CaTuBl Ca TUBL1::GFP integrated at Exeter
RP10 University
Rida et al.,
(2006)
CAF2-dTomato Aura3::imm434/URA3 Gratacap et
al., (2013)
Maine
University
och1A+Clpl10-ochl ura3A::imm434/ura3A::imm434, Gift from Dr.
och1A::hisG/ och1A::hisG, Steven Bates
RPS1/rps1A::Clp10-OCH1 Hall and Neil,
(2013)
University of
Exeter
och1A+Clp10 ura3A::imm434/ura3A::imm434, Gift from Dr.
och1A::hisG/ och1A::hisG, Steven Bates
RPS1/rps1A::Clp10 Hall and Neil,
(2013)
University of
Exeter
pmr11A+Clp10-pmrl ura3A::imm434/ura3A::imm434, Gift from Dr.
pmriA::hisG/ pmriA::hisG, Steven Bates
RPS1/rps1A::Clpl0-PMR1 Hall and Neil,
(2013)
University of
Exeter
pmr11A+ClIp10 ura3A::imm434/ura3A::imm434, Gift from Dr.
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pmr1A::hisG/ pmri1A::hisG, Steven
RPS1/rps1A::Clpl0 Bates
Hall and Neil,
(2013)
University of
Exeter
mnt1/mnt2A+Clp10- ura3A::imm434/ura3A::imm434, Gift from Dr.
mnt2 mntl-mnt2A::hisG/ mnt1- Steven Bates
mnt2A::hisG, Hall and Neil,
RPS1/rps1A::Clpl0-MNT2 (2013)
University of
Exeter
mnt1/mnt2A+Clp10 ura3A::imm434/ura3A::imm434, Gift from Dr.

mntl-mnt2A::hisG/ mnt1-
mnt2A::hisG,

Steven Bate
Hall and Gow,

RPS1/rps1A::Clp10 (2013)

University of
Exeter

2.1.2 Bacterial Strain

The bacterial strain used in this study is E. coli (JM109).

2.1.3 Fish models

Fish models used in this study are listed in Table 2.2.

Table 2.2 Organism models used in this study

Common name Scientific name Origin

Arabian killifish

Aphanius dispar

Exeter University

Medaka Killifish

Oryzias latipes

Exeter University

Zebrafish (Wild-type)

Danio rerio

Exeter University

Zebrafish (Casper)

Danio rerio

Exeter University
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2.1.4 Plasmids

The plasmids used in this study are listed in Table 2.3.
With regards to features and plasmid maps, see Appendix 1, 2 and 3.

Table 2.3 Plasmids prepared for this study were used to store
amplified genes of interest for future use to generate ISH probes.

Plasmids Gene Origin Thesis
expression entry
Ol-gch Leucophore Gift received Chapter 1
(pigment cells) from Dr.
Robert Kelsh
Nagao et al.,
2014
Bath
University
Ad-fms Pigment cells Univ. Exeter Data not
this study included
L-plastin Macrophages Univ. Exeter Data not
(innate immune this study included
cells)
Ad- Immune Univ. Exeter Data not
Ptgst2_ PMA-T response this study included
(macrophages)
Ad- Immune Univ. Exeter Data not
Mfap2_ PMK- response this study included
RQ (macrophages)
Ad- Neutrophils Univ. Exeter Data not
Mpx1l PMA-T (innate immune this study included
cells)
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2.1.5 Primers

The primers used in this study are listed in Table 2.4 With regards to the
target gene sequences, see Appendix 2.

Table 2.4 General oligonucleotides used in this study for the gPCR.

Primer name Sequence gene
expression
Ad_ TGAGACCACAAGGAGGAG Housekeeping
Lsml12b _F gene
Ad_ GGCAAGATGAGACAAGTTAGT Housekeeping
Lsml12b R gene
Ad_ TCACAAGACTACGCCAAA Nitric oxide
Nos2a F
Ad_Nos2a R GCACCAACATCATACTCATC Nitric oxide
Ad_Noxl1_F CTACACAGACAACAAAGAC NADPH
oxidase
Ad_Noxl R CCATCACGATTCACAATG NADPH
oxidase
Ad_L- CTCATCAACCTGTCTGTTC Macrophages
plastin_F
Ad_L- TTCTCCTGCGTAGTGAAG Macrophages
plastin_R
Ad Csfla F TGGAGTGGAAGTGGATAT Macrophages
Ad_Csfla R ATGGTCATCTGGTATGTG Macrophages
Ad_myb_F GAAGACCCTGAGAAAGAG Haematopoietic
tissue
(lymphocytes
and
leukocytes)
Ad_myb R GATAGTGATGGCTGGATT Haematopoietic
tissues
(lymphocytes
and
leukocytes)
Ad_mpx_F AGAATTACTGGATGTGAGGCT Neutrophils
Ad_mpx_R TGGCTGTGCGATACTTGT Neutrophils
Ad_cxcrd F TCAGCAGCAACTTCAACAA Chemokines
Ad cxcrd R ACAACAACGACCAGTCCA Chemokines
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2.2 Fish Care and Maintenance

2.2.1 Arabian Kkillifish (Aphanius dispar)

A. dispar fish were kept in a recirculation system in the Aquatic Resource
Centre at the University of Exeter. Egg collection was performed once daily
by placing egg collection chambers in the tank. The eggs were subjected to
incubation under suitable conditions (ASW 35% and 26.0°C) to complete
their embryonic development. In the case of the experiments locking at the
effect of different temperatures on the embryonic development of A. dispar,
the water temperature was set at 26.0°C, 30.0°C, 37.0°C, and 38.5°C by
using different incubators. Salinity level varied between fresh water, 3 ppt,
10 ppt, 14 ppt, 35 ppt, and 150 ppt. Salt water concentration of 10 ppt, 100
ppt, and 150 ppt were prepared by diluting artificial sea salt (Tropic marine-
Germany) while the salinity of fresh water and 35 ppt were set up from
recirculation system in the Aquatic Resources Centre of the University of
Exeter. Water quality was monitored and changed daily during the
experiments days.

For A. dispar, the best period for obtaining fertilized eggs with one cell
stage was between 8-9 am. Eggs were obtained in the morning with natural
spawning by adding a glass chamber to the tanks at 8 am and collecting the
eggs after one hour, eggs were then transferred to Petri dishes with 20 ml
of ASW at 26°C, with daily water changes. Embryos were kept submerged
in “channel gels” made by leaving agarose to set on 1.2 mm diameter glass
tubes (Mourabit et al., 2011). All photographs were taken using an

Olympus, SZX2-ILLKmicroscopes.

2.2.2 Medaka (Orizias latipes)

Medaka fish were maintained in RO water with a recirculation system. They
spawn eggs at 9-11 am in the morning. The females carry eggs internally.
The eggs were manually removed from the fish caught in a fish net. Yolk

hair is removed from the collecting eggs with tweezers. Eggs were
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incubated with RO water with methylene blue to prevent fungal infection
and then incubated at 26°C.

2.2.3 Zebrafish (Danio rerio)

Fertilised Zebrafish eggs were obtained from a population (Wild-type and
Casper) that were bred and maintained in an Al recirculating system at
temperature of 28°C, pH 7.4, and salinity of fresh water at the aquaria
facilities of the University of Exeter. Fish eggs were placed and maintained
in the plastic Petri dishes with 20 ml of freshwater and incubated at 28°C in

a Heratherm IGS60 (Germany) incubator.

2.3 Microinjection technique

Microinjection of A. dispar was performed to deliver directly of injection
materials (Candida inocula or oligos) into the developing embryos. Fish
embryos were injected at 1 to 4 cell stages to gain transgenic fish and
injection with Morpholino oligomer to modify gene expression. In addition,
they were injected at the somitogenesis stage (54.5-59.5 hpf) to infect the
embryos with the C. albicans.

To prepare for microinjection, micro glass needles (capillary tubes) were
heated at 52°C using electron puller (NARISHIGE PC-10) to obtain two
consistent sizes of pipette needles (short and sharp needle tips in diameter
of 10-20 um which were suitable for the hard chorion of A. dispar embryos).
The needle tip was cut off under the microscope using forceps to set the
volume of solution to be delivered. To visualize the solution during the
microinjection, 0.050% phenol red was mixed with the solution to track
injection into the embryos successfully. After preparing the needles, they
were loaded with a solution and then the microinjector pressure (20 pound
per square inch psi) was adjusted. Next, embryos were submerged in
“channel gels” made by leaving 10% agarose /sea water on setting (1.2 mm
diameter glass tubes) (Fig. 2.1). Embryos were rotated using forceps and
microinjected with 1 nl of mRNA, morpholino or 5 to 10 nl of C. albicans
cells using a microinjector (PV820 pneumatic picopump). After

microinjection, embryos were transferred to a new Petri dish with seawater
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and incubated at 26°C. To obtain accurate results, embryos were checked,

and water changed daily.

Figure 2.1: Injection of diluted C. albicans into A. dispar embryos.
Agarose bed was made by leaving 10% agarose /sea water on setting (1.2
mm diameter glass tubes, flipped and placed back in same dish and then
remove the capillaries tubes. Embryos were held and placed in agarose

grooves and rotated for microinjection.

2.4 Media and Culture

2.4.1 Media and culture for C. albicans

C. albicans strains were cultured in YPD agar medium plates (1% yeast
extract (Difco), 2% glucose, 2% bacteriological peptone, 2% technical agar
no. 2) and incubated at 37°C for 48 hours. To prepare for injection, freshly
single colony of C. albicans was subcultured onto the 5 ml of YPD broth
medium and incubated at 37°C for 18 hours with 180 rpm shaking. To
evaluate and examine the virulence of C. albicans, the fungi were cultured
in the RPMI1640 1x (Roswell Park memorial institute1640) medium (with L-
Glutamine, SIGMA).

2.4.2 Media and culture of Bacteria

Luria broth (LB, Formedium™) was used to culture E. coli at 37°C, 180 rpm.

1 ml of Ampicillin or Kanamycin 50 pg/ml) was added to the 1 litre of LB to
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obtain a final concentration of 100 pg/ml, respectively. While LB was
supplemented with 2% agar to make a solid medium.

2.4.3 Long-term storage of C. albicans strains

Glycerol stocks were prepared with 15% autoclaved glycerol, strains at log
phase were suspended in appropriate selective medium supplemented with
15% glycerol. Strains were stored at -80°C.

2.5 Molecular Technigues

2.5.1 E. coli preparation

Single colonies of E. coli (JM109) were inoculated into 300 ml of LB and
Ampicillin broth and incubated at 37°C, 180 rpm overnight. Growth of the E.
coli was monitored and when cultures were sufficiently dense, culture were
transferred into 50 ml tubes x2 (40 ml each), and harvested by
centrifugation at 5000 rpm for 10 minutes at 4°C.

2.5.2 Transformation of E. coli

E. coli competent cells (JM109) were thawed on ice (3-5 minutes), the
plasmid of interest (1 pl) was added to 20 pl competent cells, gently mixed
and kept on ice for 20 minutes before incubation at 42°C for 40 seconds
(heat shock). Cells were subsequently placed on ice for 5 minutes. 200 pl of
the SOB medium was added and then mix was incubated for 1 hour at 37°C
with shaking (180 rpm). 100 pl of the culture was then spread on LB Amp or
LB Kana plates 100 pg/ml) and then incubated at 37°C for overnight.

2.5.3 Isolation of plasmid DNA

QIAGEN Gene JET plasmid maxiprep kits were used for plasmid extraction.
The plasmids were purified according to the manufacturer’s instructions.
Briefly, bacterial pellets, were resuspended in 4 ml Buffer P1
(Resuspension buffer Tris-Cl, pH 8.0, 10 mM EDTA, 100 pug/ml RNase A).
Buffer p2 (lysis buffer; 1200 mM NaOH % SDS); 50mM were added and
mixed with gentle version (4-6 times) and incubated at room temperature
(15-25°C) for 5 minutes to break the cell wall. Prechilled Buffer 3 (4 ml)

(Neutralization buffer) was added to neutralize the solution, mixed
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thoroughly inversion and incubated on ice for 15 minutes and centrifuged
twice 6000 rpm for 30 minutes at 4°C. 10 ml buffer QBT (Equilibrium 750
mM NaCl, 50 mM MOPS, pH7.0, 15% isopropanol, 0.15% Triton X-100)
was added to the column and the column emptied by gravity flow. Then, the
supernatant was applied to the column which was then washed with 2x 10
ml Buffer QC (wash buffer; 1.0 mM, NaCl, 50 mM MOPS, pH 7.0, 15%
isopropanol). The DNA was eluted with 5 ml Buffer QF (Elution buffer; 1.25
mM, 50 mM Tris-Cl, Ph 8.5, 15% isopropanol). The DNA was precipitated
by adding 3.5 ml isopropanol, vortexed and centrifuged (BECKMAN B5437)
at 6000 rpm for 30 minutes at 4°C. Supernatants were carefully decanted
after washing the pellets (DNA) with 2 ml of 70% ethanol at room
temperature with a centrifuge at 15000 rpm for 10 minutes. Pellets were air
dried for 5-10 minutes and re-dissolved with the molecular water and stored
at -20°C.

2.5.4 Gel electrophoreses to resolve DNA fragments

Agarose gels (2% Agarose in 1x TAE (1.14 ml/L) (glacial acetic acid, 4.84
g/L Tris base, and 0.37 g/L EDTA) was made using a microwave. SYBR
safe DNA stain (Invitrogen) was used by adding 0.5 ul to the 50 ml of gel
after cooling down to 50° C and then poured into the gel cast. The gel tanks
were filled with 1x TAE to cover the agarose gels. 5 pl or 10 pl of DNA
sample: (PCR product, digested and purified DNA), 1 or 2 pl of DNA loading
buffer (30% (v/v) glycerol, 0.25% (w/v) bromophenol, 0.25% (w/v) xylene
cyanol FF) and 0 or 6 pl water were loaded into each well of the gels. 7 ul of
DNA ladder (1 Kb or 100 bp) (New England Biolabs) were loaded on the gel
and run it for 20 minutes at 120 V. Visualization for the DNA fragments was

performed by syngeneic G: Box gel imager.

2.5.5 Generation of transgenic fish

Freshly fertilized eggs were collected in the morning after placing the egg
collection chambers in the tanks for 1 hour. Eggs were transferred into the

new Petri dish containing “Channel gels” made by leaving 10%
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agarose/sea water on setting (1.2 mm diameter glass tubes), embryos were
rotated using forceps and then using injector (Pneumatic picopump pv820).
To obtain A. dispar transgenic, one-cell stage eggs (20 mpf) were
microinjected with the following solution: 1 pl of 25 ng/ul (Beta-actin-DsR-
LOXP-GFP), 25 ng/ul of Transposase (TPase) mRNA, with 1/20 dilution of
phenol red solution (Sigma) for visualization. The solutions were incubated
for 10 min at RT prior injection and approximately 1 nl DNA solution was
injected into the first cell through the chorion.

After injection, embryos were transferred to a new Petri dish with seawater
(35 ppt) and incubated at 26°C. Embryos then were sorted to check the
positive embryos under a fluorescence dissection microscope using RFP
filter (Nikon SMZ1500) equipped with a digital camera (Nikon — SIGHT DS-
FI2, K20166) and raised for further breeding.

2.6 Gene expression analyses using in situ hybridization

2.6.1 Preparation of in situ probes

To make in situ probes, template DNA was prepared by restriction enzyme
digestion (2.6.1.1) of plasmid DNA or by amplifying the DNA using PCR
(2.6.1.2):

2.6.1.1 Preparation of template DNA using digestion and purification of

plasmid DNA

To make in situ probes, Medaka Ol-gch plasmid DNA 10 pg (10 pl) was
digested with 4 ul Notl (NEB), 10x NEB Buffer 3 (20 ul), and 170 ul water.
Then the reaction was incubated for 2 hours at 37°C. Next, 10 pl of
digested DNA was checked using agarose electrophoresis.

Digested DNA was purified using phenol/chloroform extraction; 200 pl of
phenol/ chloroform 1:1 was added to the reaction and vortexed to mix the
two layers. Around 180 pl of its (Upper phase (aqueous phase) was taken
after centrifugation for 2 minutes and moved to a new Eppendorf tube and
added 18 ul 3 M sodium acetate pH 5.2 and 450 pl absolute ethanol added
mixed and then incubated at -80°C for 1 hour or longer. The samples were

centrifuged at 4°C for 20 minutes and 180 pl of 70-75 % ethanol was added
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to the pellet after discarding the supernatant. The pellet was dried for 10
minutes and resuspended in 20 pl water and the purified digested DNA was
confirmed using agarose gel electrophoresis. Digested and purified DNA
was kept at -20°C.

2.6.1.2 Preparation of template DNA using PCR

To prepare DNA template of (ptgs2, mpx, and mfapl), the following were
assembled in a PCR tube:

1 ul of forward T3: ATT TAG GTG ACA CTA TAG and reverse SP6: ATT
ACC CTC ACT AAA GGG primers, Go Tag PCR master mix (Promega) (10
pl, 1 ul of (Ad_ptgs2, Ad_mpx, and Ad_mfap1) plasmid x1/100 ul,
molecular water DEPC (7 pl). The standard conditions of PCR were
employed as below:

95°C for 5 min, with replication of denaturation at 95°C for 30 Sec,
annealing at 50°C for 1 min, elongation at 72°C for 1 min for 30 cycles and
a final extension at 72°C for 10 min. A Thermo Scientific Gene JET PCR
Purification Kit was then used to purify the DNA, and the purified DNA was
stored at - 20°C. The integrity of DNA was assessed on agarose TAE

electrophoretic gel (1%).

2.6.1.3 Probe synthesis using template DNA

The purified DNA samples that were prepared by DNA digestion or PCR,
were used to synthesize RNA probes, using 6 pl of template DNA (1 to 2
Mg), 2 uL of DIG RNA labelling kit (Roche) and 4 pL of 5x transcription
buffer, 1 yL of RNase inhibitor (Roche), 6 uL water and 1 uL of appropriate
polymerase (T3 and SP6 20 U/ul) and incubated at 37°C for 5 h. After that,
probes were treated with DNase (2 pL) 2500 U/ml at 37°C for 30 min before
using 4 M lithium chloride to purify probe. The equal amount of hybridization
buffer (50% formamide, 5x SS, 5M EDTA, 0.1% Tween 20, CHAPS 0.1%,
50 pg/ml heparin and 1 mg/ml torula yeast RNA) was added and the probes

were stored at -20°C before final use at 1/100 dilution.
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2.6.2 Preparation of samples

Fertilised A. dispar embryos were kept within embryonic culture water with
a salinity of 35 ppt at 26°C. The culture water was replaced daily and
monitored. To test the gene expression in A. dispar, embryos at
somitogenesis stage were collected and photographed before carrying out
in situ hybridization. Selected embryos were fixed with 4% formaldehyde at
4°C overnight, washed with (PBS) for 10 min before carrying out
dechorionation, and stored at -20°C in 100% methanol.

In order to use those embryos in subsequent whole in situ hybridization
buffer (WISH), a series of methanol dilutions were carried out to rehydrate
fixed embryos, using 75%, 50%, and 25% in PBS methanol at a
comfortable temperature (20-22°C), and washed for 10 min with PBS and
0.1% TweenZ20.

2.6.3 In situ hybridization

The first step was pre-hybridization; this step was carried out to decrease
non-specific binding that might happen between probes and any sites on
the tissue. Embryos were placed in 500 pl hybridization buffer (50%
formamide, 5x SS, 5M EDTA, 0.1% Tween 20, CHAPS 0.1%, 50 pg/ml
heparin and 1 mg/ml torula yeast RNA) for 3 h and then incubated with the
suitable probe (diluted 1:100) overnight at 65°C. The appropriate probe was
prepared by heating at 80°C for 10 min before shifting quickly on ice for 5
min.

The hybridized samples were subsequently washed with 1 ml of 2xSSC +
50% formamide + 0.1%Tween20 at 65°C for 30 min, and then with 2xSSC
0.1% Tween20 at 65°C for 30 minutes before washing twice with 0.2x SSC
0.1% Tween 20 at 65°C for 30 min.

The blocking reagent (Roche Blocking solution 2%+ HI-BS 5%) was added
for 3 h to decrease non-specific binding. After that, the embryos were
incubated with the anti-DIG antibody (Roche) (5000x dilution of stock at
150U/200 pl and diluted another 1/100 with blocking solution) for 3 h at
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room temperature. Embryos were washed for 4 x 30 min with PBT (0.1%
(v/v) Tween 20 in 1x PBS) and then gently placed on a shaker overnight.
The next wash was carried out with AP buffer (Tris 0.1 M pH 9.5, NaCl 0.1
M, MgCl, 50 mM, Tween 20 0.1%) for 10 min.

The AP buffer was changed with 400 ul of BM-Purple AP Substrate
(Roche). Then, a top-cut-tip was used to move embryos/ BM-Purple gently
to a 24-well plate. In order to prevent light access, the 24-well plate was
placed in a box before placing on a shaker 40 rpm for 1-3 h for penetration
the BM-Purple through the embryos’ tissues and show visible staining.
Staining reactions were achieved at room temperature and continued until
signals visible. The process of stopping the reaction was carried out using
PBT to wash embryos and drained before fixing them in fresh PFA. Finally,
to observe and image stained embryos were visualised using a compound
microscope (Nikon SMZ1500) equipped with a digital camera (Nikon —
SIGHT DS-FI2, K20166).

2.7 gPCR

2.7.1 C. albicans Culture Preparation

Two days prior to the injection of A. dispar with C. albicans, streak plates
from different mutants of Candida (NGY152, och1A, pmr1A, and mntl-
mnt2A) see table 2.1 were prepared on YPD agar to obtain single colonies
and incubated at 37°C overnight. One small colony was picked and put into
5 ml of YPD broth and incubated at 37°C at 180 rpm for overnight. In the
day of embryo infection, the culture was centrifuged for 2 min at 3500 rpm
at 4°C and the pellet was resuspended in 1x of 5 ml phosphate buffer saline
and spun down again. This step of washing was repeated twice and then
Candida cells were resuspended counted on a Haemocytometer and
diluted to 1x10 8 cells/ml.

2.7.2 A. dispar embryo infections

A. dispar embryos were collected and incubated at 26°C for 72 hpf.

Embryos at somitogenesis stage (54 to 59 hpf) were submerged in “channel
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gels” made by leaving agarose to set under 1.2 mm diameter glass tubes.
Embryos were microinjected with 5 to 10 nl of C. albicans suspension at
1x108 cell/ml in PBS using microinjector (Pneumatic Picopump PV820) into
the yolk and incubated at 37°C.

2.7.3 Isolation of RNA samples

Total RNA was prepared from control (uninfected) and infected embryos
which were microinjected with 1x 108 cell/ml of C. albicans at somitogenesis
stage (54.5-59.5 hpf). Embryos were sacrificed by a plunging; in liquid
nitrogen and then transferred to tubes at -80°C until use. RNA extraction
was performed by using 1 ml of Trizol reagent (Invitrogen) per 10 embryos;
frozen embryos were homogenized to produce a clean pellet in an ice-cold
Eppendorf tube by using a hand-held grinder. Samples were incubated for
at least 10 min in Trizol to complete dissociation of complexes. To separate
the mixture into three phases: 200 pl of chloroform or (1-bromo-3-
chloropropane) was added into the 1 ml of homogenized mixture, incubated
for 10 min at room temperature RT and then centrifuged at 12000 xg for 15
min at 4°C. The upper agueous phase was carefully transferred into the
fresh tubes. To precipitate RNA, 500 pl isopropanol (ice-cold) was added,
incubated 10 min at RT and centrifuged at 12000 xg for 20 min at 4°C. RNA
was washed by adding 1 ml of 75% ethanol, centrifuged at 7500 xg for 5
min at 4°C. This step was repeated after removing the supernatant. Finally,
the pellets were resuspended in (20 pl water) and RNA concentration was
quantified using (Spectrophotometer Nanodrop) with wave length 280 nm
and stored at -80°C.

2.7.4 Reverse transcription

cDNA templates were generated using RNase-free DNase (RQl -
Promega) and M-MLYV reverse transcriptase (Promega). For each reaction,
the following reagents were added (1 pg/pl of RNA, 1 ul of 1000 U RQ1
DNase, 1 ul RQ1 buffer 400 mM Tris-HCI (pH 8.0), 100 mM MgSO4 and 10
mM CaCl2 with final volume made up to 10 ul with water and then the

mixtures in each tube were spun down and incubated for 30 min at 37°C.
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The reaction was incubated for 10 min at 60°C, followed by adding 1 pl of
the RQ1 stop solution.

Reverse transcription was performed using 1 pl primer (random hexamers)
in each reaction and incubated for 5 min at 70°C to melt secondary
structures within the template. To prevent secondary structures from
reforming, reactions were directly cooled on ice for 2 min. Next, M-MLV 5x
reaction buffer (5 ul), 10 mM dNTP mix (2 pl), M-MLV reverse transcriptase
(1 pl at 200 Units/ul) and water (5 pl) were added and incubated at 37°C for
60 min. Finally, cONA was stored at -20°C.

2.8 Protein analysis

2.8.1 Western blotting

Total protein samples from A. dispar embryos were prepared from 5
embryos as required. Embryos were kept in 100 pl lysis buffer 150 mM
sodium chloride, 1.0% NP-40 (Triton X-100 can be substituted for NP-40,
50 mM Tris pH 8.0 - NPO00O08, Invitrogen) on ice for lysis and then
homogenized by grinding (Greiner Bio-one) using a plastic pestle without
removal of the yolk or chorion. Homogenised embryos were heated at 80-
90°C for 5 min and centrifuged at 14,000 rpm for 5 min. The supernatants
were transferred to new 1.5 ml Eppendorf tubes and used immediately or
stored at -20°C until required. The amount of the supernatant which was
loaded on an NuPAGE gel (acrylamide 4%~12% Bis-Tris pH7-7.5 - NP
0335BOX, Invitrogen) was set at 30 ul for embryo extracts and 7 pl of pre-
stained protein standard ladder (SeeBlue® Plus2 Protein Standard)
(Thermo Fisher) in 1x NUPAGE MOPS running buffer at 120 V for 2 hours.

Transfer buffer 1x (144.1 g Glycine, 30.3 g Tris base) was used to transfer
the proteins to the polyvinylidene difluoride (PVDF) membrane L16201177
(Bio-RAD) for 1 hour at 30 V, then it membranes were rinsed in ddHO.
Ponceau red (Sigma-Aldrich): 1 g Ponceau S, 50 ml acetic acid/1000 ml
ddH,O was used to check the efficiency of protein transfer by soaking the
membrane for 2-5 minutes. Subsequently, the membrane was incubated in
blocking solution (dried skimmed milk powder 5% wi/v) in TBS for 2 hours

and then probed with primary antibodies (Table 2.5) for overnight at 4°C.
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Next day, the membrane was washed three times for 1 hour in 1x TBST
(0.1% Tween20, 24.2 g Tris, 84 g NaCl/L pH 7.6) then incubated with the
secondary antibodies (Table 2.5) in blocking solution for 2 h at room
temperature. To visualize signal development, the membrane was washed
for three times for 1 h with 1x TBST and incubated with a mixture of 1 mi
luminal solution and 1 ml peroxide solution provided in the Immobilon
Western HRP substrate kit (Thermo- Scientific) for 2-5 minutes. The
membrane was placed in an autoradiograph cassette with X-ray film for
developing. Finally, the membrane was washed twice in Stripping buffer for
10 min, twice in PBS washing for 10 min and twice in 1x TBST washing
buffer for 5 min. The membrane was again incubated a positive control
antibody (Table 2.5) for overnight at 4°C. At the next day, the membrane
had been washed in TBST before incubation with the secondary antibody

for 2 hours then washed and visualized the protein bands.

Table 2.5: Primary and secondary antibodies used for Western blots

Antibody Dilution Supplier

Primary

Rabbit anti- mCherry 1/5000 Abcam (ab167453)

Rabbit anti- |- plastin 1/5000 Gift received from Dr.
Paul Martin

Bristol University

Mouse anti-alpha 1/1000 Sigma (T9026)
Tubulin

Mouse anti- Beta-actin 1/1000 Sigma
Secondary

Goat-Anti-Rabbit 1/1000 Dako (P0448)
immunoglobulin HRP

Goat-Anti-Mouse 1/500 Dako (P0447)

immunoglobulins HRP
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2.8.1.1 Western blot materials

Table 2.6: western blot reagents

Reagents Component
10x TBS 24.2 g Tris
84 g NaCl/ PH 7.6
1x TBSw 100 ml 10x TBS
900 ml DDW

Tween 20 (25%)

10x Running buffer 250 mM Tris
192 mM Glycine
0.5% SDS

10x Transfer buffer 144.1g Glycine
30.3 g Tris base

1x Transfer buffer 100 ml 10x Transfer buffer
100 ml methanol

800 ml molecular DEPC water

Stripping buffer 15g Glycine
lg SDS
10 ml Tween 20/ pH 2.2 complete the volume to
1000 ml

Ponceau S staining 1 g Ponceau S

Solution 50 ml acetic acid/1000 ml dd H,O store at 4°C

2.8.2 Immunohistochemistry

2.8.2.1 Paraffin sectioning

A. dispar embryos were fixed in 4 % paraformaldehyde/ Hepes-NacCl, (50
mM Hepes (Sigma), 0.5 M NaCl, pH 7.8) for overnight at 4°C. Labelled
embryos carefully transferred from fixation solution and set in the tissue
cassette. Dehydration was used by the staging of EtOH treatments (50, 70,
90 and 100%) in order to remove the water contained within the tissue and

any residual fixative. To clear the tissue, samples were submerged in the
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xylene substitute (Sigma), then gradually dehydrated the samples from (O to
100%) alcohol. Alcohol was replaced with xylene which is miscible with a
medium for embedding. In order to impregnate the tissue, molten paraffin
(60°C) was used to embed the tissue after replacing the clearing fluid.

After embedding, a CHANDAN AS325 microtome was used to section the
tissue into 5 pm thick sections. The serial ribbon sections were then
carefully transferred in a water bath at 45-50°C. Samples were attached to
prelabelled slides and the sections were transferred to a hotplate at 60°C
until dry. The slides were immersed in a series of ethanol solutions 50% (1
min), 75% (2 min), 90% (3 min) and 100% (5 min) to fix the cells on the
slides. Protein detection within tissue sections was achieved by firstly
blocking non- specific binding proteins using dried skimmed milk powder
5%(w/v) in TBS (Tris-buffered saline) for 2-3 h then incubated with the
primary antibodies overnight at 4°C in a humid box. In a Coplin jar, tissue
sections were washed three times with 1x TBS-Tween 20. Secondary
antibodies 1:300 were prepared in blocking solution and added to the tissue
section for 2-3 h at room temperature (RT), washed three times for 1 h each
and incubated with VECTOSTAIN ABC reagent (Vector lab) PK-4000 for 30
min to 1 h and then incubated with peroxidase substrate DAB (Vector lab)
SK-4100 for 2-10 min after washing with TBS-Tween. Slides were finally
washed with water tap and, hematoxylin and eosin were used to stain the
tissue section. Haematoxylin stain binds to DNA complex and nucleus,
whereas eosin is a counterstain binding to eosinophilic structures. Tissue
sections were rehydrated by immersing in 100% ethanol at 3 min and were

finally washed with water for 1 min and mounting on slides.

2.8.3 Immunofluorescence staining of macrophages and Candida cells

Embryos at somitogenesis stage 24 (45.5 hpi) and organogenesis stage 29
(246.5 hpi) were microinjected with 5 to 10 nl of C. albicans at 1x108 cell/ml
and incubated for 24 hpi at 37°C. Next embryos were fixed in 4 %
paraformaldehyde/ Hepes (SIGMA), 0.5 M NaCl (12 g PFA, Hepes 3.57 g,
30 ml NaCl / 300 ml DW and adjust the pH to 7.8) overnight and then
washed twice with PBS 0.5% Triton and incubated with 100% methanol
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(MeOH) at -20°C. After washing extensively with 70, 50, 25% MeOH and
PBS Triton, the embryos were permeabilized with 0.24% wi/v trypsin 1x with
PBS 0.5% Triton for 2-3 h at room temperature. The trypsin was removed
and replaced with blocking solution (1% BSA, 0.5% PBS Triton/ serum
FCS-IH) for 3 h at RT. The primary antibody solution was diluted with
blocking solution (1:500); dried skimmed milk powder 5% w/v in TBS and
then added in the tubes of embryos and incubated for overnight at 4°C. The
next day, embryos were washed for 1 h with 1x PBS, 0.5% Triton and
incubated with secondary antibodies (1:300) overnight at 4°C. Embryos
were then washed three times for 1 h and directly imaged at microscopic
magnification of 5x and 10x objective (DIC, GFP and RFP filter) with an
inverted Zeiss microscope (Zeiss AxioObserver.Z1-AX10).
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Table 2.7 Primary

immunofluorescence

and secondary

antibodies used for

Antibody name Dilution Supplier
Primary
Mouse anti- 1:500 Gift received from
microglia -4c4 Dr.Thomas Becker
antibody Edinburgh University
Rabbit anti- L-plastin 1:500 Gift received from Dr.
Paul Martin
Bristol University
Rabbit anti-Candida- 1:250 Gift received from Dr.
R? quard Jgnkiqson
Bristol University
Secondary
Alexa Fluor 488 1:300 Life Technologies
antirabbit AL1034
Alexa Fluor 594 1:300 Life Technologies
goat anti-rabbit A11012
Hoechst 1:400 Life Technologies
trinydrochloride H3570
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Chapter 3

Normal Embryonic Development of the Arabian killifish,

Aphanius dispar.

3.1 Abstract

Arabian Killifish, Aphanius dispar, live in the marine coastal areas of the
Middle East, as well as in streams. This species is considered as a
biological control agent for mosquito larvae. Though the fish live in areas
with a variety of salinities and temperatures, it is still not clear how
embryonic development is affected by salinity and temperature. In this
study, the process of normal embryonic development was analyzed at
different temperatures and salinities. Embryogenesis was divided into 32
stages based on diagnostic patterns of development. Embryo development
was then examined under different thermal environments at 26.0, 30.0, 37.0
and 38.5°C. Embryos were also reared at seven different levels of salinity;
0.3, 3, 10, 14, 35 and 150 ppt ASW.

Results indicate that temperature has a significant effect on embryonic
development; with accelerated development at higher temperatures. In the
case of salinity, the data indicate that growth was slightly accelerated by
higher levels of salinity. Together, these findings suggest that A. dispar can
tolerate a wide range of temperatures and salinities including extreme
conditions that are 4 times higher in salinity than sea water (150 ppt) and
higher than human body temperature (38.5°C). A. dispar could therefore be
suitable for toxicology and pathogenesis studies at different salinities and
temperatures. In particular, fish embryos could provide a relevant
biomedical model for analyzing infection by bacterial, fungal and viral
pathogens under conditions similar to those found in patients.

During the examination of A. dispar embryos, we identified brown pigment
cells with a highly fluorescent character under GFP and RFP filter

conditions. Various imaging analyses suggest that this is a novel type of
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pigment cell possessing some overlapping characters with leucophores
from other Killifish species (e.g. Medaka). When PTU was used to inhibit
melanogenesis, no changes were detected, suggesting that the brown
pigment cells in A. dispar do not contain melanin. Whole-mount in situ
hybridization (WISH) for examining gene expression of gch (a gene marker
of leucophores in Medaka) also supports the suggestion that the fluorescent
pigment cells in A. dispar are leucophores. We concluded that the
fluorescent pigment cell that we have discovered are novel highly
fluorescent leucophores that may have developed in A. dispar to allow the
fish to adapt to live within extreme environmental conditions with strong

sunlight and a wide range of temperatures.

3.2 Introduction

The Arabian killifish (Aphanius dispar) is a teleost fish and biological control
agent of mosquito larvae (Victore et al., 2000). It is distributed in coastal
areas of the Eastern Mediterranean, Iraq, Iran, Saudi Arabia, Syria, Somalia
and East Africa (Gholami et al., 2011; Haq and Yadav, 2011). A. dispar also
lives in streams, shallow lagoons and pond water, among vegetation over
rocks and sand (Saeed et al., 2015). This omnivore species tends to live in
schools (Mehdi, 2012). Arabian killifish can also live at extreme
temperatures (37- 40°C) (Arash et al., 2014). A. dispar is a member of the
euryhaline and osmoregulatory teleost fish that are capable of tolerating
extreme ranges of salinity, from fresh water to 175 ppt sea water. As a
result of having a good ability to withstand wide ranges of salinity through
osmoregulation, A. dispar can survive in natural saline water, brackish
water and fresh water (Haq et al., 2013. A. dispar can therefore be
considered an excellent model fish to study physiological and ecological
behaviour and adaptation with respect to the effect of salinity (Lotan,1971;
Plaut, 2000). A. dispar is also tolerant to a wide range of pesticides and
toxins and can tolerate low levels of Oy; therefore, it has been used as a
biological model to evaluate eco-toxicity (Saeed et al., 2015; Fletcher et al.,
1992). Hence A. dispar might be a suitable model to examine the effects of

a wide range of environmental stressors on aquatic species.
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Small teleost fish embryos have also been used as models for studying
genetic diseases, infection, ecotoxicology, drug testing as well as for
assessing mechanisms of normal embryonic development and cell function
(Jeng-Wei Lu et al., 2015; Hsu et al., 1997). Increasingly, over the last
decade, zebrafish and medaka have been used as a very popular model
animal for these purposes (Arduini et al., 2008). These fish lay many eggs
in the lab on daily basis throughout the year, with the eggs rapidly
developing body and organs within a few days. The process of
development can be easily observed due to their small size and the
transparency of the embryo. Though zebrafish and Medaka have been very
powerful models for a variety of studies, it is still necessary to use other fish
models for different purposes. For instance, zebrafish embryos cannot
survive at 37°C, therefore, they are not really suitable for infection or drug
testing in an environment where human body temperatures would be more
appropriate. In addition, zebrafish and medaka are freshwater fish and
therefore are not ideal for investigating marine environmental changes and
pollution. Here we report that the A. dispar embryo can become a very
useful model for studying embryonic events at human body temperatures
and also at different salinities.

In fish, pigment cells are derived from a provisional group of cells named
the neural crest (Kelsh et al.,, 2004). According to Kimura et al., (2014),
pigment cells in fish can be divided into two types as a result of their
interaction with light. The first group, including xanthophores,
erythrophores, and melanophores absorb light. Whereas the second group,
are light reflecting pigment cells such as iridophores and leucophores
(Masazumi, 2002). While melanophores, xanthophores, and iridophores are
widely seen in many fish species (including zebrafish), fewer species have
leucophores which, uniquely are fluorescent pigment cells (Kimura et al.,
2014).

Melanophores are particular pigment cells that contain hundreds of
melanosomes filled with melanin (Frohnhéfer et al., 2013). The key function
of melanosomes is melanin dispersion within the cytoplasm or aggregation
in the center of pigment cell. This mechanism is essential in changing color

and also plays a significant role in protection the body against UV irradiation
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(Fujii et al., 2002). As mentioned above, leucophores and iridophores have
the ability to reflect light using their plates of crystalline of purine and
guanine respectively. Though the difference is not always obvious,
leucophores are generally considered to reflect light of all wavelengths
producing a white colour, whereas iridophores are specific to create
iridescent color (Kimura et al., 2014). On the other hand, in medaka, it has
recently been showed that there is some similarity between leucophores
and xanthophores in their developmental process with respect to gene
regulation and cell migration (Kimura et al., 2014). Although there are many
studies examining many of the distinct pigment cell types in Kkillifish, few
have characterized the function of leucophores.

Extreme salinity, high water temperature, and strong sunlight may have a
dramatic effect on development in some species of fish. We have recently
discovered that A. dispar has an extraordinarily highly fluorescent pigment
cell, suggesting that this fish, living in areas of strong sunlight, may have
evolved a novel pigmented cell type as an adaptation to this stress. The
present study aims to characterize the A. dispar pigment cells using a range
of different imaging techniques and whole-mount in-situ hybridization to
clarify the nature of the fluorescent pigment cells in A. dispar.

3.3 Materials and Methods

3.3.1 Aphanius dispar care and maintenance

A. dispar fish were kept in a recirculation system in the Aquatic Resource
Centre at the University of Exeter. A. dispar eggs were collected daily (in
the morning) in egg collection chambers and then kept in Petri dishes,
normally at 26°C, with 35 ppt salinity. The eggs were subjected to
incubation to complete their embryonic development. In the case of
experiments at different temperatures, water temperature was set to:
26.0°C, 30.0°C, 37.0°C, and 38.5°C by using different incubators. Salinity
level was varied between 0.3 ppt, 3 ppt, 10 ppt, 35 ppt and 150 ppt as
required. 10 ppt, 100 ppt, and 150 ppt were prepared by diluting artificial
sea salt with distilled water (Tropic Marine - Germany). Water was changed
daily during the experiment days. To take photographs, embryos were
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submerged in “channel gels” made by leaving agarose to set on 1.2 mm
diameter glass tubes (Mourabit et al., 2011). All photographs were taken

using an Olympus SZX2-ILLK microscope.

3.3.2 Dechorionation

Dechorionation was conducted with some modification according to a
method previously used in medaka (Porazinski et al., 2010). To prepare
hatching enzyme extract (HE extracts) 20 to 30 A. dispar embryos at the
hatching stages (St.31-32) were homogenized and placed overnight at 4°C
with an equal volume of ASW 35 ppt in Eppendorf tubes. The supernatant
was collected after centrifugation at 14k rpm for 10 min. The HE extracts
were stored at -20°C and were diluted two-fold with ASW for the
dechorionation protocol. For dechorionation, eggs were cleaned and
transferred to sandpaper then gently rolled (approximately 45-60 s) to make
the surface of the chorion slightly softer and scarred. Embryos were then
incubated for 1 h with pronase (20 mg/ml) at 28°C. After that, embryos were
washed in ASW to remove traces of pronase. HE was added for 2-6 h.
Embryos were periodically checked using a stereomicroscope (Prozinski et
al., 2010). After dechorionation, embryos were transferred gently to another
dish of fresh ASW 35 ppt.

3.3.3PTU

In order to block melanin synthesis, A. dispar embryos were treated with
0.005% [w/v] PTU (Sigma) from stage 14 of development (18.5 hpf) as per
the method described by (Mourabit et al., 2011) with some modification
such as using ASW 35 ppt to prepare the PTU and the treatment started
earlier than in medaka. Water was changed, and embryos were checked

once daily. The control embryos were incubated with ASW (35 ppt).

3.3.4 In situ probe synthesis

The first step used PCR to generate the medaka gch DNA template. The

following were assembled in a PCR tube: 1 pl of (100 pmol/u) Forward
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primer (ATTTAGGTGACACTATAG), 1 pL of (100 pmol/ul) Reverse primer
(ATTACCCCTCACTAAAGGG), Go Tag PCR master mix (Promega) (10
pl), 1 ul of Template (cDNA) (plasmid x1/100ul), Molecular water DEPC (4
ML). The standard conditions of PCR were employed as below:

95°C for 5 min with replication of denaturation at 95°C for 30 s, annealing at
50°C for 1 min, elongation at 72°C for 1 min for 30 cycles and a final
extension at 72°C for 10 min. Thermo Scientific Gene JET PCR Purification
Kits were used to purify the DNA. The purified DNA was used to synthesize
RNA probes by using 6 pl of template DNA (1 to 2 ug), 1 pl of RNase
inhibitor (Roche), 2 ul of DIG RNA labelling kit (Roche) and 4 pl of 5x
transcription buffer 6 ul water and 1 ul of (T3 and SP6 20 U/ul) polymerase
and incubated at 37°C for 5 h. Before purifying the probe by lithium chloride
precipitation, 2 pl DNase was added and then incubated at 37°C for 30 min.
An equal amount of hybridization buffer was added and stored at -20°C

between final uses at 1/100 dilution.

3.3.5 In situ hybridization

In brief, A. dispar embryos at stages 19, 22, 24, 25 were chosen and were
fixed overnight in 4% formaldehyde at 4°C. Embryos were washed with
(PBS) for 10 min before they were manually dechorionated and stored at -
20°C in 100% methanol. Fixed embryos were rehydrated using a gradual
series of methanol including; 75%, 50%, and 25% and then washed with
PBST (phosphate buffered saline, pH 7.0, containing 0.1% Tween 20) at a
room temperature (RT). To stop non-specific binding, the embryos were
incubated in 500 ul hybridization buffer at 65°C for 3 h before incubating
with the probe overnight at 65°C. The next step was carried out by washing
the embryos with 1 ml of 2X SSC, 50% formamide, 0.1% Tween 20, and 2X
SSC, 0.1%Tween 20 at 65°C for 30 min, ending with final washes with 0.2X
SSC, 0.1%Tween 20 at 65°C for 2x 30 minutes. Before placing embryos in
anti-DIG antibody for 3 h, blocking solution was added to reduce non-
specific binding for 3 h. After placing in anti-DIG antibody, embryos were
washed four times for 30 min in PBT and gently placed on a shaker
overnight. The next wash was performed with AP buffer. To stain embryos,
AP buffer was replaced with BM-Purple (Sigma) and the embryos/ BM-
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Purple were gently moved to a 24-well plate. The 24-well plate was placed
in a foil covered box to prevent light access and put on a shaker for 1-3 h to
enable BM-Purple to penetrate through the tissues of embryos and to show
visible staining. The final step before imaging was conducted using PBTW
to wash embryos for 10 min and then draining them before fixing in fresh
PFA. Images of stained killifish embryos were acquired using a compound

microscope (Nikon SMZ1500) equipped with a digital camera.

3.3.6 Imaqing

For imaging purpose, A. dispar embryos were supported using the agarose
bed technique previously used with mangrove Kkillifish (Mourabit et al.,
2011). As mentioned above, all images of staging were obtained using a
digital Olympus camera interfaced with an Olympus SZX2-ILLK
microscope. Other images were captured using a Nikon SMZ1500
microscope or Zeiss microscope with normal incident light and suitable GFP
and RFP excitation and emission filters. GFP and RFP filters were used to
image fluorescent pigments with different emission spectra - with some
green, some red, or some green and red. When assessing the response of
cells to light exposure, normal light, GFP and RFP illumination conditions
were used, and photographs were taken immediately because of the rapid
response of the pigment cells. Then the embryos were incubated in white
light for 1 h and photographed again before observing the response of the
pigment cells to the light again. Fish embryos were monitored daily over the

experimental period. All observations were replicated three times.

3.3.7 Statistical analysis

All treatments were undertaken in triplicate. All the data for the effect of
temperature and salinity on embryo size was obtained using ImageJ
software. Hence, all the data was transferred to an Excel file. All statistical
analyses were conducted in Minitab to examine whether environmental

stressors had an effect on embryonic development and hatching time.
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3.4 Results

3.4.1 Normal embryonic development in A. killifish (A. dispar)

Staging studies, following fertilized eggs to the Ilate stages of
organogenesis, are crucial to understanding development in fish. The
following photographs describe and provide accurate morphological
descriptions that characterize 32-stages of normal embryonic development
in A. dispar.

Stage 1 (Fig. 3.1A): Zygote period and one—cell stage (Fig.1)

Following fertilization of the eggs, a hard chorion of rough texture is
generated separately from the yolk by a thin blast disc which swells and lifts
away from the newly fertilized eggs. The transparent yolk contains many of
small oil droplets.

Stage 2 (Fig. 3.1B): Two-cell stage

The first cleavage produces two highly rounded blastomeres of equal size.
Stage 3 (Fig. 3.1C): Four-cell stage

The two-cell blastomere cleavage occurs at a right angle to the first
cleavage. It produces four rounded blastomeres of the same size.
Stage 4 (Fig. 3.1D): Eight-cell stage

In this stage cleavages occur in two separate planes; they are parallel to
the first one to cut the blastodisc into a 2x4 array of blastomeres forming
eight blastomeres.

Stage 5 (Fig. 3.1 E): Sixteen cells stage

The fourth cleavage occurs along two planes to produce a 4x4 array of
cells. All of the cells are arranged in two tiers on top of the yolk.
Stage 6 (Fig. 3.1F): 32-cell stage

The 32 blastomeres are present in arrays with more presence in the upper
tier. It becomes difficult to distinguish between cells to enumerate them.
Stage 7 (Fig. 3.1G): 64-cell stage

In this stage, the sixth cleavage plane, the blastomeres are dividing and
increasing in size producing a mass with less rounded edges.
Stage 8 (Fig. 3.1H): Mid blastula
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During the blastula period, and the sixth and later cleavages, cells are
difficult to trace with precision. The blastomeres are flattened in shape.

Stage 9 (Fig. 3.11): End of blastula

The cells of the blastoderm are smaller than in the mid blastula stage and
the blastodisc is clearly flattened. The marginal yolk syncytial layer (YSL)
becomes clearly visible.

Stage 10 (Fig. 3.1J): Pre-early gastrulation

During gastrulation, the blastoderm begins to flatten and expand over the
yolk by epiboly. The thin sheet of cells curves over the yolk and the
thickening embryonic shield appears on one side to form the dorsal lip.
Stage 11(Fig. 3.1K): Early gastrula

The blastoderm expands and covers about (1/3 of the yolk sphere). The
embryonic shield begins to arise as a thicker end of the dorsal blastoderm.
Stage 12 (Fig. 3.1L): Mid gastrula

Epiboly progressively advances and covers half of the yolk sphere and the
embryonic shield projects into the area of the germ ring.
Stage 13 (Fig. 3.1M): Late gastrula

The embryonic shield grows and the blastoderm covers about two-thirds of
the yolk sphere.
Stage 14 (Fig. 3.1N): Late gastrula

The blastoderm covers around three-quarters of the yolk sphere and the
embryonic shield becomes more longitudinal and clearly defined as a
narrow streak.

Stage 15 (Fig. 3.10): 100% epiboly

Gastrulation ends because the blastoderm covers the entire yolk. In this
stage, there is a long bulge on the surface of the egg due to the presence of
the embryo.

Stage 16 (Fig. 3.1P): Head and tail regions recognizable

The embryonic body increases in size longitudinally and laterally so that it

becomes more distinct.
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Figure 3.1: Normal embryonic development in A. dispar. The early

(G-I). Gastrula views are shown in (I-P). Stage time (hpf) is shown at the
bottom right of each picture. Stage numbers are indicated at the bottom left.
bd, blastodisc; ch, chorion; yo, yolk; od, oil droplet; dl, dorsal lip; ep, epiboly
and the arrowhead indicated the percentage of epiboly development at
25%, 50%, 75%, 90% and 100% in (K, L, M, N, O) respectively. Scale bar =
500 pm.

83|Page



Stage 17 (Fig. 3.2A, A’): Optic vesicle and somite recognizable (Fig.2)

At this stage, the optic vesicle can clearly be observed with the forebrain.
The four somites can also be distinguished using a 20x Zeiss microscope.
In addition, the pigment cells start to form.

Stagel8 (Fig. 3.2B, B): 6 somite stage, pigmentation and brain

regionalization

Three regions of the brain are recognizable and pigment cells (leucophores)
begin to develop at this stage.
Stage 19 (Fig. 3.2C, C)): Lens formation

The boundaries for the mid and hind brains start to form and the furrow is
noticeable in the mid-hindbrain. The lens and retina are distinguishable in
the eye.

Stage 20 (Fig. 3.2D, D’): Otic vesicle formation

A pair of otic vesicles form at the posterior part of the head and increases in
the number of pigment cells in the embryonic body and in the yolk, occur.
The boundaries between mid-brain and hind-brain are very clear.

Stage 21 (Fig. 3.2E, E’): Heart formation

The tubular heart is visible underneath the head but is not beating. The
midbrain and hindbrain ventricles expand, and the tail region becomes
distinct from the yolk.

Stage 22 (Fig. 3.2F, F)): Heartbeat starts

The blood vessels are formed in the yolk, but no circulation is apparent,
although the heart is starting to beat at this stage. Pigment cells are
increased in the embryonic body and the yolk and notochord are visible.
Stage 23 (Fig. 3.2G, G)): Circulation and 12 somites

Blood circulation starts within one (vitelline vessel) around the yolk. The
three sections of the brain are increased in size and become clearer with 12

somites visible.
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Stage 24 (Fig. 3.2H, H’): Increase in circulation

The embryonic body enlarges; otoliths appear within the otic vesicle. The
blood vessels are increased in size and circulation is visible in two blood

vessels within the embryonic body.

Figure 3.2 Developmental stages in Aphanius dispar showing stages

from somitogenesis to organogenesis. A-H: Lateral views of developed
embryos. A’-H’: views of the head. Stage time (hpf) is shown at bottom right
of each picture. Stage numbers are indicated at the bottom left. ey, eye; p,
pigmentation; |, lens; ov, otic vesicle; s, somite; fb, forebrain; mb, midbrain;
hb, hindbrain. Scale bar = 500 um (A-H), 200 um (A’-H’).
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Stage 25 (Fig. 3.3A, A’): Body movement (Fig.3)

The anlage of the liver appears. The tip of the tail is completely free and
mobility of the body increases. Pigment cells increase and melanophores
appear. The pectoral fin starts to form.

Stage 26 (Fig. 3.3B, B’): Increased pigmentation

Blood circulation increases, and body movement is apparent, especially in
the tail. Pigmentation greatly increases in the brown pigment cells, which
develop a dendritic shape.

Stage 27 (Fig. 3.3C, C’): Enlarged embryonic body

The body and head increase in size. The heart is clearly observed and
there is increased blood circulation in the body. The eyes begin to enlarge,
and the retina of the eyes begins to become dark due to melanization.
Stage 28 (Fig. 3.3D, D’): Caudal fin formation

Blood cells clearly are observed in the embryonic body and the yolk through
the large vessels. The eyes become dark and the caudal fin forms, but the
rays are difficult to recognize. The air bladder starts to form.

Stage 29 (Fig. 3.3E, E’): Anal fin forms

The blood circulates in the caudal and dorsal fins. The air bladder becomes
clearer and pigment cells appear in the caudal fin.
Staqge 30 (Fig. 3.3F, F’): Pigmentation in the head

The eyes start to move and the pigmentation in it and in the brain regions
(especially the midbrain) increases. The dorsal fin lacks movement at this
stage.

Stage 31 (Fig. 3.3G, G)): Gut tube and jaws visible

Jaws forms but with no movement. Enlargement of eyes occurs with perfect
movement and the caudal fin reaches to the head. There is an increase in
the network of pigmentation on the yolk and differences in the shape of
these cells compared with early and mid-stages of development become
noticeable. Increases occurred in the mobility of the fins and the whole of
the body.
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Stage32 (Fig. 3.3H, H’): Hatching stage

The whole body is developed, and the swim bladder expands remarkably.
Fins rays are observed clearly along with the typical patterns of
pigmentation. The mouth moves easily, allowing the fish to tear the chorion

and escape by the body and tail movements.

Figure 3.3 Development stages from organogenesis to hatching. A-H:
Lateral views of developed embryos at late stages. A’-D’: views of the head
and E’-H’ are dechorionated embryos. Stage time (hpf) is shown at bottom
right of each picture. Stage numbers are indicated the bottom left. h, heart;

p, pigmentation; bv, blood vesicle. Scale bar = 500 um (A-H), 2 mm (E’-H’).
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3.4.2 Influence of water temperature on embryonic development

To examine how A. dispar adapted to extreme environments, normal
embryonic development was examined under different temperature
conditions. Staging curves of embryonic development were examined to the
hatching time. A. dispar fertilized eggs were incubated at 26.0°C, 30.0°C,
34.0°C, 37.0°C and 38.5°C. The results showed that embryos incubated at
higher temperatures had shorter development times, hatching at an
average of 168 hpf at 37.0°C compared to 320 hpf at 26.0°C, (Fig. 3.4). As
shown in figure 6, the effect of incubation at 30.0°C, 34.0°C resulted in
hatching at intermediate times of 208 hpf and 188 hpf respectively.

Our observations also indicated that there was no malformation among the
embryos at any of the temperatures that were tested. However, there was a
correlation between increasing temperature and an increase in the intensity

and the size of pigment cells.
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Figure 3.4 Influence of water temperature on the growth of A. dispar
embryos. Embryonic development was investigated at a range of
temperatures (26.0°C, 30.0°C, 37.0°C, 38.5°C). Normal embryonic
developmental time monitored from fertilisation. Each point is the mean of
three biological replicates + SE. P-values between 0.05 and 0.001 were

considered significant.
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3.4.3 Influence of water salinity on the embryonic development

Development and survival were monitored under different water salinity
conditions: freshwater, brackish water and artificial seawater (0.3, 3, 10, 14,
35,150 ppt). Embryonic developmental stages were expressed as the
length of the period of time from egg fertilization to hatching. When
observing the effects of incubation salinity on the hatching rate of A. dispar
embryos, results showed that there was an inverse relationship between
salt concentration and hatching time. In general, fish embryos hatched
successfully at all salinities tested (0.3, 3, 10, 14, 35, 150 ppt). However,
the effects of salt concentration were more marked at the highest salinity of
150 ppt which resulted in a reduction in the time to hatching (280 hpf at 150
ppt, compared with a normal hatching time (320 hpf) that occurred within
salinity of 35 ppt at 26.0°C. On the other hand, when observing the impact
of salt concentration of 0.3, 3, 10, 14 ppt, the results reveal that the
development rate was slower than at concentrations of 35 and 150 ppt.
Generally, a significant reduction in the time of hatching was observed
when comparing 35 and 150 ppt to 0.3, 3, 10, and 14 ppt (p<0.001) (Fig.
3.5).
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Figure 3.5 Influence of water salinity on the growth of A. dispar
embryos. Embryonic development was investigated at a different range of
salinities (0.3 ppt, 3 ppt, 10 ppt, 14 ppt, 35 ppt, 150 ppt). Normal embryonic
development was monitored from fertilisation until hatching time with
checking the malformations. Each point is the mean of three biological
replicates + SE. P-values between 0.05 and 0.001 were considered

significant.

On the other hand, when observing the effects of changes in salt
concentrations including 0.3, 35, 150 ppt on embryonic size, the results
were as follows: The optimal length was particularly pronounced within salt
concentrations of 35 ppt whereas a one-way ANOVA showed that there
was a statistical difference when comparing the influence of salinity of 35,
150 ppt and fresh water on the length of A. dispar embryo (p<0.002) (Fig.
3.6). Specifically, at the highest and lowest salinities, embryonic body
length was shorter. Overall, despite the retardation of developmental growth
monitored in freshwater, the result indicated that A. dispar can grow and

survive in freshwater and higher extremes of salinity.
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Figure 3.6 Influence of water salinity on the length of A. dispar
embryos. Embryonic length was measured during the development at 0.3
ppt, 35 ppt, and 150 ppt. Sequence steps of imageJ analysis method was
applied to measure the length of embryos at concentrations above. Each
point is the mean of three biological replicates + SE. P-values between 0.05

and 0.001 were considered significant.

3.4.4 The brown pigment in A. dispar is highly fluorescent

In this study, it was noted that A. dispar has unusual, highly fluorescent
pigment cells. Therefore, the appearance, morphology, and development of
these cells was characterised. As seen in figure 3.7, the first appearance of
the fluorescent pigment cells was detectable in the trunk. Additionally, the
pigment size and morphology changed during embryonic development (Fig.
3.7).
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Figure 3.7 Development of fluorescent pigment cells in the trunk. The

pigment cell size and morphology changed during embryonic development.
First appearance of pigment cells was in the trunk at St.18 and then
distributed in the whole of the body and yolk at the following stages. (A-E)
Stage numbers are indicated the bottom left. DIC images are shown in (I);
GFP filter (Il); RFP filter (lll); Merge (IV). Arrowheads indicated the
developing fluorescent pigment cells. Scale bar (A-B) = 100 um, (C-E) =
200 pm.
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As shown in figure 3.8, which represents views of the head region, the
number of pigment cells increases gradually and spread widely over the
dorsolateral surface of the embryo head and trunk. In addition, it was
observed that pigment cells, especially those with features similar to

leucophores, increased markedly in the hindbrain, midbrain and areas

surrounding the eyes (Fig.3.8).

Figure 3.8 Development of fluorescent pigment cells in the head. (A-D)
Stage numbers are indicated the bottom left. DIC images are shown in (I);
GFP filter (I1); RFP filter (1l); Merge (IV). The pigment size and morphology
change during the embryonic development. Arrowheads indicate the

fluorescent pigment cells. Scale bar = 100 pm.
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The development of the fluorescent pigment cells in the yolk was also
observed and the present observations reveal that leucophore-like pigment
cells in A. dispar are more branched (dendritic shape) than leucophores in
medaka; moreover, the development of the pigment cells occurs much
earlier (Fig.3.10 A, Fig. 3.10 B). On the other hand, the observations further
support the idea that the brown pigment has different characteristic to
melanophores and shows consistent attributes more related to leucophores.
The changes in the colour of the brown pigment cells following the

exposure to light are shown in figure 3.10.

Figure 3.9 Development of fluorescent pigment cells in the yolk. The

pigmented cell size and morphology change during embryonic
development. (A-H) Stage numbers are indicated at the bottom left. Images
shown are (I) DIC; (II) GFP filter; (1ll) RFP filter. Scale bar (A-H) = 100 um.

Indeed, it was observed that dramatic changes in the colour of brown
pigment cells occurred when the brown pigment cells were exposed to

visual light (from above) with the brown pigment cells becoming white. This
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pattern is similar to medaka leucophores and iridophore. In addition, the
present findings indicate that these pigment cells are highly fluorescent
under either GFP or RFP filters. Figure 3.10 A-lll and -IV and Fig. 3.10 C

reveal the presence of the pigment cells in the heart of A. dispar embryos.

Figure 3.10 Characterisation of fluorescent pigment cells with different
filter combinations. (A-i) normal light DIC (brown and black cells). (A-ii)
light above (white and black cells). (A-iii) Fluorescent light with GFP filter
(green and black cells). (A-iv) RFP filter (red and black cells). Arrowheads
indicate (l) leucophores, (m) melanophores. B) Imaging of leucophore in
medaka as above. (Ci-ii) normal light DIC, Imaging of the ventral heart
through the yolk. The surface of the heart contains leucophores which show

vigorous movement with a heartbeat.

A follow-up examination, treating the embryos with PTU, was undertaken to
characterize the A. dispar pigment cells (black and brown) and examine the
effects on pigmentation patterns. The results showed that the PTU inhibited

melanogenesis in A. dispar black pigment cells whereas the brown pigment

95| Page



cells were not affected by the drug - suggesting that the brown pigment
cells do not contain melanin (Fig. 3.11 A, B). The effect of K+ on the
melanophores and leucophores of A. dispar, was evaluated using fish
embryos that were incubated in 150 mM NacCl and then shifted suddenly to
the tested salinity (150 mM KCI). The response of pigment cells was
observed after 30 minutes of incubation in the saline concentration. The
result showed that 150 mM KCI, caused a marked decrease in
melanophores size whereas our observation showed that there was no

significant effect on leucophore cell size with KCI. (Fig. 3.11 C).
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Figure 3.11 Leucophores do not contain melanin. A. dispar eggs were

treated with PTU (1-phenyl-2-thiourea) at various somitogenesis stage to
suppress melanin synthesis. (i) DIC; (i) GFP filter; (iii) RFP filter. (A) The
control embryos show melanophores with black melanin pigment. (B) The
PTU-treated embryos show loss of melanin positive cells, whereas the
fluorescent cells are still present and show brown pigmentation. Aggregated
melanophores after treatment with 150 mM (Ci) NaCl and (Cii) KCI solution
at 30 min respectively. Arrowheads indicate (l) leucophore, (m)
melanophore. Scale bar = 200 pm.

The amount of fluorescent pigment in A. dispar and medaka was examined
after different exposure camera times to light (see in figure 3.12). The data
demonstrated that the fluorescent pigment cells in A. dispar are much
brighter than leucophores in medaka (Fig. 3.12 C). In addition, leucophore
in A. dispar are more branched (dendritic shape) than leucophores in
medaka and the development of the pigment occurs much earlier (Fig. 3.12
A, B).
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Figure 3.12 Leucophores in A. dispar are brighter than in medaka. The
fluorescent pigmentation with A. dispar (A) and medaka (B) were examined
at a range of exposure times (20 ms - 1000 ms); (C) fluorescent intensity of
leucophore was measured using imageJ analysis method and each time of
exposure was plotted. Each point is the mean of three biological replicates

+ SE. are statistically significantly different (p<0.0001). Scale bar 100 pm.
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To further examine the nature of the pigment cells in A. dispar, a molecular
characterisation of the expression of a gch marker for medaka leucophores
was performed using whole-amount in situ hybridization (WISH). As shown
in (Fig. 3.13), the gch marker cross-hybridized with A. dispar fluorescent
pigment cells and could be detected as purple dots on the dorsal trunk of
stage 17 embryos. Between stages 19 and 22, gch expressing cells were
scattered and increased noticeably in the head and trunk. Other populations
of gch expressing cells were detected clearly on the lateral lines, on the
dorsal trunk and the yolk at stage 24. At stage 25 the number of purple dots
had increased in the head especially in the midbrain and surrounding eyes.
These observations provide genetic evidence to support the idea that the

fluorescent pigment cells in A. dispar are highly related to leucophores.

Figure 3.13 Fluorescent pigment cells express gch. A) Embryonic
leucophores in A. dispar at stage 24 was stained with gch (purple) using
(WISH). The purple dots show gch expression in the trunk and head region
of A. dispar hybridised embryos corresponding to A. dispar leucophores. At
this stage the population of gch expressing cells were scattered
increasingly over the trunk surface and head. B) Pigment cell expressing
gch in the trunk and yolk surface of the somitogenesis stage 24 embryo. (A)
GFP filter; (B) DIC filter. Scale bar = 100 um. The yellow arrows show that
the dotted gch signals in the dorsal head and trunk surface coincide with

the position of the fluorescent leucophores.
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3.5 Discussion

In this chapter, the embryonic development processes in A. dispar were
examined under “normal’ environmental conditions and at a range of
physiologically extreme conditions with respect to both salinity and
temperature. The process of development could be divided into 32 stages
based on diagnostic patterns of development and morphogenesis. We have
clearly demonstrated that A. dispar is optically transparent making it a
useful model to monitor normal and abnormal embryonic development. The
embryonic development of the A. dispar is very similar to that seen in other
killifish species such as medaka (lwamatus, 2004) and the mangrove
killifish (Mourabit et al., 2011). But unlike medaka, in the A. dispar embryo,
the chorion does not have hairs. At the early stages of A. dispar
development, many small oil droplets are also observed in the transparent
yolk that become less apparent at the later stages. While in the mangrove
killifish, large oil droplets are observed in the yolk and a considerable
number of oil droplets are noticeable at the later stages of the fish embryo.
Therefore, A. dispar is more suitable for imaging analyses with or without
the chorion. In addition, A. dispar embryos develop intense blood vessel
network at the mid-somitogenesis stage (stage 22) which is not seen in the
medaka, therefore, it may be highly suitable for studying blood vessel
development per se, or blood vessel remodelling following interactions with
toxicological agents and pathogens.

The data presented reveals that the embryonic developmental time was
affected by high-temperatures and that this could result in a reduction of 3-4
days in hatching time as a result of accelerated development rates. Our
observations also showed that yolk sac absorption increases with high
temperature and supporting earlier findings of Ogira et al., (2014), who had
assumed that there is a correlation between increasing temperature and
consumption of the yolk sac as a result of increased growth rate in
Oreochromis Niloticus

Victor et al., (2000) reported that A. dispar is widely distributed in the
coastal areas of Middle East countries. A. dispar is therefore normally
found in habitats which experience a variety of salinities from freshwater,

brackish water, to sea water and even hyper salinine environments (e.g.
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rivers from the Dead Sea). Since A. dispar usually live in such extreme
environmental conditions it is it is considered as a true euryhaline species,
Lotan, (1969).

According to our results, an intermediate salinity is most favourable for A.
dispar growth because the best level of growth and survival was reported at
ASW 35 ppt. Preliminary studies such as Toshiaki, (1971) and Reutter,
(1986) mentioned that some species of teleost fish possess
chemoreceptors that provide information on water condition. Subsequently,
adaptation pathways are triggered involving the central nervous system
(CNS) including water drinking behaviour, regulation of key hormones
(insulin, glucagon and adrenalin) to control growth rate and to activate
osmoregulatory events (Gilles et al., 2001). A previous study by Swanson,
(1998) illustrated that about 50% of the larval yolk is used up within the
embryogenesis period and most of it is converted into larval tissue. In
addition, both embryonic, larval and yolk absorption are affected by salinity
(May, 1975). In the case of A. dispar, the present observations showed that
the volume of the yolk sac clearly decreased at late stages (St. 31-32) at
high salinity levels (150 ppt) at 26.0°C thereby increasing larval size. On the
other hand, in A. dispar at low salinities, embryo growth was slower than at
higher salinity and has a large yolk, similar to the findings of Swanson in
milkfish (1998). Salinity clearly influences metabolism and yolk utilization
(Ellis et al.,, 1998). On the other hand, metabolic activities are probably
influenced by rates of oxygen consumption which are altered by
osmoregulatory costs (Ellis et al., 1998; Swanson, 1996). Naturally, A.
dispar embryos develop at different rates depending on the temperatures
and salinity exposure, therefore, hatching time would be influenced by
different treatments. Equilibrium levels of salt and water should be
maintained to provide the energy for normal development. In the case of
high salinity (150 ppt), embryos developed faster and this might occur due
to the decline in the amount of energy which is required by embryos to keep
a homeostatic balance, which consequently increases the amount of energy
available for embryonic development (Rosemore and Welsh, 2012).

In this study, we also discovered that A. dispar produces a variety of

pigmented cells including a unique fluorescent cell type. The first
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appearance of A. dispar leucophore cells is earlier than that described in a
previous study by Kimura et al., (2014). In addition, the dendritic
morphology observed is similar to that of leucophores and xanthophores.
The A. dispar fluorescent pigment cells were visible under the fluorescent
microscope with both GFP and RFP filters and the light emitted turns the
colour to white rather than iridescent, supporting their classification as novel
leucophores. The cross-reaction of gch, a marker for medaka leucophores
(Kimura et al., 2014), with these fluorescent pigment cells provides some
additional genetic evidence that these cells are leucophores similar to
medaka leucophores (Lynn et al.,, 2005). However, the first detection of
leucophores in A. dispar occurred at stage 17 (28 hpf) whereas in medaka it
was seen at stage 25 (50 hpf) (Lynn et al., 2005). In addition, the present
results showed that the fluorescence of A. dispar leucophore is higher than
that in medaka. The development of both leucophores and melanophores is
very early in A. dispar (at the beginning of somitogenesis) making it a useful
model for further studying the development of pigment cells. Interestingly, it
was observed that the heart tube surface contains the fluorescent
leucophore and therefore the fluorescent cells move with the heartbeat.
This would also be supportive evidence that key issues are possibly
protected from strong sunlight during embryonic development. The early
appearance and high fluorescence of Arabian killifish may occur as an
adaptation to life in an environment of strong sunlight. Since both
temperature and salinity appear to influence embryogenesis, the present
findings can be used to help manage and coordinate hatching time and
create healthy cohorts of fish as well as assisting in understanding the
effects of environmental factors on natural populations of A. dispar.

As previously mentioned, A. dispar tolerates a wide range of salinities from
freshwater to hyper salinity environments (Gholami et al., 2011). Therefore,
it may be suitable for testing and comparing the effects of environmental
changes and understanding of the adaptation of some aquatic species to
extreme environmental conditions. This study examined the potential effect
of K* ion on the shape and size of A. dispar pigment cells (A. dispar
melanophores and leucophores). In medaka it was revealed that pigment

aggregation in the melanophore and xanthophore can occurre as a result of

102 |Page



increase in extracellular K* concentration. In contrast, medaka leucophore
showed expansion by K* ion (Iga, 1978). Thus, the present results suggest
that the activity of K" ion in signal the melanophores aggregation is similar
to that in medaka however the highly fluorescent leucophore in the A.
dispar did not show expansion with K*. This is another difference of this
leucophore in A. dispar to leucophore known from other species. This may
suggest complicated diversity of pigment cell development and evolution in
different teleost fish species. In general, this kind of study allows us to
understand the characteristics of A. dispar pigment cells that may play

potential role in immune response.

In conclusion, we have characterized the distinct developmental stages of
the A. dispar embryo. A. dispar can survive at different salinities and
temperatures including human body temperature. The findings support the
idea that A. dispar can be explored further as a model to investigate the
pathogenicity of infectious agents in a live host, where imaging is directly
possible. Such studies cannot be conducted in zebrafish because it cannot
survive at temperatures over than 34°C (Avdesh et al., 2012). A. dispar
embryos might therefore serve as the ideal model for in vivo immune cell
analyses and increase the amenability for deep imaging such as imaging
the interaction of pathogen and host cells. Whilst studies of interactions with
pathogens might also be possible in other killifish models such as the
mangrove Kkillifish, the superior optical transparency of the A. dispar cells
and yolk would be very helpful in visualizing real time changes. Since we
have clearly shown the ability of the A. dispar embryos to develop and
survive at human body temperatures, our results have demonstrated that A.
dispar will be useful in the context of studying a variety of cell interactions

with human pathogens as well as those of fish.
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Chapter 4

The Arabian killifish (Aphanius dispar) as a novel model for

investigating fungal infections by C. albicans

4.1 Abstract

Candida albicans is an opportunistic fungal pathogen of humans. The
yeast is present in healthy individuals as a commensal, and can reside
harmlessly on the skin and in the oral cavity. However, in immuno-
compromised individuals, the fungus can invade tissues, producing
superficial infections and, in severe cases, life-threatening systemic
disease. Morphogenetic changes from a yeast form to a hyphal growth form
are considered essential to this infection process. For the effective control
of this debilitating disease, it is important to identify other virulence factors
produced by C. albicans, since these influences the ability to invade tissues
and cause diseases.

In this project, Arabian killifish (Aphanius dispar) embryos are utilized as a
model to explore the relationship between C. albicans and its host. A.
dispar are useful in this context as they are transparent, making live-cell
imaging possible, and they can live at a variety of temperatures (4-40°C),
making them potentially a better model than Zebrafish (which cannot
survive at 37°C).

This study shows that the A. dispar embryo can develop at a wider range of
temperatures (26.0, 30.0, 34.0, 37.0, 38.5°C) than Zebrafish. Using live cell
imaging techniques, the behaviour of C. albicans in the fish was examined,
both at human body temperature (37°C) and at fever temperature (38.5°C),
together with the response of the fish to infection at different doses.
Embryos were micro-injected into the yolk with dTomato tagged C. albicans
cells and different mutants of Candida were characterised to allow counts of

viable cells from homogenates after infection. Despite high levels of growth
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of C. albicans, killifish survived up to 144 hpi. However, Zebrafish died
within 72 hpi. Histological analysis revealed dissemination of different
fungal forms in the tissue. To quantify the level of infection during time-
course in the host embryos, CAF2-d-Tomato expressing Candida was
utilised, using western blotting with the mCherry antibody. To evaluate the
effect of the mannan of the Candida cell wall on virulence and on the
embryo’s survival, C. albicans mutants with defects in O- and N-
mannosylation were investigated, using CFU and survival rate. The results
showed that there was a medium level of growth of Candida mutants
compared with the wild-type and their parent controls. Deletion of a major
component of the cell wall (mannoprotein) functionally affected the
adhesion and the formation of the hyphal form.

Fluconazole (FLC) is widely used as a reliable antifungal medication. To
investigate the impact of FLC on A. dispar embryos, infected embryos were
exposed and injected with FLC at varying doses at 2 and 6 hpi, and then
the mortality and fungal burden were examined. The present results
showed that high survival was observed with the highest doses of FLC,
including a significant reduction of CFU in the embryos. These studies
confirm that the Arabian dispar embryo can be used as a mini-vertebrate
host model to study fungal pathogenesis, and demonstrates the advantages
of using this species in future studies of bacterial, fungal and viral

pathogens at a physiologically relevant temperature for human infection.
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4.2 Introduction

Candida albicans is a commensal organism, present in our gastrointestinal
and oral cavity. It is an opportunistic pathogen fungus that colonises
different sites in humans C. albicans causes considerable morbidity and
mortality in immuno-compromised patients (Chao et al.,, 2010; Torraca et
al., 2014). Candida requires numerous virulence factors to invade the host,
including adhesion, a yeast-hyphae transition and the secretion of
hydrolyzes to promote infection of the tissue (Koji et al., 1994).

C. albicans, has four major cellular morphologies, namely yeast cells,
pseudohyphae, hyphae, and chlamydospores. These polymorphisms
differences between the forms of the growth of C. albicans affect the
pathogenicity of the fungus. C. albicans can sense and adapt to
environmental changes and this is essential for their survival (Koji et al.,
1994). A range of environmental conditions affects C. albicans morphology,
such as pH, temperatures and CO; levels (Koji et al., 1994). C. albicans
transformation from yeast cells to hyphal cells forms encourages adhesion
and invasion, leading to tissue damage. The cell wall is the prime
interaction site between the fungal pathogens and its host because it
contains a multitude of proteins which enhance adhesion to the host tissue
and bring about immune evasion (Ekkehard et al., 2006). C. albicans can
invade the tissue by two processes: induced endocytosis and active
penetration (Choa et al., 2010). The secretion of hydrolases enzymes
contributes to the fungal active penetration into the host cells (Naglik et al.,
2014). The secretion of hydrolases occurs after adhesion to host cell
surfaces and onset of hyphal growth. Three different classes of secreted
hydrolases have been implicated in pathogenesis of C. albicans: proteases,
phospholipases, and lipases. The aspartic proteinases (saps) play an
important role in the pathogenicity of Candida by digesting or destroying
host cell membranes and causing degradation to the host surface
molecules (Schaller et al., 2005). Another important virulence factor is the
thigmotropic reaction of Candida, which is a special change in the growth of

microorganisms in response to touch or contact stimuli. After this contact
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with the surface, yeast cells switch to a hyphal form and can proliferate
inside the tissue (Francois et al., 2013).

The C. albicans cell wall is a robust dynamic organelle important for cell
shape and protection against extracellular changes (environment and other
organisms). It also plays a critical role in recognition by immune cells
(Mora-Montes et al., 2010). The cell wall therefore plays a vital role in the
growth and pathogenicity of C. albicans. Despite the cell wall being
physically robust, for its maintenance it also needs to be flexible to allow
expansion and morphogenesis (Whiteway and Bachewich, 2007). It has
also to be permeable to permit direct egression of secreted proteins to
enhance invasion (Hall and Gow, 2013).

The cell wall is composed of approximately 80 to 90% of carbohydrates,
with the major polysaccharides incorporated in three constituents: (i) glucan
contains branched polymers of glucan joined via 3-1,3 and R-1,6 linkages;
(ii) chitin, unbranched polymers of N- acetyl-D-glucosamine or GIcNACc;
and(iii) mannan, polymers of mannose, which are covalently linked to
proteins. Mannoproteins with a and R-linked mannose chains have a key
role in the cell wall, and are also important as secreted proteins, as the cell
wall is decorated with these carbohydrate structures. Mannoproteins are
modified to three structures: highly branched N- linked mannan, linear O-
linked mannan, and phospholipomannan (Hall and Gow, 2013).

The growth rate and morphology of C. albicans is affected by the cell wall
components. Deletion of mannose from the cell wall results in a reduction
in growth rate, a tendency to aggregate, and reduction of cell wall
adherence (Hall and Gow, 2013). Deletion of mannan from the cell wall also
results in a reduction of the capacity for adhesion and biofilm formation,
suggesting that O-and N- mannosylation are fundamental for cell wall
integrity and interaction with the host (Munro et al., 2005; Timpel et
al.,1998;Timpel et al., 2005).

Treatment of fungal infections is notoriously difficult within a human host
because of the drug-resistant strains that have emerged and the limited
effectiveness of antifungal drugs (Cowen et al., 2008). Several antifungal
agents target ergosterol biosynthesis the main sterol of the fungal
membrane (Onishi et al., 2000). The antifungal drugs such as triazole
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agents (fluconazole and itraconazole) intercalate into the ergosterol-
containing membranes and cause leakage of cellular components and cell
death by forming membrane—spanning channels. One of the most
commonly used groups of antifungal agents is triazoles, which have been
used for approximately two decades. Triazoles bind to a haem group in the
target protein through a nitrogen group in the azole ring and blocks the
demethylation of C-14 in lanosterol, leading to the accumulation of toxic
sterol intermediates that disrupt membrane integrity (Cowen and Steinbach,
2008).

Due to the high resistance of fungi to the recently used antifungal reagents
and scarcity or toxicity of drugs (Ostrosky-Zeichner et al., 2010), zebrafish
have been an excellent model for infection studies; testing many alternative
strategies and clinical approaches to improve the function of drugs against
pathogens such as Candida (Chin et al., 2016). In addition, Zebrafish have
been used because of the transparency of their embryos and availability of
transgenic lines. However, there is a limitation in utilising zebrafish as a
model because the fish embryos have a physiological optimum temperature
of 28.5°C, which means there is no possibility of them being used to test the
function of drugs against pathogens with an optimum temperature of 37°C.
Therefore, recently, we have developed Arabian killifish, that can survive at
37°C or even at human fever temperatures (39°C) as an alternative model
for testing the efficiency of an antifungal drug (Fluconazole, FLC) against C.
albicans.

The overall aim of the study is to compare and contrast the feasibility of
using A. dispar and Zebrafish as a model to understand C. albicans
pathogenicity. More specifically the work sets out to investigate the survival
of A. dispar embryos with Candida infections established at different
inoculum doses. To investigate the suitability of this model to test antifungal
agents (Fluconazole) at a range of doses. Finally, to test the suitability of
this model to screen mutants with defects in key virulence traits; including

the yeast-to-hyphae transition and cell wall architecture.
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4.3 Experimental procedures

4.3.1 C. albicans strains and growth conditions

The C. albicans strains used in this study were wild-type SC5314 and
NGY152; CAF2-dtomato, and the double mutants mntl-mnt2A, and mntl-
mnt2A with URA3 reintegrated at RPS10 using the Clp10 vector, pmriA,
pmrl with URA3 reintegrated at RPS10 with Clp10, och1A and och1A with
URAS reintegrated at RPS10 using Clp10, Ca ACT1::GFP integrated at
RPS10, and Ca TUB1::GFP integrated at RPS10.

A single colony from fresh YPD agar was inoculated in 5 ml of YPD broth
and incubated at 30°C overnight. C. albicans cells were then washed three
times with 1x sterile phosphate- buffered saline (PBS), the cells were
counted using a haemocytometer and suspended in sterile PBS before

adjusting to final concentrations for colony assays and injection assays.

4.3.2 Maintenance of Arabian killifish and embryo collection

Arabian killifish (A. dispar) and Zebrafish (D. rerio) were kept with ASW and
fresh water respectively in a recirculation system in the Aquatic Resource
Centre at the University of Exeter. Aphanius dispar fertilized eggs were
obtained 1-hour post fertilization (hpf) from the breeding tanks at the
University of Exeter using spawning mops. They were washed with water
and checked using a stereomicroscope to choose the only fertilized eggs
for following procedures. Fish embryos were moved and distributed into
groups of plastic Petri dishes with 20 ml seawater (35 ppt) at a density of
10-15 embryos per dish and maintained at 26 + 1°C for 3 dpf in an

incubator (model Heratherm IGS60, Germany).

4.3.3 Microinjection

A. dispar or D. rerio embryos were microinjected with different doses of C.
albicans mutant cells at comparable somitogenesis stages - 54 to 59 h post
fertilization for A. dispar and 24 hpf for D. rerio. Embryos were submerged
in “channel gels” made by leaving 10% agarose /sea water to setting with

1.2 mm diameter glass tubes as moulds (Mourabit, et al., 2011). Embryos
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were rotated using forceps before microinjected a 5 to 10 nl of C. albicans
cell suspension at 3x10’, 6x10’, 1x10°® or 3x108 cells/ml in PBS. Cells were
microinjected into the yolk wusing the microinjector (WPI) and
micromanipulator (Narishige).

4.3.4 Enumeration of fungal burdens

Embryos at somitogenesis stages (54-59 hpf) microinjected with 5 nl of C.
albicans at 3x10’, 6X107,1x10 8, 3X10® cells/ml were incubated at different
temperatures (26.0°C, 30.0°C, 34.0°C 37.0°C and 38.5°C) during infection.
Colonies were counted after incubation for 24-72 hpi for Zebrafish and 24-
120 hpi for A. dispar at (30.0°C, 37.0°C). Two living embryos were then
collected in 100 pl of 35%o. artificial sea water, homogenized and added to
400 pul of 1/100 penicillin-streptomycin stock solution 100 mg/ml P4458
(Sigma) to give a final volume of 500 pl. Finally, 100 ul of the suspension

was plated in triplicate onto YPD agar (Vylkova, et al., 2011).

4.3.5 Calcofluor staining

Calcofluor white dye was a gift from Dr Isabelle Jourdain (University of
Exeter). C. albicans cell walls (chitin) were stained using 4 pg/mi
fluorescent calcofluor. Embryos were microinjected with 1x10° cell/ml of
Candida into the yolk and incubated at 37°C for 24 h. After preparing the
agarose (0.7 g agarose and 40 ml water), embryos were collected in 100 pl
1x PBS, homogenized and then glass slid was coated with agarose after its
cooling down, then 5 pl of the sample was added along with 0.4 pl
Calcofluor dye (4 pg/ml). Finally, the slide left to semidry and put the

coverslip before imaging.

4.3.6 Histological analysis of C. albicans colonization in A. dispar

Embryos were microinjected with 1x10 8 cells/ml of SC5314 C. albicans and
incubated for 24 h. The embryos were fixed in 4 % paraformaldehyde
(SIGMA) 500 mM NacCl, 50 mM Hepes, pH of 7.8 for four days, followed by

sequential dehydration. Paraffin sections (5 pum thickness) were incubated
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with serum-free protein block for 2 h at room temperature. Sections were
incubated at 4°C overnight with an anti-GFP antibody (to reveal C. albicans)
at 1:300 dilution with blocking buffer then washed three times for 5 min
each. Secondary antibody, anti-Rabbit IgG BA-1000 I1VD (1:300 in blocking
buffer) was applied to sections for 1 h at room temperature. Sections were
incubated with VECTOSTAIN ABC reagent (Vector lab) PK-4000 for 30
mins to 1 h, washed three times for 5 min each and incubated with
peroxidase substrate DAB (Vector lab) SK-4100 for 2-10 min, then washed
for 5 min with tap water. Finally, the sections were immersed in
haematoxylin and eosin for 1 sec each and then washed before rehydration

and mounting on slides.

4.3.7 Immunofluorescence staining

For whole-embryo immunofluorescence studies, 11-12 dpf embryos were
microinjected with 1x10® cell/wall Wild-type SC5314 of C. albicans. At 24
hpi, embryos were fixed in 4 % paraformaldehyde (SIGMA) 500 mM NacCl,
50 mM Hepes, pH o 7.8 for four days. Embryos were then washed with
PBST before being permeabilized in 0.24% trypsin solution for 2 h.
Embryos were incubated with blocking solution (1% BSA in 0.5% PBSTx
and FSC-HI) for 2 h at room temperature. Embryos were placed with R2-
Rabbit primary antibody was a Gift received from Dr. Howard Jenkinson
Bristol University 1:250 diluted in blocking solution and incubated for
overnight at 4°C. Alexa 594-conjugated goat anti-rabbit secondary antibody
(1:300 dilution), followed by three times washing by PBSTx20 min each,
and then imaged.

4.3.8 Western blotting

Five embryos with no removal of the yolk or chorion (uninfected and
infected embryos at 24-120 hpi) were placed in 100 pl of cell dissociation
buffer NPOO0O08 (Invitrogen) in Eppendorf tubes on ice and then
homogenized by grinding (Greiner Bio-one) using plastic pestles.
Homogenised embryos were then heated at 80-90°C for 5 min and

centrifuged for 5 min at 2,000 rpm. Supernatants were loaded on to
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NP0335BOX gels (Invitrogen) 15 ul for yeast and 30 ul for embryo’s
extracts. After blotting, membranes were incubated with the anti-mCherry
rabbit antibody (1:5000 in blocking buffer) (Abcam) or anti-GFP antibody
overnight at 4°C and then washed for 20 min x3. Blots were then incubated
with secondary antibody (polyclonal Goat Anti-Rabbit immunoglobulin HRP
P0448, DAKO) 1:5000 for 2 h at room temperature with shaking and then
washed with PBST for 1 h. Signals were visualized by using a mixture of 1
ml luminol solution and 1 ml peroxide solution from the Immobilon Western
HRP substrate kit (Thermo Fisher Scientific) kit according to the
manufacturer's instructions. Blue film was exposed to the blots for 30 mins
in the dark room. After developing the film, membranes were washed and
incubated with an anti-alpha-Tubulin antibody (a mouse monoclonal
antibody clone DM1A (Sigma) with 1:1000 dilution overnight at 4°C).
Secondary antibody was applied (Polyclonal Goat Anti-Mouse
immunoglobulins HRP, DAKO, P0447) at 1:500 for 2 h.

4.3.9 A. Direct dispar eqq infections

To investigate the optimal conditions for direct egg infection, embryos were
washed with sterilized egg water three times and then embryos were placed
in 6-well plates with either 4 ml sterilized sea water, or RPMI/17ppt, or
RPMI 35 ppt, or RPMI/SERUM 17 ppt, or RPMI/ SERUM 35 ppt. Egg water
and RPMI/SERUM containing 10% Heat Inactivated Fetal Calf Serum
(FSC-HI). Embryos were co-incubated with 5x10° cell/ml CAF2-dTomato C.
albicans and different mutants: Wild-type (NGY152), mntl-mnt2A, pmrlA,
ochlA, all with shaking at 80 rpm and 37°C for 4 h. Embryos were
incubated in Artificial water 35 ppt after removing non-adhered C. albicans
cells for an additional two days at 37°C. In each treatment, 10 embryos
were used. Survival rate of embryos was determined after two days
incubation. The Zeiss inverted microscope (Zeiss Axio-Observer.Z1-AX10)
was used for imaging to identify interactions with different C. albicans

mutants.
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4.3.10 A. dispar survival and killing assay (Fluconazole serial dilution)

A. dispar embryos in the somitogenesis and organogenesis stages (59.5-
73.5) hpf were selected to evaluate the antifungal agent (Fluconazole)
F8929 100 MG at different concentrations. C. albicans strain Wild-type
(NGY152) cells were collected, washed and prepared as a suspension at
1x108 cells/ml. After preparing the Candida suspension, Candida cells were
microinjected directly into the yolk of A. dispar with 1x 108 cells/ml. Control
embryos received 5 to 10 nl Phosphate Buffered Saline (PBS). Fluconazole
was applied at different doses by directly exposing the embryos to artificial
seawater containing the drug. A series of doses were used for the
Flucanazole agent. FLC was administrated 0, 2, 4, 8, 16, 32, 64, 128 mgl/l,
respectively at 2 and 6 h post-infection at 37°C. Survival rates of embryos
were determined and plotted at different concentration of drug. The fungal
burden was assessed to evaluate the therapeutic efficiency of Fluconazole
against different C. albicans strains.

4.3.11 Growth analysis of C. albicans strains

Candida cells (NGY152, mntl-mnt2A, mnt1A and mnt2 A integrated at
clpl0, pmrlA, pmrlA integrated at clpl0, ochlA, ochl integrated at clp10)
were diluted into YPD broth to 3x107, 6x10°, 1x10® and 3x10® cells/ml for
NGY152; and 1x108 cells/ml for other strains. Flat bottomed 96-well plates
were inoculated with 100 pl of the cells and covered with transparent sterile
film, then the VersaMax'™ Absorbance Microplate Reader pre-warmed to
37°C, 40°C and placed the plate. Optical density (ODgoo) readings were
measured every 10 minutes intervals over a 22 hours period, with shaking

between reads.
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4.4 Results

4.4.1 A. dispar embryos infected with C. albicans show dose dependent

lethality

To examine the effect of C. albicans on A. dispar embryos, embryos at the
somitogenesis stage were microinjected into the yolk with a range of
inocula covering 3x10’, 6x10°, 1x10® and 3x10°® cells/ml). Infected embryos
were incubated at 37°C for 120 hpi (hours post infection). It was found that
100% of embryos survived with a low dose of C. albicans (3x10’ cells/ml).
Embryos continued to survive until 120 hpi and their fungal burden
precipitously dropped until the infection was cleared. When the dose of C.
albicans inocula was increased to 6x10’ cells/ml, at 96 hpi, the rate of
mortality was 100%. There was still some evidence of clearing, the fungal
burden decreased, compared to the high fungal burden at 24 and 48 hpi
(Fig. 4.1) At the two highest concentrations (1x10® and 3x10® cells/ml)
illustrate that the number of surviving embryos quickly decreased evidenced
by the high mortality at 24, 48, and 72 hpi. The highest level of inoculation
(3x10® cells/ml) resulted in 100% mortality at 72 hpi, depending on the
fungal burden, whereas, the fungal burden declined significantly at (1x10®
cells/ml) and at 72 hpi caused 50% mortality. Subsequently, the inoculum of
1x10® cells/ml colony forming unit (CFU)/embryo was reliable to optimize
the A. dispar-C. albicans infection model.
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Figure 4.1 A. dispar killing assays by C. albicans. The CFU of A. dispar
embryos at St. 24 (54.5 hpf) microinjected with different doses of C.
albicans. Candida infection can kill A. dispar embryos at dose dependent

manner. Each experiment was performed in triplicate.

4.4.2 Injection of A. dispar with C. albicans at different temperatures

To examine the effect of temperature on infection outcomes, A. dispar
embryos at the somitogenesis stages were microinjected with 1x108 cells/ml
of C. albicans and incubated at different temperatures (26.0, 30.0, 34.0,
37.0 and 38.5°C). Fig. 4.2 shows that A. dispar embryos can remain alive
even at a C. albicans infection dose of 1x10 8 cells/ml at 24 and 48 hpi at
38.5°C. Assessment of the fungal burden at different temperatures within A.
dispar yolk, indicated that the highest Candida burden was at 30.0°C at 24
and 48 hpi and 37°C at 48 hpi. The optimal temperature for growth was
found to be between 26-30°C. However, when we elevated the incubation
temperature to 37.0°C, the growth of Candida decreased at 24 hpi more
than in 30.0°C. The cell burdens at 26.0°C and 30.0°C were higher than at
34.0°C, and much higher than at 37°C.
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Figure 4.2 Injection into the A. dispar at (26°C, 30°C, 37°C and 38.5°C).
A. dispar embryos were injected with of 1x10 ® cells/ml. Ca TUB1::GFP in
RP10 into the yolk, and incubated for 24 and 48 hpi at different
temperatures (26.0, 30.0, 37.0 and 38.5°C). Embryos were homoginized
and determinate fungal burden by serial dilution to grow the Candida on
YPD plates. Each bar is the mean of three biological replicates + SE. Bars
that do not share a common letter are statistically significantly different
(p<0.05).

4.4.3 The A. dispar embryo shows greater tolerance to Candida infection

than zebrafish

In order to assess the suitability of using A. dispar as a model host for
Candida infections, survival rates of infected A. dispar and zebrafish
embryos were compared. As demonstrated in Fig. 4.3, Zebrafish embryos
died significantly faster than A. dispar embryos after being injected with 1x
108 cells/ml. However, A. dispar displayed a resistance to the infection (with
reduced CFUs after 24 hpi until the end of experiment) compared to
zebrafish that showed a sustained increase and survived at 144 hpi.
Although both demonstrated a high growth of Candida at 24, 48 hpi. The
present data showed that the mortality of zebrafish embryos increased at
48 hpi to 95%, whereas when A. dispar survival was monitored after 4, 24,
48, 72, 144 hpi and the infection time was detected at 24, 48 hpi, the cells
of Candida reduced gradually, especially at 144 hpi.

116 |Page



50 3
=
L
o ar
£ 40
b
= 2
e |
230 ,.
© | —e&— Zebrafish
22 ) S— —e— A. killifish
=
10 | I
0 20 40 60 80 00 12 140 160
Time (Hours)
e I
Es ’
w
-
4
=
€4
D
g’) :j_
E? n
= =
18
=7
=2
(=}
°
o

10m 1h 2h 4h 24h 48h 72h s

Figure 4.3 Fungal burdens in the yolk of A. dispar and zebrafish at
30°C. The rate of Candida growth in A. dispar and zebrafish were checked
at different time points (10 min and 1, 2, 4, 24, 48, 72, 144 hpi). Embryos
were injected with 1x 10° cells/ml into the yolk and incubated at 28.0°C. (A)
Survival rate: (B) fungal burden of C. albicans. Each point is the mean of
three biological replicates + SE. P-values between 0.05 and 0.001 were

considered: significant.
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4.4.4 Dynamics of fungal burden of the C. albicans infected in the A. dispar

embryos at 37°C

A. dispar embryos can develop “normally” at 37°C (as shown in chapter 3).
Since C. albicans infection occur at 37°C in their natural host, the
development of C. albicans in embryos at 37°C was followed. Figure 4.4
shows the CFU burden in A. dispar embryos injected in the yolk with 1x 10®
cells/ml CAF2-dTomato C. albicans cells at 37°C. Significant growth of
Candida was observed at 24, 48 hpi (increase of CFU from 343 to 355 and
this was related to the transition of the yeast to hyphal phase at 37.0°C.
Despite this high growth of C. albicans, killifish stayed alive at 72 hpi. The
embryo survived even up to 144 hpi. These results suggest that A. dispar is
a suitable model for studying virulence factor at 37.0°C., because the timing
of hyphal formation is related to the physiologically relevant temperature

and C. albicans virulence.

Colony Forming Units/ embryo

10m 2h 4h &h 24 h 48 h 72h 144 h

Time

Figure 4.4 Human body temperature is required to evaluate the
infection in A. dispar. Embryos were injected with CAF2-dTomato
Candida into the yolk of A. dispar and cultured at 37°C. The fungal burden
was determined at 0, 10 min, 2, 4, 6, 24, 48, 72, and 144 hpi. Each point is
the mean of three biological replicates + SE are statistically significantly
different (p<0.05).
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4.4.5 C. albicans can infect both brain and yolk tissues in A. dispar embryos

To examine the tissue preference of the C. albicans cells, A. dispar
embryos were injected into the yolk and hindbrain ventricles and the fungal
burden was then compared. Initially, we attempted to infect the embryos
with up to 10° cells/ml. These cells were examined and little lethality was
observed during infection at 24, 48, 144 hpi in the yolk and brain. As shown
in Figure 4.5, the burden of infection of Candida in the yolk was higher than
in the brain at all of the infection times (24, 48, 120 hpi). On the other hand,
both a progressive reduction in the burden of Candida in the brain was
observed at both 48 hpi and 120 hpi. In contrast, the fungal burden in the
yolks significantly increased at 48 hpi and then slightly decreased at 120 hpi
in the yolk.
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Figure 4.5 Injection A. dispar embryos into the hindbrain and yolk with
1X108 cells/ml C. albicans. Embryos were injected into the hindbrain and
yolk and incubated at 37°C. Fungal burdens were assessed after the
homogenization at 24, 48, and 120 hpi. There are significant differences
(p>0.05).
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4.4.6 C. albicans can develop as hyphae in the A. dispar embryo

To visualize Candida cell types in the yolk of infected embryos without the
interference from melanophores and internal organs, crushed embryos
were used. A. dispar embryos at 37°C were therefor injected with 1x10°
cells/ml colony forming unit (CFU)/embryo C. albicans strains. Embryos
were then homogenised with the method described for the fungal burden
assay at 24, 48 hpi and 8 dpi. Embryos were stained with calcofluor and
observed with DIC and with DAPI fluorescent filters (Fig. 4.6). These
studies revealed that C. albicans cells proliferated rapidly, and by 24 hpi
they had colonized and invaded the tissue with a heavy growth of cells in
the filamentous form (Fig. 4.6 B, F). The images collected also showed that

Candida can revert in vivo to a yeast form at 8 dpi (Fig. 4.6 C, F).
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Figure 4.6 Morphogenesis of C. albicans in crushed embryos. Embryos
at somitogenesis were injected into the yolk with 1x10%cells/ml and
incubated at 37°C. Candida cells were imaged after crushing the embryos
at 24, 48 hpi and 6 dpi. (A) Candida yeast. (B), Hyphae within crushed
embryos at 48 hpi, (C) re-switched Candida yeast form at 6 dpi. (D) Stained
Candida yeast with 4 pg/ml of fluorescent Calcofluor. (E) Hyphae cell wall
stained with Calcofuor at 24 hpi. (F) Hyphae-h and yeast-y stained with
Calcofluor at 6 dpi. Arrows indicate labelling of C. albicans cell wall by
Calcofluor. Scale bar, A-B=50 pym; C=20 um.
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4.4.7 Examination of C. albicans invasion in A. dispar

C. albicans can colonize and damage tissue by invading the host tissue
(Gow et al., 2011). Histological analysis was therefore used to examine col-
onization of C. albicans within the yolk and brain of infected fish. Figure 4.7
shows clear evidence of C. albicans invasion of the yolk at 24 hpi. There
was proliferation of cells, and Candida switching to a filamentous form with-
in the sits of infection. In the case of brain infection, A. dispar embryos were
injected with 1x10 2 cells/ml C. albicans, and immunohistochemistry (IHC)
was used to detect the target proteins in Candida, indicating that C. albi-
cans grew in the brain as both yeast and hyphae (Fig. 4.7 A’). Similar ob-
servations indicate C. albicans proliferation and filamentous forms were ob-
served in the yolk (Fig. 4.7 B’). Taken together these results suggest that A.
dispar can be used as a simple model for studying Candida morphogenesis

in real time at a physiological relevant temperature.
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Figure 4.7 Morphological transition of C. albicans (CAF2-dTomato)
cells attached to A. dispar. Filamentous form of C. albicans was found in
the infected brain and yolk of embryos at 24 hpi. The embryos were injected
with 1x10 2 cells/ml and sacrificed for histological analysis. (A) Brain control,
(A’) infected brain. (B) Yolk control, (B’) infected yolk.

4.4.8 Visualization of C. albicans infection using red-fluorescent C. albicans

line infected in the live A. dispar embryos

To examine the suitability of A. dispar embryos for live cell imaging of C.
albicans in the host, two routes of infection were compared yolk and trunk
infections at St. 24 (54.5-59 hpi). A. dispar embryos at St. 32 (320 hpi) were
micro-injected with 5 nl of 5x10° cell/ml of WT of C. albicans into the yolk
and trunk and then incubated at 37.0°C for 24 h. At 24 hpi, the hyphal form
of C. albicans can be easily observed in the live embryo (Fig. 4.8). It was
also observed that the hyphae spread and ultimately extended from the
sites of inocula of yolk and trunk (Fig. 4.8). To detect the dissemination into
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other sites within the embryo, whole mount immunofluorescence WHIF was
used, and this revealed that there was no obvious dissemination of C.
albicans observed except at the infection site. This finding suggests that the
A. dispar embryo model may be useful model to study Candida infections in

live embryos.

Figure 4.8 Whole mount immunofluorescence of hyphal growth of C.
albicans in life embryos stained with anti-rabbit-R2 antibody. Fish
embryos were injected with 5x108 cell/ml of WT of C. albicans into the yolk
and trunk. (Ai-ii) yolk, (Bi-ii) trunk were shown an overgrowth of filamentous
form at infection sites. (h) indicates hyphae that were emerging from
infected sites. Scale bar (Ai and Bi= 500 pum, Aii and Bii= 200 pm

respectively.
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4.4.9 Time-course of infection in A. dispar embryos

Colony assays revealed an initial increase in fungal burden followed by
decrease of Candida during infection in the A. dispar embryos. However, it
is likely that multi-cellular hyphae could easily generate single colonies in
the assay even though a larger number of cells may have developed. To
guantitatively assess the amount of Candida infection in the infected host
embryos using western blotting, the levels of dTomato and GFP protein
(Fig. 4.9 A, B, C) expressed in Candida in infected A. dispar and zebrafish
embryos were assessed after 24 h and during a time-course of infection at
24, 48, 72, 96, and 120 hpi (Fig. 4.9 D and E). The western blot in figure 4.9
D shows that the dTomato protein increased both at 24 and 48 hpi and
slightly reduced at 72 hpi. However, the expression significantly decreased
at 96 and 120 hpi. The specificity of the assay was confirmed, as no band in
the uninfected embryos was detected (control sample). The histogram
displays the relative signal intensity of CAF2-dTomato protein in
quantitative units (Fig. 4.9 E) that are normalized with the signal intensity of
a- tubulin control for each treatment. These data suggest that not only the
colony forming ability, the amount of Candida itself was dynamically
increased at the initial phase (0-48hpi) and gradually decreased in the
following hours (48 h to 120 hpi).
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Figure 4.9 Candida CAF-dTomato and GFP proteins in the yolk of A.
dispar and Zebrafish embryos. At 24 hpi, whole 5 killifish embryos lysate
and 10 for Zebrafish per 100 ul SDS were prepared and applied to
immunoblot analysis with antibodies mCherry and polyclonal. Proteins were
detected after improving the experiment by increasing exposure time of film
developing into 2 h. Using GFP-rabbit antibodies and polyclonal to detect
GFP Candida proteins within injected Zebrafish and A. dispar at 24 hpi.
Yeast extract (Wt, GFP and CAF-dTomato) with 1/300 Cell/ml. (A), mCherry
and wild type of Candida yeast, uninfected Zebrafish and A. dispar and
infected at 24 hpi. (B) Uninfected and infected Zebrafish at 24 hpi with GFP
Candida. (C) Uninfected and injected, killifish at 24 hpi with (GFP
Candida). (D) Time-course of fungal infection using the A. dispar embryos
model. Embryos were injected with the 1x10® cell/ml of CAF-dTomato C.
albicans and incubated for 120 dpi. (E) The histogram displays the signal
intensity of CAF-dTomato protein band in A. dispar embryos after
normalization with the a-Tubulin signal intensity for each sample. Molecular
weight of GFP= 27 KDa, mCherry= 28.8 KDa.
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4.4.10 Attenuation of virulence in the C. albicans mannosylation mutants

Mutants of C. albicans have been shown to have reduced or attenuated
virulence in a number of models (Paulovicova et al., 2015). To determine if
A. dispar embryos can used to screen mutants with defects in virulence
traits, strains with defects in cell wall architecture were tested. Specifically,
the role of mannosylation in the cell wall of C. albicans for infection and
growth of the cell was assessed, using three mutants with loss of cell wall
mannosylation (pmr1A, mnt1-mnt2, and och1A) (Hall et al., 2013), and
copies of the same strains that were reintegrated with the wild type gene to
assay the fungal burden with infected A. dispar embryos.

Before starting the infection assay, growth curves of the mutant lines were
analysed in the YPD broth (Fig. 4.10 and 4.11) showing that all these
mutants show slightly slower growth rate with slightly decreased final
growth yield concentrations. Subsequently, embryos were micro-injected
into the yolk with 5 nl of 1x108 cells/ml of either the mutants or the parental
strain and incubated at 37.0°C for 72 hpi. The fungal CFU burden assay
was used to assess the effect of loss of glycosylation on virulence. The data
revealed that pmr1A and mntl-mnt2A mutants showed slower increases in
fungal burden compared to the reintegrated control strains. The lower levels
of fungal burden seem consistent with the slightly decreased growth rate of
these mutants in YPD broth (Fig. 4.12 A, B and C). On the other hand, loss
of N-mannan (och1A) drastically reduced the fungal burden of the infected
embryos for 24, 48 and 72 hpi, while at the same time there was an
increase in the fungal burden within the reintegrated control (Fig. 4.12 D).
These observations are consistent with the finding that ochlA mutants
cannot separate and therefore even if cell growth and nuclear division
occurred, the fungal burden (CFU) would not increase (Csonka et al.,
2017). The overall data suggest that pmr1A and mntl-mnt2A have slightly
reduced growth rate but can still proliferate in the host embryo.

Host embryo survival following infection with the mutant strains was then
examined. Surprisingly the data (Fig. 4.12 E-H) shows that pmr1A and
mnt1l-mnt2A mutant Candida cells killed the host embryos more rapidly than

the reintegrated control strains (Fig. 4.12 E, F and G). This is a very
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interesting observation, since these mutant cells proliferate with lower rates
but can display greater virulence in the host embryo. In contrast, the ochlA
mutant which did not show a high fungal burden was completely avirulent in
the host (Fig. 4.12 H). Reintegration of och1A restored full virulence.
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Figure 4.10 Growth curves of C. albicans mutant’s cells from culture
growing in YPD for 22 hours. C. albicans cells were incubated at 37°C
and 40°C for 22 hours in (a VersaMax™ absorbance microplate reader).
The reading of ODgoo Was measured every 10 min intervals with 550 Sec
shaking between reads. (A) Growth profile of Wild-type of C. albicans at
37°C and 40°C. (B) Growth profile of pmrland parental strain of C. albicans
at 37°C and 40°C.
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Figure 4.11 Growth curves of C. albicans mutant and parental strain at
37°C and 40°C. C. albicans cells were incubated at 37°C and 40°C for 22
hours in (a VersaMax™ absorbance microplate reader). The reading of
ODeoo Was measured every 10 min intervals with 550 Sec shaking between
reads. (A) mntl-mnt2A and parental strain, (B) ochlA and parental strains.
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Figure 4.12 Human body temperature is required to evaluate the
infection in A. dispar. Embryos were injected with different strains of
Candida (A) NGY152 (B) mntl-mnt2A (C) och1A (D) pmr1A into the yolk of
A. dispar and cultured at 37°C. The fungal burden was determined at 24,
48, 72 hpi. Survival rate of A. dispar model during the infection (E) NGY152,
(F) pmriA, (G) mntl-mnt2A, (H) och1A. Each group consists 35 embryos.
The survival rate of och1A was significantly higher than in the WT, pmr1A

and mntl-mnt2A of C. albicans.

4.4.11 C. albicans can infect the chorion of the A. dispar eqgs

C. albicans cells were cultured on the A. dispar eggs (chorion) under
different conditions of salinity and nutrition. Fig. 4.13 shows the effect of
salinity and medium with and without serum on the transition from yeast to
the hyphal form of C. albicans on the A. dispar eggs. Infected eggs were
co-incubated with the wild-type CAF2-dTomato and mutants of C. albicans
(och1A, mnt1-mnt2A and pmr1A) for 4 h at 37.0°C, with shaking at 80 rpm.

Eggs were then washed with sterilized sea water and incubated for 24 h at
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37.0°C. In the presence of ASW 35 ppt C. albicans showed a low level of
growth after 24 hpi (Fig. 4.13 A), with the majority of the cells remaining in
the yeast form. In the same conditions but with serum added to the egg
water, the growth rate was increased and hyphal growth was detected (Fig.
4.13 B). Addition of RPMI medium to infected eggs at 17 ppt ASW also
induced a transition from yeast to hyphal forms (Fig. 4.13 C). Also, higher
salinity of 35 ppt the growth rate was lower (Fig. 4.13 D). Subsequently,
adding serum into the both salinities/RPMI produced an overgrowth of C.
albicans (Fig. 4.13 E); whereas the growing intensity of C. albicans at

higher salinity was slightly lower than at RPMI 17 ppt/serum (Fig. 4.13 F).

P

35 ppt/RPMI 17 ppt/ RPMI/S 35 ppt/RPMI/S

Figure 4.13 Infection of A. dispar eggs with different condition. Fish
embryos were co-incubated with 5x10° cell/ml of CAF-dTomato C. albicans
for 4 h at 37.0°C, with shaking at 80 rpm in different nutrition conditions (A)
embryos were incubated with Candida in seawater. (B) Candida in
presence of serum. (C) Candida cells in 17 ppt/RPMI. (D) Candida cells in
35 ppt/RPMI. (E) Candida in 17 ppt/RPMI/S. (F) Candida cells in 35
ppt/RPMI/S. The images were shown the overgrowth of C. albicans
(adhesion) after washing the embryos with sterilized sea water and
incubation for 24 h at 37.0°C.
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Despite the intense growth by C. albicans, the survival rate of embryos was
rated at 100% possibly because the CAF2-dTomato C. albicans cells did
not penetrate the chorion and could not reach the embryos themselves.
Subsequently, to determine the CAF2-dTomato C. albicans burden treated
eggs, the western blot techniqgue was performed utilising the mCherry
antibody (Abcam). Protein samples were extracted from C. albicans cells
maintained under different conditions of salinity and nutrition. A single band
of 28 kDa representing dTomato in the incubated embryo samples with
ASW showed less intense bands compared with the extracts obtained from
RPMIl/serum. These 3 nutritional conditions supported much higher growth
compared to ASW alone. Extracts from 35 ppt/serum generated higher
expression levels - 4-fold greater than the ASW sample and lower than a
sample of 17 ppt/ RPMI (7.6-fold) and 35 ppt/RPMI (5.9-fold). Overall, the
amount of Candida growth was increased in both nutritional supplements
(RPMI and serum) by 1.6- fold compared with the 35 ppt/ RPMI. In contrast,
the expression was slightly reduced in the 17 RPMI/ serum compared with
RPMI alone by 0.8-fold (Fig. 4.14). These results suggest that Candida can

grow in (ASW 35 ppt) conditions when nutrition supplemental is provided.
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Figure 4.14 Evaluation of CAF2-dTomato C. albicans protein within in-
fected embryos under different condition of media/serum and salinity.
Western blot analysis of CAF2-dTomato Candida extracted form infected
embryos. At 24 hpi, whole 5 killifish embryos lysate per 100 pyl SDS were
prepared and applied to immunoblot analysis with antibodies mCherry and
polyclonal. The mCherry antibody was used to determine the amounts of
protein were expressed. The expression was increased with samples that
RPMl/serum was used. (E) The histogram displays the signal intensity of
CAF-dTomato protein band in A. dispar embryos after normalization with
the Beta-actin signal intensity for each sample. Molecular weight of mCher-
ry=28.8 KDa.

Adhesion of wild-type and mutants of C. albicans (mntl-mnt2A, och1A and
pmr1A) to eggs was also examined. Eggs incubated in sea water and
Candida showed relatively little growth. Eggs co-incubated with the
mutants in 17 ppt / RPMI or 35 ppt/serum at 37.0°C with shaking at 80 rpm
for 4 h supported growth. Figure 4.15 shows that the deletion of O-and N-
mannosylation from the cell wall of C. albicans lead to a decrease in the
adhesion of mntl-mnt2A and och1A, while the pmr1A mutant was relatively
similar to the wild-type. In all cases, there was considerable growth of C.
albicans on the surface of the chorion 24 h after inoculation.

These data indicate that C. albicans cells can infect A. dispar embryo at the
surface of chorion and grow to a greater or lesser extent depending on the

nutritional conditions and the salinity of the seawater.
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Figure 4.15 Localization of NGY152, och1lA, mntl-mnt2A and pmrlA of
C. albicans cells in the infected A. dispar embryos model. Fish
embryos were infected with 5x10° cells/ml of C. albicans mutants and co-
incubated at 37.0°C with shaking at 80 rpm for 4 h. Infected eggs were
washed and photographed after additional 24 hp incubation. Arrows

indicate adhesion of C. albicans cells. Scale bar=500 pum.

4.4.12 C. albicans infections in the A. dispar are suppressed by fluconazole

in a dose and time dependent manner.

The A. dispar- C. albicans embryo infection a model was examined after
treatment with various doses of Fluconazole (FLC) at 2 and 6 hpi. For the
experiments, a series of doses of FLC were used, including 4, 8, 16, 32 and
64 mg/l to establish the optimal concentration for clearing infection from
embryos. Drugs were administered by treatment at either 2 or 6 hpi. The A.
dispar embryo survival data showed that different therapeutic effects
occurred at the two-administration times examined (2 hpi and 6 hpi). The
greatest reduction of C. albicans infection was noticed at the earlier drug
delivery time of 2 hpi. As shown in Fig. 4.16 A, the dose applied influenced
the survival rate. The lowest levels of embryo survival were obtained at 4
and 8 mg/l of FLC. In contrast, at the highest doses of FLC, including 32

and 64 mg/l, the highest levels of protection in the infected embryos was

134 | Page



seen. A concentration of 16 mg/l also showed a good level of embryo
survival.

When comparing the effect of drug doses on survival at 50 hpi (Fig. 4.16), it
was found that approximately 40% of infected embryos survived with a
concentration of 4 mg/l, whereas more than 60% of the embryos survived
with a concentration of 16 mg/l at the same time of observation. It was
notable that with the administration of 32 mg/l of FLC,™ 75% survival of
embryos was observed at 50 hpi. In the case of the highest doses of 32 and
64 mgl/l, the results demonstrated that the FLC protected the embryos from
Candida infection, starting from 24 by 90% and 95% respectively. As
shown in Figure 4.16, between the time of 100 hpi and the end of the
observation period there was stability in the survival rate of treated embryos
within most of the concentrations of FLC. A control group (uninfected
embryos) and the other control group that received 5 nl phosphate buffer
saline (PBS) showed 100% and 98% survival respectively.

Further evaluations were made to evaluate the effect of diluted
concentrations of FLC on survival rate at 6 hpi. As seen in Fig. 4.16 B, the
results demonstrated that the survival rate could be influenced by dosages
for all doses with drug delivery time of 6 hours post infection. With both low
concentrations of 4 and 8 mg/I, the survival rate continued to decrease until
reaching the lowest level at hatching time, whereas, when the influence of a
dose-effect of 16 mg/l of FLC at 50 hpi and 100 hpi, was observed, it was
found that the survival rate increased by 58% and 35% respectively.

The effect of high doses of FLC on the survival rate was examined at 32
and 64 mg/l. At 50 hpi it was found that a concentration of 64 mg/l of FLC
the rate of survived embryos was about 75% whereas about 67% of
infected embryos were survived at 32 mg/l of FLC. At 100 hpi and it was
observed that the survival rate of embryos was around 43% within dose of
32 mg/l FLC whereas around 43% of survived embryos was recorded within
dose of 64 mg/l of FLC. These rates then continued until the end of
observation time. Our observations indicated that approximately 27.5% of
infected embryos that were untreated (control) could survive at 50 hpi while
by 100 hpi they have decreased to 0% survival. Moreover, to exclude the

possibility of mortality arising from injury associated with injection, embryos
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were microinjected with PBS and the result showed that embryos continued

to survive until hatching day.
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Figure 4.16 The Protective Role of FLC with different doses against C.
albicans Strains in the A. dispar Infection Model. Fish embryos were

infected with 1x108 cells/ml of Candida. Forty embryos in each group were

monitored; embryos injected with PBS remained alive. The antifungal drug
was delivered to the embryos (A) 2 hpi, (B) 6 hpi with different doses.
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4.4.13 Effect of fluconazole on the number of CFU of C. albicans within A.

dispar embryos

On the basis of the above experiments, two doses of FLC were chosen as
suitable concentrations for evaluation of the fungal burden within A. dispar
embryos. Fluconazole at 16 and 32 mg/l significantly protected the embryos
from the Candida infection (p<0.001). In the range of the doses of FLC
tested the FLC protected the embryos in a dose-dependent manner. The
effect of the FLC on the diminution of fungal burdens was evaluated in the
A. dispar embryos (Fig 4.17 A) with results showing that the CFU obtained
from the infected embryos at 2 hpi was suppressed in accordance with the
data for the survival rates. After 48 hpi, embryos infected with C. albicans
demonstrated a reduction in Candida CFU. In addition, the results indicated
a significant decrease (p<0.05) in the fungal burden at both FLC doses of
16 and 32 mg/l until hatching at 168 hpi. In the case of a later antifungal
administration time (6 hpi), Fig. 4.17 B the result for CFU obtained from the
infected embryos both concentrations suppressed C. albicans growth within
A. dispar, resulting in a reduction of fungal growth, especially at 96-168 hpi.
CFU numbers were highest at 24 hpi after infection, except for the infected
embryos at 32 mg/l at 2 hpi. The data for administration of drug treatments
at 6 hpi demonstrated the highest fungal burden at 48 hpi and the number
of CFU in the control at 72 hpi.
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Figure 4.17 Fungal burden during A. dispar infected with C. albicans.
CFUs of fish embryos were infected with 1x10® cells/ml of C. albicans,
embryos were treated with 16 mg/l, 32 mg/L of fluconazole at different times
(A) 2 hpi, (B) at 6 hpi.
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4.5 Discussion

4.5.1 Utility of A. dispar as a model

During the last twenty years, Zebrafish have been used as an excellent
model for infection studies (Sohnle and Hahn, 2002). However, there are
limitations in using zebrafish as a model because the fish embryos cannot
survive at 37°C. Recently, it has been discovered that A. dispar is able to
live within a wide range of temperatures, including 37°C. In this study, A.
dispar embryos were exploited as a novel model for the investigation of the
pathogenicity of C. albicans in a live host at human body temperature.
Secondly, since A. dispar has a good optical transparency, this makes it an
excellent vertebrate model for in vivo imaging which allows us to monitor C.
albicans infection.

The data presented in this chapter demonstrated that A. dispar embryos
can be infected via injection at different stages of embryonic development
and via direct exposure to inoculum in egg water. After testing a range of
inocula, C. albicans was found to kill A. dispar embryos in a dose-
dependent manner. After being infected within Candida (1x10° cells/ml) A
dispar embryos survived for 120 hpi at 37.0°C, whereas other species, such
as G. mellonella larvae, all die at 1x10° cells/ml (5 pl volume) within 48 hpi;
and none of the Zebrafish survived for >50 hpi at 1x10® cells/ml at 30.0°C
(Chao et al., 2010; Li et al., 2013). Furthermore, after injection, the data in
this study indicated that at low concentrations of Candida (3x10” and 6x10’
cells/ml), the fungal burden in the surviving embryos dropped precipitously.
Indeed, the fungal burden of the surviving embryos demonstrated that they
were clear of infection, with embryos continuing to survive for 96 hpi and
120 hpi.

Adherence is the first step taken by a pathogen to invade host tissue. In this
study, A. dispar eggs were examined in different conditions (co-incubation
with wild-type and mutants of C. albicans at 5x10° cells/ml in 4 ml 17 ppt
ASW and 35 ppt ASW/RPMI, and 17 or 35 ppt ASW/serum at 37°C for 4 h)
to evaluate the localization of C. albicans grown at 37°C. To mimic the
condition of bloodstream infections in the human, RPMI/serum and shaking

at 80 rpm was conducted (Gratacap et al., 2013). The C. albicans visible
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growth and growth rate on infected eggs was evaluated in the A. dispar
model with various mutants of Candida, defective in key virulence
determinants.

Avoidance of the immune system by a pathogen may lead to its
dissemination to new sites in the body (Yang, 2003). Observations in this
study showed that deletion of O-and N-mannan of the C. albicans cell wall
(key virulence factors) affected both adhesion and hypha formation, so that
there was no lethality detected among the embryos. This result leads to the
proposal that the capabilities of Candida to adhere and to form biofiims are
critical during co-incubation (Chen et al., 2015).

In general, the induction of morphological changes (yeast to hyphae) at
37°C is fundamental for virulence. Stimuli, such as serum, can be essential
to causing full virulence (Chen et al., 2015). The current data showed that
the hyphal form of C. albicans was observed on the chorion of the eggs
within the co-incubated egg water and serum, and it increased with
RPMl/serum at 37.0°C. This result seems to be in agreement with many
previous findings, such as those of Weerasekera et al. (2016) and
Kucharrkova et al., (2011) who have reported that the RPMI 1640
enhanced biofilm formation by heightening the yeast-to-hypha transition
in C. albicans. Chen et al., (2015) also showed that the incubation of
Zebrafish eggs with RPMI/serum and C. albicans enhanced formation of
hyphae.

When growth of C. albicans was evaluated in different media (17, 35 ppt
ASW/RPMI and 17, 35 ppt ASW/RPMI serum) the results showed that C.
albicans can grow in both of these media and that under these conditions
C. albicans is tolerant to the salt. This observation is supported by the
results of Krauke and Sychrova (2010) who reported that C. albicans is
more tolerant of salt than other species, such as C. glabrata. However,
images of C. albicans on the chorion and levels of marker proteins
(dTomato detecting by western blotting) showed that there was some delay
in the growth of C. albicans, even at 35 ppt ASW, and this result agrees
with the findings of Krauke and Sychrova (2010), who found that using 500
mM NaCl resulted in a 20% delay to the beginning of the exponential phase

of C. albicans growth.
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Further experiments were designed to evaluate the suitability of using A.
dispar as a model host for Candida infections in comparison to other
models. Our results showed that zebrafish embryos started to die at 48 hpi,
but all died by 72 hpi following CAF2-dTomato Candida infection. This
result agrees with the study of Chao et al, (2010), which found that the
zebrafish embryos survived for 48 hpi, but none of the zebrafish infected
with same Candida concentration we tested survived for >50 hpi. In
contrast, A. dispar embryos survived to 144 hpi at 30.0°C. It is possible that
temperature not only affects the transition of Candida forms in the host, but
also the physiology of A. dispar influencing infection outcomes.

Endothermy is a characteristic of the mammalian host (36.8 +4°C) and mice
(36.0 to 37.0°C), while the ideal temperature for growth of a ectotherm such
as Zebrafish is only 28.0°C (Chao et al., 2010). However, we have shown
that A. dispar is a satisfactory model for evaluating Candida growth at
37.0°C and higher temperatures. This study was designed to exploit A.
dispar embryos and eggs to provide non-invasive imaging of Candida
morphological transitions at human body temperature its natural host.
Previous studies reveal that temperature is an essential determinant of
Candida growth and pathogenicity (Mayer et al.,, 2013). In terms of
environmental temperatures, a high temperature of 37°C induces Candida
to transit to the hyphal form but at the lower temperature of 30°C to stays in
the yeast form (Chao et al., 2010; Lee et al., 1975). Such transition cannot
be studied in zebrafish since the embryos cannot survive at this high
temperature. Therefore, in the present study we have developed A. dispar,
that can survive well at 37°C, as an alternative model to investigate host
pathogen interaction at human body temperature. When A. dispar embryos
were infected with C. albicans and incubated at 26.0, 30.0, 34.0, 37.0 and
38.5°C the highest Candida burden was observed at 30.0°C, this result
suggests that Candida growth at 30.0°C is probably greater than the growth
rate at 37.0°C (Antley and Hazen, 1988), however mortality of embryos was
greatest at 37°C. Importantly, higher temperatures enhanced yeast-hyphae
switching. The influence of higher temperatures on fish immunity is
connected to resistance to fungal infection (Avtalin and Clem, 2009;
Brothers et al., 2011; Fuchs and Mylonakis, 2006).
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In the case of higher temperatures, normally associated with fever, wild-
type C. albicans growth was lower at 40°C compared to 37°C. This finding
agrees with earlier results of Lowman et al.,, (2012). The reduction of
growth rate at 40.0°C may be attributable to the influence of temperature on
the structural complexity of the cell wall (eg. mannan) on cultures at a
higher temperature.

Histological and immunofluorescence analyses revealed that C. albicans
disseminated from the infected site of the embryo, producing filamentous
cells within the infected tissues at both 30°C and 37°C, but much higher
levels at 37°C.

Use of western blots to detect pathogen specific proteins in homogenized
tissues or extracts allows the monitoring of the progression of an infection.
The levels of GFP and CAF2 dTomato Candida protein were easily
assessed using western blotting experiments, revealing protein expression
at 24 hpi in the yolk of both D. rerio and A. dispar.

It is notable that the use of Zebrafish for the study of human diseases, such
as infection with C. albicans, is rapidly increasing. (Brothers et al., 2011;
Teresa et al.,, 2010; Ingham, 2009) however zebrafish cannot be used at
37°C. Compared to other vertebrate models, A. dispar can therefore be
recommended as a novel alternative to mammals in the study of fungal
infections of C. albicans at 37°C. At 37.0°C A. dispar embryos develop
blood vessels and immune cells in the yolk before the muscles and talil

develop.

4.5.2 Utility of A. dispar as a model to screen mutants

The C. albicans cell wall plays an important role in the maintenance of the
cells, their division, and expansion, as well as being essential for its
virulence (Hall and Gow, 2013). Many studies have argued that the C.
albicans cell wall is an important dynamic structure for the protection and
maintenance of fungal cells. It has a physically robust structure, and it is
also sufficiently flexible to allow expansion and morphogenesis (Mora-
Montes et al., 2010). Glycosylated proteins are located in the outer layer of

the fungal cell wall. Deletion of mannan from the cell wall results in different
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phenotypic characteristics, such as diminished growth rate, an increased
sensitivity to temperature, flocculation and morphological change; and a
decreased capacity to activate immune cells and (Hall and Gow, 2013).
Deletion of och1A results in the absence of outer chain alpha-1-6 mannose
backbone elongation (Bates et al., 2006; Netea et al., 2006). In the present
study, in terms of an N-mannosylation defect (och1A), our results
demonstrated that there was a clear attenuation of virulence as a result of a
reduction in adherence. Previous studies have suggested that mannan
behaves as a ligand on the host surface (Bates et al., 2006; Munro et al.,
2005; Hall and Gow, 2013). The fungal burden of ochlA in A. dispar
reduced dramatically at 24, 48 and 72 hpi and all embryos survived until the
end of experiment. The results indicate that there was no tissue
colonization, suggesting that clearance occurred because of the alteration
of the host-fungal interaction (adhesion), and also because the cellular
aggregation phenotype of ochlA resulted in a defective growth rate (Bates
et al., 2006).

Disruption of mannosylated proteins, through a deletion of PMR1 (pmri1A),
results in an abnormal cell shape, reduced mannan content of the cell wall
and increased duplication rates (Bates et al., 2006; Navarro-Arias et al.,
2016; Hall and Gow, 2013). The resulting defect in O-linked and N-linked
mannans significantly affects the immunostimulatory response and
recognition of fungal cells and thus their uptake by immune cells (McKenzie
et al., 2010). In the case of the pmr1A mutant in the A. dispar model, there
was a significant reduction of the fungal burden within infected embryos at
72 hpi compared with the fungal burden of the wild-type strain. This result is
partially supported by a previous study, where a high attenuation of the
virulence of pmr1A was seen in a mouse model (Bates et al.,, 2005).
However, the survival of A. dispar embryos was decreased; therefore, we
hypothesize that as the O-and N-mannan were deleted from the cell wall of
C. albicans, its ability to cause disease in the host would be altered. To
further test this hypothesis, A. dispar embryos were injected into the yolk
with pmr1A and mnt1l-mnt2A mutants of Candida to examine the differences
in the host-pathogen interaction compared with the control. Looking at CFU

numbers in infected embryos we observed that pmr1A and mntl-mnt2A
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showed slower increases in fungal burden compared to the reintegrated
control strains (pmrl with URA3 reintegrated at RPS10 with Clp10). The
present data indicated that it would be easy to use A. dispar to identify the
differences between glycosylation mutants in response to the host. The
morphological change and delay in the growth rate resulted from truncation
of the cell wall O-and N -linked mannan (Castillo et al., 2011; Munro et al.,
2005) could also be investigated.

Our data also demonstrated that the C. albicans pmrlA and mntl-mnt2A
mutants displayed an increase in the rate of mortality of infected embryos at
48-96 hpi. It is possible that the defect in N- and O-mannosylation
influences the rate of uptake of Candida cells by phagocytic cells. This
suggestion can be supported by a previous study of McKenzie et al. (2010)
who mentioned that a lack of cell wall mannan decreases phagocytosis in
mice. In addition, studies of C. albicans and C. guilliermondii, in a different
model (Galleria mellonella larvae) by Bates et al., (2005), indicated that the
defect in N- and O-mannosylation had the same effect. Moreover, Murciano
et al. (2011) indicated that the mannan-deficiency in the cell wall of C.
albicans affects the induction of proinflammatory cytokines in epithelial cells
due to the absence of mannose residues on hyphae activating a MAPK or
MKP1 mediated immune response. Both the outer and inner layer of the
cell wall are required to stimulate high levels of pro-inflammatory cytokines,
and thus, macrophage behaviour and phagocytosis (Netea et al.,
2006; Cambi et al., 2008; McKenzie et al., 2010). In the next chapter the
interaction of Candida cells with the immune system of A. dispar will be

examined in further detail.

4.5.3 A. dispar as a model to investigate antifungal drug therapy

A. dispar was tested as a model to evaluate antifungal efficacy and
potential to be used in drug screens. Treatment with fluconazole (FLC) had
a positive effect on the survival of infected embryos. Furthermore, the data
demonstrated that the effect of FLC on the numbers of CFU and the
mortality of the embryos was dependent upon the time of inoculation and

the dose of fluconazole applied. A. dispar therefore seems to be useful
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model for studying the effects of FLC, and potentially other antifungal drugs
on the viability of C. albicans cells in vivo.

It should be considered that some mortality and increased numbers of CFU
were observed between the 24 and 100 hpi at doses of 16 and 32 mg/l. The
present study clearly demonstrated that FLC displayed a greater activity
against C. albicans in infected embryos at the highest concentrations of
FLC tested (32 mg/l and 64 mg/l) even at 6 hpi, showing both a reduced
number of CFUs and the continued survival of embryos at subsequent
times.

Survival rates of embryos at all concentrations of drug were evaluated at
two different times of drug administration — 2 hpi and 6 hpi. In spite of a
high fungal burden at 24 hpi within embryos treated at 6 hpi, FLC was also
efficient.

A possible explanation for the significant reduction in the fungal burden
under both conditions (2 hpi and 6 hpi) after 24 h incubation is that after a
few hours of treatment with FLC, the drug begins to diffuse all over the
body, thus causing a decrease in the fungal burden. At 96 hpi there was a
significant difference between the fungal burden of C. albicans within
embryos that were treated with fluconazole at 6 hpi and those that were
treated at 2 hpi.

Apart from monitoring survival per se, A. dispar has the advantage that it
can also be used to study the effect of FLC treatment on the dissemination
of C. albicans throughout a host as the embryos are transparent and the
recruitment of immune cells during treatment could also be assessed.

In conclusion, many animal models have been used in fungal infection
studies as test beds for antifungal efficiency / susceptibility (mice, zebrafish,
G. mellonella, Drosophila and C.elegans - Cacciapuoti et al., 1992; Li et al.,
2013; Sohnle and Hahn, 2002). Whilst zebrafish have recently been
considered as an excellent model for infection studies because of the
transparency of their embryos and the availability of many transgenic and
mutant lines, there are limitations since the fish embryos cannot survive at
37°C. A. dispar therefore stands out, as it allows studies to be conducted at
a wide range of temperatures (normal and pyrexic) and the transparency of
the embryos facilitates direct monitoring of both the pathogen and host
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immune cells as infections develop. In addition, A. dispar seems to be
more resistant to C. albicans than zebrafish.

Based on these results, further work was therefore undertaken to
investigate host-pathogen interactions and analyse innate immune
responses following invasive Candida infections using the A. dispar embryo

whole animal model system — see Chapter 5.
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Chapter 5

Infection and the immune response of A. dispar embryos

5.1 Abstract

In this chapter we explore the immune response of A. dispar embryos
towards Candida albicans infections. In A. dispar, embryo movement is only
initiated at the late organogenesis stage (45.5-57.5 hpf) which allows direct
injection of pathogens into the embryo without anaesthesia at early stage of
development when the innate immune system is active. The transparent
nature of the embryos allows visualisation of immune cells in real time.
Macrophages and microglia were visualised by whole-mount
immunofluorescence staining with L-plastin and 4C4 antibodies.
Neutrophils were visualised by Sudan Black staining. Following infection of
A. dispar, dissemination of the pathogen is observed, accompanied by a
yeast-hyphae transition. Phagocytosed yeast cells were observed within
macrophages. Loss of macrophages induced by MO injection for irf8 or
cxcrd was accompanied by an increase in virulence of C. albicans
suggesting a crucial role of the macrophage in protecting the host from the
Candida infection.

In the immune system, Reactive Oxygen Species (ROS) play a protective
role against pathogens. In the present study, ROS were assessed in the A.
dispar embryo using a redox indicator 2’, 7’- dichlorofluorescein
(H,DCFDA)/ DCFDA. The accumulated fluorescent probe indicative of ROS
was observed at the site of infection (trunk) and in the tail fin at 30 mpi.
Quantitative and qualitative analyses of the immune response were
accomplished within A. dispar embryos after infection with the WT and
mutant strains of C. albicans (WT, pmr1A, mnt1-mnt2A, and och1A). After
infection with the WT, ROS levels increased at the site of infection.
Moreover, ROS levels increased as the infection progressed. Mutants of C.
albicans had lower levels of induction of ROS, suggesting that mannan in

the cell wall plays a key role in the immune response.
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To monitor host-pathogen interaction, a new transgenic fish line of A. dispar
was developed using a transgenic plasmid vector, beta-actin-DsRed-LoxP-
GFP. This would be the first transgenic fish generated in this fish species.
Using this novel fish line, it is possible to visualise behaviour of immune
cells and to examine host-pathogen interaction at human body temperature
in live embryos. It is therefore expected that these species should be
utilised as a novel model in future studies in a range of applications. The
outcomes of this study will help us to investigate and assess the role of

macrophages and neutrophils during infection.

5.2 Introduction

The immune response is a robust line of defence that is required to protect
tissues against superficial and systemic candidiasis (Jacobsen et al., 2008).
A slight alteration in the host’s physiology can turn the morphology of C. al-
bicans from harmless to a more aggressive pathogenicity (Naglik et al.,
2004).

The common fungal pathogen, C. albicans, is a human commensal, and
grows in both yeast and hyphal forms during infection. Whilst it can invade
tissues by inducing endocytosis and by active penetration, dissemination of
candidiasis is limited by innate immunity (Chao et al., 2010). The immune
system, responds rapidly to combat infections by altering populations of key
phagocytic cells. Macrophages and neutrophils are the major effector cells
that reside in host tissues and organs and attempt to damage or kill invad-
ing fungi by phagocytosis. The antifungal effector cells release antimicrobi-
als, such as ROS, or secrete inflammatory signals, such as cytokines and
chemokines, which are required to recruit additional immune response cells
to the site of infection. Macrophages and neutrophils are in many ways the
first line of defence, and they kill the fungus with a variety of potent chemi-
cals, such as ROS, which are produced by means of an NADPH oxidase
complex (Torraca et al., 2014).

Three essential mechanisms mediate immune defence: an antimicrobial
peptide; recognition of foreign microbes by the component system; and
immune response to microbes (Duhring et al., 2015; Peter et al., 2011).
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Immune recognition of fungi is achieved by phagocytosis through detection
of the cell wall constituents, such as carbohydrate polymers and proteins.
The C. albicans cell wall is the first point of contact with the innate immune
cells, and therefore plays an important role in the pathogen’s interaction
with the host immune system. The polysaccharide core of the fungal cell
wall is highly immunogenic, resulting in rapid recognition by cells of the
innate immune system, especially neutrophils and macrophages (McKenzie
et al., 2010). Carbohydrates in the cell wall form a rigid framework, which
provides shape and protection. 3-glucan and chitin are the inner meshwork,
which is masked by an outer layer of mannosylated proteins. These
constituents vary between fungal species, conferring different
immunological properties.

The process of immune recognition is important in controlling both the
dissemination of the pathogen and reducing tissue damage. Recognition of
fungi occurs via several mechanisms requiring both innate and adaptive
immunity, such as pathogen-associated molecular patterns (PAMPS),
recognized by host pattern recognition receptors (PRRs) (Shoham and
Levitz 2005; Naglik, 2014; Duhring et al., 2015; Qin et al., 2016; da Silva
Dantas et al, 2016). PRRs that recognize different cell wall
polysaccharides of C. albicans (alpha- and beta-glucans) are expressed on
the surface of the host cell or in the cytoplasm of macrophages, neutrophils,
and dendritic cells. These receptors trigger a variety of intracellular
signalling cascades, leading to the production of chemokines, cytokines and
inflammatory mediators (Naglik, 2014).

Different groups of PRRs have been shown to contribute to the sensing of
microbes, including toll-like receptors (TLRs), C-type lectin receptors
(CLRs), nucleotide-binding domain leucine-rich repeat containing receptors
(NLRs), and retinoic acid-inducible gene (RIG-I) receptors (RLRs). Among
these receptors, TLR1 and CLRs play a fundamental role in the antifungal
immune response (Qin et al., 2016).

The active detectors of PAMPs reside on and in monocytes and
macrophages, contributing to the recognition of Candida by phagocyte
receptors. The efficiency of phagocytosis depends on the composition of

the cell wall, cell morphology, and the host cell type. To kill extracellular and
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intracellular microbes, oxidative and non-oxidative activities are utilized
during phagocytosis. These activities are controlled largely by cytokines
and different soluble mediators (Selders et al., 2017; Brown, 2011) and they
subsequently enhance anti-fungal mechanisms. The mechanism of
respiratory burst is one of the important oxidative-anti-fungal processes, in
which ROS are produced and act as the most important antifungal defence
of phagocytes. This mechanism is mediated by a complex of multi-
component proteins, such as NOX expression (phagocyte NADPH oxidase,
Phox). ROS production occurs by transferring an electron from cytoplasmic
NADPH to O;", leading to the production of a superoxide (Vazquez-Torres
and Balish, 1997). Human myeloperoxidase (MPO) is an enzyme that acts
as an effective fungicidal oxidant. Antimicrobial oxidants can be produced
by generation of hydrogen peroxide during the oxidative burst of neutrophils
(Paumann-Page et al., 2013). The fungicidal activity of the respiratory burst
is generally caused by the toxic effects of ROS. In neutrophils, potassium
influxes induced by the respiratory burst and increase in the pH of
phagolysosomes, are important for the release of antifungal proteases from
neutrophil granules (Emer et al., 2002; Brown, 2012).

Reactive nitrogen intermediates (RNI) in phagocytes are induced by nitric
oxide synthases (NOS2). RNI production is induced via TLRs and cytokine
production, which is essential for the control of pathogens (Aguirre and
Gibson, 2000). Dynamic changes in neutrophils and macrophage
population sizes and the establishment of an appropriate activation state
are fundamental to the regulation of the immune response and an effective
immune system (Metcalf, 1985). To contain the threat of pathogens during
an infection, specific subsets of the population are activated to proliferate
robustly and differentiate into populations of effector cells (Fontana et al.,
2016). Leukocyte specific proteins that regulate and recruit innate immune
cells during infection include csflr, L-plastin, and cxcr4 (Bennett et al.,
2001; Garcia et al., 2016; Angsana et al., 2016). Colony stimulating factorl
(CsflR) is essential to regulate macrophage defence against microbes
(Guleria and Pollard, 2001). Studies, confirmed more than three decades
ago, that colony-stimulating factor 1 (Csfl) regulates phagocyte cells via the

CSF1 receptor (Csf1lR), which is a type Il receptor tyrosine kinase. Csf1R
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deficiency leads to a failure to recruit monocytes to the sites of infection,
resulting in insufficient control of an infection (Guleria and Pollard 2001).
The actin-bundling protein L-plastin is essential for the regulation of cellular
polarization, and the function of integrins in both leukocytes and
lymphocytes (Freeley et al., 2012; Morley 2012). L-plastin binds to
macrophage-specific proteins that may regulate the functional roles of
macrophages (Bennett et al., 2001). Chemokines were first linked to the
immune system, influencing the accumulation of immune cells
(lymphocytes) at inflammatory sites (Raz and Mahabaleshwar, 2009;
Baggiolini, 1998). During development and infection, chemokines are
considered to play the role of guides in cell migration as mediators of
monocyte/macrophage traffic. They are vital to the immune response, as
the interaction between chemokines/stromal cell-drived-1 CXCR4/SDF-1 is
indispensable to immune defence (Raz and Mahabaleshwar, 2009; Schimd
et al., 2004). Chemokines also play a key role in the activation of leukocyte
circulation. In this respect, there is therefore a homeostatic balance
between monocyte egression into the peripheral blood and the control of
retention of monocytes in the bone marrow by cxcr4 (Wang et al., 2009).

A number of models of infection for studying the immune response to C. al-
bicans have been developed. Pathogenicity has been tested in a range of
invertebrate models, such as Galleria mellonella, Drosophila melanogaster,
and Caenorhabditis elegans. These model organisms are used in large-
scale studies because of their low cost and the availability of well-
developed molecular tools. However, these mini-hosts have simple immune
systems which differ from those in mammals.

On the other hand, mice have been extensively used in fungal research.
For instance, genetically modified knockout and transgenic murine models
have been used to establish infections of C. albicans at a range of sites in-
cluding the oral cavity, pulmonary system and central nervous systems
(CNS) (Samaranayake and Samaranayake, 2001; Allen, 1994; Naglik et al.,
2008; Costa et al., 2013). Mice have been used to understand host immune
responses during Candida infections and to monitor the efficacy of immu-
nosuppressive treaments and antifungal therapies (Costa et al., 2013).

However, one of the factors limiting the using murine models is that mice
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differ in their indigenous fungal flora from humans. Such studies also raise
ethical dilemmas and issues of cost.

Recently, the zebrafish has become a powerful model for understanding the
interaction of the pathogens and the host immune system. The zebrafish
has many similarities to a mammal in terms of its genetics, anatomical
structures, and organs. Importantly, it has both innate and adaptive immune
systems, (comparable to that of humans) which allows us to study the role
of components of the immune defence system against C. albicans in real-
time (Choa et al., 2010; Brothers et al., 2011). However, a significant prob-
lem with the zebrafish model is its inability to survive at the elevated tem-
peratures that are more typical of those encountered by C. albicans in a
mammalian host.

In this study, | set out to identify normal patterns of immune system devel-
opment in A. dispar embryos, contrasting it with zebrafish to establish its
suitability as a model to monitor immune system pathogen interactions in
embryos infected with C. albicans; and to develop techniques to investigate
the interaction of the pathogen with its host. The overall aim of this chapter
is therefore to test the feasibility of using Arabian killifish (A. dispar) as a
model to understand the host-pathogen interaction; to characterize the abil-
ity of A. dispar to mount an immune defence against C. albicans; to test the
suitability of this model to detect and trace the immune response and follow
the immune function-related gene expression during infections. Finally, we
aimed to develop a new line of transgenic fish which is an important step
towards performing real-time investigations of the interaction between path-

ogens and immune cells.
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5.3 Experimental procedures

5.3.1 RNA-sequence of A. dispar to reveal immune function

Fertilised eggs of A. dispar were collected, cleaned and kept in a Petridish
with ASW at 26°C. Developmental stages were observed and samples
were collected at different stages: St.9 (7 hpf), St. 11 (12 hpf), St.14 (18.5
hpf), St.18-19 (30-32 hpf), St.25-26 (59.5-73.5 hpf) and St.28 (146.5 hpf).
Around 10 embryos at each stage were collected in Eppendorf tubes, water
was removed and embryos were frozen at -20°C. Total RNA was extracted
from fish embryos using Trizol. Next, equal amounts of each RNA samples
were mixed and sequenced by the Exeter sequence service
(http://sequencing.exeter.ac.uk) with Illlumina HiSeq2500 100 bp paired-end
reading. The sequencing data was trimmed to remove sequencing adaptors
and the low-quality terminal ends (<Q20) and then short sequences were
excluded using fastqg-mcf v1.1.2-537 26. De-novo transcriptome assembly
was performed for each of the groups using Trinity v v2.2.0. Immune
system related genes: Ad_ptgs2, mpx, irf8, cxcr4, nosla, L-plastin, mpo,
csflr, noxl were sought using blastx with the medaka genes as query
sequences to identify A. dispar orthologs. From the identified A. dispar
cDNA sequence, gPCR primers were designed using Beacon designer (list

of primers supplied in Table 2.4).

5.3.2 Removing the chorion

A. dispar embryos were dechorionated by transferring the eggs to the lid of
a Petri dish covered with sandpaper; eggs were rolled for 60 seconds within
a sufficient a mount of water to prevent drying. Eggs were then incubated
for 1 h with pronase (20 mg/ml) at 28°C. Before washing with ASW to
remove traces of the Pronase 5 times, hatching enzyme was added to an
equal volume of ASW containing the embryos were incubated for 2-5 h.
Embryos were periodically checked to assess the progress of hatching
(Porazinski, 2010). After dechorionation, embryos were transferred gently to
a fresh dish of ASW (35 ppt).
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5.3.3 Survival rates in infected zebrafish embryos

Wild-type and Casper zebrafish (pigment free, White et al., 2008) were
microinjected with C. albicans (NGY152) with 1x102 cells/ml into the yolk
and kept at 28°C for 72 hpi; this experiment was performed in triplicate. The
mortality rates were observed by monitoring live and dead embryos at

constant time points between 6 and 72 hours post-infection.

5.3.4 Sudan Black and tyramide-FITC staining of embryos to reveal

neutrophils

A. dispar embryos were dechorionated and injected with CAF2-dTomato C.
albicans into the brain and trunk and after 24 hpi embryos were fixed in 4 %
paraformaldehyde/ HEPES-NaCl, for 2 h at room temperature. Embryos
were rinsed in PBS, incubated in Sudan black B (Sigma,199664) (0.03% in
70% ethanol with 0.1% phenol) for 30 min and then washed extensively in
70% ethanol and rehydrated progressively to PBST 0.1% Tween 20. To
visualize individual neutrophils, embryos were incubated with 1% KOH and
1% H,0, solution for 15 min at room temperature (Le Guyader et al. 2008).
Casper zebrafish and A. dispar embryos were fixed at 35 hpf and 5-6 dpf
respectively with PFA 4% for overnight and finally fixed with methanol at -
20’C. Embryos were washed with PBTx and incubated with tyramide-FITC
(1 pl/S0 pl) for 30 min. After three washes for 10 min each, the embryos
were imaged using a Leica fluorescent microscope (x20 lens).

5.3.5 Immunofluorescence staining

Fish embryos were microinjected with 5 to 10 nl (1x108 cells/ml) of CAF2-
dTomato C. albicans either into the yolk of zebrafish (D. rerio) and or the
yolk, brain, and trunk of A. dispar. Phagocytic cells (macrophages) were
stained with a rabbit anti-L-plastin primary antibody. (It was a gift from Paul
Martin-Bristol University, UK). Infected embryos were rehydrated and rinsed
with PBSTx (0.5% Triton in PBS) after fixation with PFA and HEBES.
Embryos were permeabilized with proteinase K (2.7 pl/ml) for 15 min at RT
and then with 0.24% trypsin in PBS, blocking buffer (1% BSH in 0.5%
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PBSTx and 10% Heat Inactivated Fetal Calf Serum (FCS-HI) to minimize
nonspecific binding of the antibodies. Embryos were washed again and
then incubated with the polyclonal primary antibody (anti L-plastin antibody)
1:500 v/v dilution in blocking buffer (10% HI-BS and 1% (w/v) bovine serum
albumin (BSA) in 0.5% PBSTx) for overnight at room temperature. Next
embryos were washed and blocked for 1 h and then incubated with
secondary the antibody (Alexa 488 goat-anti-rabbit (Life Technologies
A11034) 1:300 v/v dilution overnight at 4°C (Jim et al., 2016).

5.3.6 Morpholino knockdown

Morpholino oligonucleotides (Gene Tools) were diluted to 2 ng/nl with
water. A. dispar eggs were microinjected with 1 nl of the morpholino into the
1 cell stages. For knockdown of macrophages, macrophages and
neutrophils, and chemokines respectively; Three morpholinos each were
used (Ad_irf8 Mo: 5° CCCGAGTTTGACATCTTAACAGCGC 3'; Ad_Cebpa
Mo: 5 CATGGAGAACCTAAAGCCGGGCAT 3' and Ad_CXCR4 Mo: %
AAGTCCATCTCTCCCATGTTTAGCT 3’).

5.3.7 Western blot analysis of L-plastin expression in infected embryos

A time course of total protein samples was extracted from infected embryos
following infection. This protein was used to measure the concentration of
L-plastin protein as marker for macrophages (Bennett et al., 2001). 30 pl of
protein was loaded on an NUPAGE gel (acrylamide 4%~12% Bis-Tris pH 7-
7.5 - NP 0335BOX, Invitrogen) along with 7 pl of pre-stained protein
standard ladder (SeeBlue® Plus2 Protein Standard) (Thermo Fisher). The
gel was run and the protein was transferred to the PVDF (Bio-RAD)
cellulose membrane at 120 V for 2 hours. Membranes were blocked with
10% skim- milk for 2 hours, probed with 2:5000 rabbit polyclonal anti-L-
plastin antibody for overnight at 4°C. After that 10 min washes with PBSTw,
polyclonal goat anti-rabbit immunoglobulin HRS DAKO) was used to
hybridize to the primary antibody (1:5000) for 2 hours at room temperature.

After that 10 min washes with PBSTw, the membrane was treated with ECL
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western blotting substrate (Thermo Scientific) reagent and then exposed to

the auto radiography film (Thermo Scientific).

5.3.8 Time-lapse fluorescent imaqging of A. dispar embryos

Time-lapse fluorescent images were obtained with an inverted Zeiss
fluorescent microscope (Zeiss AxioObserver.Z1-AX10) and Leica confocal
laser microscope (LSM 510). Videos were recorded for 1 h at 1 frame/min.
A. dispar embryos were imaged for 30 minutes post-infection in the yolk
after infection with C. albicans CAF2-dTomato. Embryos were embedded in
1% low melting agarose which has been dissolved in ASW in a glass
bottom Petri dish. Images were acquired at 1 min intervals for 1 h
immediately after microinjection. To process the Time-lapse image
(brightness/ contrast and enhancement), image j and Photoshop were

used.

5.3.9 RT-PCR

5.3.9.1 RNA isolation, cDNA synthesis, and expression assay

Total RNA was extracted from infected and uninfected A. dispar embryos
using 1 ml of Trizol reagent (TRI, Sigma T9424) per 10 embryos. Isolated
RNA was purified. A cDNA library was synthesized using 1 pl random
hexamer primers (Promega C118A) for each reaction and incubated for 5
min at 70°C. Reactions were directly cooled on ice for 2 min to prevent
secondary structures from reforming. Next, M-MLV 5x reaction buffer (5 pl),
10 mM dNTP mix (2 pl) Promega U151A. M-MLV reverse transcriptase (1
ul at 200 units/ul) Promega M170A and water (5 pl) were added and then
incubated 37°C for 60 min. Finally, cDNA samples were stored at -20°C.
5.3.9.2 Primer design

Primers were designed manually using Beacon designer software
(http://www.premierbiosoft.com/molecular_beacons/hrm.html).
The parameters to design the primers for use in the SYBR green qPCR

system are:
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Table 5.3.9.2 Parameters for primer design

Parameter name Parameter ratio
Primer length 18-25 bp
Amplicon length 80-150 bp

GC content 45-55%

Max self-complementary 3

Primer Tm 59-62°C
Self-complementary 1

5.3.9.3 Primer optimisation

After designing the primers and selecting reference genes, cDNA was
diluted 1:10 and added to the PCR reaction (2x SYBR green mix 7.5 pl,
0.375 pl of sense and antisense primer (10 pM), 0.75 pl of cDNA (1:10) and
6.0 pl water were added). The reaction was pipetted (15 pl) in to each well
of a PCR plate, then the plate was tightly sealed and spun to remove any
air bubbles and collect the liquid. The PCR cycling conditions comprised 15
min polymerase activation at 95°C, and 40 cycles of 95°C for 10 sec,
annealing temperatures Ta for 20 sec.

Post amplification, Ct values for different Ta on the gradient were compared
and then the highest Ta with the longest threshold cycle Ct (stable and
consistent amplification) for each assay was selected.

5.3.9.4 Amplification efficacy and primers specificity

When the linearity and efficiency of the gPCR reaction were optimised,
cDNA from infected embryos with different mutants of C. albicans and
uninfected samples were tested. To test the PCRs, a 5-fold serial dilution of
a cDNA sample mixture was used and total of 5 dilutions (5, 25, 50, 125,
625 x) were assessed. PCR reactions were performed by mixing 2x SYBR
green mix (7.5 ul), 0.375 pl of each sense and antisense primer (10 uM)
and 6.0 pl water. A total of 14.3 pl of the mixture was added to the required
wells and then 0.75 pl of cDNA was added. The PCR plate was sealed

spun, and then set up under the following PCR condition:
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95°C for 15 min, 40 cycles of 95°C for 10 sec, Ta for 20 sec, melt curve
95°C for 1 min, 55°C for 1 min (100 cycles for 10 sec beginning at 50°C).
Post amplification, the software plotted a standard curve mean threshold
cycle (Ct) against log cDNA dilution.

The ideal range for the gPCR slope on the standard curve and Ct (R*>
0.99) along with single peak in melt curve analysis was selected depending
on the strength of the relationship between the primers and concentration of
target cDNA.

5.3.9.5 gPCR guantification of A. dispar samples

Samples were assayed in triplicate, firstly, cDNA was diluted 1:2 by
reducing the volume of water that was added to the master mix and double
volume of cDNA. PCR amplification was carried using 2x SYBR green mix
(7.5 pl), 0.375 pl of each sense and antisense primer (10 uM) and water
5.25. The volume of mixture 13.5 pl was added to the wells and then 1.5 pl
of cDNA (1: 5) and NTC (water).

The PCR conditions were 95°C for 15 min, 40 cycles of 95°C for 10 sec,Ta
for 10 sec, melt curve conditions were; 95°C for 1 min, 55°C for 1 min, 100

cycles each for 10 Sec starting at 50°C.

5.3.9.6 Data analysis

Efficiency-corrected relative gene expression levels were calculated using
the AA Ct method (Livak and Schmittgen, 2001).

5.3.9.7 ROS detection

A. dispar embryos were microinjected with the PBS, WT or mutants of C.
albicans (pmr1A, mnt1-mnt2A and och1A). After injection, embryos were
collected and 6 embryos were combined in each tube were and rinsed with
1x HBSS buffer. ROS detecting solution was prepared by adding 10 pl of 20
mM H,DCFDA (abcam113851) to 10 ml of 1x HBSS buffer then 500 pl of
the reagent was added to the embryo samples which were then and

incubated in the dark for 30 min at 37°C. Immediately, after the end of the
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incubation time, embryos were washed twice with 1x HBSS buffer. Embryos
were imaged using Leica microscope SE37213. To quantitatively analyse
the ROS levels after infection, a microplate reader assay was used by
adding treated embryos to wells of a 96 well-plate and cover it by 100 pl of
1x HBSS buffer. The fluorescence intensity was read at (ExXEm=485/535
nm) and ROS levels expressed as a percentage of the control after
background subtraction.

5.3.10 Production of transgenic A. dispar

Freshly fertilized A. dispar eggs at the one cell stage were collected for
microinjection. Eggs were placed in a Petri plate containing “Channel gels”
made by leaving 10% agarose/sea water set with imprints of 1.2 mm
diameter glass tubes. Eggs were rotated using forceps and then using an
injector (Pneumatic picopump pv820). Eggs were microinjected with 1 -2 nl
of 25 ng/ul a Beta-actin-DsR-LoxP-GFP plasmid (Yoshinari et al., 2012), 25
ng/ul of transposase (TPase) mRNA, with a 1/20 dilution of a phenol red
solution 10% (Sigma) for visualization. Embryos were then transferred to a
new Petri dish with ASW (35 ppt) and incubated at 26°C. The embryos
showing some red-fluorescence (as a mosaic) were selected at around
stage 24 (54.5 hpf) to stage 32 (320 hpf) and raised for further breeding.

5.4 Results:
5.4.1 Analysis of total RNA of A. dispar

Neither a reference genome sequence nor cDNA sequence for A. dispar
were available at the start of this project. Therefore, to obtain cDNA
sequence information to identify genes linked with immune functions; total
RNA from A. dispar embryos was prepared and sent to the Exeter
sequencing service. Total RNA of A. dispar at different stages (St. 9, 10-11,
14, 18-19, 25-26 and 28) was isolated (Fig. 5.1 A). All samples showed high
integrity (RIN>8.0), suggesting that the quality of the RNAs was good for
RNA-Seq analyses and samples were therefore analysed using the next

generation sequencer, illumina Hiseq 2500 (Fig. 5.1 B and C).
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Figure 5.1 Assessment of RNA integrity and quantification of RNA
from A. dispar. (A) Agarose gel showing total RNA of Arabian Killifish
embryos at different stages (1. St. 9, 2. St. 11, 3. St. 14, 4. St.18-19, 5. St.
25-26, 6. St. 28). Concentrations of RNA (nanodrop) (A) 248, 159, 264,
182, 357, 484 ng/ul respectively. (B) Electropherogram files of RNA
extracted from different stages of A. dispar. (C) RNA quantity on the same

samples. RIN (RNA integrity number) > 8.0 for all samples.

5.4.2 Assays of wild-type and Casper zebrafish killing by C. albicans

To analyse immune cell-pathogen interactions in live fish embryos, we used
transparent embryos in which development of pigments are suppressed
and therefore microscopic observation of the immune cells and pathogens
are easier. To create transparent embryos, development of pigment cells or
pigment synthesis can be supressed using genetic mutations such as
Casper with combined loss of melanocytes and iridophores or chemical
treatments such as PTU (White et al., 2008; Mourabit et al., 2011).
However, it is not clear if the presence or absence of pigment cells may

affect immune cell activity. To examine the function of pigmentation in the
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immune response of wild-type and Casper zebrafish embryos, C. albicans
NGY152 was used to infect the yolk of these embryos at 24 hpf. In these
infection models, survival of 100 embryos was monitored daily at constant
time points between 6-72 hpi. As shown in Fig. 5.2, the highest rate of
lethality was recorded within infected Casper zebrafish at 24 and 48 hpi.
Infected wild-type zebrafish embryos survive the infection one day longer
than the Casper group. This result suggests that, it is possible that pigment
cells play a potential role in protecting body from the effect of pathogens
possibly by enhancing the immune cell activity. Therefore, to investigate
natural response of immune system against pathogens, we decided to

mainly use the pigmented wild-type fish lines for further analyses.

—a— Casper zebrafsh
l Wt zebr Fish

Time (hours)

Figure 5.2 Pigment free mutants of zebrafish (Caspar) are less
resistant to C. albicans infection than the WT embryo. 100 embryos for
each group of Casper zebrafish and WT zebrafish were injected within
1X10°® cells/ml of C. albicans and survival rate was monitored for 72 hours
post infection (hpi). The experiment was performed in triplicate, with values
plotted representing the mean at each time point.
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5.4.3 Sudan Black (SB) stained granulocytes in A. dispar embryos

We investigated the distribution of granulocytes (neutrophils) in A. dispar
and Casper zebrafish by using Sudan black and a FITC-tyramide specific
staining method that can detect the strong peroxidase activity which can be
assessed with these cell types. In this experiment, the transparent Casper
zebrafish strain was used as an initial testing platform for the staining
techniques. Sudan black (SB) was staining was limited in uninfected
embryos (Fig. 5.3 A) but resulted in positive staining of neutrophils in
infected zebrafish at 48 hpf and A. dispar embryos at st.27 (Fig. 5.3 B and
D) respectively. These results demonstrated that this method works
efficiently with fixed embryos. In A. dispar embryos, the stained granules of
neutrophils were also noticeable during DIC-microscopy. By 1 hpi, slight
staining by SB was present in the trunk and tail fin of Casper zebrafish and
in A. dispar (Fig. 5.3 Di-ii). The highly detectable SB stain appeared in the
entire trunk and tail fin of zebrafish. Notably, by St.30 in A. dispar, heavy
staining was observed in the tail fin (Fig. 5.3 D iii), in contrast to the
uninfected control embryos. To detect granulocytes, FITC-tyramide (green)
staining was also used with Casper zebrafish and A. dispar embryos, (Fig.
5.3 E, F respectively). Green dots indicate peroxidase-positive granulocytes
in the trunk of the embryo. From these results, we clarified the distribution
of neutrophils throughout both A. dispar and Zebrafish embryos after

infection using SB staining and FITC-tyramide.
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Figure 5.3 Sudan Black (SB)-stained neutrophils in A. dispar embryos.
Lateral view of embryos shows the distribution of granulocytes. The
accumulation of stained granulocytes was appeared in the trunk and tail fin
(superficial) in the infected embryos. (Ai-ii) Control uninfected zebrafish
embryo 35 hpf, (Bi-ii) SB staining of neutrophils in infected zebrafish embryo
48 hpf; (Ci-ii) control A. dispar embryo at st.27; (Ciii) SB staining in injected
embryos at st.30 in the tail. (Di-iii) SB staining of neutrophils in injected A.
dispar embryo at st.27. (E-F) FITC-tyramide detection of endogenous
peroxidase activity within zebrafish and A. dispar. Scale bar = 100 um (A-C)
and 200 um (D-E). Arrows indicate neutrophils.
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5.4.4 Rapid and specific dissemination of macrophages in response to

Candida infection

Macrophages are essential for protecting embryos from infection. To
examine the response of macrophages to C. albicans infection, a
preliminary experiment was conducted to test L-plastin antibody labelling of
macrophages (Antonio et al., 2015), within A. dispar embryos and zebrafish
embryos. L-plastin-positive macrophages were detected within both the
control and the infected embryos at 24 hpi. Increased macrophage
infiltration was observed within infected embryos at 24 hpi in both zebrafish
and A. dispar embryos (Fig. 5.4 B and D) but not in the uninfected embryos
(Fig. 5.4 A and C). Due to this finding, in subsequent experiments we
focused on the L-plastin antibody to detect the macrophages during fungal
infections.

To further investigate the necessity for macrophages during fungal
infection, infected embryos were incubated for 1 to 48 hpi and fixed.
Immunofluorescence staining for L-plastin activity was performed to
determine the presence of macrophages in the embryos at these times. At
1 hpi, a difference between control and infected embryos was clearly
observed and there was evidence of macrophage infiltration within 1 hpi
embryos (Fig. 5.5 A, B). However, by 24 hpi, L-plastin showed significantly
increased expression, indicating the efficacy of macrophages in challenging
the pathogens (Fig. 5.5 C). Staining at 48 hpi showed that labelling of
macrophages by L-plastin antibody was similar to the expression at 24 hpi

(Fig. 5.5 D). The time course is summarised graphically in figure 6.
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Figure 5.4 Macrophages revealed by L-plastin marker within zebrafish
and Arabian killifish embryos. Embryos were microinjected with C.
albicans and stained with an L-plastin primary antibody and detected via
Alexa 488 fluorescence after 24 hpi. (Bi, Bii) Fluorescence imaging showing
Alexa 488/L-plastin signal of macrophages within uninfected and infected
zebrafish at 24 hpi. (C-Dii) L-plastin expression within A. dispar embryos at
24 hpi. Imaging was show lateral view, Bii shows the trunk of a zebrafish;
C-Dii show brain, yolk and trunk of A. dispar embryos. Arrow head indicates

macrophages. Scale bar (A and Bi) = 200 um; (Bii-Dii) = 500 pm.
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Figure 5.5 L-plastin labelled macrophages are significantly recruited
during fungal infection in A. dispar embryos. Embryos at somitogenesis
St.25 were microinjected with C. albicans and incubated for 48 hpi. Images
show L-plastin labelled macrophages at different times of infection. (A)
uninfected embryos (control), (B) infected embryos at 1 hpi, (C) infected
embryos at 24 hpi, (D) infected embryos at 48 hpi, (E) number of
macrophages at each time points. Scale bar = 200 um. The experiment was
performed in triplicate (N=9; values shown are means * SEM). Arrows

indicate macrophages.
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5.4.5 Suppression of irf8 and cxcr4 expression blocks the development of

macrophages

irf8 expression is generally associated with macrophage (Holtschke et al.,
1996). Therefore, we hypothesised that macrophages are crucial in the
defence of A. dispar against C. albicans infection. To test this hypothesis,
we tried to reduce macrophage involvement in embryos using a morpholino.
To investigate the role and effect of irf8 knockdown on the development of
macrophages, the L-plastin antibody was used to examine macrophage
development within infected embryos and to stain them. The data clearly
shows that irf8-MO-injected embryos lacked macrophages (Fig. 5.6 B), in
contrast to the uninfected control irf8-M@ embryos (Fig. 5.6 A). The
depletion of L-plastin expression in macrophages by irf8-MO was clearly
specific.

To assess the distribution of immune cells (macrophages) within infected
embryos for 24 h, cxcr4-MO was injected into the 1 cell stage of A. dispar
embryos, and at the somitogenesis stage. These mutant embryos were
microinjected with 1x10® cells/ml of C. albicans. The cell-type specific
marker L-plastin was used to examine the impact of cxcr4 knockdown a
macrophage distributions post infection. The data demonstrated that there
was a lack of detectable cxcrd staining and the macrophages cells were
restricted to a small region (Fig. 5.6 Ci). In contrast, cxcr4-uninjected control
embryos (Fig. 5.6 A) showed L-plastin -expression macrophages in the
whole embryo.

We then investigated whether knockdown of macrophages by irf8-MO and
cxcr4-MO could influence A. dispar survival at 24 to 72 hours post infection.
93% of embryos died within 24 hpi when treated with irf8-MO. A. dispar
embryos that were injected with irf8-MO and cxr4-MO died by 48 hpi and 24
hpi respectively (Fig. 5.7). In contrast, 73.3% of the control group were a
live at 24 hpi, 60% survived at 48 hpi and 13.3% survived until the end of
the experiment at 72 hpi.
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Figure 5.6 irf8 and cxcr4-MO injected embryos have no macrophages
and randomly expression of macrophages with cxcr4-MO. Irf8-Mo and

cxcr4-MO were injected into the one cell stage and then at stage 24,
embryos were injected with C. albicans. Images show clearly disruption of
macrophages with irf8 mutants and restriction of macrophages in a small
region with cxcr4 mutants. (A) control/L-plastin (uninfected embryos), (B)
irf8-MO/L-plastin expression at 24 hpi shows a complete defect of
macrophages, (C) cxcr4-MO/ L-plastin expression at 24 hpi shows a
restriction of macrophage cells to a small region (arrowed), (D) number of
macrophages. The experiment was performed in triplicate (N=9; values

shown are means = SEM).
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Figure 5.7 Survival curve of A. dispar irf8-MO after C. albicans
infection. Embryos for each group (N=15) for (A) irf8-MO and control; (B)
cxcr4-MO and control were monitored after infection within C. albicans at
1X108 cells/ml Observations on survival were made for 72 hours post

infection.

5.4.6 Immunofluorescence analysis of microglial cell distribution

The distribution of microglia in different regions of the A. dispar brain was
studied, using immunofluorescent techniques. A 4C4 antibody was used
to detect microglial cells (Beker and Beker, 2001). To assess the infiltration
of microglia in the brain of A. dispar embryos at 24 hpi, embryos were
microinjected with 1x10® cells/ml of C. albicans and incubated at 37°C for
24 h. The results indicate that microglia proliferate at 24 hpi in both the
brain (Fig. 5.8 Aii) and the spinal cord (Fig. 5.8 B) suggesting the activation
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of autophagic responses to protect the brain from the infection (Olson,
2010). Generally, the density of microglia was higher in the midbrain and
lower in the hindbrain. The microglia in the uninfected embryos (control)
showed smaller numbers in the brain and spinal cord (Fig. 5.8 Ai-Bi).

cont/St.30] 24 hpi

Figure 5.8 Visualization of microglia in the brain and spinal cord of A.
dispar embryos. Embryos were injected into the hindbrain with 1x10®
cells/ml of C. albicans and incubated at 37°C for 24 h. A. dispar show
activated microglia in both brain and spinal cord, in contrst to the uninfected
embryos. (Ai) brain, control/4C4; (ii) dorsal view of infected brain at 24 hpi;
(Bi-ii) lateral view of the spinal cord (control) and infected embryos at 24
hpi. Arrow head indicated staining microglia by 4C4 antibody. Scale bar =
200 pm.

170 |Page



5.4.7 Time-course of phagocytosis in A. dispar embryos

Since the ability of A. dispar to manage C. albicans infection is dependent
on macrophages, the time-course of macrophage proliferation was
examined in more detail. Infected A. dispar embryos were homogenized at
somitogenesis stages St. 24 and 25 (54.5-59.5 hpf), and the time-course of
the macrophage marker protein L-plastin was analysed, using western
blotting (Fig. 5.9 A). The result demonstrated that the macrophage
population changed over time in a complex manner. Measurement of L-
plastin after 24 hpi showed high expression and significant differences
compared to the first 10 min of infection (p<0.005) Infected embryos at 48,
72 and 120 hpi displayed significant down-expression of L-plastin,
compared with 96 hpi which showed a higher expression than at other

incubation times.
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Figure 5.9 Time-course of L-plastin expression within activated
macrophages following C. albicans infection. A. dispar embryos were
microinjected with C. albicans and incubated for 120 hpi. Six whole fish
embryos were lysed in100 ul SDS and subjected to immunoblot analysis
with poluclonal antibodies to L-plastin and tubulin. The histogram displays
the signal intensity of the lower 67 kDa L-plastin protein band in A. dispar
embryos after normalization with the a-tubulin signal intensity for each

sample. N = 3. Values plotted are means + SEM.
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5.4.8 Deletion of mannan from the C. albicans cell wall affected

macrophages-L-plastin levels

To determine the effect of impaired cell wall biosynthesis outer layer on the
immune response of the host, mutants of C. albicans with defection cell wall
mannasylation were compared alongside the WT. L-plastin levels in
infected embryos were assessed by western blot analysis. The WT levels
steadily increased showing increased macrophages production over 24 hpi.
Deletion of mntl-mnt2A resulted in a significant increase of L-plastin.
Whereas, then pmr14, och1A showed a similar response to the wild-type.

(Fig.5.10). Statistical analyses of WT and mutant responses were

compared using one-way ANOVA.
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Figure 5.10 Activation of L-plastin level by different C. albicans
mutants. (A) Levels of L-plastin expression following infection with different
strains of Candida cell wall mutants, pmrlA, och1A, mntl-mnt2A or the WT
NGY152 were examined using western blotting. Uninfected controls were
included for comparison. Total proteins were isolated from infected embryos
at different times of infection. Relative intensities are measured with respect

to the 3-actin control signal. N = 3. Values plotted are means + SEM.

5.4.9 Direct real-time visualisation of Candida-host immune cell interactions

in vivo
To assess the interaction of immune defence cells against C. albicans, A.
dispar embryos were injected with 1 to 2 nl of CAF2-dTomato C. albicans

(5x10"° cells/ml). Fungal cells and the immune response was visualised
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between 5 mpi and 24 mpi (Fig.5.11). Macrophages can be seen
phagocytosing the yeast form of the pathogen. As expected, macrophages
swiftly engulfed Candida cells present in the infected yolk. After their
phagocytosis of the Candida cells, macrophages acquired different shapes

and their movement accelerated.

Figure 5.11 Direct real-time visualization of the Interaction between
Candida and immune cells of A. dispar. Time lapse images were
obtained from injected embryos with (5x10*° cells/ml) of Candida cells at (A)
5 (B) 7, (C) 9, (D) 12, (E) 14, (F) 16, (G) 18, (H) 20, (I) 22. The black
arrows indicate macrophages and red arrows indicate Candida cells in the
yolk. Movie time, minutes post infection (mpi) is shown at the bottom right of
each image.
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5.4.10 Macrophages show tissue specific response in relation to interact

with C. albicans.

Analysis of the real-time of interaction between macrophages and C.
albicans in embryos, allows a consideration of the impact of anatomical
location on the immune response. The results shown in Figure 5.12
displayed the interaction between CAF2-dTomato Candida and
macrophages at 1 hpi. This time of infection revealed clear differences in
the immune response when comparing different infected niches.
Macrophages were immediately attracted by fungal pathogens at all sites.
Interestingly, macrophages deeply infiltrated the Candida cells at the yolk of
A. dispar embryos (Fig. 5.12 Bi-ii). In the brain, an obvious interaction
occurs between microglia and C. albicans cells, (Fig. 5.12 C). The trunk
also showed a clear interaction (Fig.5.12 D). In comparison with the
uninfected embryos, macrophages displayed less individual distribution

than in the injected embryos (Fig. 5.12 A).
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uninfected

Figure 5.12 Fluorescence imaging of C. albicans and macrophages (L-
plastin) within A. dispar embryos. Embryos at somitogenesis stage were
injected with CAF2-dTomato C. albicans into the different sites (Brain, trunk
and yolk) and incubated for 1 hpi. Whole mount immunofluorescence was
performed using an L-plastin primary antibody and secondary Alexa 488
labelling and CAF2-dTomato C. albicans in the A. dispar embryos. (A)
Uninfected; (Bi-ii) infected yolk; (C) Brain. Arrows indicate; m, macrophage.
c, C. albicans.

5.4.11 Reactive Oxygen Species (ROS) detection within A. dispar embryos

To evaluate the production of ROS within infected embryos, 2',7’-
dichlorofluorescein (H.DCFDA) was used to assess the distribution of ROS
(Fig. 5.13) and quantify ROS production (Fig. 5.14). After the trunks of
embryos were microinjected with 1-2 nl of C. albicans at 1x10® cells/ml for
30 minutes (Figure .5.13) ROS production was detected at the site of the
microinjection itself and at a distal site such as the tail fin (Fig. 5.13 B).
Notably, the accumulation of fluorescent probes was discernible even at the
short observation time chosen in this experiment. The uninfected control

embryo, however, showed negative signal for the probe (Fig.5.13 A).
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Figure 5.13 Whole mount ROS-detection in A. dispar embryos. A.

dispar embryos at mid-somitogenesis stage (St.24-25) were microinjected
with C. albicans at 1x 10® cells/ml. Image show ROS accumulation at the
infected site (trunk) and an induced signal in the fin tail. ROS production
was detected with H,DCFDA. (A) Representative image showing uninfected
control and (B) induction of ROS in A. dispar at 30 min after infection.
Arrows indicate infection site (trunk) and induced site (tail fin). Scale
bar=500 pm.

To quantify the fluorescence of labelled ROS using (H,DCFDA) kit, real-
time analysis of fluorescence intensities was applied to measure ROS,
using a microplate reader (Fig. 5.14). The data reveal that there was an
increase in of ROS levels during the infection. Moreover, depending on the
effectiveness of C. albicans mutants of causing disease, the immune
response altered. Embryos infected with WT C. abicans showed higher
fluorescent intensity than all mutants. The mntl-mnt2A mutant likewise
demonstrated a fairly high level of fluorescence (Fig. 5.14 A) a result
consistent with the real-time imaging. In the cases of the pmr1A and och1A
mutants, a lower intensity level of ROS production was measured. (Fig.
5.14 B, C).
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Figure 5.14 Quantification of ROS in A. dispar embryos using H2CFDA
fluorescence intensity measurements in a microplate reader.
Fluorescence of 2',7'-dichlorofluorescein (DCF) formed when H,DCFDA is
oxidised by ROS in embryos was monitored (Ex’Em: 485/535 nm) from 30
mpi until 2 hpi. Fluorescence intensities of embryos following infection
with different mutants of Candida were measured. ROS levels in infected
embryos were compared with the uninfected embryos (control). Fish
embryos were microinjected with (A) mntl-mnt2A mutants of Candida, (B)
pmri1A mutants of Candida, and (C) och1A mutants of Candida.
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5.4.12 Induction of the immune response and gene expression is required

for elimination of the fungal Infection

To elucidate the molecular mechanisms of the innate immune response of
the A. dispar embryos against fungal infections, we first examined the
expression of immune response genes during embryo infection using gPCR
analysis. Embryos were microinjected into the yolk with WT strain and
different mutants of C. albicans (mntl-mntA2, pmr1A and och1A) and
incubated for 24 hpi. Total RNA was then extracted from homogenized A.
dispar embryos, cDNA was synthesized, and the gene expression level was
then determined for L-plastin, cxcr4, csfl-r, noxl and nosla. Clear
differences in expression level were detected following infection. Overall
high expression levels were detected for all genes following infection of the
embryo infected by the wild type C. albicans shown (Fig. 5.15). Whereas
embryos with mutant C. albicans showed a lower level of expression. Some
mutants elicited a down-regulation of gene expression in some case. With
ochlA produces significantly (P<0.005) of all genes tested. L-plastin and
csflr are used as markers for macrophage, suggesting that wt C. albicans
increased macrophage by 2.5-fold and 1.8-fold respectively whereas in the
three mutants, L-plasin was suppressed (Fig.16 A, C). Nox1 is expressed in
neutrophils (Balazs Rada, 2008) and the expression was increased in the
WT C. albicans infected embryos by 9-fold (Fig.5.15 D). However, the
nosla which is also expressed in the neutrophil only showed 1.2 folds
increase (Fig. 5.15 E). Cxcr4 is expressed in both macrophage and
neutrophil and also showed increase of expression in the WT C. albicans
infected embryos (Fig. 5.15 B). In all mutants tested, mutant-infected
embryos showed lower gene expression compared to WT (Fig. 5.15 A- E)
suggesting importance of mannosylation for detection of Candida and

activation of immune response.
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Figure 5.15 gPCR monitoring of immune response in A. dispar

embryos after Candida infection. A. dispar embryos were microinjection

with WT or mutants of C. albicans (pmrlA, mntl-mnt2A and ochlA) into the

yolk and incubated for 1 and 24 hpi.

Gene expression levels were

determined using gPCR and the relative fold change for each marker gene

was plotted and normalised against a housekeeping gene (Ad_ Lsm12b) £
SEM. (A) L-plastin, (B) cxcr4, (C) csfla, (D) nox1 and (E) nosla expression
levels at 24 hpi. N= 3 (with 10 embryos per replicate). Values plotted are

means = SEM.
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5.4.13 Development of a transgenic A. dispar fish

To demonstrate that A. dispar can be genetically labelled and modified, a
transgenic A. dispar line was produced by microinjection of the pBeta-actin-
DsR-LoxP-GFP plasmid into the one-cell stage of eggs. At 24 hpf, embryos
were checked, using fluorescent microscopy, and classified into positive
(with mosaic fluorescence) and negative (no fluorescence) batches. Nine
positive transgenic embryos were raised to adult fish (FO fish). Each adult
FO fish was crossed with a wild-type fish in pairwise mating. When
fluorescent embryos were obtained (Fig. 5.16), the parent FO fish was
designated as a career. We crossed 9 FO fish and identified 3 career fish.
Among these career fish, one female which lays eggs most was selected
and 30 fluorescent embryos were raised to adult (F1) to establish the
transgenic fish line.

A bActin promoter
LoxP LoxP

Figure 5.16 Generation of transgenic Arabian killifish. Arabian killifish

were genetically engineered to express red fluorescent protein (RFP) to
evaluate the potential to generate transgenic lines for future studies.
Figures show A. dispar embryos at different stages of development. Red
signal indicates expression of Beta-actin-DsR-LOXP-GFP. (A) Map of the
transgenic DNA. The DNA contains, Tol2 transposon sequence, medaka
beta-actin (bActin) promoter, LoxP sequence, DsRed and GFP fluorescent
protein genes, poly A signal (pA). (B-D) Red fluorescent signals at epiboly
stages (B), somitogenesis stages (C) and larval stage (D). Scale bar = 1000

um.
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5.5 Discussion

In this work, A. dispar was used for the first time as a model to investigate
the host-immune response to infection. This is significant as A. dispar can
survive at 37°C, enabling us to study the fungal infection at human body
temperatures and the immune system is similar to that in other vertebrates.
Fish embryos are transparent, so that the Candida-immune response can
be directly investigated using non-invasive approaches as well as permitting
biochemical assays to follow the progression of infection at a molecular
level.

Before this study was undertaken, gene sequence information for the
Arabian killifish (Aphanius dispar) was not available. The RNA-seq analysis
of killifish embryos provided the foundation for identifying immune response
genes and the critical information for the design of PCR primers and
morpholinos.

The fundamental immune system is similar in both fish and mammals. Fish
models have become very important and attractive for the study of
functional immunity responses to infection (Rauta et al., 2012).
Interestingly, a previous study by Levesque et al., (2013) suggested that the
zebrafish is a novel model for examining the assumption that pigment cells
are capable of playing an important role in combatting microbes by
providing evidence of the migration of melanocyte and melanoblasts to the
wounds or infection sites. Furthermore, the early induction of innate
immune cells is induced by direct signals (attractants) to guide the
movement of melanocytes (Levesque et al., 2013). The results presented in
this chapter show that there was a decrease in the ability of the Casper
zebrafish mutant to survive, compared to the wild-type zebrafish. For
example, only 2% of Casper zebrafish survived after 48 hpi, while 20% of
wild-type zebrafish were alive at that time (Fig. 2). The present data
therefore suggests that a higher rate of mortality was observed within
Casper zebrafish because of the deficiency of pigmentation, including a
possible role for pigment cells in antimicrobial activity and regulation of
inflammatory responses. This idea is supported by Mackintosh (2001), who
reported that the melanisation of skin has a crucial role in innate immune

defence, due to the functional role melanocytes play as inhibitors of the
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proliferation of microorganisms. Lévesque et al. (2013) suggested that in
the wound response, hyperpigmentation might occur as a result of this
potential antimicrobial role. Such as mechanism might have a role during
tissue damage caused by fungal infection. Clinical studies have also
mentioned that within an inflammatory environment, melanocytes can be
stimulated by leukocytes and keratinocytes to become more dendritic
(Levesque et al., 2013). These literature findings and our results suggest
that if we are to investigate fully the effects of a pathogen in live animal, we
should use wild-type pigmented lines rather than transparent animals.

To investigate the distribution of granulocytes (neutrophils) in A. dispar and
Casper zebrafish embryos, Sudan Black and FITC-Tyramide were used.
These stains were found to be suitable techniques for defining and tracing
the origin of neutrophils and their distribution and allowing clear
visualisation of functional granule trails (Le Guyader et al., 2008). The
distribution of neutrophils seen in Casper zebrafish at 35-48 hpf during
infection agreed with findings of the previous study, which had shown the
simultaneous appearance of neutrophils at 48 hpf in whole embryos (Le
Guyader et al., 2008). Within A. dispar embryos, we found that the
appearance of granulocytes over the whole trunk and tail fin of A. dispar
increased during the infection time at a late stage (St. 30) while only a few
granulocytes were observed at st.27 in these locations. SB staining
suggested the appearance of a small number of these cells referred to still
immature neutrophils (Le Guyader et al., 2008). Additionally, no cells were
stained in the head of A. dispar embryos. It is possible likely that this
technique stained neutrophils in the tail very well but could not stain the
neutrophils in the head because of the large and deep extent of these
tissue at the late embryonic stages. In addition, the existence of
pigmentation in the head and yolk of model may have disturbed the view
and reduced the clarity of the staining. However, A. dispar as a model still
provides a platform for future studies that will facilitate new insights into the
immune interaction during fungal infections.

Immunofluorescence was used to detect the distribution of immune function
proteins within infected embryos. We stained macrophages positively with

an L-plastin antibody. The data collected showed that Candida infection
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leads to an increasing incidence of inflammation associated cell types,
which can significantly induce immune cell interactions at the site of
infection. Our observations showed the highest number of labelled
macrophages was detected at 24 and 48 hpi.

It is well known that irf8 is a factor involved in diverse aspects of innate
immune system function and developmental (Holtschke et al., 1996). In this
study, we knocked down the irf8 gene using a Morpholino in A. dispar
embryos, and found that irf8 deficiency resulted in a failure to form a
macrophage population. Similarly, in zebrafish there was a failure to
establish macrophages in to irf8 MO knockdown, but the neutrophil
population exhibited an expansion that was not attributable to the
acceleration of prolonged cell survival (Li et al., 2010). In the irf8 MO
injected A. dispar embryos, survival of the embryo by Candida infection was
strongly decreased (e.g. more than 50% in control whereas 0% in irf8 MO
at 48 hpi) (Fig. 8). These data suggest that macrophages have a crucial
role in protecting embryos from Candida infections. In macrophage, it is
known that cxcr4 is expressed as it plays an important role in regulating cell
migration to the sites of inflammation (Angsana et al., 2016). In this study,
microinjection of cxcr4 MO blocked the function of cxcr4 in the infected A.
dispar embryos as there was lack of detectable cxcr4 expression and
macrophages cells were restricted to a small region, confirming earlier
findings that reveal the involvement of cxcr4 signaling in controlling and
directing movement of macrophages cells (Richard et al., 2008).

Many Morpholino work very well to block translation through targeting the
start codon of mRNAs as well as, targeting splice sites in the pre-
messenger RNA to knock down gene expression. However, some side
effects have been noticed using MOs including the non-specific binding to
unintended RNAs or even other macromolecules (Eisen and Smith, 2008).
In addition, recently, it was observed that the efficiency of some
morpholinos may be decreased over time (Chow et al., 2017). Therefore,
further work should also be conducted using a CRISPR/Cas9 mediated
gene knock out of irf8.

Microglia are activated immune cells that play a key role in the

immunological characteristics of the Central Nervous System (CNS)
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(Ginhoux et al., 2013). A previous study by Olson (2010), suggested that a
possible difference in immune reactivity may be found between microglia in
the spinal cord and those in the brain. It has also been suggested that the
immune response in the spinal cord could be higher than that in the brain
due to the high immune reactivity of microglia in the spinal cord compared
to those in the brain (Olson, 2010; Jin et al., 2016).

In this study, an immunofluorescent technique using a 4C4 antibody was
used to examine the distribution and the infiltration of microglia in the brain
of A. dispar embryos infected with C. albicans. At 24 hpi, the results
illustrated that C. albicans infection triggered increased number of microglial
cells at the site of infection in the brain and also in distal domains in the
spinal cord. The present findings therefore confirm earlier studies that
reported the important role of microglia in immune response in the brain
and the spinal cord (Olson, 2010).

In general, the proliferation of macrophages is accompanied by rapid
changes in gene expression (Davis et al., 2013). Our study suggested that
there is a balance between two macrophage populations activated at
different timing during infection: activated macrophages (proinflammatory)
and alternative macrophages (anti-inflammatory) (Martinez and Gordon,
2014). The time course of macrophage development in A. dispar embryos
was assessed using western blotting technique, depending on the
macrophage population. The data showed that high levels of L-plastin
expression were observed at 24 hpi and 96 hpi, compared with other
inoculation times. The data indicated a bi-phasic activation of macrophages
at different time point after infection. Previous studies by Mounier et al.,
(2013); Wang et al., (2014) have illustrated that after injury, activated M1
macrophages release pro-inflammatory cytokines and chemokines, which
24 to 72 hours later, leads to the M1 macrophages being sequentially
replaced by anti-inflammatory macrophages M2, which in turn are
responsible for stimulating myogenic precursor cells to differentiate and
form new regenerating myofibres.

In zebrafish, Nguyen-Chi et al., (2015) demonstrated that M1 macrophages
were induced in a caudal fin wound at 6 hours post amputation (hpa), and

that there was upregulated expression at 16 h post inoculation with E. coli.
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In addition, it was found that macrophages were recruited to the fin wound
from 1 hpa. Similarly, infection with E. coli in the muscle induced the
expression of macrophages a few hours post-infection. The same study
reported that, in both conditions, E. coli infection and fin amputation, a
steady increase in the macrophage population from 6 to 20 h was followed
by a dramatic decrease at 26 hpa and 26 hours post-infection. Overall,
these findings support our results, which showed an increase in
macrophages expression at 24 hpi. it was proposed that the recruitment of
macrophages was observed at the inflammation site as a response to the
wounding of the zebrafish. Based on our results which show that A. dispar
can still survive for more than 96 hpi, following C. albicans infection it would
be appropriate to investigate M1 and M2 sub-populations in future studies.
In this work, A. dispar embryos were evaluated as a potentially
advantageous in vivo model for carrying out studies to measure oxidative
stress following infection. ROS levels in A. dispar embryos were measured
using two distinct procedures. Firstly, whole mount ROS detection by
fluorescence microscopy was found to be an easy way to detect oxidative
stress in living embryos, and it has the advantage of allowing a rapid
qualitative assay. The results indicate that ROS was increased during the
infection by WT C. albicans indicating that release of ROS is a part of key
immune response of the host cells. On the other hand, infection by mutant
C. albicans cells showed different responses. All three mutants tested
showed lower ROS levels compared to WT infection; however, the mutant
mntl-mnt2A show relatively higher responses than the other two mutants
(pmr1A and och1A). This suggests, specific mannosylation events mediated
by Pmrl might be particularly important for immune cell recognition. The
och1A is a mutant which does not proliferate well and therefore it was
predictable that it did not induce a strong ROS reaction. Our findings are in
consistent with previous study of Wellington et al., (2008) who found that
ROS production was suppressed in mice as a result of increasing exposure
B-1,3 glucan of Candida.

Immune responses require the specific expression of key regulators

following invasion by different foreign pathogens. In this study, gPCR was
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used to follow changes in immune system gene expression after infection
(Lionakis et al., 2011).

L-plastin belongs to a family of actin-binding proteins (Freeley et al., 2012;
Morley 2012). During fungal infection, cells expressing L-plastin increased
within infected embryos demonstrating the role of upregulated L-plastin in
the clearance of Candida cells at 24 hpi. The highest expression was seen
when embryos were exposed to the WT.

L-plastin is expressed at a high level in zebrafish at 18 h: It is evident in the
both posterior intermediate cell mass (ICM) and throughout the body at 28
hpi, but expression diminishes drastically at 5 dpf (Bennett et al., 2001).
Chemokines play a central role in the activation and regulation of leukocyte
trafficking to the inflammatory sites (Shi et al., 1998). Colony-stimulating
factors (CSF) regulate myeloid cell differentiation, and the development and
proliferation of many cells, such as monocytes and macrophages (Garcia et
al., 2016). High level expression of csf-1r, which is known as macrophage
colony-stimulating factor M-csf, can play an essential part in the survival
and promotion of macrophages in both steady state conditions and during
infection (Hamilton and Achuthan, 2013). In the present study, csf-1r gene
expression within A. dispar embryos infected with C. albicans was
examined, using qPCR. Our results showed that, during an infection, there
was an increase in csf-1r gene expression correlated with a recruitment of
macrophages at 24 hpi. It can be suggested that csf-1r gene expression
increases, due to its important role in inducing phagocytosis and driving the
amplification of pro-inflammatory macrophages (Cao et al., 2014). The
present result is also supported by earlier findings of Guleria and Pollard
(2001), who found that after mice were infected with Listeria
monocytogenes, macrophage density increased dramatically within 24 hpi.
Our results are in agreement with the recent study of Al-Zaidan (2017), who
reported that exposure of zebrafish to toxic ammonia, resulted in an up-
regulation of csf-1r at 24 h.

NOX is an important family of NADPH oxidases, and has the ability to
produce ROS in the host cells, especially within immune response. NOX -
mediated oxidative innate immune defence against bacteria and fungi

operates by deriving ROS to react against pathogens and regulate the
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adaptive immune response (Baldzs Rada, 2008; Segal et al., 2000). In
addition, according to Simona-Adriana et al., (2015), during microbial
infection, NOX is rapidly regulated and expressed against invading
microbes (Simona-Adriana et al., 2015). Moreover, in their study, Selemids
et al., (2013) illustrated that nox1 modulates the inflammation state at 3-7
hours post influenza infection and subsequently clears the viruses.

Prior to this study, the expression levels of nox1 oxidase in the A. dispar
embryos within fungal infection had not been examined. Our results showed
that the expression was significantly higher (9 fold) in embryos infected by
WT C. albicans after 24 hpi. On the other hand, with the cell wall mutants,
(pmr1A, mnt1-mnt2A, and och1A), expression levels were not up-regulated
compared to the uninfected control. This result can be explained by findings
reported by Selemidis et al., (2013) who reported that nox1l expression
plays an important and effective role in the pro-inflammatory response that
protect host tissues. The present results also seem to be in agreement with
many previous findings, such as those of Panday et al., (2015), and Silva
(2007), who had suggested that the over-expression of noxl during
infection probably participates in increasing the production of H,O, which is
one of the ROS required for antimicrobial activity.

NOS (nitric oxide) is an important inducible component of the immune
response, required to control infection (Li et al.,, 2006). According to
Korhonen et al.,, (2005), nitric oxide itself plays a significant role in
combatting pathogenic microbes by means of its cytotoxic properties. NO
can produce reactive nitrogen species as a result of its interaction with
molecular oxygen and superoxide anion (Chauvin et al., 2017). The nitric
oxide synthesis (NOS) gene can eliminate and prevent infections through
its involvement in mediating the signals by NOS enzymes (Li et al., 2006).
Earlier studies have revealed that NOS plays a fundamental role in the
immune response (Tripathi et al., 2007; Jun et al., 2014). Jun et al., (2014)
found that NOS gene expression was elevated after bacterial infection,
and was dependant on the time of migration of innate immune cells in
catfish. It was observed that the NOS gene was highly expressed in the

brain of catfish after bacterial infection (Holmqvist et al., 2000).
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As mentioned previously, mannan is an essential element in the recognition
of fungi by pattern recognition receptors. Disruption of al, 2-mannan can
have a significant influence on monocyte recognition of C. albicans (Hall et
al., 2013). The present study suggested that loss of mannan in C. albicans
is likely to influence recognition of Candida by macrophages in A. dispar,
and that it is likely to have an impact on production of nos. This idea was
assessed using gPCR and the results showed higher NOS expression
within embryos infected with WT Candida compared to those were infected
with mutants. A possible explanation for the differences in NOS expression
is that with WT condition, mannan increases recognition and migration of
macrophage to the infection sites which leads to upregulate production of
nos as a key aspect of the antifungal response (Tripathi et al., 2007; Jun et
al., 2014). The present results agree with those of Wu-Hsieh et al., (1998)
and Shen et al., (2015) who demonstrated a correlation between NOS
expression and severity of disease: NOS was highly expressed in
splenocytes after C. sinesis infection. However, further investigations will be
required to determine the exact relationship between the presence of a1, 2-
mannan and increases in nitrogen species production.

Although differential gene expression was detected in the gPCR data, it is
still not clear how this relates to the number of active immune cells in the
WT and mutant infected embryos. For instance, if pmrlA infection did not
induce proliferation of the macrophage, L-plastin would not be increased,
but if pmrlA infection induced proliferation of macrophage but did not
induce transcription of L-plastin, the level of L-plastin would also be low.
Therefore, more detailed examination of response of immune cells and
genes would be needed.

Polysaccharide analysis within the C. albicans cell wall has shown that
hyphal cell walls contain a lower amount of mannan and a higher amount of
chitin and glucan compared to those of yeast cell walls (Mukaremera et al.,
2017). Further it has been demonstrated that the C. albicans yeast cell wall
stimulated more chemokines than hyphal cell walls (Torosantucci et al.,
2000). Our study assessed the expression of the immune response within
WT and N- and O-mannanosylation mutants of Candida. The mutants

showed lower induction of immune response genes at 24 hpi than the WT.
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This might be resulted from a reduced stimulation of the immune response
in the host that is normally effected by glycosylated mannoproteins (Bates
et al., 2006). Elicitors of mannans and glucans in the cell wall may induce
phagocytosis as a result of increased recognition by a range of immune
receptors, such as C-type lectin and toll-like receptors (Erwig and Gow,
2016; Netea et al., 2006).

3-glucan which is mostly buried beneath the outer layer of mannan (Levitz,
2010), can be considered as an essential layer for immune response by
immune receptors such as dectin-1 (Wheeler and Fink, 2006; Torosantucci
et al.,, 2005). Overall, the immune response to Candida mutants can be
explained as follows: the deletion of O- and N- mannan permits increased
glucan exposure and therefore altered immune cell recognition
(Mukaremera et al., 2017; Wheeler and Fink, 2006).

Finally, transgenic A. dispar fish were generated in this study. The new line
of A. dispar express a red fluorescent protein can be a useful model for
Candida research. By using this fish, it may be possible to track the C.
albicans dissemination inside the tissue after infection with contrasting GFP
Candida strains.

In conclusion, the current study has shown the utility of the A. dispar model
to monitor the evolution of the immune response following infection by

fungal pathogens such as C. albicans.

189 |Page



Chapter 6-General discussion

6. 1 Normal embryonic development of A. dispar embryos

Over the last twenty years, the zebrafish, Danio rerio, has emerged as an
excellent model for fungal infection studies due to its transparency, small
size, high reproductive rate and extensive tool-kit for molecular analyses.
However, there are limitations in using zebrafish as a model because the
fish embryos cannot survive at 37°C. Recently, it has been discovered that
the Arabian Kkillifish (A. dispar) is able to live at a wide range of
temperatures, including 37°C. In this study, A. dispar embryos were
therefore exploited as a novel model for the investigation of the
pathogenicity of Candida albicans in a live host at human body
temperature.

As reported, the Arabian Killifish is found in waters around the eastern
Mediterranean, Iraq, Iran, Saudi Arabia, Syria, and north-east Africa,
including Somalia. A. dispar tolerates a wide range of ambient
temperatures and salinities and, as such, is unigque among common
laboratory models (Gholami et al., 2011; Haq and Yadav, 2011). This
species is known as a biological control agent for mosquito larvae. A.
dispar is also tolerant of a wide range of pesticides and toxins and can
tolerate low levels of Oy; therefore, it has been used as a biological model
to evaluate ecotoxicity (Saeed et al., 2015; Fletcher et al., 1992). Hence A.
dispar can be considered as a suitable model to examine the effects of a
wide range of environmental and pathogen mediated stressors on aquatic
species.

Before this study, a detailed description of the stages of normal
development in A. dispar was not available. Therefore, one of the main
objectives of the study was to present accurate descriptions of embryonic
development of A. dispar. In this study, fertilized eggs of A. dispar were
incubated at 26 + 1 °C to analyse the process of normal embryonic
development. Embryogenesis was divided into 32 stages based on
diagnostic features of development such as the number and size of
blastomeres, formation of the blastoderm, range of epiboly and

development of optic, otic, notochord, heart tissue and blood circulation
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systems. In addition, embryonic development of A. dispar was examined
under different thermal environments including 26.0, 30.0, 37.0 and 38.5°C
+ 0.1°C. Moreover, A. dispar fertilised eggs were incubated in salinities of
0.3, 3, 10, 14, 35 and 150 ppt of NaCl at a temperature of 26°C to assess
the effect of variation in salinity and temperature on the developmental
process in A. dispar. The observations revealed that A. dispar eggs and
embryos are optically transparent and so can be a novel model to
investigate and monitor normal and abnormal fish embryogenesis with high
quality imaging. Generally, our results show that the features of embryonic
development in A. dispar are similar to those of the related medaka
(lwamatus, 2004) and mangrove Killifishes (Mourabit et al., 2011).
However, some differences can be noticed between A. dispar and these
better established models. For instance, as it was reported by Iwamatus
(2004), that short hairs are distributed on the surface of the medaka
chorion, whereas in A. dispar embryos, the chorion is smooth and does not
have villi.

Compared with the Mangrove killifishes, that have a number of oil droplets
in their yolk which remain in the later stages of development and disturb the
quality of live imaging, the oil droplets in A. dispar yolk are rarer and smaller
and they become less apparent at the later stages fish embryogenesis.
Therefore, this study suggests that A. dispar is highly suitable for imaging
analyses with or without the removal of the chorion. Contrary to the
previous findings by Ilwamatus (2004) who reported in medaka that the
onset of blood circulation occurred at the late somite stage (stage 25) within
a single blood vessel in the yolk, A. dispar embryos develop an intense
blood vessel network earlier at the mid-somitogenesis stage (stage 22).
Consequently, we propose that A. dispar is an excellent model for future
studies to understand and study blood vessel development per se, or blood
vessel reactions and remodelling following physical damage or interactions
with toxicological agents and pathogens.

Various conditions including temperature and salinity might affect normal
embryonic development of A. dispar. We therefore characterized the
influence of both these conditions on A. dispar to provide detailed

information on the relationship between increasing temperature and salinity
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upon embryonic developmental rates. Our data are consistent with earlier
studies that recorded accelerated embryonic development of fish in
response to increased incubation temperatures (Hamel et al., 1997). A.
dispar embryos incubated at higher temperatures had shorter development
times, hatching on average at 168 hpf at 37.0°C compared to 320 hpf at
26.0°C. We also observed that the yolk sac size at higher temperatures
was smaller than at low temperatures. It can be suggested that the
increase in temperature may increase the rate of yolk absorption required
for building tissue. This result supports previous studies of Ogira et al,
(2014) and Fukuhara (1990) who reported that there is a correlation
between increasing temperature and consumption of the yolk sac in
Oreochromis niloticus, Paralichthys olivaceu, Acanthopagrus schlegeli,
Engraulis japonica and Pagrus major. Moreover, the effect of temperature
on embryogenesis of A. dispar presented in this study resembles the
findings reported by Jun et al. (2015) who demonstrated that the incubation
time of the obscure puffer, Takifugu obscurus, was significantly reduced as
a response to increases in temperature.

Though the effect of temperature on developmental rates in A. dispar was
of primary interest, salinity as a factor was also examined to assess its
influence on embryonic development. It was hypothesized that successful
growth and hatching can occur at extremes of salinity, to reflect its natural
habitat range. To test this hypothesis, groups of embryos were incubated
at a range of salinities and the survival, hatching time and morphologies of
the embryos were assessed. An inverse relationship between salt
concentration and hatching time was observed. In addition, at high salinity
(150 ppt), the yolk sac at the later stages of development was clearly
diminished. A result in agreement with Swanson (1998) who showed that

milkfish growth rates tend to be higher at high salinities.

6. 2 A. dispar as a model to investigate fungal infections

Candida albicans is an opportunistic fungal pathogen. The yeast is present
in healthy individuals as a commensal and can reside harmlessly on the

skin and in the oral cavity (Naglik, 2014). However, it can cause morbidity

192 |Page



and mortality in both healthy and immunocompromised individuals,
highlighting the key role of host defence mechanisms (Richardson et al.,
2015). C. albicans has numerous virulence factors that contribute to its
potential survival and ability to become pathogenic at different infection
sites (Mayer et al., 2013). Fungal infections caused by C. albicans involve
a variety of phenotypes and host-Candida interactions, often making it
difficult to treat patients. In vitro studies of fungal infections have been
attempted but are somewhat naive, however in vivo (live-host) studies need
more extensive evaluation of their validity (Vanherp et al., 2018),
particularly with respect to immunopathogenic characterizations and their
dependance on context. A summary of the differences between A. dispar

and other model organism are indicated in Table 6.1.
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Table 6.1 C. albicans kills host organisms in a dose-dependent
manner. Data shown in the table below are derived from the following
publications or calculated from values given within them.

1 Chao et al., 2010

2 Loyola et al., 2002

3 Lietal., 2013

4 Davis et al., 2011

5 Pukkila-Worley et al., 2011

Factors A. D. Mice G. D. C.eleg

Dispar rerio mello melanog ans

nella aster
Volume 0.4 ul 0.13 20g 134.6 3.14 ul* 0.006
of the 4t (20ml pl® pl®
host =
organism 20,00
s 0 ply?
Lethal 50,000 500" 200,0 10,00 500" Unkn
dose: 00? 0® own
Cells/host
Lethal 125,00 3,73 10 74 160 Unkn
dose: 0 0 own
Cells/ul
Tolerated 500 <5! 1000 1250° 3
dose: 0? Unkn
Cells/host own
Tolerated 1.25 37.3 0.50 9.28 0.95
dose: 0 Unkn
Cells/ul own
Commen 4 x v x x x
sal
Live v v x x v v
imaging
Immune Innate/ Innat Innat Innat Innate Innat
system Adapti el el e e
ve adap adapt
tive ive

Gastroint ? x 4 x 4 v
estinal
infection/
no-
injection

194 |Page




To study infection in animal models, survival rates and fungal burdens are
commonly used as parameters for assessing virulence. Initial results
establishing A. dispar as a model for investigating the virulence of C.
albicans indicated higher levels of tolerance, as seen by persistence of C.
albicans in the host compared with other models (Table 6.1).

Lethal dose for an infectious agent is generally defined as the initial dose
which is required to kill 50% or more of infected animals (Haschek et al.,
2013). The method and site of inoculation and species of animal model
under study may affect the dose required. Tolerance relates to the maximal
dose of a pathogen that a host can withstand without causing overt disease.
Tolerance reflects the ability of a host to clear an infection and is therefore a
proxy for the effectiveness of the immune response.

In this study, we detected the ability of A. dispar to grow and survive and
develop as a commensal at the lower Candida concentrations. This
contrasts with zebrafish and Drosophila melanogaster that both show high
mortality at relatively low doses (Chao et al., 2010; Li et al., 2013; Ames et
al., 2017).

Table 6.1 shows the similarity in the high lethal dose: cells/ A. dispar and
mice compared with other models even though the size of the host is very
different. This is a remarkable feature of A. dispar as a model. It is possible
that such behaviour may depend on its capacity to adapt to the harsh
environment it commonly encounters.

Our hypothesis was partly correct and partly wrong: A. dispar embryos and
eggs were suitable for investigating infection at 37°C; however, A. dispar
embryos were much more tolerant to Candida infection than Zebrafish
potentially making these fish a very useful model for the future.

To evaluate A. dispar as a novel model for infection studies, we compared
the effects of Candida infection in zebrafish and A. dispar at 26°C. The
results showed that Candida inocula at 1x10° cells/ml killed all zebrafish
embryos within 72 hpi but A. dispar embryos survived more than 120 hpi.
We still do not know the mechanisms by which a stronger antifungal
immune system is acquired in A. dispar so it would be beneficial to

quantitatively compare numbers of macrophages and neutrophils in the
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two-species using more stage specific analyses such as western blotting or
gPCR.

Numerous in vivo observations have revealed that the immune system
response against pathogens is bi-directional and complex (Nguyen-Chi et
al., 2015). Although fungal infections have been extensively studied in
mammals and zebrafish, and we have an extensive understanding of the
Candida-induced cellular responses in zebrafish at 28°C and mice at 37°C,
we have limited understanding of fungal infection-innate immune responses
at 37°C in a model animal that is amenable to live imaging techniques.
Therefore, one of the main objectives of the present project was to address
the ability of the A. dispar embryos to develop and survive at human body
temperatures. Further investigations of C. albicans interactions with A.
dispar embryos were therefore conducted at physiologically relevant
temperatures of 30°C and 37°C. Generally, our results support the
proposition that A. dispar will be useful for studying cellular and tissue
interactions with human pathogens as well as those of fish.

This study also focused on an investigation of the survival of A. dispar
embryos with Candida infections, examining the impact on virulence and
host mortality of the fish following the deletion of mannose residues from
the cell wall of C. albicans. We also investigated the survival of infected A.
dispar embryos with an antifungal agent (Fluconazole). Finally, we
investigated and assessed the role of innate immune cells such as
macrophages and neutrophils and quantitatively analysed their responses
during infection.

It was found that after testing a range of inocula, that C. albicans killed A.
dispar embryos in a dose-dependent manner. After infection with C.
albicans (1x108 cells/ml), A dispar embryos survived for 120 hpi at 37.0°C,
contrasting with other models. Galleria mellonella larvae die at 1x10°
cells/ml; and none of the zebrafish embryos survive for about 50 hpi at of
1x108 cells/ml at 30.0°C (Chao et al., 2010; Li et al., 2013).

To test if Candida can infect A. dispar embryos in different ways, we

incubated the A. dispar embryos with Candida under different culture
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conditions. We found that if the culture is enriched with RPMI and serum,
both WT and mutant Candida strains can proliferate. However, cells
introduced via media did not show any penetration through the chorion and
therefore could not infect the embryo itself. This result contrasts with the
previous data relating to zebrafish, in which Candida could penetrate the
chorion and infect embryos (Chen et al., 2015). This difference is possibly
due to the harder and thicker chorion of A. dispar. Pathogens often use a
variety of hydrolytic enzymes and proteases to break down and penetrate
the surface structures of the host (e.g. chorion, epidermal skin). During this
study, we found that very intense protease treatment is required to break
down the chorion of A. dispar (1 hour of 20 mg/ml pronase + 3 hours of
crude hatching enzyme extract - see methods chapter for details). In
contrast, zebrafish, only require 10 min of 1 mg/ml pronase treatment to
break down the chorion (Mandrell et al., 2012).

Our egg infection system was mainly used for demonstrating the adhesion
activity of Candida to the host permitting the examination of growth and
germ tube formation in culture conditions.

As a next step of study, it would be interesting to remove the chorion of the
embryo and set up infections via Candida in water. This would allow us to
investigate the interaction of Candida with the host skin at human body
temperatures. Feeding adult A. dispar fish with C. albicans would be of
interest to see if a gut commensal relationship could be established —
however current licensing and facilities preclude this.

Candida showed adherent behaviour and proliferation on the surface of
eggs (chorion). If we want to further improve this assay to examine
adhesion and growth of Candida, it should be possible to isolate the chorion
itself and use it as a substrate for adhesion. This would allow better
imaging due to the smaller size and flatter architecture of the surface.
Zebrafish chorion might possibly be a better substrate because it would
also allow us to monitor event of adhesion and penetration due to its softer

nature.

A. dispar is potentially a suitable model to study Candida infection under

conditions that mimic the bloodstream in humans. Previously it was found
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that media additives such as serum, can be essential to causing full
virulence in C. albicans infecting zebrafish (Chen et al., 2015). This study
addressed the requirement for serum for induction of morphological
changes (yeast to hypha switches) at 37.0°C. The current data showed
that the hyphal form of C. albicans was observed on the chorion of
embryos within the co-incubated egg water and serum, and it increased
further when supplemented with RPMI/serum. Kucharrkova et al., (2011)
have reported that the RPMI 1640 enhanced biofilm formation by
heightening the yeast to hyphal transition in C. albicans. Use of eggs
rather than embryos may facilitate high-throughput screening of mutants or
antifungal drugs.

We observed also that C. albicans can grow in RPMI media supplemented
with 17 and 35 ppt/ indicates that it becomes tolerant to salt. Krauke and
Sychrova (2010) also argues that C. albicans is more tolerant of salt than
other species, such as C. glabrata-allowing comparison to be made
between these species in our model. There was some delay in the growth
of C. albicans with 35 ppt/ASW, a result that agrees with the findings of
Krauke and Sychrova (2010) who found that 500 mM NacCl (equivalent to
35 ppt/ASW) resulted in a 20% delay in the onset of the exponential phase
of C. albicans growth.

Temperature is a vital factor for controlling C. albicans morphology
(Nadeem et al., 2013). C. albicans growth can be affected by a wide range
of temperatures, the morphogenetic transition to a hyphal form is regulated
by elevation of temperature to 37.0°C (Shapiro et al., 2009). Studies of the
impact of temperature on the outcome of C. albicans and C. tropicalis
infections revealed that faster killing of G. mellonella occurs at 37.0°C
compared with 30.0°C (Mesa-Arango et al., 2013; Ames et al., 2017).
Nadeem et al., (2013) reported that Candida can develop germ tubes in
culture media containing serum. When infections of C. albicans were set
up in A. dispar incubated at different temperatures, the highest Candida
burdens were observed at 30.0°C at 24, 48 hpi and 37.0°C at 48 hpi, a
result supporting previous studies by Hazen and Hazen (1987) and Antley
and Hazen, (1988), who suggested that the virulence of C. albicans

increased at 26.0°C compared to 37.0°C in mice. Virulence characteristics
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can be influenced by growth temperature. For example, Candida cells
appear to form germ tubes and are able to adhere to the tissue which is a
crucial initial step in causing infections at RT (Antley and Hazen, 1988). In
addition, temperature can influence the conjugation and engulfment of
nonopsonic phagocytosis due to the cells of C. albicans at RT being more
hydrophobic than at 37.0°C (Saito et al., 1986). Antley and Hazen (1988),
also showed that incubation at RT appears to positively influence the
increase in C. albicans growth. When challenged by phagocytes, at RT C.
albicans produce abundant germ tubes preventing the polymorphonuclear
leukocytes (PMNSs) from killing the pathogen, which are not active at lower
temperatures.

Comparisons of the burden of Candida in the brain and yolk of embryos re-
veal a progressive reduction in the burden of Candida in the brain at 48 hpi
and 120 hpi compared with the infected yolk. A possible explanation is that
the brain infection results in increased activation of microglial cells and as-
trocytes. Microglial cells are known to develop an activated state, following
injurious stimuli where they migrate, proliferate and phagocytose follow a
morphological transition at the injured sites. In addition to the secretion of
molecules for repairing the tissue (Maneu et al., 2014), microglial cells have
the ability to invade targeted tissue to provide protection by promoting re-
generation and supporting neuronal survival (Langmann, 2007). The pos-
sibility that dissemination of Candida away from infection sites might be
linked to increases of temperature was explored. In the present study,
three methods were used to analyse the dissemination of Candida inside
the embryos; a histological and immunofluorescence analysis. Live-
imaging revealed that whilst C. albicans disseminated away from the infect-
ed site within the embryos at 37°C, cells were only observed to undergo a
morphological transition at the site of infection. A. dispar is therefore a val-
uable model for studying the progression of C. albicans at different temper-
atures.

The quantitative assessment of C. albicans proteins were used in this study
to highlight the time-course of infection in A. dispar embryos. The level of
Candida proteins expressed in infected A. dispar embryos increased at 24

hpi and 48 hpi and slightly reduced at 72 hpi, with the expression dramati-
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cally decreasing at 96 hpi. A previous study in zebrafish showed that high-
er proliferation of C. albicans was observed in surviving fish at 24 hpi
(Brothers et al.,, 2011). This contrasts somewhat with our result demon-
strating that A. dispar survived longer and the quantity of Candida detected
by GFP/mCherry protein significantly dropped whilst we did not assess the
protein level beyond 120 hpi. This result suggests that the lower level of
Candida protein at 120 hpi probably occurred as a result of cleared infec-
tions or it is also possible that small numbers of Candida cells remained
having established a commensal relationship without causing further dis-
ease. This should be an interesting focus for future research with detailed
imaging and quantification of Candida cells in long-term infection.

Our work clearly demonstrates the utility of A. dispar to understand
virulence of mutants in C. albicans. Differences between glycosylation
mutants in in A. dispar were compare with published data. Glycosylation
deficient mutants have been extensively studied and both pmr1lA and ochlA
show similarities in their phenotypes as a result of a reduction of the 1,6-
mannosyltransferase and therefore the a-1,6-linked polymannose core
(Bates et al., 2006). Whereas O-and N- glycosylation mutants lack an a-
1,2-linked polymannose core, leading to an increased sensitivity to cell wall
perturbing agents (Munro et al., 2005). The present result demonstrated
that the fungal burden with the three mutants of C. albicans (mntl-mnt2A,
pmr1A and och1A) seemed to be clearly lower than that observed with the
reintegrant control. A possible explanation for the decrease in fungal
burden with och1A is that the cells tend to aggregate due to cell separation
defect infectious influencing growth rates per se and the ability to form
multiple colony forming units. However, pmr1A exhibits a delayed
morphological transition, while mnt1-mnt2A, mutant showing defects in cell
separation (Hall et al., 2013). The observed decline in growth rate, seems
to be in agreement with previous findings, which showed a decreased
virulence of mntl-mnt2A in G. mellonella (Navarro-Arias et al., 2016).
Moreover, our studies can indicate a change in adherence to eggs
suggesting that the outer layer of the C. albicans cell wall (mannosylated
proteins) is important for cell adhesion and biofilm formation (Chaffin et al.,

1998). The present study also explored the possibility that a deficiency of
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mannan on the Candida cell wall might influence the rate of mortality of
infected embryos. Despite the attenuation of fungal burden with all three
mutants, we found that the rate of mortality was increased, especially with
pmrlA and mntl-mnt2A mutants at 48-96 hpi. This result suggests that the
defect in N- and O-mannan may affect the recognition of fungal cells and
subsequent immunostimulatory response and thus their uptake by immune
cells.

A. dispar can be utilized to address the efficacy of antifungal drug agents.
C. albicans infections were suppressed in A. dispar by fluconazole (FLC) in
a dose and time dependent manner. The present study demonstrated that
FLC displayed a strong activity against C. albicans in infected embryos, re-
sulting in both a reduced number of CFUs of C. albicans and continued sur-
vival of embryos, especially at the highest concentrations of FLC at 32 mg/I
and 64 mg/l at 6 hpi. Such a finding is corroborated by Richardson et al.,
(1985) and Trok et al., (1985), who demonstrated the high efficiency with
which FLC can clear fungal infections in mice. However, it is not possible to
directly compare dose response effects between A. dispar and mice as we
added the FLC in the culture water and cannot determine precisely the ac-
tual concentration incorporated into the embryo without further tissue analy-
sis. Overall, the results of the current study demonstrate that fluconazole
was able to promote the clearance of infections of C. albicans; howevere,
we do not know if this was a result of fungistatic or fungicidal activity. A.
dispar therefore represents a valid model for screening antifungal com-

pounds against C. albicans and potentially other pathogenic fungi.

6.3 Immune response against C. albicans

A complex relationship exists between C. albicans and the host immune
system that must recognise distinct pathogen-associated molecular
patterns (PAMPSs) (Duhring et al., 2015; Qin et al., 2016; da Silva Dantas et
al., 2016). Several major types of PAMPs are associated with the fungal
cell  wall including O- andN-linked mannans, R-glucans and
phospholipomannans (Netea et al., 2008). The majority of PAMPs are

recognised by host PRRs leading to activation of both innate and adaptive
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immune cells. The outcome of these interactions is an induction of a wide
range of cytokines, and chemokines and other inflammatory mediators
(Naglik, 2014). The sequence information we have obtained from A. dispar
allows gene expression to be studied and cellular changes to be quantified
following external stimuli in both the healthy and diseased states.

During microbial infections, innate immune cells play a key role in protecting
the host from Candida infection through activation of an inflammatory
response (Gratacap et al., 2017). Pigment cells may act as a guide to the
site of injury following immune cell responses (Levesque_et al., 2013). Our
data support this view, as killing assay show that there was a decrease in
the ability of the Casper zebrafish mutant (lacking pigment cells) to survive,
compared to the wild-type zebrafish embryos. Casper mutants lack
melanophores, xanthophores and iridophores. Our data indicate the
importance of these pigment cells in the immune response against C.
albicans. Makosh (2001) suggested that melanisation plays an important
role as an inhibitor of microorganisms, recruiting melanocytes to the
infection sites. Indeed, there is a strong correlation between melanocytes
and the inhibition of infection through an inducition of hypo- or
hyperpigmentation that results in activation of Toll-like receptors (TLRS)
(Tapia et al., 2014). Even though we may want to remove pigmentation for
improving imaging capabilities, it is not ideal to do so when we need to
examine the natural immune response of the host organism.

Neutrophils are the hallmark of inflammation and can migrate towards
infected sites in Zebrafish (Chen et al., 2013), and it is possible to stain and
monitor their activity (humbers and migration) as an accurate and efficient
way to assess acute inflammatory responses.

Sudan black was found to be suitable stain to define neutrophil granules in
A. dispar. This technique can easily be used to trace neutrophils and
assess their distribution and functional lineages during development (Le
Guyader, 2008). We found that in infected embryos neutrophils were
mostly distributed in the entire trunk and tail fin of zebrafish, whereas
almost no neutrophils were observed in the uninfected controls suggesting
an increase of the numbers of immune cells during infection. This result

suggests the requirement for granulocytes in the immune response against
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Candida infections. Previous studies have revealed the utility of zebrafish
as a suitable host for tracing neutrophils and shown that these coincide with
the distribution of endogenous peroxide (Guyade et al., 2008). Therefore,
the use of another transparent host such as A. dispar will help the
understanding of granulocytes at physiologically relevant temperatures. In
addition, another neutrophil specific stain, FITC-tyramide, was tested to
reveal endogenous peroxide in both zebrafish and A. dispar embryos. The
results indicated the accumulation of peroxidase-positive granulocytes in
the trunk. It is therefore possible to analyse the interactions of Candida and
neutrophils using a range of tools.

The response of macrophages to Candida infection in A. dispar was
assessed using a variety of approaches. We examined host-Candida
interactions by spatial detection of macrophages using whole mount
immunohistochemistry and a macrophage marker (L-plastin). We tested L-
plastin expression within both the control and the infected zebrafish and
then investigated L-plastin expression within A. dispar. Increased
macrophage was detected within infected embryo at 24 hpi in both
zebrafish and A. dispar, and our detection of the macrophages was greatest
at 48 hpi. L-plastin dramatically increased in expression after 1 hpi,
indicating the rapidity of the macrophage response when challenging the
pathogens. The peak induction of macrophages to Candida infection was
much later however at 24 and 48 hpi. Giulian et al., (1989) illustrated that
the peak of the phagocyte cell response occurs 2 d after injury, supporting
our result.

Previous work has shown that the knockdown of irf8 function in zebrafish
results in a depletion of macrophages and increase of the neutrophil popu-
lation (Li et al., 2011; Jin et al., 2012). To investigate the suppression of irf8
in our model A. dispar, we designed and injected irf8-MO into the one-cell
stage. We found that after infection with Candida at the somitogenesis
stages, macrophages were not observed, in contrast to those that appeared
in the untreated embryos. The reduction of L-plastin expression following
irf8-MO treatment was clearly specific. When the ifr8 gene was knocked
down in A. dispar, the survival rate following infection by C. albicans was

reduced, and all of the embryos died by 48 hpi compared with the control
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which survived until 96 hpi. Our analyses therefore strongly suggest that
blocking macrophage development caused the lethality of embryos upon
Candida infection, and that macrophages have a crucial role in protecting
the host from infection. However, further research is needed to clarify and
assess the role of neutrophils in protection of the embryos alongside the

study of macrophage in A. dispar.

In this study, we also investigated the role of cxcr4 in regulating macro-
phage differentiation. Richard et al., (2008) mentioned that cxcr4, which
belongs to the chemokine family, has been known as a director of precursor
cells and plays a signalling role in regulating movement of macrophages.
The suppression of cxcr4 in A. dispar embryos resulted in an irregular dis-
tribution of monocytes with reduce numbers after infection. The survival
rate was lower and all the embryos died by 24 hpi. Knockdown of cxcr4
function may lead to an inhibition of the receptors which are responsible for
regulating monocyte migration and differentiation (Sanchez et al., 2011).
This suggestion is supported by previous finding of Gupta et al., (1999) who
illustrated the essential role of cxcr4 in guiding and regulating the move-
ment of monocytes during the inflammatory response in zebrafish. The ex-
pression of cxcr4 has an essential role in the differentiation of monocytes to
a distinct type of macrophage (Sanchez et al., 2011); monocyte develop-
ment is therefore reduced as a result of interruption in cxcr4 expression, po-
tentially explaining why lethality is higher than irf8 MO treatment.

Microglia have immune defence functions to maintain the central nervous
system CNS (Kettenmann et al., 2011). Many researchers have referred to
the sentinel function of microglia as an immune cell in detecting the first
sign of foreign pathogens and preventing tissue damage in the delicate
sites of the CNS such as the brain (Kettenmann et al., 2011; Perry et al.,
2010; Lull and Block 2012). Previously, systematic infections have been
studied in mice and results show significant activation and distribution of
microglia in infected sites (Maneu et al., 2014). It was therefore hypothe-
sized that brain tissue infected with Candida might trigger microglial cell
proliferation (Thompson et al., 2017). This hypothesis was mainly support-

ed: Immunofluorescence experiments detecting microglia in A. dispar em-
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bryos using a 4C4 antibody showed the proliferation of microglia in both the
brain and spinal cord. Interestingly, even though the Candida was injected
into the midbrain, massive increases of microglia were also observed in the
spinal cord. This implies that Candida cells can spread along the neural
tube, or damage in the brain may trigge a massive expansion of the micro-
glia which may repair the CNS tissues in the spinal cord connected to the
brain. To test these possibilities, we would need to examine the distribution
of Candida using fluorescently labelled cells, and simultaneously assess
microglial/inflammatory markers in CNS tissues, the brain and spinal cord.
In the current study, despite the clear pathogenicity of C. albicans, the A.
dispar model showed an ability to survive infection doses better than
zebrafish demonstrating an adaptation of the immune system. Time-course
studies of the immune response (the amount of L-plastin/macrophages) as-
sessed using western blotting, demonstrated that the macrophage popula-
tion changed. In response to the infection, we observed the highest ex-
pression of L-plastin at 24 and 96 hpi, but a significant down-regulation at
48 and 120 hpi suggesting a bi-phasic activation of activated (M1) and al-
ternative (M2) macrophages (Wang, Liang, and Zen 2014). Previous stud-
ies have indicated that M1, the activated macrophages, have an important
role secreting proinflammatory cytokines and chemokines to protect the tis-
sues from surrounding cells, whereas alternative macrophages (M2) play a
key part in wound healing and reduce the expression of pro-inflammatory
cytokines to promote tissue repair (Wang, Liang, and Zen 2014; Kapellos et
al 2016; Collins and Carmody, 2015; Biswas and Mantovani, 2010).

The excellent live cell imaging achieved with A. dispar allows direct viewing
of the

phagocytosis of yeast cells at infection sites. By building on this new model
fish, it is clear that macrophages seem to be effective actors in clearing
Candida infections, however, this may be dependent on the site and state
(chronic versus acute) of infection. Herbomel et al., (1999), also implied
that microbe elimination by phagocyte cells depends on anatomical sites of
infection and the nature of the pathogens.

Reactive Oxygen Species (ROS) play a protective role in the immune sys-
tem (McCallum et al., 2016). 2’,7’- dichlorofluorescein (H,DCFDA / DCFDA)
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is the most frequently used method for measuring redox state of the cells as
an accurate sensor for ROS (Eruslanov and Kusmartsev, 2009). The ad-
vantages of this technique are that it is easy to use, inexpensive, highly
sensitive to redox state changes and can be used to trace ROS changes in
the cells over time (Eruslanov and Kusmartsev, 2009). In this work, we ex-
amined the Candida induced ROS immune response within A. dispar be-
cause this may help to better understand immune interactions at the sites of
infection. The fluorescent probe was observed to accumulate at the site of
infection (trunk) and in the tail fin at 30 mpi. A possible explanation for the
detection of ROS in the tail fin site is that Candida cells may be transported
to the tail by blood circulation.

Comparison of WT and mannosylation mutants revealed the importance of
the cell wall in bringing about a ROS response. Compared with the pmr1A
mutant, a high level of ROS was detected within WT and mnt1l-mnt2A, while
lower expression was observed within PBS control samples. Release of
ROS after infection with a mutant can occur as a result of subsequent de-
tection of B-glucans by immune cells. Since the innate immune response is
required to control foreign pathogens, we hypothesized that different im-
mune response requirements determine the specific patterns of gene ex-
pression. A range of gene markers related to the macrophages, neutrophils
and NADPH oxidase were examined by qPCR and they were found to be
expressed at different ratios following infection, providing important details
regarding the effect of Candida infection and the impact of deleting man-

nans.

Finally, in this work, we have generated a new transgenic line of A. dispar
by microinjection of plasmid DNA (Beta-actin-DsR-LoxP-GFP) at the one
cell embryo stage indicating the clear potential to provide to manipulate as-
pects of the pathogen and immune interaction in A. dispar. In addition, we
believe that the generation of transgenic A. dispar can provide a useful tool
for future developmental, embryological infection studies with C. albicans

and other pathogens.
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6.4 Future scope

The use of A. dispar as a model for studying fungal infections in a live host
has emerged as a new powerful tool for research. Imaging is directly pos-
sible because of its transparency. The fish can survive at a wide range of
temperatures. In contrast to zebrafish and mice, the transparency A. dispar
embryos and its ability to survive at different temperatures (4 to 40°C) will
allow a range of human infectious diseases to be examined (not just C. al-
bicans) in real-time revealing in greater detail the interaction between the
pathogen and immune cells. A summary comparison of A. dispar and D. re-
rio as models is provided in Table 6.2

Table 6.2 Summary comparison of A. dispar and D. rerio as models

D

Candida infection Survive longer Quicker mortality

Temperature range Up to 40°C Upto 32°C

Muscle movement 3 dpf 15 hpf

Fluorescent pigments Highly fluorescent Weakly fluorescent
leucophore iridophore

Genome and transcriptome Only in house RNA- Rich in both information
seq data

Fecundity - 20 eggs/day - 200 eggs/day

Hatching 12 days 2 days

TG fish lines bAct_DsR_LoxP_GFP Many immune specific

lines and other lines

A reference genome for A. dispar was not available at the time of the analy-
sis. This limitation can be solved by undertaking a systematic genome se-
guencing project. The quantitative analysis of immune responses conduct-
ed in A. dispar embryos used some specific primers of immune response
genes such as L-plastin, cxcr4, csflr, noxl, and nosla. However, se-

qguences of other immune response markers for A. dispar were not fully
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available from our database - including markers for activated and alterna-
tive macrophages, granulocytes and pigment cells. We tested knockdowns
of irf8 and cxcr4 in A. dispar embryos using morpholino, this approach
showed that macrophages functions could be suppressed. The limitation of
this approach is that testing of immune function can only occur for a few
days after infection as the morpholino may be degraded over time. To con-
firm the results and conduct further analyses of the long-term effects of ma-
nipulating genes during infection, it would be interesting to create gene
knock out using CRISPR/Cas9 mediated genome editing approaches (Ota
et al., 2014).

Interestingly, a new line of transgenic A. dispar fish with red fluorescence
colour was generated in this work but there was not enough time to use this
line for additional research. Therefore, in the future, we would like to simul-
taneously track C. albicans dissemination and host interactions using these
fluorescence fish alongside GFP, RFP or CFP labelled macrophages and
neutrophils in the live embryo. Nevertheless, we conclude that A. dispar
has the capability to be developed further and potentially play a key role as
a model in different areas of host-pathogen research.

The work presented in this thesis has raised several questions and our new
model has given an insight into fungal infections and immune responses.
The ability of A. dispar to withstand a range of host temperatures should
allow the Candida response to be examined under low, normal and pyrexic

/ inflammatory conditions — something that is unique to this model.
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Appendix 1: plasmid maps

Appendix 1: A) Plasmid map and features of destination vector
16AC2PSC_A ptgs2 PMA-T3137 bp. B) Ad_ptgst2 sequence. The high-
lighted sequence indicates EcoR, Xba and sp6_promoter sequence at the
5" end and T3_promoter, Notl and Apal sequence at the 3’ end.

Sfil(361)

Ascl(382
EcoRI(392)

Scal(2703)

Pvul(2593)
A AmpR

Quality Assurance Documentation:16AC2PSC

Ad_ptgs2
3137 bp -

Designation: E. coli K12 OmniMAXTM 2T1
Gene name: Ad_ptgs2
Gene size: 757 bp
Sacl(1075)
Vector backbone: PMA-T NotT;132)
Cloning sites: Sfil/Sfil Pacl(1152)
Sfil(1177)
Col E1 origin
B
>Ad ptgs2

CCGAATTCTCTAGAGATTTAGGTGACACTATAGAA
TGTTGGCCACGAGGCGTTCGGCCTGGTCCCGGGCCTCATGATGTACGCCACCATCTGGCT
CCGTGAACACAACCGAGTGTGTGATGTTTTGAAGGAAGTACACCCAGACTGGGATGATGA
AAGACTCTTTCAGACCACTCGACTCATCCTCATTGGCGAAACCATCAAGATCGTGATCGA
GGACTACGTGCAGCACCTGAGTGGATATAACTTCAAACTCAAGTTTGACCCAGAGCTGCT
CTTCAGCCAGCGTTTCCAGTACCAGAACCGCATCGCGTCTGAGTTCAACACCCTGTACCA
CTGGCACCCTCTGATGCCTGACAGCTTCCACATCGAGGAGAGGGATTACAGCTACAAAGA
GTTTGTCTTCAACACCACTGTCATGACTGAGCACGGCATTGGCAACCTGGTAGATTCCTT
CAGCAAGCAGATTGCAGGACGGGTCGCCGGTGGTCGGAACGTTCCGGGAGCCATCTTGTA
TGTTGCCATCAAGTCCATCGAAAACAGTAGAAAAATGCGTTACCAATCCCTGAATGCCTA
CAGGAAGAGATTCTCCATGAAGCCCTACACTTCATTTGAAGACATGACAGGAGAGAAAGA
AATGGCCGCCATACTGGAGGAGCTGTACGGGGACATTGACGCTGTGGAGCTCTACCCCGG
CCTGCTGGTGGAGAAACCCCGGCCAA
CCCTTTAGTGAGGGTTAATTGCGGCCGCGGGCCCGG
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Appendix 2: A) Plasmid map and features of destination vector
16AC2PTC_Ad_mpx_pMA-T3354 bp. B) Ad_mpx(N-ter) sequence. The

highlighted

Sequence indicates EcoR, Xba and sp6_promoter sequence at the 5’ end
and T3_promoter, Notl and Apal sequence at the 3’ end. The red nucleo-

tides are the start codon.

A Xmnl(3039)
Quality Assurance Documentation:16AC2PTC

Sfil(361)
: Sacl(385

Ref. No: 1960873 Pyvul(2810) EcoRI(389)
Designation: E. coli K12 OmniMAX™ 2T1R AmpR
Gene name: Ad_mpx
\G/e"e SI'Dze:kb , PiABX $p 16AC2PTC_Ad_mpx_pMA-T
ect(?r ap one: : - . 3354 bp Ad_mpx
Cloning sites: Sfil/Sfil
Motl{1352)
- Kpnl(1371)
Col E1 origin SfI(1394)
B
> Ad mpx
CCGAATTCTCTAGAGATTTAGGTGACACTATAGAA
ATGCATCTC

TCTGTCTTTTTTATCCTGGGCCTCAGCCTGGTGACCAGCCACTCCAAACCCACAGGGGAA
GGACTTGGCGGTCCTTTCCTGCAAAAATGCTTTGAAGAAGCAAAAAAAATTGTAGATGAC
GCATACAAGTACTCCAGAGAAGAGAGCCTCAGACGAGTGCGCAGAGATGTGGTGCAGCCT
CATGATGCTCTTCGTCTCCTGAAGCAGCCCCGCGGCGATACTCGTTCAGCTGTGCGTTCG
GCCGACTACATGGCACAGACTCTACGTTTGGTCCAGGACAAAGTTCATCGGGTGCACAAG
CGCTCTCTCAATGCAACAGATTTGCTCACGGACCAAGATATGATAGAGCTTGCAAGAATT
ACTGGATGTGAGGCTCGAATTAGGAATCCATCTTGTGTCACCACTCCAAATATTAACAAG
TATCGCACAGCCACCAGCGTCTGCAACAACCTAAAAAACCCTCGCCTTGGAGCTGCCAAC
ACCCCATTCACCCGCTGGCTGCCCTCCGAGTACGACGACAGCATCTCCCAACCAAAAGGA
TGGGACAGAAACCGCAAATTCAACAACTTCTTACTCCCACTGGTGCGACAGGTGTCCAAC
AATATTTTGAGCACAACAGACGCAGGCGTGGTCAATGACACAGAGTACACTCACATGGTG
ACCTTGTTTGGTCAGTGGAATGACCATGACCTGTCCTTCACACCGTTCTCCCCCAGCATC
CGCTCCTTTAGCAACGGCGTGAACTGTGCTGACAGTTGCGAACACACTGAGCCATGCATC
CCTATCCCGATACCCCGTGGAGACCCCCGCCTTCCCTCCCGCCCAGACAGCTGCATCCCA
GCCTTTAGATCTGCTCCTGCCTGTGGAACCGGCTACTCTGCATTTAATTTTGGTGGAGAA
CCCTTTAGTGAGGGTTAATTGCGGCCGCGGGCCCGG
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Appendix 3: A) Plasmid map and features of destination vector
16AC2PUC_Ad Mfapl pMK RQ3249 bp. B) Ad_Mfap1 C-ter sequence.
The highlighted sequence indicates EcoR, Xba and sp6_promoter se-
quence at the 5" end and T3_promoter, Notl and Apal sequence at the 3’
end. The red nucleotides are the stop codon and the green nucleotide is the
3'UTR.

SFil(361)
A Narl(2798) EcoRI(373
Quality Assurance Documentation:16AC2PUC KanR
Ref. No: 1960874
Designation: E. coli K12 OmniMAX™ 2T1R gyipsr2)
Gene name: Ad_mfapl Neol (2557)
Gene size: 971 bp 16A02PUC—A3"2§';“?F’1—*’MK'RQ Ad_Mfap1
Vector backbone: PMK-RQ (KnaR) P Sacligsd)
Cloning sites: Sil/Sfil

Notl(1327)

Col E1 origin Sf192)

>Ad Mfapl

CCGAATTCTCTAGAGATTTAGGTGACACTATAGAA
TATGGAGGTGGAGGAGGAGGGGAAGTCGGGGGAGGAGTCCGAGTCGGAATCGGAATACGA
GGAATACACGGACAGCGAGGACGAAGCGGAGCCGCGCCTCAAACCCGTCTTCATCCGCAA
GAAGGACAGAGTCACGGTGGCAGAGCGCGAAGCTGAGGAGCAGAAGCAGCGGGAGCTGGA
GGCCGAGGCCAAGCGACAGGCGGAGGAGCGCCGCCGCTACACCCTGAAAATCGTCGAGGA
GGAGGCAAAGAAGGAGTTCGAGGAGAATCGGCGCTCGCTGGCCGCCCTGGAAGCCCTGGA
CACGGACGGCGAGAACGAGGAGGAGGAATACGAGGCCTGGAAGGTCCGGGAGCTGAAACG
CATCAAGAGGGACAGAGAGGCCCGGGAAACGATGGAGAAGGAGAAGGCCGAGATCGAGCA
CTTCCACAACCTGACGGAGGAGGAGCGCCGGGCGGAGCTCCGGAACAGCGGCAAGGTCGT
CACCAACAAGGCCCAGAAGGGCAAATACAAGTTCCTGCAGAAGTACTACCACAGAGGGGC
GTTCTTCATGGATGAGGAGGAGGACGTCTATAAGAGAGACTTCAGCGCTCCCACGCTGGA
GGATCACTTCAACAAAACCATCTTACCCAAAGTCATGCAGGTCAAGAACTTCGGTCGGTC
GGGACGCACCAAGTACACCCACCTGGTGGACCAGGACACCACTTCGTTCGACTCGGCCTG
GGCTCAGGAGAGCGCTCAGAACAGCAAGTTCTTCAAGCAGAAGGCGGCAGGCGTGAGGGA
CGTGTTTGATCGCCCCACGGTGAAGAAGAGGAAGACCTAAGACGACCTAAGGTCCCGGTG
GCGTCGGCGAGCGCTCGGCACGCCGCCTCCAGACTGTTAAAGTGAAACTAAATCCACACA
CCCTTTAGTGAGGGTTAATTGCGGCCGCGGGCCCGG
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