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Summary

The discovery of substantial commonality between microbial pathogenesis in mammals and
invertebrate model hosts, such as the nematode Caenorhabditis elegans, has provided the
foundation for genetic analysis of microbial virulence factors in live animal models. In most
cases, Candida albicans yeast cells inhabit the human intestines, yet this opportunistic
pathogen can led to host tissues invasion, causing life-threatening infections in
immunocompromised hosts. Given the importance of this fungus to human health and its co-
existence with other pathogenic microbes, particularly bacteria, such as emerging Gram-
negative Pseudomonas aeruginosa, thus we used C. elegans as an infection model to study
interactions between C. albicans and P. aeruginosa. Our goal was to firstly, successfully
propagate and monitor the life cycle of C. elegans at 15 °C. Secondly, for this reason, we
established a liquid medium assay using C. elegans model for C. albicans or P. aeruginosa
monomicrobial infections. We demonstrate that the C. albicans yeast form establishes an
intestinal infection in C. elegans, while the hyphal form is not required to efficiently kill the
nematode. Furthermore, investigating mutants and genetically engineered C. albicans strains,
we proved that hyphal formation is indeed not required for full virulence in this system. Thirdly
we demonstrated that polymicrobial interactions are more virulent to C. elegans than
monomicrobial species. We also aimed to understand the genetic mechanisms of virulence
observed in C. elegans in vitro, since it was shown that not only does C. albicans and P.
aeruginosa kill the nematode C. elegans, but also that C. albicans and P. aeruginosa virulence
factors required for mammalian pathogenesis might also be required for efficient killing of C.
elegans. Here our in vitro results suggested that there are multiple virulence factors of P.
aeruginosa that may cause virulence, including pyoverdine, pyocyanin and swarming motility.
Another factor that contributes to virulence is the hydrolytic enzyme production, known to
facilitate pathogenicity of bacteria, protozoa, and pathogenic yeasts. Our results demonstrated
that although C. albicans and P. aeruginosa possess a wide range of hydrolytic enzymes,
proteinases are more predominantly associated with virulence. Furthermore, when comparing
the effect of infection on the microbial burden of specific pathogens, from monomicrobial
infections, it is clear that the virulence observed in killing of nematodes was not due to number
of cells but rather specific virulence factors of the different strains. Surprisingly, from
polymicrobial infections, we see that for both P. aeruginosa strains, co-infection resulted in an
increased microbial burden. This is due to the fact that virulence of co-infection is strongly
influenced by microbial burden and that this is dependent on the specific strains in the co-
infection. For further understanding of the influence of virulence that underlie susceptibility to

this pathogens, we used this pathogen model system to further evaluate the influence of
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infection towards the nematodes fatty acid composition. Total lipids of C. elegans were
extracted using chloroform and methanol [2:1 ratio (v/v)]. Fatty acids composition of the
extracted total lipids was converted to their corresponding fatty acids methyl esters (FAMES)
and analysed by gas chromatography (GC). From the nematodes feeding on control E. coli
OP50, we identified twenty-three different fatty acids ranging from 12 to 22 carbons in length,
with 35 % being saturated, while 65 % being unsaturated. We then only focused on major
unsubstituted long chain fatty acids (LCFAs), with margaric acid (17:0) being the predominant
saturated fatty acid, comprising of an average of 24 % total major fatty acids. Through this
process, after C. albicans and P. aeruginosa infection, we identified three fatty acids that have
varying degrees of influence in C. elegans, namely linoleic acid (18:2n6), eicosapentaenoic
acid (20:5n3) and docosenoic acid (22:1n9). Therefore, we observed changes in fatty acid
profile being strain dependent, however there is no clear correlation between production of
fatty acid and virulence. We further extended the usage of C. elegans infection models to
investigate the influence of signalling molecules called prostaglandins, on infection. Here we
show that only the co-infection synthesize prostaglandin E,. Together, these results expand
the use of C. elegans in the field of polymicrobial pathogenesis and provide further evidence
of the likely importance of polymicrobial interactions. Since there is an urgent need for
development of new antimicrobial agents, C. elegans which is known to evaluate different
chemical compounds libraries could be used to solve some of the main obstacles in current

antimicrobial discovery.
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1.1 Motivation

Polymicrobial intra-abdominal infection involving fungi result in mortality rates between 50 %
and 75 %, compared to 10 to 30 % for polymicrobial bacterial infections (Dupont et al., 2002;
Blot et al., 2007). These infections have become resistant and this complicates diagnosis and
treatment. Most of the polymicrobial fungal intra-abdominal infection are caused by the fungus
Candida albicans (de Ruiter et al., 2009; Hasibeder and Halabi, 2014). Candida albicans is
most often discovered in a community with Gram negative bacteria, Pseudomonas
aeruginosa. These microorganisms are both nosocomial pathogens that cause opportunistic
infections in similar host niches. In addition to the ample evidence supporting polymicrobial
interactions between C. albicans and P. aeruginosa, not only with each other, but also with
their host, it is evident that the interaction is multifaceted. Various mechanisms contribute to
the virulence of C. albicans, such as secreted hydrolytic enzymes, biofilm formation,
adhesion/invasion molecules, and morphogenesis (yeast to hyphae switching), and can cause
damage to hosts in order to establish aggressive and rapid colonization and infection (Mayer
et al., 2013; Ells et al., 2014). For instance, the ability of C. albicans to transition between the
yeast and hyphae state has been found to be significant for host infection. As such, during
infection, the yeast form facilitate in dissemination, while the hyphal form is important for tissue
invasion (Berman and Sudbery, 2002; Saville et al., 2003; Mayer et al., 2013). Moreover, it is
also evident that several secreted virulence determinants of C. albicans (including farnesol)
and P. aeruginosa (including N-acyl homoserine lactones, Pseudomonas quinolone signal,
pyocyanin and various peptides) form radicals, triggering oxidative damage not only to one
another, but also to the host (Fourie et al., 2016). Despite many descriptions of C. albicans
and P. aeruginosa co-inhabiting the same niches in the mammalian host and the frequency
with which they are associated with polymicrobial infections, few studies have specifically
evaluated how these two pathogens interact and affect each other in a particular host

environment (Hofs et al., 2016).

Non-mammalian infection models, such as, larvae of the greater wax moth (Galleria
mellonella) and Drosophila melanogaster have been remarkably useful in the study of host-
pathogen interactions (Brennan et al., 2002; Mylonakis and Aballay, 2005; Chamilos et al.,
2006). However, the free living nematode, Caenorhabditis elegans, offers much better
advantages over these models (Brenner, 1974; Corsi et al., 2015). These include a fully
sequenced genome, known cell lineages and a transparent body (Brenner, 1974; Kurz and
Ewbank, 2000; Corsi et al., 2015). Furthermore, its hermaphroditic nature (self-fertilization)

allows reproduction of a large number of homozygous animals in a short period, and the
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presence of males helps transfer mutations between strains (Brenner, 1974; Corsi et al.,
2015). It also has the advantage of a fast reproductive cycle, as the complete life cycle of C.

elegans takes during two to three days at 20 °C (Brenner, 1974; Corsi et al., 2015).

Moreover, the simple anatomy of the nematode and its wide range of forward and reverse
genetic tools make these models ideal for discovering new biological functions and regulation
for lipid metabolism (Vrablik and Watts, 2013). Lipids play an important role as building blocks
of membranes, energy storage or second messengers and signal transducer. However, the
lipid functional studies have been significantly underdeveloped, simply due to the difficulties
in applying genetics and molecular methods to tackle the complexity related with lipid
biosynthesis, metabolism, and also function. In the past decade, researchers have made
attempts to analyse the roles of lipid metabolism and physiological functions using different
animal models, and they also attempted to combine some of the genomics, genetics, and
biochemical approaches. Remarkably these pioneering efforts together have not only provided
understanding regarding lipid functions in vivo but have also established feasible methodology
for future studies. Despite fatty acids being the major player in pathogen lipid signalling, they

are not the only lipid molecules that affects signalling pathways in infections.

Although there has been studies pertaining the biological function of lipid mediators in
monomicrobial pathogens and their hosts, there is still a gap that exists with regards to the
knowledge concerning the production and role of lipid mediators of C. albicans and P.
aeruginosa polymicrobial infections in host (Noverr et al., 2001; Erb-Downward and Noverr,
2007; Fourie et al., 2016). As a result of both pathogens possessing the ability to produce
significant amounts of prostaglandins and other eicosanoids from exogenous arachidonic
acid, this could affect the dynamics of this co-infection as well as host survival during infection
(Erb-Downward and Noverr, 2007; Fourie et al., 2016). This warrants investigation in order to
completely gain insight of the polymicrobial interactions of C. albicans and P. aeruginosa with
regards to eicosanoid production, specifically prostaglandins. This will enable us eventually to

understand the role of these eicosanoids in the C. elegans model during co-infection.
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1.2 Introduction

Non-human species are considered models to science because they are subjectable to
laboratory experimentation. Studying these species is important to understand biological
processes and the infection processes leading to human and animal diseases. Some
important model organisms and the significant contribution they have made to biology are
listed in Table 1. Among those models the Caenorhabditis elegans (nematode) (Brenner,
1974), Drosophila melanogaster (fruit fly), Galleria mellonella (wax moth) and Mus musculus
(mouse) are now used as model systems in microbial pathogenesis, innate immunity, drug
discovery and development (Mylonakis et al., 2005; Marsh and May, 2012). Mammalian
models (e.g. M. musculus), however, present several bottlenecks for broad pathogenic
studies, such as laboratory expense, long reproduction and strong bioethical issues. Therefore
animal models like C. elegans and Drosophila have been considered better alternatives
(Brenner, 1974; Corsi et al., 2015). Often these models are inexpensive and reproduce rapidly
and can be easily cultivated and maintained under laboratory conditions. In addition, unlike
mammalian models, the insect and nematode models are not subjected to ethical regulations

for experimentation.

In the early 1970s C. elegans was selected as an experimental model organism, mostly due
to its short life cycle and production of large number of progeny (Brenner, 1974; Corsi et al.,
2015). The life cycle of this nematode includes embryonic stage, larva stages (L1-L4) and
adulthood (Corsi et al., 2015). In the laboratory, nematode is typically grown monoxenically,
feeding on Escherichia coli laboratory strains (Brenner, 1974; Corsi et al., 2015). It can be
preserved in a laboratory incubator at a temperature between 16 °C and 25 °C, most
preferably at 20 °C (Maniatis et al., 1982; Sulston and Hodgkin 1998). In addition,
unfavourable environmental conditions such as absence of food and high temperature can
trigger the C. elegans larva to undergo an unusual larval survival stage called dauer (Cassada
and Russell, 1975; Golden and Riddle 1984; Hu, 2007). Furthermore, like humans, the
nematode has specialized cells (neurons and muscles) and complex systems (digestive,
reproductive and excretory) (Corsi et al., 2015). It is also observed that this nematode and
humans share genes and cellular processes (Culetto and Satelle 2000; Kaletta and
Hengartner, 2006; Shaye and Greenwald 2011). Thus, all this advantages makes many C.

elegans relevant to study human health and disease.

Studies showed that C. elegans can be infected by most bacterial and fungal pathogens that
are of clinical relevance (Tan et al., 1999; Pukkila-Worley et al., 2009). For instance,
Pseudomonas aeruginosa, which is a human opportunistic pathogen, was the first bacteria

used to infect and cause death in C. elegans (Tan et al., 1999; Mahajan-Miklos et al., 1999;
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Darby et al., 1999). Furthermore, the nematode has been used in many studies to evaluate
the virulence factors of the yeast, Candida albicans, which is also a human opportunistic
pathogen (Pukkila-Worley et al., 2009, 2012). Specifically Pukkila-Worley and co-workers
(2012) showed that hyphal formation plays a crucial role in C. albicans virulence in C. elegans
and that mutant strains of the yeast unable to form hyphae have decreased virulence. It is
evident that most virulence factors contributing to the killing of C. elegans are also considered
important in causing virulence in mammals (Rahme et al., 1995; Tan et al., 1999; Saville et
al., 2003; Pukkila-Worley et al., 2009; Natalia et al., 2013).

The nematode can activate protective mechanisms when confronted with pathogens (Irazoqui
et al.,, 2010). Unlike humans, the nematode lacks an adaptive immune system so it only
depends on its innate immune defence (Pukkila-Worley et al., 2011). Fascinatingly, this
nematode shares similar innate immunity signalling cascades with mammals, in response to
pathogen invasion, making it valuable to investigate infection. The immune response to these
pathogens when introduced individually into C. elegans has been well studied (Irazoqui et al.,
2010; Pukkila-Worley et al., 2011; Marsh and May, 2012) and interestingly, it was found that
there are separate immune responses activated, depending on if the infection is due to a
bacterium (such as P. aeruginosa) or a yeast (such as C. albicans). Most microorganisms of
clinical relevance, elicit specific innate immunity mechanisms, which subsequently provoke
expression of antibacterial or antifungal polypeptide. Lines of defence of the nematode is
believed to be regulated by signalling pathways, such as, transforming growth factor 8
(TGFB)/DBL-1, p38 mitogen-activated protein kinases (MAPKSs), extracellular signal-regulated
kinase (ERK), and insulin signalling/DAF-2 pathways. Despite the intensive research on using
C. elegans model to study the monomicrobial infection of C. albicans and P. aeruginosa (Peleg
et al, 2008), little is known about the polymicrobial interaction between P. aeruginosa and C.
albicans specifically in this infection model. Studies on these C. albicans and P. aeruginosa
interactions are very important, since microbes normally exists in nature as polymicrobial
communities and often cause polymicrobial infections (Hogan and Kolser, 2002; Wang et al.,
2004).

Recent work in C. elegans has identified many regulatory proteins and downstream effector
genes responsible for lipid homeostasis (Zheng and Greenway, 2012). Thus, capacity for
polyunsaturated fatty acid synthesis makes C. elegans an excellent system to genetically
dissect the biological function of various fatty acids with resolution not possible in mammals.
Despite fatty acids being the major player in pathogen lipid signalling, they are not the only
lipid molecules that affects signalling pathways in infections. Eicosanoids are one such family
of lipids that plays roles in a number of pathogenic microbes (Fourie et al., 2016). Despite the

information that is currently available pertaining production of eicosanoids, with their
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respective roles during monomicrobial infections, there is not enough knowledge available
concerning the role of eicosanoids production during polymicrobial infections, as well as on
the host (Fourie et al., 2016).

Therefore this literature review will focus on the relevance of the C. elegans infection models.
Important aspects of C. elegans, such as the life cycle and laboratory growth requirements
will be highlighted. Also we will review C. elegans as model for the co-infection of prokaryotes-
eukaryote pathogens. Moreover, although extensive studies have been done on C. elegans,
the metabolomics and lipidomics studies on C. elegans are scarce, but number of publications
related to this topic is increasing steadily. Within this review we also aim to give a general

overview of lipids present C. elegans, and influence of infection on these lipids.
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Table 1. Biological infection models (Gonzalez-Moragas et al., 2015).

Invertebrates Vertebrates
Caenorhabditis  Drosophila Danio rerio Mus musculus
elegans melanogaster
Common name  Worm Fruit fly Zebrafish Mouse
Habitat Terrestrial (soil) Terrestrial Aquatic Terrestrial
(freshwater)
Cultivation Inexpensive and  Inexpensive and  Inexpensive and  Expensive
easy easy easy
Space Hundreds of Bottles in a 45-L aerated Cagesina
animals ina 100  dedicated room aquaria in a dedicated room
mm petri dish in dedicated room
laboratory
Food Bacteria Fly food (water, Adult shrimp Pelleted mouse
agar, sugar, corn feed
meat)
Environmental 16-25 °C 18-29 °C 25-31 °C 18-23 °C
conditions
Adult size -1 mm x 70-90 -3 mm x -2 mm -45cmx-1cm -17cm
pum
Adult weight -4 ug 200-250 pg 150-250 ug 17-25 ug
Gender Hermaphrodite 4 and @ d and @ 4 and @
and &
Life cycle Short (2-3 days)  Short (10 days) Long (2-4 Long (2-3
months) months)
Life span 2-3 weeks -30 days 2-3 years 2-3 years
Number of -300 -400 100-200 40-100
offspring eggs/clutch
Year genome 1998 2000 2013 2002
sequenced
% Homology 60-80 % 50-80 % 70 % Up to 99 %
with humans
Automated high Possible at all Only possible Only possible Not possible
throughout stages with larvae with embryos

assays
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1.3 Life cycle of Caenorhabditis elegans

Before the establishment of C. elegans model system, it is important to fully understand the
life cycle of this small, free-living soil nematode. The nematode has an anatomically simple
body structure that is an unsegmented, cylindrical body shaped with a tail that has tapered
end (Figure 1) (Altun and Hall, 2005). The typical adult body plan consist of about 1000
somatic cells with different tissue types (Figure 1) (Altun and Hall, 2005). It has two sexes
such as the hermaphrodites which are self-fertile and known to maintain homozygous
mutations and males which are used mostly for genetic crosses (Altun and Hall, 2005; Corsi,
2006). The life cycle of C. elegans consist of different stages growing drastically in different
sizes, this includes the embryonic stage, four larva stages (L1-L4) and adulthood respectively
(Altun and Hall, 2005). Important to note is that at the end of each larval stage (L1-L4), the
nematode undergo moulting process, whereby an old stage-specific cuticle is shed-off, while

a new one is produced.

Pharynx Intestine Gonad arm

\ L A AT '
A
Spermatheca Rectum

Ventral nerve
cord

Figure 1. Schematic diagram of anatomical structures of C. elegans adult hermaphrodite
(Altun and Hall, 2009).

1.3.1 Embryo

Embryogenesis begins inside the hermaphrodite, whereby the first cleavage takes place at
about 40 min at 22 °C (Corsi et al., 2015). The embryo is then laid into the environment at
about 150 min, through the vulval opening as it reaches the 30 cell stage. Once the embryo is
outside the hermaphrodite, it takes about 13 hours for embryogenesis to be completed. The
process of embryogenesis consist of the proliferation and organogenesis phase (Sulston et
al., 1983). During proliferation, the single cells undergo cell division to a large number of
undifferentiated cells (von Ehrenstein and Schierenberg, 1980; Wood, 1988; Bucher and

Seydoux, 1994). In organogenesis, cells undergo terminal differentiation without additional cell
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divisions. There is also a threefold elongation of the embryo, forming differentiated tissues and
organs. In the threefold elongation stage, the nematode becomes motile inside the eggshell
by rolling in pretzel configuration, indicating advanced motor system development. It is
observed that after cell cleavage the embryo starts pharyngeal pumping at 760 min and
immediately undergo hatching at 800 min (von Ehrenstein and Schierenberg, 1980; Sulston
et al., 1983; Bird and Bird, 1991). Therefore at the end of the embryogenesis, the main body
plan of the nematode becomes evident, and does not change during postembryonic
development.

Postembryonic development

Based on the availability of food, the larva is triggered to undergo the postembryonic
development program which proceeds three hours after hatching (Ambros, 2000). However,
in the absence of food, the development of embryos stops and can last 6-10 days without
food. Once there is food, the embryos undergo normal moulting and development (Johnson
et al., 1984; Slack, and Ruvkun, 1997).

1.3.2 Larval stages

Following completion of embryogenesis, C. elegans first larvae (L1) emerge from the eggshell
and begin feeding. Under certain conditions, such as, low population and plentiful food, the
larvae undergoes different characteristic developmental events in each of the four larval
stages (L1-L4) before moulting into reproductive adults (Figure 6). Also, at the end of each
larva stage, the nematode undergoes moulting, where stage-specific cuticle is shed off and
the new one develops (Raizen et al., 2008). This process consists of three steps (Cassada
and Russell, 1975; Corsi et al., 2015). The first step is an apolysis, whereby the old cuticle
separates from the nematode hypodermis. This is followed by the second step whereby new
cuticle develops from the hypodermis, and finally, ecdysis or shedding of the old cuticle.
However, before apolysis, there is a ceasing in pharyngeal pumping, leading to the nematode
entering a lethargus state (Bird and Bird, 1991; Raizen et al., 2008; Corsi et al., 2015).

L1 Larva

The presence of food after hatching enables the larva to enter the larval L1 stage, which lasts
for 12 hours. The length of the larva is about 250 pm as it enters the L1 stage. As depicted in
figure 2, in the nervous system of this nematode, about five classes (ASn, VAn, VBn, VCn and
VDn) of the eight classes (ASn, DAn, DBn, DDn, VAn, VBn, VCn and VDn) of motor neurons
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are created from 13 precursors (W, P1-P12) at the end of L1 stage (Sulston et al., 1976;
Sulston and Horvitz, 1977; Chalfie and White, 1988).

Seam precursor cells HSN M QL
= o =) o © JO e . © -
= = ;e PR R P ) ¢<,/—"’_
\‘ Gonadal Rectal epithelium
cc
primordium

VNC motor neuror{s\‘cc

Figure 2. The L1 larva. Located on the right are the M cell and the anterior ventral pair of
coelomaocytes (cc). In the middle plane are the rectal epithelial cells, and at the ventral
midline are the VNC motor neurons. Some of the remaining cells are located at the left
lateral side. The seam precursor cells are H1 (anterior most), H2, V1-6 and T (posterior
most) cells. The P cells are P1/2 at the anterior to P11/12 at the posterior. HSN are called
hermaphrodite-specific neuron (Altun and Hall, 2005).

It is also observed that other types of neurons are created from H2, G1, Q and T blast cells.
In the reproductive system, during the second half of L1, the Z1 and Z4 somatic gonad
precursors normally give rise to 12 cells, while Z2 and Z3 germ line precursors divide
accordingly (Figure 3) (Kimble and Hirsh, 1979). While in the coelomocyte system, two dorsal

coelomocytes are produced by the M mesoblast in the hermaphrodite.

Gonadal HSN
prlmordlum

0 (% '5

P3.4L P3,4R P5,6L P5,6R P7/8L P7/8R

Figure 3. The L1 gonad primordium (Z1-Z4) (Lints and Hall, 2009).
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L2 Larva

Following the L1/L2 moulting process, the nematode enters the larva L2 stage that lasts for
eight hours. During the L2 stage, V5.pa produces postdeirid sensilla, while G2 specifically
forms two ventral ganglion neurons in the nervous system. Meanwhile, in the reproductive
system, Z2 and Z3 germ cells undergo cell divisions while Z1 and Z4 somatic gonad
precursors does not. Then the somatic and germ cells rearrange and are organised like future
gonads (Kimble and Hirsh, 1979). The gonad further elongates, and this is led by the distal tip
cells (DTC).

L3 Larva

Following the L2 stage, the nematode enters the larval L3 stage. This stage lasts for eight
hours and the nematode has now elongated to about 490-510 um in length. Here, the somatic
gonad precursors give rise to about 143 cells producing the anterior and posterior gonadal
sheaths, uterus and spermathecae in the reproductive system (Kimble and Hirsh, 1979). The
gonad arms continue elongating in opposite directions until the middle of L3. The distal tip
cells stop and reorient themselves slowly in dorsal directions (Antebi et al., 1997). One can
also trace the vulva precursor fates and the committed cells divide to produce vulva terminal
cells by early L4. Moreover, from the two sex myoblasts produced in L3, 16 sex muscle cells

are generated.

Dauer Larva

As mentioned above, availability of food is of great importance during the life cycle of this
nematode. The presence of food enables the larva to undergo four stages punctuated by
moulting at the end of each stage, while its absence arrests the L1 larva (Slack, and Ruvkun
1997; Hu, 2007; Corsi et al., 2015). This arrested stage is named dauer larval stage, and its
signalling begins in the middle of the L1 (Golden and Riddle 1984; Corsi et al., 2015).
Research also showed that absence of food is not the only environmental factor that triggers
this stage, but also high temperature and presence of pheromones (Riddle, 1988). The
nematode can last for about 4 months in this state. During this stage, dauers are non-feeding

and developmentally arrested with restricted movement (Cassada and Russell, 1975).

Dauers possess specialized adaptations that allows them to survive harsh conditions for a
long period of time (Figure 4). They have a cuticle that is very thick protective that covers the
whole body protecting the body from harsh environmental factors such as detergents and

toxins (Cassada and Russell, 1975).The thickened cuticle also occludes the buccal opening
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to prevent feeding and dauers cease pharyngeal pumping (Albert and Riddle, 1983). The
dauer body within the cuticle becomes radically constricted with cells being compacted. This
radical constriction are dependent on the autophagy pathway, known to remove and recycle
waste and intracellular materials (Meléndez et al., 2003). The autophagy pathway shrinks the
muscles, intestines and hypodermal cells through catabolizing cellular components not
required during diapause. Thereafter, the remaining cellular structures are enclosed by the
dauer cuticle to a smaller volume (Cox et al., 1981). The thin and stiff dauer body structure
plays an important role in the specialized dauer behaviours including characteristic locomotion
patterns and nictation. Once the conditions are favourable, the nematode is able to exit the
dauer stage within one hour of presence of food. Thereafter it begins feeding after two to three
hours and moults to the L4 stage after 10 hours (Cassada and Russell, 1975; Riddle, 1988;
Sulston, 1998).

Specialized behaviors

Sealed buccal opening

Shrinkage of

Arrested germline muscle, intestine &
development hypodermal cells

Figure 4. Adaptations of the dauer larvae favouring survival and dispersal. Dauers exhibit a
thickened cuticle that overlies and seals the buccal opening, preventing feeding. Dauers are
radially constricted with shrunken tissues and display specialised behaviours including
nictation and characteristic locomotory patterns. Germline development is arrested (Wolkow
and Hall, 2015).
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L4 Larva

The last stage of larva is called the L4 stage which lasts for 10 hours. In the reproductive
system, there is completion of the process of gonadogenesis, which was established seven
hours after hatching. Also the distal gonad arms continue elongating in a circular manner along
the dorsal body wall muscles and complete this at the L4/adult moult (Antebi et al., 1997).
Furthermore, at L3/L4 moult, meiosis in the germ line takes place in the arms of the gonads
and germ cells turn into matured sperm. Then at L4/adult moult, production of sperm stops
and the remainder of the germline cells undergo meiosis and differentiate to become oocytes.
In the reproduction system there is also generation of vulva and uterine terminal cell followed
by tissue morphogenesis. This structures further association with egg-laying neurons and sex
muscles to form the egg-laying apparatus in the nematode (Figure 5) (Greenwald, 1997).

Figure 5. Reproductive system of C. elegans. Lateral left side. Dorsal gonad (DG), proximal
gonad (PG) and motor neurons (VC1-6 and HSNL) (Lints and Hall, 2009).

1.3.3 Adulthood

The nematode enters adulthood when it is about 900-940 um long as a young adult, where it
takes about 8 hours to become a matured adult (1110-1150 um) (Figure 6) (Corsi et al., 2015).
During hermaphrodite development, about 1090 somatic cells are generated and from this
131 are known to undergo programmed cell death (Driscoll, 1995). This leaves the adult
hermaphrodite with 959 somatic nuclei with 302 being neurons and 95 being body wall muscle
cells (Chalfie and White, 1988; Driscoll, 1995). Once the young adult is matured, it is able to
lay eggs and this leads to the nematode completing its reproductive life cycle within three days
(Byerly et al., 1976; Lewis and Fleming, 1995). After reproduction the adult nematode can
survive for about 10-15 days before it dies. A self-fertilising hermaphrodite produces
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approximately 300 progeny compared to a hermaphrodite that mates with a male which

produces 1200-1400 progeny.
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Figure 6. The typical life cycle of C. elegans at 22 °C (Altun and Hall, 2009).

1.4 Laboratory growth requirements

In natural environments, C. elegans is mostly isolated from temperate soil environments and
feed on bacterial species that decay plant decompositions (Nigon, 1949; Nicholas et al., 1959;
Barriere and Félix 2014; Corsi et al., 2015). Even though often characterised as soil nematode,
its larval and adult forms have also been isolated from rotting fruit, organic-rich garden soils,
plant stems, and compost (Félix and Duveau, 2012). This nematode mostly favours compost-

like environments since they are more abundant in bacterial food sources. Moreover, the
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dauer larvae is also found outside of rotting fruits and stems (Figure 7). However, in the
laboratory, the nematode is maintained on Nematode Growth Medium (NGM) agar, where it
is grown monoxenically, feeding on uracil auxotroph Escherichia coli OP50 strain (Brenner,
1974). This strain is advantageous because it shows limited bacterial lawn on the NGM plates,
improving the probabilities of better observation and mating of the nematodes (Brenner, 1974;
Corsi et al., 2015). Importantly, the nematodes need to be subcultured, to avoid overgrowth
or starvation. After plating C. elegans, one can observe growth of bacteria first, then after two
to three days, trails of the nematode become visible on the lawn of bacteria.

It is of great importance to ensure that stocks of C. elegans are preserved between 16 °C and
25 °C, preferably 20 °C (Maniatis et al., 1982; Sulston and Hodgkin, 1998). In some instances,
this stocks can be contaminated with other bacteria, yeasts or moulds. Bacteria and yeasts
can easily be removed using hypochloride solution and are not necessarily harmful to the
nematode. This treatment destroys the contaminant and all nematodes that are without egg
shells. In contrast, moulds can be removed by permitting the nematode to move away from
the moulds, and through chunking and serial transfer. For long term preservation, C. elegans
can be kept as frozen stocks and kept in liquid nitrogen (-196 °C) (Brenner, 1974).
Interestingly, methods used to store stocks of this nematode in liquid nitrogen were similar to
those used for mammalian cell lines, further facilitating their use as model organisms (Sulston
and Hodgkin, 1998). There are specific factors that must be considered when freezing. For
instance, freshly starved young larva (L1-L2) should be used and 5 % final volume of glycerol
should be added to the freezing media as cryoprotectant. Freezing should also be gradual at
-80 °C. After about 12 hours at -80 °C, the frozen stocks can be transferred in liquid nitrogen
for long term storage (Brenner, 1974). About 35-45 % of the total number of frozen nematodes

can be recovered from the stocks stored in liquid nitrogen.
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Figure 7. Fruit orchard as a natural habitat for C. elegans. As indicated at the lower center,
there are proliferating C. elegans populations growing in a decayed fruit. At the left lower and

upper the fruits at a lesser stage of decay contained only dauers (Wolkow and Hall, 2015).

1.5 Relevance of Caenorhabditis elegans infection model

Given the advantages of C. elegans under laboratory conditions, such as simple cultivation
and ease manipulation using variety of molecular and genetic methods (Brenner, 1974; Kurz
and Ewbank, 2000). And also a short life cycle with a single adult able to produce a large
number of progeny (Corsi et al., 2015). The fact that it is transparent enables better
observation of cellular events throughout its life cycle and allow usage of fluorescent markers
for gene expression (Chalfie et al., 1994; Corsi, 2006). Furthermore, it is one of the
multicellular organisms that has a complete sequenced genome and through this a
conservation of genes and cellular mechanisms has been observed similar to that of humans
(Culetto and Satelle, 2000; Kaletta and Hengartner, 2006; Shaye and Greenwald, 2011).
Importantly, there are no ethical regulations for experimentation with these nematodes. In
addition to being a genetically tractable model, C. elegans has also been used in studies of
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microbial pathogenesis, focusing on host-pathogen interactions, innate immunity and drug
discovery and development (Alper et al., 2008; Marsh and May, 2012). These organisms are
very useful to investigate specific virulence traits of the pathogen and their role in infection.
The fact that they are highly susceptible to human pathogens, makes it advantageous to be
regarded as an infection model in order to perform intensive studies on host-pathogen
interactions (Tan et al., 1999; Pukkila-Worley et al., 2009). At present, more than 40 human
pathogens, including bacterium, Pseudomonas aeruginosa, and yeast, Candida albicans, are
known to cause diseases in C. elegans. Thus, infection processes in C. elegans has been
shown to closely resemble chronic infection in humans. In addition, the nematode shares
similar signalling cascades of innate immune response with humans, such as extracellular
signal-regulated kinase (ERK), p38 mitogen-activated protein kinases (MAPKS), transforming
growth factor B (TGFB)/DBL-1),and B-catenin and insulin signalling/DAF-2 pathways (Kurz
and Ewbank, 2003; Alper et al., 2008; Zugasti and Ewbank, 2009). Caenorhabditis elegans is
particularly useful in the studies of intestinal epithelial innate defences since like mammalian
intestinal epithelia, it has 20 cells that are not shed and non-renewable (Irazoqui et al., 2010).
This is advantageous because it allows the in vivo studies of defence functions, without
confounding tissue repair and cell proliferation. Therefore this biological model allows studies
to be done entirely on epithelial innate defences since there is no adaptive immunity (Sifri et
al., 2005). Moreover, due to their small size and the possibility to perform assays in
microdilution plates, C. elegans offers an excellent model to perform large screenings of
antimicrobial compounds. Overall, screening of the whole animal C. elegans can facilitate in
the identification of compounds that would be difficult to identify with in vitro screens or even
be expensive and inefficient when using an in vivo mammal approach (Pukkila-Worley et al.,
2011). However, there are important limitations that need to be highlighted concerning the use
of C. elegans model system in order to study human diseases. It is important to perform assays
at lower temperature, since the physiological temperature (37 °C) is lethal to C. elegans
(Maniatis et al., 1982; Sulston and Hodgkin, 1998). Despite the fact that there is conservation
of pathogenesis mechanisms between the nematode and mammals, there are also huge
differences. In mammalian hosts, pathogens are often internalized then disseminate
throughout the host, in contrast majority of infections in C. elegans are not intracellular

colonized or disseminated throughout the host.
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1.6 C. elegans as infection model for pathogenic yeasts

1.6.1 C. elegans-C. albicans infection model

Since the establishment of C. elegans model system, research towards usage of this
nematode as an infection model has expanded rapidly, and now investigations are based on
wide range of human pathogens. Recently, researchers are making use of C. elegans model
to closely study many yeasts species (Aballay and Ausubel, 2002; Arendrup et al., 2002;
Pukkila-Worley et al., 2009). For instance, Candida albicans, which is an opportunistic
pathogen inhabiting the human microbiome causing infection in susceptible hosts, has been
used to infect the C. elegans. The most studied virulence factors of C. albicans is the yeast-
hyphal transition, where the yeast form switches to hyphal form. Importantly, this hyphal form
facilitates in tissue destruction and host invasion (Berman and Sudbery, 2002). Researchers
revealed that C. albicans is capable of establishing persistent infections in the intestines of C.
elegans and produce hyphae that has the ability to penetrate host tissues and pierce the
nematode cuticle (Breger et al.,, 2007; Pukkila-Worley et al., 2009). Therefore, like in
mammals, this hyphal morphogenesis appears to be one of the important mechanism to Kill
the nematode (Breger et al., 2007; Pukkila-Worley et al., 2009). However mutants that cannot
form hyphae seemed to be avirulent, implying that hyphal morphogenesis might be one of the
mechanism of nematode killing (Breger et al., 2007). Interestingly, the mode of entry for
Candida infection in nematodes and human infection is both through gastrointestinal tract.
Moreover, Pukkila-Worley et al. (2009) showed that the environmental factors within the
nematode are similar to those in human gastrointestinal tract and they induce hyphal formation
in C. albicans. Furthermore, C. elegans-C. albicans infection model used in vivo have more
benefits compared to other models, in such that it is easier to evaluate the Candida
dimorphism and visualize the formation of hyphae in nematodes (Pukkila-Worley et al., 2009).
The fact that the nematode is transparent, also enables proper examination of the stages of

infection of fungal cells within the intestines (Pukkila-Worley et al., 2009).

For instance, Pukkila-Worley and co-workers (2009) when examining the intestines they
observed hyphae piercing cuticle of infected nematodes. They speculated that the hyphal
formation was occurring post-mortem and thus was more of an indicator for aggressive
infection, rather than a virulence determinant. In addition to C. albicans, studies were done on
other fungal species (Debaryomyces hansenii and Candida lusitaniae) that are incapable of
hyphal formation (Pukkila-Worley et al., 2009). Results showed that the hyphal forming C.
albicans strains (DAY 185 and SC5314) were more virulent towards C. elegans than the other
two yeast species incapable of forming hyphae (D. hansenii and C. lusitaniae) and also than

E. coli OP50 bacterial food source (Figure 8A). Moreover, the two yeast species (D. hansenii
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and C. lusitaniae) killed C. elegans at a slow rate, however only the yeast cells and no hyphae
was observed in the intestines of the nematode, suggesting that they killed nematode using a

yeast-dependent process (Figure 8C and D) (Pukkila-Worley et al., 2009).
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Figure 8. Yeast mediated killing of C. elegans. (A) The C. albicans SC5314 and the C.
albicans DAY185 strains were more virulent towards C. elegans in a liquid medium Kkilling

assay than D. hansenii, C. lusitaniae and E. coli OP50 during the first 72 h of infection.
Micrographs of nematodes infected with (B) C. albicans DAY185 with hyphae piercing the
cuticle, (C) D. hansenii with only yeast cells, and (D) C. lusitaniae with only yeast cells. White
arrows indicates to the intestinal lumen. The scale bar shown in figure 8B equates to 20 ym
(Pukkila-Worley et al., 2009).
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1.6.2 C. elegans infection with other pathogenic yeasts

Other studies were done on virulence factors of Cryptococcus neoformans and Histoplasma
capsulatum using C. elegans infection assays (Mylonakis et al., 2002, 2004; Johnson et al.,
2009). Interestingly, C. neoformans uses a different approaches than C. albicans to facilitate
killing in the nematode. Since cell of C. neoformans are larger than Candida cells, they are
unable to persist in the intestines of C. elegans, instead they are mostly concentrated at the
area directly distal to the pharyngeal grinder (the organ that functions to disrupt ingested
organisms). Nematodes allowed to feed on cryptococcal lawn are capable of defecating the
cryptococcal cells once they are transferred into the liquid media, helping to get rid of the
cryptococcal infection (Mylonakis et al., 2002). However, it was suggested that capsule and/or
melanisation is highly associated to the C. neoformans-mediated C. elegans killing (Mylonakis
et al., 2002). Moreover, Johnson and co-workers (2009) reported that the yeast, H. capsulatum
is able to transit the pharynx and pass through the intestine as intact yeast. They observed
that only live, virulent strains produced rapid lethality in the nematode and that the rapid killing

was due to production of toxic yeast metabolites (Johnson et al., 2009).

Despite the fact that this nematode is proven to be one of the most important model system
to study fungal virulence and also for identification of novel antifungal compounds (Breger et
al., 2007; Okoli et al., 2009; Arvanitis et al., 2013), challenges still arise that limits the
nematode to fully replace mammalian models for studies on virulence factors as well as drug
development and discovery. There is an evolutionary distance and also physiological
differences between nematodes and humans. Additionally, most human pathogens survive at
37 °C and this restricts their studies in C. elegans, since high temperatures like 37 °C can be
lethal to the nematode (Maniatis et al., 1982; Sulston and Hodgkin 1998).

1.6.3 Immune response

In nature, C. elegans nematodes encounter several threats from ingested pathogens (Irazoqui
et al.,, 2010). Exposure of C. elegans to pathogens activates three major protective
mechanisms. Firstly, it uses physical barriers such as cuticle and pharyngeal grinder.
Secondly, an avoidance behaviour, which relies on chemosensory neurons that sense
pathogens and induce escape. This is triggered by recognising the pathogen through Toll-like
receptor, TOL-1, and detecting microbial molecules like cyclic pentadepsipeptide
biosurfactant, serrawettin W2. Thirdly, if the pathogen cannot be avoided, the nematode
triggers specific innate immunity mechanisms, then provokes expression of antimicrobial
polypeptides (Irazoqui et al., 2010). Coordination of these defences involves several highly

conserved elements that have mammalian orthologues (Kim et al., 2002; Pukkila-Worley et
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al., 2011). However, unlike humans, the nematode relies solely on innate immune defence
since it lacks an adaptive immune system (Pukkila-Worley et al., 2011). Fascinatingly, there
is a striking resemblance between the C. elegans intestinal epithelial cells and human
intestinal cells and due to lack of both circulatory system and cells dedicated to the immune
response in the nematode, their intestinal epithelium establishes the primary line of defence
against ingested pathogens (Troemel et al., 2008). Thus, it is possible to conduct appropriate

analyses for innate immune mechanisms in this C. elegans model.

In the innate immunity of C. elegans, there are different proteins that are involved in response
mediated processes to pathogen infection. When C. elegans is infected, firstly it uses
receptors to recognize a pathogen or damages induced by a pathogen. Caenorhabditis
elegans Toll-like receptors (TLRs) function by launching an appropriate immune response
against a pathogen. The TLRs share a similar structure, and contain an intracellular Toll-
Interleukin-1 receptor (TIR) domain and ectodomain of leucine-rich repeats. A TIR domain
adaptor protein TIR-1, orthologous to mammalian sterile alpha and TIR motif-containing
protein 1 (SARM), usually functions by activating the PMK-1 pathway in C. elegans innate
immunity. Secondly, a complex innate immune response is triggered, involving signalling
cascades that uses proteins and transcriptional regulators to direct changes in gene
expression (Figure 9). The three well characterized core signal transduction pathways are
DBL-1 pathway, mitogen-activated protein kinase (MAPK) and DAF-2/DAF-16 pathway
(Murphy et al., 2003). For instance, MAPK pathway has a central role in resistance to microbial
pathogens. Furthermore, pivotal regulators of MAPK, such as p38, have been seen to have a
critical role in MAPK pathway which regulates innate immunity in C. elegans. Interestingly
subsequent studies have implicated this pathway in host resistance to majority of fungal and
bacterial pathogens. Thirdly, some antimicrobial peptides (AMPs) and proteins, such as
cytokines function as effector mechanisms of innate immune response to control infection
(Figure 9).

Pathogens like C. albicans, with cell walls that consist of chitin polysaccharides, mannan and
glucan can be easily recognised by the host (Gow and Hube, 2012; Gow et al., 2012). The
yeast form of C. albicans can cause an intestinal infection in C. elegans. So host response to
this pathogen is mostly mediated by pattern recognition, pathogen-associated molecular
patterns (PAMPSs). Pukkila-Worley et al. (2011) discovered that in response to fungal
pathogens, the transcription of antibacterial immune effectors of nematodes are selectively
repressed. Thus, nematodes selectively mount specific antifungal defences at the expense of

antibacterial responses (Pukkila-Worley et al., 2011).
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Figure 9. Schematic representation of the different signalling pathways and their components
involved in the induction of antimicrobial peptides expression upon infection. Expression of
the nlp genes is controlled by a PKC/SARM/p38 MAPK pathway and expression of cnc genes
is controlled by a TGF-b pathway (Engelmann and Pujol, 2010).
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1.7 C. elegans as infection model for Pseudomonas aeruginosa

1.7.1 C. elegans-P. aeruginosa infection model

Caenorhabditis elegans functions as a model organism to evaluate many bacterial infections
caused by different bacterial species, especially Pseudomonas aeruginosa, Staphylococcus
aureus and Salmonella typhimurium. Pseudomonas aeruginosa is an opportunistic pathogen
causing life threatening infections in immunocompromised host (Wood, 1976; Doring, 1993;
Govan and Deretic, 1996; Tan et al., 1999). It is difficult to eradicate P. aeruginosa infection,
because of high levels of innate antibiotic resistance and ever-increasing incidences caused
by multidrug resistance strains of this bacterium (de Kievit et al., 2001; Obritsch et al., 2005;
Fisher et al., 2005). However, there are ongoing studies on determining the virulence
mechanism of P. aeruginosa and development of treatments for the diseases caused by this
bacterium. Caenorhabditis elegans has been used for the development of infection assay

since it can mimic pathogenesis in humans (Powell and Ausubel, 2008).

Depending on the strain and culture conditions, P. aeruginosa is capable of causing infection-
like processes in C. elegans. At this point five different C. elegans killing assays have been
described in vivo, offering possibilities in the development of novel antibiotics through usage
of whole-body infection system. In the first killing assay, named slow killing assay, P.
aeruginosa PA14 strain can colonise the nematode intestines and kill it within a couple of days
(Tan et al., 1999; Papaioannou et al., 2009). Slow killing is dependent upon active replication
and accumulation of bacteria in the nematode intestines. However the nematode can recover
from the infection if, after a brief exposure, it is removed from the pathogen source and also
taking into consideration that the threshold is not exceeded, which might have an influence on
the pathogen to induce intestinal pathology (Irazoqui et al., 2010). So once this threshold is
reached, the infection becomes persistent and nematode cannot recover (Tan et al., 1999;
Irazoqui et al., 2010). However, in fast killing assay, the nematode is killed within a few hours.
This is mediated by diffusible toxins such as phenazines, which are pigment compounds
secreted by pseudomonads (Mahajan-Miklos et al., 1999; Cezairliyan et al., 2013). The third
killing assay was discovered through infection with another P. aeruginosa clinical strain,
PAO1, with a much lesser virulence potential than PA14. Pseudomonas aeruginosa PAOL1 is
capable of killing the nematode by rapid and lethal paralysis, by mediation of bacterial cyanide
poison, which blocks respiratory electron transport (Darby et al., 1999; Gallagher and Manoil,

2001). Therefore, this was observed when nematodes were treated with exogenous cyanide.



34

The fourth killing assay is named as red death and its lethality is mediated by consumption of
phosphate in the media. It is observed that when a nematode is exposed to physiological
stress such as starvation and heat shock, then infected with P. aeruginosa PAO1 , the
nematode shows presence of red coloured Pseudomonas quinolone signal ferric ion (PQS-
Fes:) complex in the pharynx and intestines (Zaborin et al., 2009). Another recently describe
assay is the liquid killing assay, mediated by pyoverdine, a bacterial siderophore, which
induces a hypoxic response killing the nematode (Legendre et al., 2011; Kirienko et al., 2013).
Individually these killing assays probe different virulence factors, such as phenazines, cyanide
poison and pyoverdine, however they can complement one other in order to unfold and give
better understanding of the precise virulence mechanisms involved in bacterial infections.
Moreover, combination of this assays can be essential in the studies of pathogenesis inhibition
by novel antibacterial therapies.

1.7.2 Immuneresponse

As previously mentioned, there are shared traits within the innate immune system of humans
and the nematode. Most of the nematode immunity characterisation has been through
nosocomial bacterial pathogens, particularly P. aeruginosa (Kim et al., 2002; Aballay et al.,
2003; Irazoqui et al., 2008; Powell et al., 2009). Pukkila-Worley and co-workers (2011)
discovered that fungal and bacterial pathogens have remarkably distinct responses, for
example, the immune response effectors that are upregulated by P. aeruginosa are
downregulated by C. albicans during infection. The resistance of C. elegans to infection by P.
aeruginosa triggers the DBL-1 pathway and specifically upregulates lysozyme gene (lys-8) of
this pathway (Figure 10) (Mallo et al., 2002). The gene dbl-1 encodes one of 4 TGF-b-like
ligands in the nematode. The binding of DBL-1 to heterodimeric DAF-4/SMA-6 receptor leads
to phosphorylation and function via the SMA-2/SMA-3/SMA-4 SMAD complex to control gene
expression. The SMA-2/SMA-3/SMA-4 complex translocate into the nucleus activating gene
expression, acting in association with some of the multiple isoforms of SMA-9 (zinc finger

transcription factor) (Liang et al., 2003).
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Figure 10. The DBL-1/TGF-b pathway. Binding of the TGF-b-like ligand to the heterodimeric
DAF-4/SMA-6 receptor leads to the phosphorylation and activation of the SMAD proteins
SMA-2, SMA-3 and SMA-4. Then they translocate into the nucleus to activate gene

expression, in association with SMA-9 (Ewbank, 2006).

The DAF-2/DAF-16 pathway is another pathway involved in antibacterial defences and it
highly regulates its expression (Figure 11) (Murphy et al., 2003). It is well characterized for its
function of controlling longevity in C. elegans. Briefly, as an agonist ligand is readily present,
the insulin-like peptide DAF-28 activates the DAF-2 receptor, and this activation in return
activates AGE-1 phosphatidylinositol-3 OH kinase, which act as a catalyst in the conversion
of phosphatidylinositol bisphosphate (PIP2) to phosphatidylinositol trisphosphate (PIP3)
(Figure 11A). The PIP; then binds to the AKT-1/AKT-2 complex, exposing the two
phosphorylation sites. While also the PDK-1 kinase binds to PIP; recruiting it to the membrane
in order to phosphorylate and activate AKT-1. Thereafter, AKT kinase phosphorylates DAF-
16 transcription factor, ensuring its appropriate cytoplasmic retention. However, the presence
of an antagonist ligand, INS-1, or in cases where daf-2 lose its function mutant, then the DAF-
2/DAF-16 pathway is deactivated (Figure 11B). This results in DAF-16 not being
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phosphorylated, therefore it is translocated to the nucleus in order for it to regulate the

expression of coupled antimicrobial genes and stress response.
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Figure 11. The DAF-2/DAF-16 pathway. (A) The presence of an insulin-like peptide DAF-28

agonist ligand activates the DAF-2 receptor and which in turn activates phosphatidylinositol
bisphosphate (PIP2), which is then converted into phosphatidylinositol trisphosphate (PIP3).
The AKT kinase in turn phosphorylates the DAF-16 transcription factor, ensuring its
cytoplasmic retention. (B) The presence of INS-1 antagonist ligand, (or in a daf-2 loss of
function mutant), deactivates the pathway, thus DAF-16 is not phosphorylated. DAF-16 then
translocate to the nucleus to regulate the expression of a set of antimicrobial genes and stress

response (Ewbank, 2006).

Resistance to P. aeruginosa has been shown to involve a third pathway, a MAP kinase
pathway, involving the MAP3K NSY-1 and the MAP2K SEK-1 that had originally been
characterised as playing a role in determining asymmetric neuronal cell fate (Kim et al., 2002).
In wild-type nematodes, the chemoreceptor STR-2 is only expressed in one of the two AWC
olfactory neurons, while in nsy-1 and sek-1 mutants, both sister neurons express the receptor
(Sagasti et al., 2001). Interestingly, during the genetic screening for nematodes hyper
susceptible to P. aeruginosa, alleles of nsy-1 and sek-1 were identified and were shown to act
together upstream of pmk-1 (Figure 12). Moreover, an increased susceptibility to infection due

to the RNAI against this gene, which encodes one of the nematode's three p38-family MAP
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kinases can also be observed (Kim et al., 2002). While in the case of cell determination, alleles
of nsy-1 and sek-1 were shown to act downstream of unc-43, which encodes a calcium-
calmodulin-dependent kinase (Figure 12) (Kim et al., 2002). However, according to research
this latter gene lacks a significant function in innate immune signalling (Kim et al., 2002).
Furthermore, when RNAI abrogate the function of pmk-1 there is no cell determination
phenotype provoked, and this suggest that there is differences in the downstream components
of the pathway according to the two cases (Chuang and Bargmann, 2005). In addition, the
TIR-1 adaptor protein was proven to function in both neuronal and defence pathways.
Together all this findings were compared with human infection, and there was a striking high
degree of resemblance between P. aeruginosa infection in C. elegans and humans. Thus
there is a strong argument that C. elegans reveals features that makes it a relevant infection
model to study host-pathogen interactions.

CALCIUM SIGNALLING

INFECTION

MAP3K

MAP2K

MAPK

4-6-5-8-
--§-8-0-

PATHOGEN RESISTANCE CELL FATE DECISION

Figure 12. The TIR-1/NSY-1/SEK-1 cassette functions in innate immunity and cell fate
determination (Ewbank, 2006).
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1.8 Caenorhabditis elegans as infection model for polymicrobial infections

The human host is often co-colonised or co-infected with different microorganisms (Figure 13)
(Hofs et al., 2016). The interactions can be detrimental to human health, with the combination
of virulence factors promoting the survival of microbial populations during infection. At this
present time, there is enormous research available describing specifically the in vitro
antagonistic interaction between C. albicans and P. aeruginosa (Hogan and Kolter, 2002;
Rinzan, 2009; Shirtliff et al., 2009; Méar et al., 2013; Lindsay and Hogan, 2014; Xu et al.,
2014; Fourie et al., 2016). For instance it was reported that during the polymicrobial biofilm
formation, P. aeruginosa can inhibit hyphae of C. albicans through the involvement of different
virulence factors, such as the production of a phenazine pigment, pyocyanin and a quorum
sensing molecule, 3-oxo-homoserine lactone (Kerr et al., 1999; Hornby et al., 2001; Brand et
al., 2008; McAlester et al., 2008; Morales and Hogan, 2010).

While, C. albicans secretes a quorum sensing molecule, named farnesol, which reduces
Pseudomonas quinolone signal with downstream reduction in phenazine production (Cugini
et al., 2007). Moreover, C albicans ethanol production can promote C. albicans biofilm
formation and inhibit P. aeruginosa motility (Chen et al., 2014). Other factors, such as iron
sequestration, extracellular DNA as well as peptidoglycan and lipopolysaccharides can affect
C. albicans and P. aeruginosa interaction (Xu et al., 2008; Purschke et al., 2012; Bandara et
al., 2013; Sapaar et al., 2014; Trejo-Hernandez et al., 2014).

Despite this, majority of research has been done on polymicrobial infections in vitro. There
has been scarcity of in vivo models to investigate the biological and pathological mechanisms
of interacting species. However, Peleg et al. (2008) showed that C. elegans can still be
effectively used as a model to monitor the dynamics of a polymicrobial infection, precisely
between eukaryotes and prokaryotes. This study was based on an antagonistic relationship
between bacterial pathogen Acinetobacter baumannii and C. albicans where A. baumannii
inhibited several virulence factors of C. albicans including biofilm formation and hyphal
formation, resulting in reduced C. albicans pathogenicity (Peleg et al., 2008). Interestingly,
during their in vitro studies they were able to recapitulate A. baumannii inhibitory activity
against C. albicans (Peleg et al., 2008; Tampakakis et al., 2009). Meanwhile, C. albicans
secreted farnesol, which inhibited the growth of A. baumannii respectively (Peleg et al., 2008).
Interesting, A. baumannii and C. albicans independently killed the nematode at a rapid rate,
however nematodes infected with both this pathogens survived significantly longer compared

with those infected with C. albicans alone (Peleg et al., 2008).
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Moreover, Cruz et al. (2013) also supported the antagonistic observations in C. elegans, by
investigating the interaction between Enterococcus faecalis and C. albicans. Here, a
monomicrobial infection with either E. faecalis or C. albicans significantly reduced survival,
however, E. faecalis and C. albicans polymicrobial infection caused less tissue damage to
nematode, by preventing hyphal morphogenesis by C. albicans (Cruz et al., 2013).
Fascinatedly, the presence of C. albicans appeared to be able to protect E. faecalis from cell
death. Apart from the fact that C. albicans-P. aeruginosa interactions has been well-studied,
little is known about this interaction in the C. elegans infection model.

Recently, Bergeron and co-workers (2017), discovered that the co-infection of C. albicans and
P. aeruginosa in the mucosa results in synergistic virulence and enhanced mortality when
using Zebrafish swim bladder model. They discovered that monomicrobial infection causes
little mortality, but polymicrobial infection are synergistically virulent. According to their
observations, the polymicrobial infection mortality seemed to be more correlated to C. albicans
invasive pathogenesis and higher microbial burden, which act as strong virulence
determinants for mortality. Moreover, during the polymicrobial infection there are several
important aspects of the proinflammatory immune response that are also enhanced. The
enhanced C. albicans hyphal invasion and synergistic virulence in co-infections were
unexpected based on known antagonistic interactions of the pathogens in vitro (Hogan and
Kolter, 2002; Rinzan, 2009; Shirtliff et al., 2009; Méar et al., 2013; Lindsay and Hogan, 2014;
Xu et al.,, 2014; Fourie et al., 2016). However, several in vivo studies reported that the
enhanced virulence is consistent with most C. albicans-bacterial co-infection mouse models,
such as organotypic models, which result in cytokine production, and/or fungal invasion (Villar
et al., 2005; Xu et al., 2014; Nash et al., 2014; Nash et al., 2015).
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Figure 13. Scheme representing bacterial-fungal interactions found in clinically important
sites of a critically ill patient in the intensive-care unit. The boxes describe, the microorganisms

with each site they are found (Peleg et al., 2008).

1.9 Lipid metabolism in mammals

Lipids are small organic molecules that are insoluble in water, but are soluble in organic
solvents. Biochemically, they originate entirely or in part from carbanion-based condensations
of thioesters, forming fatty acids, which are components of triacylglycerols (TAGS),
phospholipids, and sphingolipids; or by isoprene units, resulting into isoprenol derivatives
(sterols) (Fahy et al., 2009). Lipids are fundamental to all biological systems and fulfil several
cellular functions, including storage of energy, building blocks of membranes, and signalling.
Their highly reduced state renders them efficient energy storage molecules. They are the
hydrophobic units of bilayers that form cellular and organelle membranes, and they are potent
signalling molecules. For instance phospholipids serve as integral parts of the membrane for
separation and compartmentalisation of cells; moreover these membranes serve as scaffolds
for interactions along membrane-associated moieties. Also for host-pathogen interactions
membranes play crucial roles, because they are the first line of defence against pathogens.

Several lipids act as second messengers of signal transduction for example lysolipids,
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phosphoinositides and steroids. Lipidomic analyses, which seek to define all lipid species
present in a system, indicate that the lipid composition of eukaryotic systems is enormously
complex (Wenk, 2010).

1.9.1 Fatty acids

Fatty acids are carboxylic acids with long aliphatic chains of about 14-20 carbons (Tanaka et
al., 1996; Watts and Browse, 2002). They can be classified either as saturated, without any
double bonds, as monounsaturated, containing one carbon-carbon double bond, or as
polyunsaturated, containing two or more carbon-carbon double bonds. For instance,
monounsaturated fatty acids (MUFAS) are synthesized from saturated fatty acids (SFAs) to
unsaturated fatty acids (UFAS) by lipogenic enzymes, namely A9 fatty acid desaturases (also
referred to as stearoyl-CoA desaturases or SCDs). The A9 fatty acid desaturases functions
by introducing a double bond between the 9" and 10™ carbons in a SFA chain. In eukaryotes,
the A9 desaturases are ubiquitous enzymes found in organisms from yeast to humans. Some
of these organisms, including yeast, sheep and pigs, contain one A9 desaturase in contrast to
humans, and also mice and nematode Caenorhabditis elegans, which contains a multiple A9
desaturases (Stukey et al., 1989; Watts and Browse, 2000; Miyazaki et al., 2003; Ren et al.,
2004; Wang and Dey, 2005). It is important to maintain a proper ratio between MUFAs and
SFAs by regulation of A9 desaturase genes, since alteration in this ratio can cause various
diseases in humans such as diabetes, heart disease, atherosclerosis, cancer and obesity
(Warensjo et al., 2005; Lee et al., 2018). Another group of fatty acids are polyunsaturated,
which are about 18 carbon atoms or more long chain fatty acids in length, consisting of two or
more double bonds. They can be characterized into three groups, based on the double bond
position (n) closer to the fatty acid chain methyl end, such as, omega-3 (n3), omega-6 (n6)
and omega-9 (n9) fatty acids. Very important to note that both the number of double bonds
and the chain length highly influence the lipids physical properties that readily consist of them,

as well as the function of the plasma membrane (Cribier et al., 1993).

1.9.1.1 Fatty acids biosynthesis

In brief, mammalian fatty acids can be synthesized de novo by enzymatic activities of acetyl-
CoA carboxylase (ACC) and fatty acid synthase (FAS), to yield 16-carbon SFA, known as
palmitic acid (16:0) (Figure 14) (Leibundgut et al., 2008). Thereafter, elongase enzymes
elongates the palmitic acid with two-carbon units and fatty acid desaturase enzymes inserts

double bonds. Each desaturase enzyme respectively functions by introducing a double bond
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at a specific carbon in the fatty acid chain. For example, a A9 desaturase inserts a double
bond specifically at the 9th carbon of palmitic or stearic acid, creating a MUFA. Surprisingly,
in mammals, the 18-carbon and longer, omega-3 and omega-6 polyunsaturated fatty acid
(PUFA) families are not synthesised de novo. This is due to lack of A12 and omega-3 fatty
acid desaturase activities that enable them to convert oleic acid (18:1n9) to linoleic acid
(18:2n6), or to convert omega-6 (n6) fatty acids to omega-3 (n3) fatty acids (Burr and Burr,
1930; Walllis et al., 2002). As a result mammals have a dietary requirement for the fatty acids,
such as, 18:2n6 and alpha-linolenic acid (18:3n3), which are produced through a series of
elongase and desaturation reactions catalysed by elongase and desaturase enzymes,
respectively (Burr and Burr, 1930). Furthermore, enzymes, such as, A5 and A6 desaturases,
metabolise these dietary fatty acids in order to form a complex of PUFAs including arachidonic
acid (20:4n6) and docosahexaenoic acid (22:6n3), required for mammalian growth and
development (Figure 14) (Burr and Burr, 1930).
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Figure 14. Fatty acid biosynthesis pathway. Abbreviations: AA, arachidonic acid; ACC, acetyl-
CoA carboxylase; ACP, acyl carrier proteins; ACS, acyl-CoA synthase; ALA, a-linolenic acid,;
BCKAD, branched-chain a-keto acid dehydrogenase complex; cVA, cis-vaccenic acid; C51SO,
isovaleric acid; C13ISO, 11-methyldodecanoic acid; C151SO, 13-methyltetradecanoic acid;
C171SO, 15-methylhexadecanoic acid; DES, desaturase; DGLA, dihomo-y-linolenic acid;
EPA, eicosapentaenoic acid; ETA, eicosatetraenoic acid; FAS, fatty acid synthase; GLA, y-
linolenic acid; KAR, 3-ketoacyl-CoA reductase; LA, linolenic acid; OL, oleic acid; PAL, palmitic
acid; POA, palmitoleic acid; PUFA, polyunsaturated fatty acid; SDA, stearidonic acid; STE,
stearic acid (Zhu and Han, 2014).
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1.9.1.2 Biological function of fatty acids

Fatty acids are essential building blocks and precursors of membrane and storage lipids, such
as cholesterol esters, phospholipids, triglycerides and sphingolipids which function in diverse
cellular processes such as energy storage, membrane function, and also serve as mediators
of signal transduction (Enoch et al., 1976; Ntambi, 1999). The role of lipids in these cellular
processes highly depend on their fatty acid compositions, thus it is crucial to regulate synthesis
of MUFAs. For instance, the phospholipids fatty acid composition can have tremendous effect
on membrane properties, including fluidity, curvature, tension, thickness, and the production
of membrane microdomains. Importantly, these membrane properties can affect cellular
processes that are responsible to alter membrane structure, including cytokinesis, as well as
activity of membrane-associated proteins (Kremmyda et al., 2011; Vrablik and Watts, 2012).
Another biological role of fatty acids is seen where lipase enzymes are capable of cleaving
phospholipids and triacylglycerols, to release several fatty acids that can be processed by

enzymatic activity into signalling molecules or function independently.

Similarly, like MUFAs, PUFAs are also important components of membrane phospholipids
functioning to maintain membrane fluidity and membrane function, and also regulators of gene
expression (Kahn-Kirby et al., 2004; Kubagawa et al., 2006). Importantly, PUFAs function as
precursors for signalling molecules called endocannabinoids and eicosanoids, which are
involved in many physiological processes and biological processes, that includes
neuroreception, development, reproduction, inflammation and immune response (Funk, 2001;
Glass and Olefsky, 2012; Battista et al., 2012; Hirata et al., 2012; Katona and Freund, 2012).
In mammals, composition of PUFA in phospholipids significantly influences many cellular
processes such as endocytosis, exocytosis, modulation of ion channels, and membrane-
associated enzymes activities that are sensitive to most of the lipid membranes biophysical
properties. Thus disruption of proper PUFA intake and metabolism is highly related to certain
human disease states, including inflammatory disorders, hypertension, coronary artery
disease diabetes, and cancer. Moreover, UFAs can also functions in movement of
mitochondria and inheritance (Stewart and Yaffe, 1991). Since the PUFAs are the central fatty
acids that makes up the backbone of sphingolipid, they are also important for cell viability
(Dickson, 1998; Schneiter, 1999). In order to identity the biological roles of lipids, one of the
approaches used is the forward or reverse genetic screens, which offer unbiased
determinations of functions of specific lipid classes (Han, 2015; Zhang et al., 2015). For
instance mass spectrometry (MS) is a commonly used analytical platform for lipidomics due

to its specificity, sensitivity, and accuracy.
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1.9.2 Eicosanoids

1.9.2.1 Eicosanoids biosynthesis

Polyunsaturated fatty acid functions as precursors that are used to synthesise diverse lipid
mediators such as eicosanoids and docosanoids, which are synthesised by cyclooxygenases
or lipoxygenases (Funk, 2001; Spector and Kim, 2015). For instance, eicosanoid biosynthesis
is triggered by a stimulus, which in return stimulates cytoplasmic phospholipase A> (PLA>) to
be transferred to the endoplasmic reticulum, Golgi apparatus, or nuclear membrane where it
catalyses the release of a PUFA from a phospholipid membrane (Figure 15) (Soberman and
Christmas, 2003). Now, at this point the pathway diverges, where some of the free PUFAs can
be metabolised either by “linear pathway” to synthesise lipoxin/leukotriene or the “cyclic
pathway” to synthesise prostaglandins/thromboxanes, family of eicosanoids (Funk, 2001). The
cyclic pathway that synthesise prostaglandin and thromboxane is derived from a pentane ring
with 5-carbon or a 6-member ether-containing ring of this eicosanoids. Importantly, different
PUFA precursors are known to synthesise three classes of prostaglandin, such as, the F;
class derived from dihomo-y-linolenic acid (DGLA, 20:3n6), the F; class is derived from
arachidonic acid (AA, 20:4n6) and the F; class derived from eicosapentaenoic acid (EPA,
20:5n3).

Briefly, during cyclic pathway (Figure 15), cyclooxygenase enzymes (COX-1/2) and
prostaglandin endoperoxide, which are enzymes found in endoplasmic reticulum or nuclear
envelope catalysing the insertion of two oxygen atoms in AA, function to process AA to form
prostaglandins (Marnett et al., 1999). Important to note about the cyclooxygenase enzymes in
mammalian cells, is that they exists in two isoforms, for example, COX-1 enzyme that is
expressed constitutively, and a highly induced COX-2 enzyme. Therefore the preliminary
oxidation reaction of AA, which is facilitated by these enzymes, is able to produce
prostaglandin G, (PGGy). Thereafter, PGG: is reduced to prostaglandin H> (PGH.) through
peroxidase activity, this PGH, then becomes a substrate for other immunomodulatory
compounds, such as thromboxanes and prostaglandins. For instance, PGH, can convert to
prostaglandin E, (PGE>) through further action by prostaglandin E synthase enzyme (Figure
15). This acts as the first rate-limiting step for synthesis of prostaglandin, and also a targeted
step for non-steroidal anti-inflammatory drugs (NSAIDs), such as aspirin and ibuprofen (Vane,
1971; Funk, 2001).

In the linear pathways (Figure 15), free PUFAs are metabolized by lipoxygenase enzymes
(LOX) to produce leukotrienes or by cytochromes (CYPs) P450 to produce molecules such as
hydro-peroxyeicosatetraenoic acids (HPETES), hydroxyeicosatetraenoic acids (HETESs), and

epoxyeicosatrienoic acids (EETs). For example, LOX are dioxygenases that catalyse insertion
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of oxygen into PUFAs in most animals, plants and microbes (Kuhn and O’Donnell, 2006;
Brodhun and Feussner, 2011). Briefly, this reaction of oxygenation starts with abstraction of
hydrogen, followed by rearrangement of radical and the insertion of oxygen. In addition to
hydroperoxidation and oxygenation, LOX enzyme, through the combination of various
enzymatic activities can also catalyse the synthesis of hepoxilins, leukotrienes and lipoxins
(Figure 15) (Kuhn and O’Donnell, 2006; Kremmyda et al., 2011; Dennis and Norris, 2015).
The LOX enzyme exist in various isoforms comprising of different stereospecificity and
activities, such as 12/15-LOX, which specifically catalyse hydroperoxidation and oxygenation
of PUFAs at carbon 12 or 15 position. Thus like the CYPs, the LOX enzymes (5-, 12-, 15-LOX)

are position-specific and stereospecific.

In the third pathway, PUFAs is converted into oxygenated signalling molecules that are known
to mediate inflammation, tumour growth and cardiac function through CYP450 enzymes
(Figure 15) (Fleming, 2007; Panigrahy et al., 2010). In addition, cytochrome P450s catalyse
AA to synthesise epoxyeicosatetraenoic acids (EETs), with simultaneous modification to
diHETES, displaying different functions to the host. Thereafter this newly synthesized group of
eicosanoids translocate out of the cell by either passive diffusion or through specific
transporters, like multi-drug resistance protein 4 (Schuster, 2002; Russel et al., 2008).
Therefore, these eicosanoids act as transient signals, that lasts for about seconds to minutes
activating the neighbouring cells G-protein-grouped receptors (GPCRs) and also by facilitating
their own physiological effects (Funk, 2001). Then the cells take up the eicosanoids via carrier-
mediated transport, to the cytosol where they are rapidly oxidized (Samuelsson et al., 1975;
Schuster, 2002; Nomura et al., 2004; Shiraya et al., 2010).
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Figure 15. Eicosanoids biosynthesis pathway. Stimulus triggers phospholipase A, (PLA>) to
translocate to intracellular membranes, where PLA, cleaves and releases arachidonic acid
(AA). For prostaglandin synthesis, cyclooxygenase enzymes (COX) create the cyclic
intermediate prostaglandin H, (PGH2), which can further be synthesised into a series of
prostaglandins and thromboxanes through the activity of their respective synthase enzymes.
For instance, prostaglandin/thromboxane synthases is able to catalyse PGH. into
prostaglandin D, (PGD,) and prostaglandin Foq (PGF2). Alternately, AA can either be
processed by lipoxygenase 5 (5-LOX) for synthesis of leukotriene or processed by
cytochromes P450 (CYP450) enzymes to form other linear oxygenated fatty acids.
Eicosanoids are then exported from the cell out and activates G-protein coupled receptors
(GPCRs) on nearby cells or mediate their own effects (Vrablik and Watts, 2013).
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1.9.2.2 Biological function of eicosanoids

In mammals, eicosanoids such as prostaglandins, prostacyclins, and leukotrienes function
variously by applying stimulatory and inhibitory influences and also have profound effects on
multiple aspects of organism’s physiology, involving immunity (Funk, 2001; Kremmyda et al.,
2011). For example, prostaglandins and leukotrienes does not only act as pro-inflammatory
mediators that are important during infection where they act as initial containment of infection,
but also vital for the recruitment of immune cells including phagocytes, to a site of infection. A
group of prostaglandins called PGE- serve as potent regulators of host immune responses,
where they trigger both pro- and anti-inflammatory responses, and can act through one of four
G-protein-coupled receptors (EP1 to EP4), depending on target cell. Although this PGE; can
inhibit phagocytosis, Thl-type immune responses and lymphocyte proliferation, and Th2-type
responses and tissue eosinophilia can also stimulate immunoglobulin E production. Amongst
other prostaglandins that also function to counter inflammation, prostaglandin J, (PGJy),
derived from prostaglandin D, (PGD,), plays a vital role as a brake on the inflammatory
response (Zurier et al., 2009). Additionally, prostaglandin and prostacyclin functions in the
bone response to mechanical loading. For example, an increase in the level of loaded bone
tissue and also direct administration can result in bone formation (Chen et al., 2014). However,
prostaglandins biochemical blockage, such as indomethacin can lead to bones being unable
to sense and respond to mechanical stimulation (Chen et al., 2014). Moreover, prostaglandin
signalling is important for numerous aspects of reproduction in mammals, such as fertilization,
implantation, oocyte maturation, parturition and ovulation (Dey et al., 2004; Wang and Dey,
2005; Takahashi et al., 2006; Dorniak et al., 2012). Another class of eicosanoids are lipoxins,
derived from sequential activity of 5- and 15-lipoxygenases. This class function as stop
signals, preventing leukocyte-mediated tissue injury, thus assisting with resolution of

inflammation (Zurier et al., 2009).

1.10 Lipid metabolism in Caenorhabditis elegans

1.10.1 Fatty acid biosynthesis in Caenorhabditis elegans

Metabolomics and lipidomic investigations on C. elegans are scarce, but the number of
publications related to this topic is increasing steadily. The C. elegans model has become
ideal for discovering new functions and regulation of lipid metabolism due to its simple
anatomy and also wide range of forward and reverse genetic tools (Han, 2015; Zhang et al.,
2015). In addition, studies done using this nematode model can analysis lipid metabolism in

the context of the whole organism, allowing for investigations on the functions of specific lipids
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in development, lifespan, and also other important aspects of physiology. Unlike humans that
store lipids in dedicated adipose tissue, C. elegans use intestinal and hypodermal cells to
store lipids, however most aspects of lipid metabolism regulation are closely related to
humans. Ashrafi and co-workers (2003) identified many genes in an RNAI screen that altered
fat storage, which includes homologues that play a role in mammalian fat metabolism. In
addition, many pathways like insulin-signalling pathways are able to regulate fat storage not
only in mammals but also nematodes (Murphy et al., 2003). Caenorhabditis elegans can
directly absorb and incorporate dietary fats, and this enables researchers to modify the
composition of fatty acids of live nematodes. These fatty acids may also be modified by
elongation and/or desaturation. It can inherit fatty acids by maternal inheritance as well as
synthesise a wide range of fatty acids de novo (Houthoofd et al., 2002). For instance, C.
elegans can synthesise 18- and 20-carbon PUFAs from de novo-synthesized 16:0 or dietary,
thus there is no essential fatty acids (Wallis et al., 2002; Perez and Van Gilst, 2008).
Caenorhabditis elegans produces close to 10 major fatty acids, which includes SFAs like 16:0
and stearic acid (18:0), MUFAs like 18:1n9 and cis-vaccenic acid (18:1n11), and also PUFAs
like 18:2n6 and 20:5n3 (Hutzell and Krusberg, 1982). At present several enzymes are shown
to have a significant function during PUFAs biosynthesis in C. elegans, such as seven fatty
acid desaturase enzymes (plant-like A12 and omega-3 desaturases (FAT-1 to FAT-7), one 3-
ketoacyl-CoA reductase (LET-767) and fatty acid elongases (ELO-1 and ELO-2) (Spychalla
et al., 1997; Watts and Browse, 2002; Kniazeva et al., 2003; Brock et al., 2007; Entchev et al.,
2008). In C. elegans, FAT-5 desaturase acts specifically on 16:0, whereas 18:0 is desaturated
by FAT-6 and FAT-7 desaturases (Watts and Browse, 2002).

Unsaturated fatty acid synthesis pathway in C. elegans starts with a precursor, 16:0, which is
either synthesized de novo or obtained from the E. coli diet (Perez and Van Gilst, 2008). The
16:0 is then catalysed by FAT-5 to form palmitoleic acid (16:1) (Figure 16) (Watts and Browse,
2002). Then 16:1 is elongated to 18:1n11, which is the most abundant fatty acid in
phospholipids and triglycerides (Tanaka et al., 1996). The 16:0 can also be elongated to 18:0,
the substrate for FAT-6 and FAT-7 desaturation to 18:1n9 (Watts and Browse, 2002). Both
18:1n11 and 18:1n9 are 18-carbon MUFAs however they function differently in the nematode
(Spychalla et al., 1997; Peyou-Ndi et al., 2000; Watts and Browse 2002). For instance, 18:1n9
act as a precursor and is catalysed by FAT-2 A12 desaturase to form 18:2n6, however, FAT-
2 does not act on 18:1n11. The 18:2n6 formed by FAT-2 is converted to an 18:3 by FAT-1 or
FAT-3, this is a step not found in mammals (Spychalla et al., 1997; Peyou-Ndi et al., 2000;
Watts and Browse 2002). The A6 desaturation provided by FAT-3 is required for elongation of
18-carbon PUFAs to 20-carbon PUFAs AA (20:4n6) by ELO-1 and ELO-2 (Watts and Browse,
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2002). Both FAT-1 and FAT-4 modify the 20-carbon PUFAs to produce EPA (20:5n3) (Watts
and Browse, 2002).

For experimentation purposes, usage of highly sensitive chromatographic and spectroscopic
techniques have permitted wide-ranging lipid analysis in these models (Watts and Browse,
2002). For instance, fatty acids from nematode populations are commonly analysed using
acidic methylation to produce fatty acid methyl esters (FAMESs), which are separated from
each other by gas chromatography (GC), and detected with either mass spectrometry (MS) or
flame ionization detection (FID) (Watts and Browse 2002). The laboratory E. coli OP50 strain,
which act as food source and maintain C. elegans in the laboratory, contains 16:0, 16:1n7,
vaccenic (18:1n7) and two cyclopropane fatty acids (C17D and C19D), but not 18:0, 18:1n9,
mono methyl branched-chain (mmBCFA) nor PUFA (Tanaka et al., 1996; Watts and Browse,
2002; Kniazeva et al., 2004; Perez and Van Gilst, 2008).
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Figure 16. A general polyunsaturated fatty acids biosynthesis pathway. Mammalian enzymes
are drawn in blue accompanied by solid black reaction arrows. The A12 and omega-3
desaturase enzymes (gray with dashed gray arrows) are included, as C. elegans possess
these desaturase activities; however, C. elegans do not synthesize the 22 carbon PUFAs
produced in mammals (Vrablik and Watts, 2013).
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1.10.2 Eicosanoids biosynthesis in C. elegans

In C. elegans, eicosanoids are produced from PUFAs by CYP enzymes using two different
pathways. One pathway uses v-hydroxylation to convert PUFAs such as AA to HETEs, while
the other uses epoxygenase enzyme activity to produce EETs (Kulas et al., 2008). Through
the difficulty of identifying direct mammalian homologues of COX and LOX enzymes in C.
elegans, the CYP family is represented by over 60 genes (Gotoh, 1998). For instance, PG
G/H synthase or COX act as a bhifunctional enzyme consisting of two types of different active
sites that catalyse the cyclization of AA into PGG; and the peroxidase-mediated reduction of
PGG:; into PGH, (Chandrasekharan and Simmons, 2004) (Figure 17). The PG G/H synthase
homologs are mostly found in tunicate, cnidarian and vertebrate genomes, but not in arthropod
and nematode genomes. The most parsimonious explanation is that the prostaglandin
synthesis is conserved evolutionarily in multicellular animals, however PG G/H synthases
were lost in nematodes and arthropods (Stanley-Samuelson and Pedibhotla, 1996; Sommer
et al., 2003; Rowley et al., 2005; Tootle and Spradling, 2008).
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Figure 17. Prostaglandin synthesis pathway in mammals and predicted C. elegans pathway.
The C. elegans genome share similar enzyme homologs with mammals, which synthesize
and modify prostaglandins (PGs), however no PG G/H synthase is found in C. elegans. Red
arrows indicate conserved steps in both mammals and C. elegans. Red colour indicates a

process required for sperm guidance (Edmonds et al., 2010).
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Eicosanoid products of PUFAs have potent biological effects in C. elegans (Kulas et al., 2008).
Studies showed that the nematode can facilitate in describing the mechanisms that function
in guiding the sperm to maturing oocytes (Kubagawa et al., 2006; Edmonds et al., 2010, 2011).
For example, in order for fertilization to occur in C. elegans, the sperm senses the environment
within the reproductive tract of the female, then locates a matured oocyte which has just fully
completed meiotic maturation and ovulation. Sperm guidance during fertilisation was first
found to depend on synthesis of 18- or 20-carbon PUFASs by the -6 and -12 desaturases FAT-
2 and FAT-3, respectively (Hoang et al., 2013). Follow up studies showed that these PUFAs,
including AA and EPA, are synthesized in the intestine and transported to oocytes to be
converted into F-series prostaglandins (a class of eicosanoid) to guide the sperm under the
regulation of the insulin and TGF- pathways (Figure 18) (Kubagawa et al., 2006; Edmonds
et al., 2010; Hoang et al., 2013). Briefly, in the intestine, there is a conversion of dietary fats
to PUFAs, which are then incorporated into complexes of yolk lipoprotein (Kubagawa et al.,
2006). Thereafter the yolk is secreted into the nematode pseudocoelom, were it flows straight
to the gonad. As it reaches the gonad it becomes endocytosed into oocytes by low-density
lipoprotein receptor called receptor-mediated endocytosis 2 (RME-2) (Grant and Hirsh, 1999).
In the oocytes, the yolk provides 20-carbon PUFAs that are in turn converted into about ten
F-series prostaglandins that are structurally related, however they are independent of
cyclooxygenase enzymes. The F-series prostaglandins are derived from the major
precursors, DGLA, AA, and EPA, and consist of F1, F2, and F3 classes, that include
prostaglandins Fiq (PGF1q) and prostaglandin Fzq (PGF2,) stereoisomers (Kubagawa et al.,
2006; Hoang et al., 2013).
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Figure 18. Guidance of sperm to the in spermatheca for egg fertilization in Caenorhabditis

elegans by eicosanoids, F-series prostaglandins (F-PGs). In the intestines, DAF-16/FOXO
promotes biosynthesis of polyunsaturated fatty acid (PUFA) (arachidonic acid, AA and
eicosapentaenoic acid, EPA) through increased fat-family genes expression. The PUFAs
regulates DAF-16 negatively to promote oocyte yolk endocytosis and PG synthesis. Then
glycerophospholipid (GPL)-containing yolk translocates to oocytes in order to synthesize F-
PGs that facilitates in sperm guidance. Intercellular transportation of lipid molecules such as
GPLs and F-PGs are indicated by green arrows. Abbreviations: AA, arachidonic acid; EPA,
eicosapentaenoic acid; OL, oleic acid (Zhu and Han, 2014).

The importance of CYP-derived eicosanoids in the early growth phase of C. elegans was
revealed by Benenati and co-workers (2009) where they demonstrated that depletion of two
CYPs, CYP-31A2 or CYP-31A3, can result in polarity defects and arrest the embryo at the
early stages. Moreover, the mutant embryos are unable to properly complete meiosis and also
unable to establish their anterior-posterior axis correctly, thus suggesting the importance of
specific lipid to facilitate in accurate execution of events in the early embryogenesis (Rappleye
et al., 2003; Benenati et al., 2009). Recently, Olson et al. (2012) discovered that newly
fertilized embryos form an envelope that underlies the eggshell acting as a permeability
barrier. This permeable barrier is known to function in mediating important events in early
embryogenesis, particularly the fully complete meiosis and also in the formation of anterior-

posterior polarity. Interestingly, they also discovered that the biosynthesis of fatty acid and
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activity of CYP-31A2/CYP-31A3, are required for establishment of the permeability barrier
(Olson et al., 2012).

Kosel and co-workers (2011) demonstrated that eicosanoid signalling can also function in
pharyngeal cells, where it helps in the regulation of muscle contractions that are important for
digestion. They also observed that one CYP isoform, CYP33E2, known to induce production
of EET and HETE molecules in mammals, also functions in C. elegans. This CYP33E2 is one
of the genes normally expressed in nematode pharynx (the organ responsible for rhythmically
contraction to grind E. coli for digestion), however there can be a significant reduction in the
pharyngeal contractions when the gene encoding CYP33E2 is depleted. Furthermore, another
function of CYP-33E2 is to acts on DGLA and mediate the sterility that occurs after
administration of dietary DGLA (Deline et al., 2015). Other interesting studies demonstrated
the function of eicosanoid biosynthesis, where the epoxygenase activity of CYP-13A12 is
required for behavioural response to reoxygenation immediately after anoxia (Ma et al., 2013;
Keller et al., 2014).

1.11 Lipid metabolism in Candida albicans

Candida albicans is an important fungal pathogen in humans, especially affecting individuals
with implanted medical devices, those undergoing chemotherapy, or immunocompromised
individuals. A number of virulence factors have been identified in C. albicans including
secretion of hydrolytic enzymes, yeast to hyphal transitions, production of adhesions and
biofilm formation (Calderone and Fonzi, 2001). For instance, the hyphae form penetrates
tissues more easily and is, therefore, considered to be more pathogenic (Sobel et al., 1984).
Thus conversion to the hyphal form is required for virulence and invasiveness in vivo. Lipids
govern many important physiological processes in C. albicans, including cellular permeability,
enzymatic activity, morphogenesis, adhesion and virulence. For instance, fatty acids play a
role in adherence and virulence since alterations in fatty acid synthesis decrease the adhesion
of C. albicans to host epithelial cells (Hoberg et al., 1986). The composition of fatty acids varies
with the morphological form of the fungi, with the hyphal form containing more polyunsaturated
fatty acids (Yano et al., 1982; Ghannoum et al., 1986; Sadamori, 1987).
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1.11.1 Biosynthesis of lipids in C. albicans

1.11.1.1 Fatty acids biosynthesis

Cellular fatty acids are derived from three different sources: external supply, endogenous lipid
turnover, and de novo synthesis and elongation (Figure 19A) (Tehlivets et al., 2007). Fatty
acid biosynthesis and elongation in yeast begins with acetyl transferase enzyme, which binds
acetyl CoA to a binding site on the fatty acid synthase complex to generate malonyl CoA
(Figure 19B). Malonyl transacylation from CoA to the enzyme results in enzyme-bound
malonate, followed by its condensation to 3-keto-acyl-enzyme by ketoacyl synthase. This is
followed by the reduction of 3-ketoacyl to an intermediate, 3-hydroxyacyl, by ketoacyl
reductase enzyme. Dehydratase catalyses the dehydration of this intermediate to 2, 3-trans-
enoate and finally reduction of enoate to the saturated acyl-enzyme. The prosthetic group 4’-
phosphopantetheine plays a central role in processing of intermediates (Schweizer and
Hofmann, 2004). At the end of the process, palmitoyl transferase and thioesterase terminate
chain elongation. Furthermore, yeast elongation elongate carbon 12 to carbon 18 acyl-CoA
primers to carbon 18 to carbon 26 long chain fatty acids (Welch and Burlingame, 1973). About
70 % of the fatty acids found in C. albicans membranes are unsaturated fatty acids (Xu et al.,
2009). For instance, PUFAs such as linoleic or linolenic acids are found in higher levels
compared to other C. albicans fatty acids (Krishnamurthy et al., 2004). However, the balance
between saturated fatty acids and unsaturated fatty acids is important in governing the fluidity

of the membrane and morphogenesis in C. albicans (Krishnamurthy et al., 2004).
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1.11.1.2 Eicosanoids biosynthesis

Although a major player in fungal lipid signalling, fatty acids are not the only lipid molecules
that affects signalling pathways in fungi. Eicosanoids such as PGE; and thromboxane B; are
one such family of lipids that plays roles in a number of pathogenic fungi (Noverr et al., 2001;
Erb-Downward and Noverr, 2007). For instance C. albicans does not contain AA as part of its
fatty acid repertoire; however, C. albicans is known to cause the release of AA from host
tissues (Castro et al., 1994). Unlike In mammalian cells, C. albicans lacks COX homolog,
which catalyses conversion of AA into PGE;. Instead, it was speculated that the fatty acid
desaturase OLEZ2, the multicopper oxidase FET3, and also CYP450s facilitated in PGE:
production (Erb-Downward and Noverr, 2007; Ells et al.,, 2011; Krause et al., 2015).
Additionally, the fungus can use AA as a substrate for generation of 3,18-diHETE, which is
related to hyphal formation (Deva et al., 2000; Ells et al., 2012). Moreover, studies revealed
that in yeast, non-mitochondrial pathways are responsible for metabolizing majority of the AA,
with the assumption that peroxisomal B-oxidation pathway metabolizes several fatty acids.
Candida albicans is also able to produce the anti-inflammatory eicosanoid, resolvin E1, from
EPA (Haas-Stapleton et al., 2007).

1.11.2 Role of lipids on C. albicans morphology and pathogenicity

Lipids govern many important physiological processes in C. albicans including, but not limited
to, cellular permeability, enzymatic activity, morphogenesis, adhesion and virulence. Fatty
acids also fulfil diverse functions in the cell as they are important constituents of lipids, they
can form side chains in co-enzymes and metabolites, and they also form covalent attachments
to proteins and play a central role in energy storage and regulating the integrity and dynamics
of cell membranes (Schweizer and Hofmann, 2004). Lipids are also involved in fungal
development and pathogenicity (fa). For instance, fatty acids play a role in adherence and
virulence (Hoberg et al., 1986) since alterations in fatty acid synthesis decrease the adhesion
of C. albicans to host epithelial cells. It has also been suggested that fatty acyl composition
modulates chitin synthase enzyme activity (Hoberg et al., 1983), and thus may play a role in
cell wall biogenesis. Moreover, fatty acid profiles differ significantly between white and opaque
cells with the ratio of unsaturated to saturated fatty acid being higher in opaque cells
(Ghannoum et al.,, 1990). Thus in addition to being important components of the cell
membrane and governing the entry and exit of various molecules and metabolites, lipids also

influence the activity of enzymes involved in cell wall morphogenesis and antifungal action.
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In C. albicans, lipid molecules such as fatty acids and eicosanoids have been reported to
modulate the yeast to hyphal transition. For instance, fatty acids, including butyric, capric,
lauric, palmitoleic, oleic, linoleic, conjugated linoleic, and arachidonic acids, inhibited the yeast
to hyphal transition induced under various conditions (McLain et al., 2000; Noverr et al., 2001,
Murzyn et al., 2010; Shareck and Belhumeur, 2011). The hypha-inhibiting activities of fatty
acids were dependent on the medium. Moreover, although the effects of fatty acids on the
yeast-hyphal transition have been described, their modes of action have not been studied
extensively. In contrast to fatty acids, eicosanoids such as PGE; and thromboxane B>
enhanced the yeast to hyphal transition (Odds, 1988; Noverr et al., 2001; Erb-Downward and
Noverr, 2007).

The interaction between C. albicans with the host, has the ability to trigger lipid mediator
production from both Candida and host, and this can significantly influence immune
responses. Candida produces both endogenous oxylipins (oxygenated polyunsaturated fatty
acid) and novel eicosanoid products from exogenous AA (Deva et al., 2000; Noverr et al.,
2001). Despite the fact that parts of the C. albicans fatty acid repertoire does not contain AA,
C. albicans can trigger host tissue to release of AA (Noverr et al., 2003). An important aspect
of the determination of C. albicans virulence was the identification of a PGE cross reactive
compound (PGEX) [(later identified as PGE» (Erb-Downward and Noverr, 2007; Fourie et al.,
2016)] produced by C. albicans from exogenous AA (Noverr et al., 2001). Strong evidence
revealed that this compound, was discovered to be bioactive on mammalian cells in vitro
similar to PGE:, thus it was concluded that it is PGE, (Noverr et al., 2001). Moreover, all this
indicated that the fungal oxylipins are capable of modulating host immune responses (Noverr
et al., 2001). As mentioned earlier, PGE; functions to elicit both pro- and anti-inflammatory
responses, and can inhibit phagocytosis, lymphocyte proliferation and Thl-type immune
responses (Sergeeva et al., 1997; Strassmann et al., 1994; Mcllroy et al., 2006). Moreover, it
can also trigger, tissue eosinophilia, immunoglobulin E production and Th2-type responses
(Erb-Downward and Noverr, 2007). Thus, during Candida infection, the formation of Thl-type
immune response leads to protection and clearance, however Th2-type immune response is
non-protective, leading to disseminating or chronic disease (Louie et al., 1994). Therefore,
PGE: may function as a vital factor in shifting the immune responses of host to a direction of

those that trigger fungal colonization and chronic infection.

Researchers also reported that host and fungal PGE> enhance the morphogenesis of C.
albicans (Noverr et al., 2001). Additionally, supplementation of C. albicans cultures with
exogenous AA significantly increased PGE: production. This was remarkable since C.
albicans lack COX homologs found in mammalian cells which are responsible for PGE:

production. Moreover there is an upregulation of candidal eicosanoid production during biofilm



61

formation and germ tube formation (Alem and Douglas, 2005). More studies showed that
various COX-inhibitors including aspirin (ASA) have a drastic effect on the formation of biofilms
and germ tubes (Alem and Douglas, 2004). However, the simultaneous addition of PGE- on
C. albicans biofilm formation significantly abolished the inhibitory effect of ASA. Similarly, other
mammalian eicosanoid inhibitors were also observed to inhibit candidal, morphogenesis,
biofilm formation and eicosanoid production (Noverr et al., 2001; Alem and Douglas, 2004).
Together all these observations reveals the importance of the presence of an
eicosanoid/oxylipin pathway in C. albicans in order to control morphogenesis and biofilm
formation. Little is known about the direct effect of PGE> on C. albicans, though Levitin and
Whiteway (2007) reported several alterations in the transcription profile of C. albicans upon

€eXxogenous exposure.

Studies also identified a HETE produced by C. albicans from AA namely 3, 18-diHETE, which
is associated with hyphal forms and may play a role in adhesion during infection (Deva et al.,
2000; Ells et al., 2012). Acetylsalicylic acid-sensitive 3-HETE produced by C. albicans was
also speculated to be linked to C. albicans morphogenesis (Deva et al., 2001). Additionally, 3-
HETE can act as a precursor for COX-2 in mammalian cells forming 3-hydroxyeicosanoids
with regards to their similarity with AA (Ciccoli et al., 2005). More studies indicated that one of
these metabolites, 3-OH-PGE_;, have a similar or even more robust effect on mammalian cells

to elicit pro-inflammatory response.

Another class of lipids derived from omega-3-polyunsaturated fatty acids like AA is the
resolvins (Rhome and Poeta, 2009). In mammals, these compounds are anti-inflammatory
and affect migration of neutrophils in later stages of inflammation. Recently, Haas-Stapleton
et al. (2007) described the synthesis of fungal resolvins in C. albicans. The synthesis of these
resolvins was inhibited by lipoxygenase inhibitors, and production of these lipids by C. albicans
affected neutrophil chemotaxis, phagocytosis, and intracellular kiling at different
concentrations. This finding is more evidence for the role of eicosanoid-derived lipids in fungal
modulation of the host immune system. The anti-inflammatory lipid resolvin E1, which Candida
albicans is able to produce from EPA, also plays a role in the interspecies signalling (Haas-
Stapleton et al., 2007). This compound was shown to protect C. albicans against host
immunity at low doses, however, at higher concentration, this protective effect is lost. This is
thought to facilitate the commensal carriage of C. albicans as part of the human microbiome.
Although information is available regarding the eicosanoids produced, and their effect during
single species infection, very little is known regarding the effect of eicosanoids produced by

microbes on co-infecting pathogens, as well as on the host.
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1.12 Lipid metabolism in Pseudomonas aeruginosa

1.12.1 Biosynthesis of lipids in Pseudomonas aeruginosa

1.12.1.1 Fatty acids biosynthesis

Fatty acid synthesis (FAS) is a primary metabolic pathway not only central to eukaryotes, but
also to bacteria. A wide range of essential cellular processes are highly dependent on fatty
acids, ranging from the biosynthesis of cellular structural components (lipoproteins, membrane
phospholipids and lipoglycans), cofactors (biotin and lipoate), and also from energy storage
reserves to diffusible secondary metabolites (siderophores, quorum-sensing signal molecules
and biosurfactants). Fatty acids are usually assembled using two different types of biosynthetic
pathways called FAS | and FAS Il. In the mammalian FAS | pathway, a single multisubunit
polypeptide acting as the acyl carrier protein (ACP) tether and also an important source of
enzymatic activities for acyl chain elongation aims at synthesising the fatty acids. Most plants
and bacteria, except some actinomycetes, use the disassociated FAS Il pathway for
production of de novo fatty acids (Schweizer and Hofmann, 2004; Lu et al., 2004; White et al.,
2005; Gago, 2011). In this system, multiple discrete enzymes assemble the fatty acid chain
on a freely diffusible phosphopantetheinylated ACP. The fact that bacterial FAS Il system is
disassociated and has a modular organisation, enables the synthesis of various fatty acid
products that can be utilized by other multiple pathways, and this is in contrast to FAS |

systems, that is more restricted to long-chain saturated fatty acids.

In the bacterial FAS Il prototype pathway of Escherichia coli (Figure 20), the first committed
step in fatty acid synthesis is the carboxylation of acetyl-CoA by acetyl-CoA carboxylase
(ACC). This reaction is carried out by the interacting AccBC and AccAD complexes (Cronan
and Waldrop, 2002). The FabD (malonyl-CoA-ACP transacylase) catalyses the rapid
equilibrium of malonyl groups between CoA and ACP. The condensation between malonyl-
ACP and acetyl coenzyme A (acetyl-CoA) to form B-acetoacetyl-ACP is catalysed by the
initiating enzyme 3-ketoacyl ACP synthase Il (FabH) (Tsay et al., 1992). The p-keto carbonyl
is next reduced to a hydroxyl group by the NADPH-dependent B-ketoacyl-ACP reductase
(FabG) (Alberts et al., 1964), dehydrated by B-hydroxyacyl-ACP dehydratase (FabzZ/FabA) to
form trans-2-enoyl-ACP (Kass et al., 1967; Mohan et al., 1994), and then reduced to a
saturated acyl-ACP by NADH-dependent enoyl-ACP reductase (Fabl) (Bergler et al., 1994).
The acyl-ACP intermediate is condensed with malonyl-ACP by the elongation B-ketoacyl ACP
synthases I/ll (FabB/FabF) (Garwin et al., 1980), the product of which re-enters the reduction

cycle for another round of elongation.



63

In the case of E. coli, synthesis of UFA usually occurs exclusively through anaerobic type I
pathway and involves the activities of the fabA and fabB genes (Cronan et al., 1969; Rosenfeld
et al., 1973; Clark et al., 1983; Zhang et al., 2002). The FabA is a B-hydroxydecanoyl-acyl
carrier protein (ACP) dehydratase isomerase that forms cis-3-decenoyl-ACP, which is then
elongated by the FabB condensing enzyme (Cronan et al., 1969; Rosenfeld et al., 1973; Clark
et al., 1983; Zhang et al., 2002). Thus the proportion of UFA produced is governed by the
levels of FabA and FabB expression. Like E. coli, P. aeruginosa also uses fabA and fabB for
the anaerobic formation of UFA via the type Il pathway that are co-ordinately expressed as a
fabAB operon (Hoang and Schweizer, 1997). In P. aeruginosa, two oxygen-dependent
desaturases, DesA and DesB, supplement the FabA pathway for UFA synthesis (Zhu et al.,
2006). The DesA introduces a double bond at the A9 position of fatty acyl chains attached to
position 2 of existing membrane phosphalipids, thus cells can quickly modify their membrane
biophysical properties using this mechanism to adapt to changes in growth conditions (Zhu et
al., 2006). The DesB is also a A9-desaturase that introduces double bonds into acyl-CoAs that
are produced from exogenous saturated fatty acids, thus allowing P. aeruginosa to modify the

composition of exogenous fatty acids being transported into the cell (Zhu et al., 2006).
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Figure 20. The bacterial type |l fatty acid biosynthetic pathway. Here, bacterial membrane
fatty acids are produced through catalysis of proteins which are encoded by separate genes
capable of carrying out the individual enzymatic steps shown in the figure (Zhang et al., 2006).

1.12.1.2 Eicosanoids biosynthesis

Pseudomonas aeruginosa is amongst the few bacterial species consisting of typical LOX
genes. This bacterium possess a secretable 15-LOX, which is homologous to mammalian
LOX, thus generating 15-HETE very similar to host 15-HETE and subsequently triggering anti-
inflammatory effects on the host, therefore serving as a precursor for the formation of lipoxin
(Serhan, 2002; Vance et al., 2004). During P. aeruginosa infection, lipolytic enzyme PLA>
cleaves membrane phospholipids releasing AA, which serves as the precursor to a diverse
array of eicosanoids including hepoxilin Az (HXAs3) (Murakami and Kudo, 2002; Hurley and
McCormick, 2008). The PLA,-mediated liberation of AA is considered to be the rate-limiting
step in the synthesis of all eicosanoids (Murakami and Kudo, 2002; Schaloske and Dennis,

2006). In addition during infection, large amount of AA are released mediated by ExoU, an



65

intracellular P. aeruginosa phospholipase, and this increase PGE; production (Kénig et al.,
1996; Saliba et al., 2005; Sadikot et al., 2007; Agard et al., 2013). Therefore, this ExoU
function in the preliminary infection as well as infiltration by P. aeruginosa. In a case whereby
ExoU was absent in P. aeruginosa, it led to diminished PGE; production and, also the infection
became more severe (Agard et al., 2013). For instance, the function of PGE; during P.
aeruginosa infection was observed when a COX-2 inhibitor was employed, resulting in a
decrease in severity of infection by this pathogen (Sadikot et al., 2007). Moreover, a number
of other virulence factors of P. aeruginosa also have tremendous effects on the levels of PGE..
For example, production of QSM 3-oxo-HSL can induce COX-2, thus resulting in production
of PGE: in human lung fibroblasts (Smith et al., 2002; Fourie et al., 2016).

1.12.2 Biological function of P. aeruginosa lipids

Bacteria regulate their membrane fatty acid composition to maintain an optimal fluidity to
support growth under different environmental conditions (Zhang et al., 2007). This is important
since bacteria have evolved multiple mechanisms that controls fatty acid composition that is
incorporated into membrane phospholipids, with fatty acid structure being consistent (de
Mendoza and Cronan, 1983; Mansilla et al., 2004). For instance, in adaptation to low
temperature, the proportion of unsaturated fatty acids in membrane lipids increases (Russell
and Fukunaga, 1990). The membranes of P. aeruginosa consist of straight-chain SFAs and
UFAs. Interestingly, this bacterium has more UFAs than SFAs, with 1.8 UFA/SFA ratio, with
cis-vaccinate (18:1n11) being the most predominant UFA identified in the wild type strain of
P. aeruginosa, PAO1 (Zhu et al., 2006). Moreover, 15-HETE synthesized by P. aeruginosa
triggers anti-inflammatory effects on the host, as it acts as a precursor for generation of lipoxin
(Serhan, 2002; Vance et al., 2004). These lipoxin can somehow cause change in the severity
of infection by causing inhibition on neutrophil recruitment and production of leukotrienes
(Serhan, 2002).

1.13 Conclusions

There are several hosts used to model infections ranging from single cell protozoa to insects.
For the best interrogation into host-pathogen interactions, researchers can select from a
variety of invertebrate model hosts. Caenorhabditis elegans is one of the genetically tractable,
whole animal model system used in most host-pathogen interactions. Most infection studies

in C. elegans thus far have focused on clinically relevant pathogens, which have provided a
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strong framework for studying infections in this host (Irazoqui et al., 2010; Pukkila-Worley and
Ausubel, 2012). Although these pathogens infect internal tissues, the transparency of C.
elegans makes it possible to visualize and study pathogenic mechanisms of entry, replication
and exit, as well as host defence mechanisms within whole animals. Understanding the
earliest stages of the fungal-bacterial pathogen-host interactions in the nematode may thus
enable us to gain a more complete picture of the innate immune response in isolation from the
adaptive response. Further development of a virulence assay from this survival model, may
entail the identification of components that are shared between the mammalian and

invertebrate immune responses during C. albicans and P. aeruginosa pathogenesis.

While our knowledge of lipid signalling comes from studies in mammals, genetic model
systems are being used to further our understanding of lipid signalling in development and
reproduction. One emerging theme in this review is that fatty acid and eicosanoids appears to
be fundamental for multicellular organisms, and often there are functionally relevant pathways
in simple invertebrates. The early developmental events in C. elegans are amenable to
experimental manipulation, allowing for genetic and biochemical approaches to determine
roles for specific lipids in these processes. The nematode C. elegans has a highly simplified
anatomy, rapid development, and an impressive conservation of fatty acid synthesis
pathways. Moreover, studies with C. elegans are beginning to reveal roles for PUFAS,

eicosanoids, and endocannabinoids in development and reproduction.

For future research, the evolution of synergistic, symbiotic, or antagonistic interactions
between diverse organisms in nature or the clinical environment, especially those between
prokaryotes and eukaryotes, is likely important for their pathogenesis toward a range of hosts,
including humans. Thus the exploitation of the likely evolutionary defence mechanisms used
by competing microbes may provide critical insights into novel therapeutic targets, which are
desperately needed for pathogens such as C. albicans and P. aeruginosa. Further studies
needed to extend the use of the C. elegans infection models to identify chemical compounds
with antifungal activity against Candida species, the most common human pathogenic fungus.
The search for novel antibacterial therapeutics greatly depends on representative infection

models that mimic pathogenesis in humans and that can be used in a high-throughput fashion.
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2.1 Abstract

The discovery of substantial cohesion between the pathogenicity of microorganisms in
mammals and simple non-vertebrate host models, including the nematode Caenorhabditis
elegans, has created the foundation in order to develop high throughput genetic analysis to
help study the virulence factors of microbial pathogens in live animal models. The free-living
nematode C. elegans is a widely used model system in the studies of immunology, genetics
and also host-pathogen interactions, due to its many traits, such as simple growth conditions,
rapid growth rates, short generation time, simple body structure and transparent nature. In this
study, we used C. elegans as a host to study the polymicrobial interactions between two
pathogens that are ecologically associated and clinically troublesome: the yeast, Candida
albicans and bacterium, Pseudomonas aeruginosa. Previous research indicates significant
interaction between these two microorganisms in vitro, as well as between the individual
pathogens and the host during infection. The main objective of this specific study is to establish
the effect of co-infection of the nematode, C. elegans by laboratory and clinical strains of P.
aeruginosa and C. albicans on survival of the nematode. In order to do this, we successfully
cultivated and monitored the life cycle of C. elegans glp-4; sek-1 hermaphrodite at the
temperature of 15 °C. Thereafter C. elegans was successfully infected with the two pathogens
separately and in combination. This study indicated that these polymicrobial interactions are
more pathogenic to C. elegans than monomicrobial infections. These findings present a
promising extension to the ongoing research in the study of monomicrobial pathogenesis using
C. elegans and also provides new information in terms of a whole animal model system used

in studying the multifaceted dynamics of a polymicrobial infection.

Keywords: Caenorhabditis elegans, Candida albicans, Pseudomonas aeruginosa, pathogen,

co-infection, monomicrobial, polymicrobial, virulence, pathogenesis
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2.2 Introduction

The ubiquitous soil living nematode Caenorhabditis elegans, has become a widely used host
model in the study of variety of research questions in the field of immunology, genetics, and
host-pathogen interactions. Interestingly, this C. elegans infection model has numerous
technical advantages compared to mammalian infection models. In such that investigations of
mammalian pathogenesis is complicated by long reproductive cycles, difficult to handle and
complexity of mammalian internal organs (Breger et al., 2007). However, C elegans has ease
of handling, simplicity of equipment, relative low cost, simple growth conditions, self-fertile
(hermaphrodite producing approximately 300 progeny), small brood sizes and no ethical
considerations (Breger et al., 2007; Everman et al., 2015). Moreover, the nematode C. elegans
has a short reproductive cycle of about 2-3 weeks (Brenner, 1974). This life cycle consists of
the embryonic stage, larva 1 to larva 4 (L1-L4) and adulthood (Brenner, 1974). Briefly, after
the nematode hatches from an egg, it passes through four developmental stages, L1 to L4
larvae and finally to a fully matured adult stage (Brenner, 1974). The nematode can also
survive some of the harsh environmental conditions such as starvation, by entering a growth
arrested stage called dauer larvae stage, in which it usually survives for about two to three
months (Cassada and Russell, 1975). In addition, the nematode transparent, and the simple
and streamlined body structure offers a simplified in vivo model system that is able to mimic
pathogenic and physiological mechanisms occurring during the time of infection, moreover, it
also enables microscopic visualization of internal events (Brenner, 1974; Troemel et al., 2006;
Pukkila-Worley et al., 2009; Akira, 2009; Everman et al., 2015). For instance, the nematode
intestine has been used to readily recognise pathogen-specific virulence factors interacting
with epithelial surfaces (Everman et al., 2015). Interestingly, intestinal epithelium of C. elegans
share similar structure, morphology, and also function (including to serve as a first defence
against invading microbial pathogens) with human intestinal epithelial cells (Troemel et al.,
2006; Akira, 2009; Everman et al., 2015).

Thus, such a model system will assist in advancing our current knowledge of microbial
pathogenesis within the realistic environment that enables existence of polymicrobial species.
Thus far, its usage has focused on the investigations of monomicrobial infections, whereby a
wide range of human medically relevant pathogens, including Staphylococcus aureus,
Pseudomonas aeruginosa, Vibrio alginolyticus, Candida albicans and Enterococcus faecalis
have been characterized pathogenic towards C. elegans (Garsin et al., 2001; Breger et al.,
2007; Pukkila-Worley et al., 2009; Irazoqui et al., 2010; Durai et al., 2011; Everman et al.,
2015). However, humans are often inhabited or co-infected with polymicrobial pathogens, and

such interactions can trigger virulence capability of either organism. For example, most studies
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describe the antagonistic interaction between C. albicans and P. aeruginosa in vitro (Hogan
and Kolter, 2002; Rinzan, 2009; Shirtliff et al., 2009; Méar et al., 2013; Lindsay and Hogan,
2014; Xu et al., 2014, Fourie et al., 2016). Here researchers discovered that during the
polymicrobial biofilms formation, P. aeruginosa can inhibit hyphal formation of C. albicans,
through secretion of numerous virulence factors, which includes production of phenazine
pigment called pyocyanin (Kerr et al., 1999; Brand et al., 2008). At the same time, C. albicans
secretes quorum sensing molecule, farnesol, which reduces Pseudomonas quinolone signal
with downstream reduction in pyocyanin production (Cugini et al., 2007). Moreover, production
of ethanol in C. albicans has also been shown to trigger formation of biofilms and to inhibit
motility of P. aeruginosa (Chen et al., 2014).

Regardless of the abundance of polymicrobial interactions in nature, at present there is a
devastating scarcity of in vivo infection model systems that can functionally explore the
virulence mechanisms of polymicrobial species. Moreover, there are challenges existing with
cultivating mocroorganisms growing in polymicrobial interactions for pathogenesis studies,
thus there is a desperate requirement for a facile, genetically tractable infection model.
Although a model system for the co-infection of C. elegans by C. albicans and P. aeruginosa
has been established (Peleg et al., 2008), little is known about the interaction specifically
between these pathogens in C. elegans infection model. Therefore, in this present study, we
sought to expand the usage of C. elegans infection models to study the co-infection by C.

albicans and P. aeruginosa, and also their virulence potential in C. elegans.

2.3 Materials and methods
2.3.1 Monitoring of Caenorhabditis elegans life cycle
2.3.1.1 Strains used

Caenorhabditis elegans glp-4; sek-1 hermaphrodites, obtained from the Caenorhabditis
Genetic Center, College of Biological Sciences, University of Minnesota, were propagated on
Nematode Growth Medium (NGM) (2.5 g/L peptone, 3 g/L sodium chloride, 17 g/L agar)
spotted with Escherichia coli OP50 (a uracil-requiring mutant of E. coli). The rationale behind
the use of C. elegans glp-4; sek-1 mutant as a replacement for wild type nematodes, is due to
the fact that C. elegans wild type is capable of producing many offspring which can confound
killing assays, this can be challenging when separating adults from progeny. Moreover larvae
can hatch inside the nematode, killing the nematode through a process called matricidal killing,
which is not directly related to pathogen pathogenicity (Breger et al., 2007; Peleg et al., 2008;

Pukkila-Worley et al., 2009). In contrast to wild types, glp-4 mutants cannot produce gonads
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or progeny at 25 °C, making it beneficial for these studies, and mutant nematodes are able to
survive longer than normal wild type nematodes (Miyata et al., 2008). Caenorhabditis elegans
sek-1 nematodes are immunocompromised, allowing them to become infected with various
pathogens, since SEK-1 encodes a conserved mitogen-activated protein kinase (MAPKK)
involved in the innate immune response (Kim et al., 2002). Stocks of E. coli OP50 were kept
at -80 °C, and during experiments, the frozen aliquots were thawed then grown in Luria-Bertani
(LB) broth (10 g/L sodium chloride, 5 g/L yeast extract; 10 g/L tryptone,). A 24 h fresh bacterial
culture was spotted on NGM agar followed by incubation at 37 °C overnight. Caenorhabditis
elegans nematodes were transferred to new NGM agar plates seeded with lawn of E. coli
OP50 every 6 days. All C. elegans Stocks were kept at 15 °C until further use.

2.3.1.2 Monitoring of life cycle at 15 °C

About 10 to 15 reproductively active synchronized C. elegans adult hermaphrodites were
moved to fresh NGM agar plate thereafter incubated at 15 °C to allow the nematode to have
time to lay eggs. After laying of eggs, all adult nematodes were removed from plate. Then the
eggs remaining on the agar plates were allowed to hatch, then go through all stages of life
cycle (L1 larvae-adult), and the time needed for each developmental stage to occur was
monitored at 15 °C. Thereafter approximately 20 young adult nematodes were moved to a
fresh NGM agar plate with E.coli OP50 lawn. This is followed by incubation of NGM agar plates
with nematodes at 15 °C to allow nematodes to propagate and feed on all the bacterial food.
Once all the bacterial food has been depleted, the newly hatched nematodes undergo growth
arrest entering the dauer larvae stage. All manipulations were done at room temperature (20
+ 1 °C) (Porta-de-la-Riva et al., 2012).

2.3.2 Candida albicans infection model
2.3.2.1 Strains used

Candida albicans SC5314 reference strain and two clinical strains, C. albicans Ho6 and
Ho153, isolated from tracheal aspirate patients acquired from the University of the Free State
Yeast Culture Collection, were used. Yeast strains were preserved on yeast extract-peptone-
dextrose (YPD) agar (5 g/L peptone, 3 g/L yeast extract, 10 g/L glucose, 16 g/L agar) at 30
°C. The C. elegans glp-4; sek-1 strain was used as an infection to perform all experiments.
The nematodes were propagated on new NGM plates with E. coli OP50 lawns using technique

previously described by Brenner, 1974. In all experiments we used E. coli OP50 as our control.
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2.3.2.2 C. albicans-C. elegans liqguid medium pathogenesis assay

A previously described protocol by Breger and co-workers (2007) was modified for
establishment of C. elegans infected with C. albicans in a liquid medium pathogenesis assay.
For each strain, freshly grown C. albicans cells were inoculated into 5 ml of YPD broth then
incubated at 37 °C overnight. Thereafter, a 100 pl aliquot of each yeast strain was evenly
spread into a 10 mm square lawn on a large (100 mm x 15 mm) brain-heart infusion agar plate
(BHI) (7.8 g/L brain extract, 9.7 g/L heart extract, 2.5 g/L disodium phosphate, 2.0 g/L
dextrose, 15 g/L agar), then incubated at 37 °C overnight. Synchronized L4 or adult C. elegans
nematodes grown at 15 °C were washed from two large plates containing E. coli OP50 with a
sterile M9 buffer (6 g/L NaxHPOs, 3 g/L KH2PO4, 5 g/L NaCl, 0.25 g/L MgS04.7H,0).

Bacterial food source, which may skew the infection process, was removed from the samples
via sucrose floatation prior to nematode collection (Jenkins, 1964). Briefly, using a 15 ml
conical centrifuge tube, equal volumes of the washed nematodes preparation and the stock of
60 % sucrose solution were mixed to yield an approximate sucrose concentration of 30 %,
and a final fluid volume of 7 to 10 ml. The samples were kept cold to inhibit thrashing of
nematodes. Thereafter, the samples were spinned in a cold centrifuge for 5 min at a high
speed. Floating nematodes were aspirated using a transfer pipette and expelled into a clean
conical centrifuge tube. Furthermore, there was a repeated washing of harvested nematodes

with distilled water and centrifugation.

Thereafter, roughly 400 to 500 washed nematode were placed on the centre of C. albicans
lawns grown on BHI agar. The BHI agar plates with infected nematodes and also nematodes
feeding on E. coli OP50 as our control, were incubated at 25 °C for 4 h. After incubation,
nematodes were carefully washed off the BHI agar plates with 6 ml of sterile M9 buffer and
transferred to 15 ml conical tube. Nematodes were thoroughly washed with M9 buffer four
times. Any microbial contaminants, which may confound the infection process, was removed
via sucrose floatation during the washing step (Jenkins, 1964). About sixty to seventy
nematodes were transferred into 2 ml of liquid medium (80 % M9 buffer, 20 % BHI) in a single
well of a six-well tissue culture plate. Nematodes were daily monitored by scoring them as
either alive, dead or dead with hyphal formation. If nematodes did not show any movement in
response to picking mechanical stimulation, they were considered dead thus removed from

liquid medium assay and stored at -80 °C until further use.
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2.3.3 Pseudomonas aeruginosa infection model
2.3.3.1 Strains used

Pseudomonas aeruginosa PAO1 reference strain and two clinical strains, P. aeruginosa 1so6
and 1s020, isolated from tracheal aspirate and provided by Department of Medical
Microbiology at the Health Sciences faculty of University of the Free State, were used. All
bacterial strains were maintained in LB broth (10 g/L sodium chloride, 5 g/L yeast extract, 10
g/L tryptone) at 37 °C. The C. elegans glp-4; sek-1 strain was used as an infection model to
perform all experiments. Nematodes were propagated on new NGM plates containing E. coli
OP50 lawns through methods previously described by Brenner, 1974. In all experiments we

used E. coli OP50 as our control.

2.3.3.2 P. aeruginosa-C. elegans liquid medium pathogenesis assay

To assess effects of P. aeruginosa infection on C. elegans, we made use of the liquid killing
medium assay, following a similar protocol that was previously reported by Breger et al.
(2007). For each strain, freshly grown cells of P. aeruginosa were inoculated respectively into
5 ml of LB broth medium followed by incubation at 37 °C overnight. An aliquot of 100 pl of
bacterial suspension was evenly spread onto a 10 mm square lawn on a large (100 mm x 15
mm) BHI agar plate, then incubated at 37 °C overnight. Synchronized L4 or adult C. elegans
nematodes, growing on two large NGM agar plates seeded with E. coli OP50 were washed
off carefully with a sterile M9 buffer. Thereafter, roughly 400 to 500 washed nematode were
placed on the centre of P. aeruginosa lawns grown on BHI agar. The BHI agar plates with
infected nematodes and also nematodes feeding on E. coli OP50 as our control, were
incubated at 25 °C for 4 h. After incubation period, nematodes were carefully washed off the
BHI agar plates with 6 ml of sterile M9 buffer and transferred into 15 ml conical tube.
Importantly, great care was taken when transferring the nematodes into the conical tube to
minimize the transfer of bacteria. Nematodes were thoroughly washed with M9 buffer four
times. Bacterial contaminants, which may confound the infection process, was removed via
sucrose floatation during washing steps (Jenkins, 1964). About sixty to seventy nematodes
were transferred into 2 ml of liquid medium (80 % M9 buffer, 20 % BHI) in a single well of a
six-well tissue culture plate. Nematodes were daily monitored by scoring them as either alive
or dead. If nematodes did not show any movement in response to picking mechanical
stimulation, they were considered dead thus removed from the liquid medium assay and kept
at -80 °C until further use.
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2.3.4 Candida albicans-Pseudomonas aeruginosa co-infection model

The methodology used for the C. elegans-P. aeruginosa-C. albicans liquid medium assay was
based on the methods described previously by Breger and co-workers (2007). Freshly grown
strains of C. albicans were each inoculated into 5 ml of YPD broth medium then incubated at
37 °C overnight. Similarly, strains of P. aeruginosa were each inoculated into 5 ml of LB broth
and incubated at 37 °C overnight. Lawns of either C. albicans or P. aeruginosa were prepared
separately by plating 100 pl of the yeast or bacterial strains as 10 mm square lawns on a large
(200 mm x 15 mm) BHI agar plate, then incubated at 37 °C for 24 h. Synchronized L4 or adult
C. elegans glp-4; sek-1 nematodes, growing on two large NGM agar plates seeded with E.
coli OP50 were washed off carefully with a sterile M9 buffer. Thereafter, approximately 400 to
500 washed nematode were placed on the centre of C. albicans lawns growing on BHI agar.
The BHI agar plates with infected nematodes and also nematodes feeding on E. coli OP50 as
our control, were incubated at 25 °C for 2 h. After the incubation period, hematodes were
carefully washed off the BHI agar plates with 6 ml of sterile M9 buffer and transferred to15 ml
conical tube. Nematodes were thoroughly washed four times with M9 buffer. Any microbial
contaminants, which may confound the infection process, was removed via sucrose floatation
during the washing step (Jenkins, 1964). Thereafter, washed nematodes were added to the
centre of the P. aeruginosa lawns then incubated at 25 °C for further 2 h. After incubation
period, nematodes were carefully washed off the BHI agar plates with 6 ml of sterile M9 buffer
and transferred to 15 ml conical tube. Importantly great care was taken to minimize the transfer
of microbes into the conical tube. Nematodes were thoroughly washed with M9 buffer four
times. About sixty to seventy nematodes were transferred into 2 ml of liquid medium (80 %
M9 buffer, 20 % BHI) in a single well of a six-well tissue culture plate. Nematodes were daily
monitored by scoring them as either alive, dead or dead with hyphae piercing the cuticle. If
nematodes did not show any movement in response to picking mechanical stimulation, they
were considered dead thus removed from the liquid medium assay and stored at -80 °C until

further use.

2.3.5 \Visualisation of hyphae formation by Candida albicans
2.3.5.1 Transmission electron microscopy

Caenorhabditis elegans were infected with either single species of C. albicans or in
combination with P. aeruginosa as described above. Dead infected nematodes samples were
prepared respectively for transmission electron microscopy (TEM) based on the protocol by
Swart et al. (2010). Briefly, the first step is the fixation with 3 % glutardialdehyde (Merck,
Darmstadt, Germany) buffered with 0.1 M sodium phosphate buffer (pH 7) for 3 h. This then
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is followed by a second fixation with a buffered solution of 1 % osmium tetroxide (Merck,
Darmstadt, Germany) for another 1 h. Each of the fixation steps were followed with rinsing of
the nematodes with the same sodium phosphate buffer for 5 min, twice after both the
glutardialdehyde fixation and after the osmium tetroxide fixation steps. The nematodes were
then dehydrated with acetone in the following series of concentrations; 50 %, 70 %, 95 %, with
each step for 20 min and twice in 100 % acetone for 1 h. After the dehydration process, the
nematodes were embedded accordingly in epoxy resin followed by polymerization for 8 h at
70 °C in special moulds. All the embedded nematode samples were sliced into 60 nm thick
sections by a Leica ultracut UM7 microtome by means of a glass knife. After the sections were
mounted on copper grids, then they were subsequently double stained using uranyl acetate
(Merck, Darmstadt, Germany) (10 min) followed by lead citrate (Merck, Darmstadt, Germany)
(5 min), and after each staining there was rinsing. The sections were viewed using a TEM [FEI
(Phillips) CM 100, Netherlands]. For each observation, we evaluated about 10 cross-sections,

and chose the respective representative images.

2.3.5.2 Fluorescence microscopy

Caenorhabditis elegans were infected with single species C. albicans or in combination with
P. aeruginosa PAOL reference strain as described above. However, the strains of C. albicans
used in this experiment were as follows: C. albicans M2194 (which fluoresces only when
hyphae are present) and C. albicans M137 (which fluoresces constitutively). These strains
were kindly provided by Prof. Bernhard Hube, Microbial Pathogenicity Mechanism, Leibniz-
institut fir Naturstoff-Forschung und Infektionsbiologie (Table 1). Dead nematodes were

examined using a fluorescent inverted Olympus CKX53 microscope.

Table 1. Candida albicans strains

Strain Strain name Genotype Reference

number

M2194 SC5314 + pECE-1GFP ECEl/ecel::(P_ECE1-GFP- Moyes et al., 2016
T_ACT1

M137 CAl4 + P143 rpsl::(P_ACT1-GFP URA3) Fradin et al., 2005
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2.3.6 Statistical analyses

Each stage specific time and C. elegans pathogenesis assay presented was repeated in
triplicate on separate occasions and calculated the mean and standard deviation. A student t-
test was carried out in order to determine the statistically significant differences between data

sets. Moreover, the p value of < 0.05 was considered significant.

2.4 Results and discussion

2.4.1 Life cycle of C. elegans

The greatest advantage of using C. elegans as a biological model, is its short life cycle of
about 2-3 weeks (Brenner, 1974). After C. elegans hatches from an egg, it passes through
four larval stages (L1-L4) just before moulting into mature reproductive adults (Brenner, 1974).
At the end of each larva stage, the nematode undergoes moulting, where the stage-specific
cuticle is shed off and the new one develops (Raizen et al., 2008). The nematode develops at
different rates depending on various temperatures, showing a rapid life cycle at higher
temperature than at lower temperatures (Brenner, 1974; Porta-de-la-Riva et al., 2012). For
instance, a typical life cycle takes about 90 hours at 15 °C, and about 45 hours when grown
at 25 °C (Porta-de-la-Riva et al., 2012). Thus, studies on different developing rates at different
temperatures is required in order to perform subsequent experiments. In our present study we
determined the duration of the different stages at 15 °C in order to conduct further

experiments.

Figure 1 shows the respective results of C. elegans life cycle at 15 °C. We observed that it
takes 24 h for eggs to hatch to L1 larvae stage. From the L1 to L2 larvae stage it took C.
elegans 8 h, while from L2 to L3 larvae stage it took 16 h. For L3 to reach L4 larvae stage, it
took 8 h. Furthermore, from L4 larvae stage to adulthood it took 16 h. An increase in size of
nematodes occurred between each stage, as it develops from L1 to L4 larvae and to matured
adults. The adults took 24 h to lay eggs. When nematodes were allowed to consume all
available bacterial food, they entered the growth arrested dauer larvae stage. This was seen
after 2 weeks. The dauer larvae are highly stress-resistant and survive longer than other
developmental stages of C. elegans (Cassada and Russell, 1975). Moreover, we could
morphologically distinguish dauer larvae from other developmental stages, as they are thinner
and denser than normal stages. In addition, they were motionless, unless disturbed. Their oral
orifice was plugged, preventing the nematode from feeding. Another behaviour that distinguish
dauer larvae is that they usually clustered together into a droplet of condensation. After 3

months, we supplied the dauer larvae nematodes with food and they bypassed the L2 and L3
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larvae stage and entered directly into L4 larvae, where they proceeded to develop normally

and could survive for 2 more weeks.

24h

. Adult -0
SNy’

24h
16h

3 months
L4 larva L1 larva

i~ T ~ "
Dauer larva Crowding
N

‘ Low food

L3 larva L2 larva

16h

8h
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Figure 1. The typical life cycle of C. elegans at 15 °C for approximately 4 days. After
completion of embryogenesis, L1 larvae hatch out of the eggshell and begin the process of
post-embryonic development. The nematode continues developing through L2-L3 larval
stages until reaching adulthood. Prior to the L2 larva stage, unfavourable conditions triggers
the nematode to enter dauer larval stage. The amount of time spent at each stage is indicated

along the arrows.

2.4.2 Candida albicans infection model

So far, there is a gap that exists in the studies of pathogen-pathogen interactions due to
scarcity of realistic in vivo models. However, C. elegans is illustrated as a convenient biological
model in order to study monomicrobial pathogenesis (Couillault and Ewbank, 2002; Balla and
Troemel, 2013). The simple body structure and transparent nature of the nematode gives a
simplified in vivo model capable of mimicking the physiological and pathogenic mechanisms
that takes place during infection (Brenner, 1974). Therefore in this present study, we illustrate
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that this nematode can readily serve as a suitable infection model to study C. albicans

pathogenesis.

After infecting L4 or adult C. elegans nematodes with each of the C. albicans strains, we
characterized these nematodes as either live or dead. We observed that the live nematodes
maintained a sinusoidal shape and could move their body while pumping their pharyngeal
muscles. However, as the dead nematodes became bloated with C. albicans cells they
appeared rod shaped or straightened and rigid, stretching and lengthening their body. In
addition, there was lack of mobility in dead nematodes. We also did not observe any hyphal
formation in all C. albicans strains. Figure 2 indicates the killing of L4 and adult C. elegans by
the different C. albicans strains. For both L4 larvae and adult nematodes, the survival of C.
albicans infected nematodes were significantly reduced compared to control nematodes fed
with E. coli OP50 (p < 0.05). In both cases it took seven days for all C. albicans strains to Kkill
100 % of the nematodes. The virulence of C. albicans towards C. elegans was visually evident
after two days of infection. Candida albicans SC5314 killed 50 % of the L4 larvae between two
and three days, while C. albicans Ho6 and C. albicans Ho153 killed 50 % within five days
(Figure 2A). We observed a similar trend with the C. elegans adult nematode (Figure 2B),
where C. albicans SC5314 killed 50 % of the adult nematode within three days, while C.
albicans Ho6 and C. albicans Ho153 killed 50 % within five days. Due to these differences in
rate of killing, we considered C. albicans SC5314 to be more virulent than C. albicans Ho6
and C. albicans Ho153.
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Figure 2. (A). Candida albicans killing L4 larvae C. elegans. (B). Candida albicans killing adult
C. elegans. The survival of nematodes were significantly reduced when exposed to C. albicans
compared to E. coli OP50 control (p < 0.05). The C. albicans reference strain SC5314 was

more virulent to C. elegans than two C. albicans clinical strains (Ho6 and Ho153).
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2.4.3 Pseudomonas aeruginosa infection model

The C. elegans host model is considered to be of great importance in the field of bacterial
pathogenesis. Thus it has emerged as a well-known convenient host-pathogen model,
pertaining studies that revealed that there exists some overlap between bacterial virulence
factors employed upon infection of vertebrate and invertebrate hosts (Aballay and Ausubel,
2002; Ewbank, 2002; Sifri et al., 2005). Therefore, to further expand the use of this model to
study virulence in bacteria, we developed a killing assay using P. aeruginosa and L4 larvae or
adult C. elegans nematodes. The capability of P. aeruginosa reference strain PAOL1 to kill C.
elegans was compared to the clinical strains I1so6 and 1s020. Figure 3 indicates that for both
L4 larvae and adult nematodes, the longevity of P. aeruginosa infected nematodes were
significantly reduced compared to uninfected nematodes (p < 0.05). The pathogenicity was
visually evident after two days of infection. Pseudomonas aeruginosa PAO1 killed 50 % of the
L4 larvae within four days, while P. aeruginosa Iso6 killed 50 % within two days and P.
aeruginosa 1s020 killed 50 % within three days (Figure 3A). However in terms of the adult
nematodes, we observed a slightly different trend (Figure 3B), where P. aeruginosa PAO1 and
Iso6 killed 50 % of the adult worms between one and two days, while P. aeruginosa 1s020
killed 50 % between two and three days. We therefore considered P. aeruginosa PAOL1 to be
more virulent than P. aeruginosa Iso6 and P. aeruginosa 1s020, with P. aeruginosa 1s020,

being the least virulent of the three strains.

Previous studies showed that the nematode can be successfully used as an infection host
used for numerous studies of reference strain P. aeruginosa PAO1 (Darby et al., 1999;
Gallagher and Manoil, 2001). Extensive studies focusing on the effect of P. aeruginosa
infection on C. elegans have resulted in the discovery of four different infection models of
which differ slightly depending on the strain used, different medium as well as incubation
conditions (Tan et al., 1999; Darby et al., 1999; Gallagher and Manoil, 2001; Sifri et al., 2005;
Begun et al.,, 2005). For instance, P. aeruginosa can either kill the nematodes in slow
infectious process or rapidly, through toxin-mediated mechanisms (Tan et al., 1999; Darby et
al., 1999). Darby and co-workers, (1999) described a rapid, paralytic killing mechanism that
highly depend on production of neurotoxin, hydrogen cyanide, which triggers P. aeruginosa
PAOL1 strain to cause lethal paralyzes and kill C. elegans within hours (Gallagher and Manaoil,
2001). Furthermore, Kirienko and co-workers (2013) showed that in liquid medium Killing
assay, P. aeruginosa is known to produce siderophore pyoverdine which induce a hypoxic
response which is then followed by death of the nematode. Thus, we can speculate that this
might be a reason for our results of P. aeruginosa PAO1 showing more virulence compared
to other strains investigated. It will be important to extent our findings by closely investigating

the virulence factors, such as pyoverdine, of P. aeruginosa.
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Figure 3. (A) Pseudomonas aeruginosa killing L4 larvae C. elegans. (B) Pseudomonas
aeruginosa killing adult C. elegans. The survival of nematodes were significantly reduced
when exposed to Pseudomonas aeruginosa (p < 0.05). The Pseudomonas aeruginosa
reference strain PAO1 was more virulent to C. elegans than two Pseudomonas aeruginosa

clinical strains (Iso6 and 1s020).
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2.4.4 Candida albicans and Pseudomonas aeruginosa co-infection model

The opportunistic bacterium, Pseudomonas aeruginosa is an emerging, problematic multidrug
resistant human pathogen and similar to the fungus, C. albicans, has a tendency to cause
infection in immunocompromised individuals (Pfaller and Diekema, 2004; Driscoll et al., 2007).
Both microbes have been found to often share similar ecological niches within hosts, including,
vascular and urinary catheters, bronchial airways and patient wounds (Richard et al., 1999;
Rosenthal et al., 2006). Taking into consideration the increasing importance of C. albicans
and P. aeruginosa towards morbidity and mortality of most hospitalized patients, in our present
study we sought to further define their pathogenicity using the host model C. elegans.

As depicted in figure 4, we observed a significant reduction in the survival of C. elegans when
infected with C. albicans and P. aeruginosa polymicrobial strains compared to E. coli OP50
control strain. Moreover, although C. albicans and P. aeruginosa can independently kill the
nematode, however polymicrobial infection of both these pathogens, significantly reduced
their survival compared with monomicrobial infection (Figure 2 and Figure 3). Most co-infection
combinations killed 100 % of L4 larvae within four days. However, all the combinations that
included C. albicans Ho6 were less virulent and took five days to kill 100 % of the L4 larvae
(Figure 4A). Surprisingly, the combination of the two most virulent strains in the monomicrobial
infections (C. albicans SC5314 and P. aeruginosa PAO1) was not the outmost virulent
combination, killing 50 % of the L4 larvae only after 3 days, while, the combination C. albicans
SC5314 and P. aeruginosa I1s020 killed 50 % of the larvae within one day. We observed a
similar trend with adult nematodes (Figure 4B), where it took four days for most co-infection
combinations to kill 100 % of the adult nematodes, except for combinations C. albicans Ho6
and P. aeruginosa Iso6, C. albicans Ho6 and P. aeruginosa 1s020 and also C. albicans Ho153
and P. aeruginosa PAO1 which took five days to kill 100 % of the adult nematodes. All co-
infection combinations killed 50 % of the adult nematodes within three days, while combination
C. albicans SC5314 and P. aeruginosa 1s020 again killed 50 % of the adult nematodes within

one day.
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Figure 4. (A) Candida albicans and Pseudomonas aeruginosa co-infection on C. elegans L4
larvae over time. (B) Candida albicans and Pseudomonas aeruginosa co-infection on adult
nematodes over time. SC5314 + 1s020 co-infection were most virulent combinations, while

Ho6 + PAO1 co-infection were least virulent.
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These were unexpected results and in contrast to literature. For instance, Peleg et al. (2008),
specifically used C. elegans to evaluate the polymicrobial interaction of C. albicans and
Acinetobacter baumannii. An antagonistic relationship between the two pathogens was
described, where A. baumannii inhibited some of the significant virulence factors of C.
albicans, including hyphal formation and biofilm formation, resulting in reduced C. albicans
pathogenicity. This was interesting since single species of C. albicans and A. baumannii
independently killed C. elegans at a rapid rate, however infection with both pathogens caused
nematodes to survive longer compared with single species C. albicans infection (Peleg et al.,
2008). Given all this, Peleg and co-workers (2008) assumed that A. baumannii either
significantly reduces or slows the degree of C. albicans hyphal formation in C. elegans
intestines, therefore significantly reducing nematode mortality. Moreover, Cruz et al. (2013)
also supported the antagonistic observations by investigating the interaction of C. albicans
and bacterium, Enterococcus faecalis. The monomicrobial infection with either C. albicans or
E. faecalis was able to significantly reduce the nematode survival, however, polymicrobial
infection with C. albicans and E. faecalis prevented preventing hyphal morphogenesis by C.
albicans, thus caused a much lesser tissue damage to C. elegans. Interestingly, when C.
albicans grows with E. faecalis, it seemed to protect the bacterium from cell death (Cruz et al.,
2013).

This discrepancy between our results and literature can be explained by the fact that we never
observed hyphal formation by C. albicans either during mono- or polymicrobial infections.
Candida albicans yeast cells are able to transition to hyphae form and this hyphal form is an
important virulence factor in mammals (Lo et al., 1997; Braun and Johnson, 1997; Saville et
al., 2003). In previous studies, Breger et al. (2007) showed that C. albicans can vigorously
form invasive hyphae in the C. elegans intestines, which fully penetrated the nematode cuticle.
However mutants that cannot form hyphae seemed to be avirulent, implying that hyphal
morphogenesis might be one of the mechanism of nematode killing (Breger et al., 2007).
Pukkila-Worley and co-worker (2009) also found that more than half of the nematodes infected
with the reference strain C. albicans SC5314 died within 48 h and the dead nematode showed
hyphae piercing the nematode cuticle. Thereafter, there was a second phase that followed
this rapid initial decline in nematode survival, in this second phase the nematodes died slower
than the initial phase. In these latter nematodes, no hyphae was observed in either the

intestine nor piercing through the infected nematodes cuticle (Pukkila-Worley et al., 2009).

In order to confirm that C. albicans in our study does not produce hyphae, we examined C.
elegans infected with C. albicans as well as combination of both C. albicans SC5314 and P.
aeruginosa PAOL, using both light microscope and transmission electron microscopy (TEM)

(Figure 5) and observed a striking lack of hyphal formation in both cases.
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Figure 5. Lack of hyphal formation by Candida albicans SC5314 in Caenorhabditis elegans.

(A) Light micrograph of nematode infected with only C. albicans SC5314 strain. Note absence
of hyphae piercing the cuticle. (B) Light micrograph of nematode infected with C. albicans
SC5314 and Pseudomonas aeruginosa PAOL1 strains. The scale bar of 200 pum. (C)
Transmission electron micrograph of nematode infected with only C. albicans SC5314 strain.
(D) Transmission electron micrograph of nematode infected with C. albicans SC5314 and P.

aeruginosa PAOL1 strains. The scale bar of 10 um.
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We also used C. albicans M2194, which fluoresces under when hyphae are produced and C.
albicans M137, a constitutively fluorescent strain. From our results we observed no
fluorescence in monomicrobial infections with C. albicans M2194 (Figure 6B) and
polymicrobial infections with C. albicans M2194 and P. aeruginosa PAO1 (data not shown). In
addition, as seen in Figure 6D, C. albicans M137 did fluoresce, clearly indicating only the yeast
cells inside the nematode without any hyphal formation. Taken together all these observations
from our current study, we can speculate that the observed killing of C. elegans by all C.
albicans strains occurred through a process called yeast-dependent and not through hyphal
formation. This yeast-dependent process was also seen in studies done by Pukkila-Worley
and co-workers, (2009) using two uncommon human pathogenic fungi (Debaryomyces
hansenii and Candida lusitaniae) family of C. albicans, which are incapable of forming hyphae.
Although infection with both these pathogens did not form any hyphae in C. elegans, they
were still able to kill the nematode, however slower than hyphae producing C. albicans.
Therefore the observed features suggested that D. hansenii and C. lusitaniae killed C. elegans
through a yeast-dependent process (Pukkila-Worley et al., 2009), similar to our observations.

The relevance of this observation can also be seen in other infection models. Roux and
colleagues (2009) used immunocompetent rats to evaluate the relationship between C.
albicans colonisation and the existence of P. aeruginosa pneumonia in lungs. They found that
C. albicans enhanced infection of P. aeruginosa by impairing macrophage function, causing a
significant increase in the occurrence of P. aeruginosa pneumonia. Moreover they likely
observed any hyphal form of C. albicans in the rat lungs (Roux et al., 2009). Tan et al. (2016),
further extended these findings by evaluating C. albicans-A. baumannii co-infection in a rat
model. Their results suggested that colonization of C. albicans in the respiratory tract of rats
assisted in the development of severe A. baumannii infection (Tan et al., 2016). In addition,
more studies were described in mice models, investigating the virulence of co-infection of C.
albicans and Staphylococcus aureus (Carlson, 1983b). From the monomicrobial infection of
S. aureus alone, no cells could be identified in peripheral sites like in the spleen, blood, or
pancreas, and the mice was able to survive (Carlson, 1983b). However, after administration
of a similar dose of S. aureus coupled with heat-inactivated C. albicans or with a sublethal
dose of C. albicans, S. aureus was identified in abdominal organs and all samples of blood
and majority of the mice were dead (Carlson, 1983b). These results speculated that C.
albicans protects S. aureus in the peritoneal cavity thereafter enhances its virulence by
enabling S. aureus to disseminate throughout to the peripheral tissues (this is a process not
observed in the monomicrobial infection with S. aureus) (Carlson, 1983b; Carlson and

Johnson, 1985). Moreover, similar observations were discovered by the same researchers
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when using the Gram-positive bacterium, E. faecalis and also for another Gram-negative
bacterium Serratia marcescens (Carlson, 1983a).

Taken together, it is clear that yeast-bacterial polymicrobial interactions can either display
synergistic or antagonistic interactions, depending on either the in vitro or in vivo studies. Also
that it is possible for co-infections to be more virulent compared to single infections. Thus from
our observations we can speculate that C. albicans and P. aeruginosa interactions indicate

complex, synergistic yeast-bacterial interactions in C. elegans infection model.

Yeast cells

Yeast cells

Yeast cells

Figure 6. (A) Light microscope and (B) fluorescent micrograph of C. elegans infected with C.
albicans M2194 showing no fluorescence. No hyphal formation. (C) Light microscope and (D)
fluorescent micrograph of C. elegans infected with C. albicans M137. Importantly, no hyphal
formation was observed. Only the yeast cells of C. albicans fluoresced inside the intestines of

nematode. The scale bar of 20 pm.
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2.5 Conclusions

It is true that medically important interactions between pathogenic bacteria and fungi are
common in most settings. These pathogenic microbial interactions are highly complex, and
the type of interaction that occurs usually depends on a wide range of environmental,
pathogen and host factors. Thus developing appropriate in vitro and in vivo models to fully
characterize these pathogenic microbial interactions and their virulence mechanisms is
important for our understanding of their role in human disease. Given the significance of the
yeast, C. albicans, to human health with its mutual cohabitation with the bacterium P.
aeruginosa (Richard et al., 1999; Rosenthal et al., 2006), we used C. elegans as an infection
model to help identify and study interactions between these two pathogens. Our
monomicrobial infection results demonstrated that for either pathogen, the reference strains
were more virulent than the clinical strains. In contrast, the polymicrobial infections showed
that combination of both C. albicans and P. aeruginosa had a positive impact on each other’s
virulence leading to extremely high mortality of C. elegans. These findings present an
extension toward ongoing research of monomicrobial and polymicrobial infection in C.

elegans.

Having confirmed that in our study we hardly observed any evident changes in C. albicans
morphology in vivo, formation, we concluded that hyphal formation may not be an important
virulence factor required to induce pathogenicity by C. albicans. According to literature, the
capability of C. albicans to transition morphologically between yeast and hyphal form has been
considered as a major virulence factor of this pathogen, accompanied tissues penetration
evading immune defences, thus causing cell damage, moreover it triggers the upregulation of
virulence factors not directly functional in C. albicans morphogenesis (Braun and Johnson,
1997; Lo et al., 1997; Saville et al., 2003). However, studies by Pukkila-Worley et al. (2009)
showed that C. albicans yeast form is virulent enough to also cause infection and death in C.
elegans. Thus also our results further emphasise the fact that lack of hyphal formation is not
essentially required for pathogenicity. For future research, it will be crucial to investigate
growth conditions that can induce hyphal formation by C. albicans in C. elegans. This
might help to get results in C. elegans model that are more reflective of the morphological
and physiological changes that normally occur in infected patients. Moreover, establishing
C. elegans as an infection model in order to study polymicrobial infections, particularly C.
albicans and P. aeruginosa, enables further characterization of virulence mechanisms
employed by these pathogens, this also help fill the gaps in the ongoing research towards

therapeutic and prevention strategies.
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3.1 Abstract

A fundamental question in pathogenicity is what causes virulence in pathogens. One of the
most important causes of virulence is involvement of virulence factors. Pseudomonas
aeruginosa is amongst the well-studied opportunistic pathogens that cause serious infections,
as it affects, amongst others, patients suffering from cystic fibrosis or other various chronic
lung diseases. In most cases the pathogen causes chronic infection as a result of it being able
to produce biofilms in these patients, and also it's alerting resistance to antibiotic treatment.
The virulence of P. aeruginosa is normally ascribed to production of various virulence factors,
which includes pyoverdine, pyocyanin, proteases, such as elastase and alkaline protease,
phospholipases such as exotoxin A and phospholipase C. Likewise, in most individuals, C.
albicans usually resides as a harmless lifelong commensal pathogen in humans, nonetheless
under circumstances where the host is immunocompromised, it causes infections ranging
from superficial to life-threatening systemic infections. At present several factors with their
functions have been discovered, known to be associated to the virulence potential of this
pathogenic yeast. Amongst them are molecules capable of mediating host cells adhesion and
invasion, such as, morphogenesis, secretion of hydrolases, thigmotropism, biofilm formation
and other fitness attributes. Our knowledge of when and how most virulence factors contribute
to infection has drastically increased within the past years. Moreover, some mechanisms
underlying these virulence factors have recently been discovered. The main objective of this
present study is to investigate the virulence factors responsible for the observed differences
in virulence caused by C. albicans and P. aeruginosa strains that are used to establish
Caenorhabditis elegans infection model described in the previous chapter. We have
investigated a panel of important in vitro virulence factors in these species. Associations were
assessed between pyocyanin and pyoverdine production, secretion of hydrolytic enzymes and
microbial burden. The results suggest that observed differences in virulence of C. albicans
and P. aeruginosa strains during mono-microbial infections may be due to production of
various virulence factors. However, for the polymicrobial infections the virulence of the

different combinations is proportional to its ability to colonise C. elegans.

Keywords: Pathogenicity, Candida albicans, Pseudomonas aeruginosa, virulence factors,

pyocyanin, pyoverdine, hydrolytic enzymes, microbial burden, Caenorhabditis elegans
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3.2 Introduction

A better understanding of the pathogenic consequences of most bacterial-fungal polymicrobial
interactions has come predominately from microbial pathogenicity studies using infection
models. However, evaluating the changes in virulence in a bacterial-fungal co-infection
context may be a complex task and depends on several factors. A common Gram negative
bacterium, Pseudomonas aeruginosa, is known as an opportunistic human pathogen that is
familiar to every hospital and intensive care unit (van ‘t Wout et al., 2015; Dzvova et al., 2017).
This bacterium is the frequent cause of nosocomial infections, many of which are responsible
for substantial mortality due to recurring antibiotic resistant isolates (Sadikot et al., 2005; van
‘tWout et al., 2015; Dzvova et al., 2017). Furthermore, its survival in the host is sustained by
the secretion of various virulence factors and toxins, including pyoverdine, pyocyanin,
proteases, (e.g. alkaline protease and elastase), and also phospholipases (e.g. exotoxin A
and phospholipase C) respectively (Sadikot et al., 2005; Rada and Leto, 2013; van ‘t Wout et
al., 2015; Dzvova et al., 2017). Of all the toxins mentioned, pyocyanin, a blue phenazine
compound, is an important virulence factor which is a redox active substance, and is toxic to
numerous bacteria and fungi by being able to cause damage to mammalian cells (Hassett et
al., 1992). Pyocyanin can also interfere with critical host defence mechanisms and contributes
to the symptoms associated with Pseudomonas-associated lung diseases (Denning et al.,
1998; Sadikot et al., 2005; van ‘t Wout et al., 2015).

Candida albicans is one of the leading opportunistic human pathogen that can cause
superficial infections (e.g. oral or vaginal candidiasis), and also life-threatening systemic
infections (Mayer et al., 2013). During both superficial and systemic infection, C. albicans
depend on wide range of virulence factors, assisting it to colonise within the microbiota in the
commensal phase and to also invade host tissue during infection (Mayer et al., 2013). A couple
of traits, including extracellular secretion of hydrolytic enzymes (lipases, phospholipases and
proteases) which enable the breakdown of host cells and tissue invasion, expression of
adhesins and invasins, which enable binding to host cells and on the cell surface, the
morphological transition (yeast to hyphal transition and white to opaque transition),
thigmotropism (contact sensing), and formation of biofilms, are considered as virulence factors
of C. albicans (Calderone and Fonzi, 2001; Mayer et al., 2013; Fourie et al., 2016).

We investigated selected virulence factors that might potentially influence the infection of P.
aeruginosa and C. albicans. The thought is that such virulence factors could be used by
themselves or as adjuncts that would boost the pathogenicity of C. albicans and P. aeruginosa
leading to observed virulence. Therefore, the aim of this study is to test particular bacterial or

fungal factors in pathogenesis in vitro, by investigating the most virulent strain in comparison
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to the least virulent strain obtained from the results of the established C. elegans infection
model. Another common determinant of virulence in infection models is the change in the
pathogens microbial burden. To this end we also investigated the microbial burden of C.
elegans during mono- and polymicrobial infections by the most and least virulent strains and

combinations.

3.3 Materials and methods
3.3.1 Strains used

Pseudomonas aeruginosa evaluated in this present study were PAO1 (most virulent strain)
and Is020 (least virulent strain), and Candida albicans strains were SC5314 (most virulent
strain) and Ho6 (least virulent strain) reported in the previous chapter. The most virulent
combination was C. albicans SC5314 and P. aeruginosa 1s020 and the least virulent
combination was C. albicans Ho6 and P. aeruginosa PAO1. Bacterial strains were cultivated
on Luria-Bertani (LB) agar (20 g/L agar, 10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium
chloride), while yeast strains were cultivated on yeast extract-peptone-dextrose (YPD) agar
(10 g/L glucose, 5 g/L peptone, 3 g/L yeast extract, 16 g/L agar) and incubated at 37 °C for 24
h. Caenorhabditis elegans glp-4; sek-1, was obtained from the Caenorhabditis Genetic
Center, College of Biological Sciences, University of Minnesota and propagated on Nematode
Growth Medium (NGM) agar plates (3 g/L sodium chloride, 2.5 g/L peptone, 17 g/L agar)
spotted with Escherichia coli OP50 (a uracil-requiring mutant of E. coli). Stocks of E. coli OP50
were stored at -80 °C, and before usage, frozen aliquots were allowed to thaw then grown in
LB broth. A 24 h fresh bacterial culture was spotted on the NGM agar medium and plates were
incubated at 37 °C for 24 h. Caenorhabditis elegans nematodes were transferred to new NGM
agar plates seeded with E. coli OP50 every 6 days. All stocks of C. elegans were kept at 15

°C until further use.

3.3.2 Invitro virulence factors of Pseudomonas aeruginosa
3.3.2.1King A assay

Freshly grown P. aeruginosa strains were each inoculated into LB broth, followed by
incubation at 37 °C for 24 h. The bacterial cultures were adjusted to optical density (ODsoo)
0.1 in 5 ml LB broth and streaked onto King A agar (15 g/L agar, 1.4 g/L magnesium chloride,
20 g/L peptone, 10 g/L potassium sulphate) plates, which were then incubated at 37 °C for 24
h. King A agar plates were observed for a colour change. The presence of a green or blue

colour was interpreted as indicating the production of pyocyanin. The presence of a yellow
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pigment only was interpreted as indicating the production of pyoverdin, or fluorescein (King,
et al., 1954).

3.3.2.2King B assay

Each strain of P. aeruginosa were inoculated into LB broth, followed by incubation at 37 °C
for 24 h. Thereafter, the bacterial cultures were adjusted to optical density (ODsggo) of 0.1 in 5
ml LB broth and streaked onto King B agar (20 g/L peptone, 10 ml glycerol, 1.5 g/L dipotassium
phosphate, 15 g/L agar, 11.5 g/L magnesium sulphate) plates, and then incubated at 37 °C
for 24 h. King B plates were observed under ultraviolet light at 360 nm for fluorescence.
Presence of a yellow fluorescent pigment was interpreted as indicating the production of
pyoverdin, or fluorescein (described by King et al., 1954, modified according to the

recommendations of the US Pharmacopoeia).

3.3.2.3 Quantitative pyocyanin assay

A 24 h culture of P. aeruginosa strains were inoculated into LB broth, followed by incubation
at 37 °C for 24 h. The bacterial cultures were adjusted to optical density (ODeoo) 0.1 in 5 ml LB
broth medium. Pyocyanin was extracted from the supernatants of cultures grown then
measured by the method described previously by Essar et al. (1990). A 5 ml volume of
supernatant was extracted with 3 ml chloroform and shaken for a few minutes until the
pyocyanin is diffused, which turns the solvent blue. The chloroform layer was then transferred
to a new clean test tube and re-extracted with 1 ml 0.2 M HCl in order to produce pink to deep
red solution, therefore this colour change confirms the presence of pyocyanin. After
centrifugation (600 x g at 4 °C for 10 min), concentrations of pyocyanin were determined based
on measurement of Aszo and expressed as ug pyocyanin produced per ml culture supernatant,
calculated using the following formula: Asx X 17.072 (Essar et al., 1990; Saha et al., 2008).
All experiments were done in triplicate and the average and standard deviation were
calculated respectively. A student t-test was carried out in order to determine the statistical
significant difference between data sets. Moreover, the p value of < 0.05 was considered

significant.
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3.3.2.4 Swarming motility assay

Freshly grown P. aeruginosa strains were inoculated into LB broth medium then incubated at
24 h at 37 °C. Bacterial suspensions were adjusted to ODeoo 0.1 in 5 ml phosphate-buffered
saline (PBS). A volume of 3 pl of bacterial suspensions were spotted on each swarming agar
(0.5 % blood agar base, 0.25% beef extract, 0.19 % yeast extract, 0.4 % peptone) plate, then
incubated at 30 °C for 24 h. Thereafter, presence of swarming motility was interpreted as a
rapid migration over the agar surface in a coordinated manner. (Rashid and Kornberg, 2000;
Krishnan et al., 2012).

3.3.2.5 Hydrolytic enzyme activity assay

Freshly grown 24 h P. aeruginosa strains on LB agar medium were grown in LB broth for 24
h. Cells were centrifuged at 4000 x g at 4 °C for 1 min and carefully washed three times with
sterile PBS then diluted to ODgoonm Of 0.01. To test the proteinase activity, a volume of 3 pl of
the standard bacterial suspensions were spotted onto LB agar plates supplemented with 0.2
% Bovine Serum Albumin (BSA) (Roche, USA) (Ells et al., 2014). To test for phospholipase
activity, 3 ul of the standard cell suspensions were spotted onto Sabouraud 4 % dextrose agar
(SDA) (0.005 M calcium chloride, 1 M sodium chloride, and 8 % sterile egg yolk) (Price et al.,
1982; Kouker and Jaeger, 1987; Ells et al., 2014). To test for lipase activity, 3 ul of the standard
cell suspensions were spotted onto tributyrin agar plates (3 g/L yeast extract, 5 g/L peptone,
12 g/L agar) (Sigma-Aldrich, USA) (Samaranayake et al., 2005; Ells et al., 2014). All plates
were incubated at 37 °C for 5 days to observe the halo around spotted cell suspensions and
micrographs were taken. The activity of hydrolytic enzymes was calculated based on the ratio
of colony diameter to colony total diameter plus halo (Pz). The Pz value of 1 indicated no
enzyme activity, while < 1 indicated that a strain secretes the enzyme (Price et al., 1982; Ells
et al., 2014). All experiments were done in triplicate, and calculated the average and standard
deviation respectively. A student t-test was carried out in order to determine the statistically
significant differences between data sets. Moreover, the p value of < 0.05 was considered

significant.

3.3.3 Invitro virulence factors of Candida albicans
3.3.3.1 Hydrolytic enzyme activity assay

A previously described protocol for hydrolytic enzyme activity assay by Price et al. (1982) was
modified. Briefly, Candida albicans SC5314 and Ho6 stains were each cultivated on YPD agar

plates at 37 °C overnight. A loop full of each colony was inoculated onto Yeast Nitrogen
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glucose (10 g/L glucose, 6.7 g/L Yeast Nitrogen Base (YNB) without ammonium sulphate and
amino acids (Difco, USA)) agar plates for 24 h. Yeast cells were then centrifuged at 4000 x g
at 4 °C for 1 min, then washed three times with PBS and diluted to ODgoonm Of 0.01. To test for
proteinases, a volume of 3 pl of the standard yeast suspensions were spotted onto YNB-
glucose agar plates supplemented with 0.2 % BSA (Price et al., 1982; Ells et al., 2014). To
test for phospholipase activity, 3 pl of the standard cell suspension was spotted onto SDA
(0.005 M calcium chloride, 1 M sodium chloride, and 8 % sterile egg yolk) (Price et al., 1982;
Kouker and Jaeger, 1987; Ells et al., 2014). To test for lipase activity, 3 pl of the standard cell
suspensions were spotted onto tributyrin agar plates (Samaranayake et al., 2005; Ells et al.,
2014). All plates were incubated at 37 °C for 5 days to observe the halo around the spotted
cell suspensions and micrographs were taken. The activity of hydrolytic enzymes was
determined by calculating the Pz value. The Pz value of 1 indicated no enzyme activity, while
< 1 indicated that a strain secretes the enzyme (Price et al., 1982; Ells et al., 2014). All
experiments were done in triplicate, and calculated the average and standard deviation
respectively. A student t-test was carried out in order to determine the statistically significant

differences between data sets. Moreover, the p value of < 0.05 was considered significant.

3.3.4 Microbial burden

The technique used to establish C. elegans liquid medium infection model was according to
the technique described previously by Breger and co-workers (2007) and detailed in the
previous chapter. The number of C. albicans and P. aeruginosa colony forming units (CFUSs)
per C. elegans was quantified according to the protocol by Garsin et al. (2001). After infection,
nematodes were scored daily into two categories: alive and dead. Dead nematodes were
counted and transferred into a 2 ml plastic tube and were mechanically disrupted by using a
pipette. Microscopic analysis was done to confirm successful breaking of infected C.
elegans. Dilution series was done on all samples. The dilution range of 1x10° to 1x108 was
plated on either LB agar (P. aeruginosa), or YPD agar (C. albicans) then incubated at 37 °C.
Daily plate counts were performed and CFUs calculated. All experiments were done in
triplicate and the average and standard deviation were calculated respectively. A student t-
test was carried out in order to determine the statistically significant differences between data

sets. Moreover, the p value of < 0.05 was considered significant.
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3.4 Results and discussions

3.4.1 Pseudomonas aeruginosa in vitro virulence factors

In our previous results, after establishing C. elegans infection models, it was observed that P.
aeruginosa PAO1 was the most virulent isolate while P. aeruginosa 1s020 was the least
virulent isolate to the nematode. Therefore, the in vitro production of selected virulence factors
of these two strains were evaluated in order to gain more insight on the intrinsic differences in
their virulence potential. Table 1 shows the summary of results obtained from the in vitro

studies.

Table 1. Virulence factors of Pseudomonas aeruginosa.

Strain King A assay King B assay Quantitative Swarming
pyocyanin assay motility
(Pyocyanin) (Pyoverdine)
PAO1 Yellow-Green Yellow-Green 0.28 pg/ml Positive
pigment pigment

(£0.07)

so20 No pigment No pigment 0.64 pg/ml Negative
(£ 0.06)

Firstly we investigated pyocyanin production by P. aeruginosa strains on King A medium.
According to literature, King A medium can enhance P. aeruginosa to the produce pyocyanin
(King et al., 1954; Hassett et al., 1992). This can be observed by a blue pigment that diffuses
into the culture medium. The production of pyocyanin differs depending on the strains of P.
aeruginosa and culture growth conditions. When the pigment is not the usual blue colour, it
may be due to the production of two or more coloured substances. For instance, even though
King A medium specifically enhances production of a blue pigment, it is possible that other
pigments such as brown (pyomelanin), green (pyoverdine), or red (pyorubin) pigments can
appear masking the pyocyanin (Leonard, 1924; King et al., 1954; Wilson and Miles, 1964). In
our study, on King A agar medium, strain PAO1 produced a yellow-green pigment, indicating
pyoverdine production. In contrast, strain 1so20 grew only as white to cream colonies and did
not produce any visible pigment. However, it was found that both strains produced low

concentrations of pyocyanin when grown in liquid media, with strain 1so20 producing 0.64
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png/ml (£ 0.06), and P. aeruginosa PAO1 producing significantly less pyocyanin at only 0.28
pg/ml (= 0.07) (p = 0.002).

King B agar allows the production of pyoverdine, a primary siderophore that fluoresces a
yellow-green pigment under ultraviolet light (UV) in certain strains of Pseudomonas (King et
al., 1954). The medium is mostly used in water analysis, to detect and differentiate P.
aeruginosa, which produces yellow-green pigment while other species of Pseudomonas do
not. Importantly, King B agar favours the production of pyoverdine while inhibiting the
production of pyocyanin (King et al., 1954). This is because dipotassium phosphate used in
this medium trigger an increase in the concentration of phosphorus contributed by the peptone
and stimulates the pyoverdine production, while inhibiting the pyocyanin production (King et
al., 1954). Moreover magnesium sulphate in the medium contributes the cations necessary
for pyoverdine production (King et al., 1954). Thus in our current study, under UV light at 360
nm, P. aeruginosa PAOL fluoresced yellow-green on King B agar, while P. aeruginosa 1s020

was non-fluorescent, confirming the pyoverdine production seen with King A agar.

Another virulence factor investigated is swarming motility, which is known as a rapid and
coordinated migration of a population of bacterial species across a semisolid surface
(Henrichsen, 1972). Most of the researchers have shifted their focus into the direction of
swarming motility phenomenon, is since it is suspected to be highly associated with biofilm
formation of P. aeruginosa. Usually the ability to display swarming motility is evaluated using
swarm plate in which microorganisms are spot-inoculated at the centre of swarming agar plate,
thereafter incubated overnight (Krishnan et al., 2012). The diameter of the resulting “motility
zone” formed by migrating bacteria is then measured. Thus the aim of this study was based
on investigating the formation of swarming motility phenotype by P. aeruginosa PAO1 and
Is020 strains. On the swarming agar, strain PAO1 showed swarming motility while no motility

was observed for P. aeruginosa Iso20 (Table 1).

Taken together, all these observed data clearly suggested that there are multiple virulence
factors of P. aeruginosa that may cause virulence, including pyoverdine, pyocyanin and
swarming motility. Thus it was observed that both strains produced pyocyanin, however only
strain PAO1 produced pyoverdine. This pyoverdine production by P. aeruginosa was also
observed in liquid killing assay, where it induced hypoxic response, thereafter killing C.
elegans (Kirienko et al., 2013). Thus, we can speculate that the difference in pyoverdine
production between the two strains might be a reason for the observed difference in virulence
of the two strains. It was also evident that P. aeruginosa PAO1 showed swarming motility while
strain 1s020 did not. This may be due to the fact that swarming motility is often co-regulated

with toxin secretion (Allison et al., 1992; Givskov et al., 1995).
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3.4.2 Hydrolytic enzyme activity assay for Pseudomonas aeruginosa

Next, for us to more broadly explore the involvement of other potential virulence factors, we
performed in vitro enzymatic tests for the expression of lipase, phospholipase and protease
activities by P. aeruginosa PAO1 and Iso20. Both strains were found to be positive for the
production of protease and lipase, while no production of phospholipase (Pz = 1) was
observed (Figure 1). Although P. aeruginosa PAO1 had a slightly higher lipase activity [Pz =
0.2 (x 0.01)] than strain 1s020 [Pz = 0.28 (+ 0.01)], this difference was not statistically
significant (p = 0.38). We also discovered no significant difference in the level of protease

activity between the two strains.
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Figure 1. Hydrolytic enzyme activity assay for Pseudomonas aeruginosa. Plates were
incubated at 37 °C for 5 days to test for secretion of proteases, phospholipases and lipases.
The Pz value of 1 indicated no enzyme production, while < 1 indicated that a strain secretes
the enzyme. Both PAOL1 and Iso20 strains secreted lipases and proteases. However, no
secretion of phospholipases was observed in both PAO1 and Iso20 strains. The data is

presented as the average and standard deviation of biological triplicates.
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3.4.3 Hydrolytic enzyme activity assay for Candida albicans

Candida albicans is a well-known pathogenic microorganism that secretes various virulence
factors including the production of extracellular hydrolytic enzymes (Schaller et al., 2005).
These secreted extracellular hydrolytic enzymes are implicated in enhancing the efficiency of
extracellular nutrient acquisition (Naglik et al., 2003). Thus extracellular hydrolytic enzymes,
specifically phospholipases and proteases, are thought to play a vital role in C. albicans
overgrowth because these enable adherence to host cell surface, tissue penetration and host
tissue invasion (Hube and Naglik, 2002; Schaller et al., 2005).

In the previous chapter, Candida albicans SC5314 and Ho6 strains showed difference in
virulence towards C. elegans during infection. In this current study we determined if the
virulence observed in both the SC5314 and Ho6 strains could be influenced by secretion of
proteases, phospholipases and lipases. Both C. albicans strains could produce phospholipase
and protease, however no lipase activity was detected (Pz = 1) (Figure 2). Slight differences
were observed in the protease and phospholipase activities of the two strains, with strain
SC5314 displaying higher protease and lower phospholipase activity than strain Ho6,

however, these differences were not statistically significant (p > 0.05).
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Figure 2. Hydrolytic enzyme activity assay for Candida albicans. Plates were incubated at 37
°C for 5 days to test for secretion of proteases, phospholipases and lipases. The Pz value of
1 indicated no enzyme production, while < 1 indicated that the strain secretes the enzyme.
Lower Pz value means high enzymatic production while high Pz value mean lower enzymatic
production. Both SC5314 and Ho6 strains produced phospholipases and proteases enzymes.
No secretion of lipases was observed in both strains. The data is presented as the average

and standard deviation of biological triplicates.

These results support the speculated reports in literature, that proteinase and phospholipases
are the two most important families of C. albicans extracellular enzymes, amongst those
associated with virulence (Schaller et al., 2005). The secreted aspartyl proteinase (SAPS)
degrades most human proteins (Schaller et al., 2005). At present, the proteolytic activity is
attributed to a multigene SAP family of C. albicans, which comprises ten members, SAP1-10.
For example, SAP1-8 are mostly secreted then released to the surrounding medium, while
SAP9 and SAP10 remain bound to the cell surface (Naglik et al., 2003; Taylor et al., 2005;
Albrecht et al., 2006). Moreover, SAP1-3 can cause damage to reconstituted human
epithelium in vitro, and also contribute to virulence in a mouse model of systemic infection
(Hube et al.,, 1997; Schaller et al., 1999). Naglik and co-workers (2003) reported that
expression of SAP family genes is related to the co-regulation of other virulence factors, which
includes adherence, biofilm formation, filamentation, phenotypic switching, in addition to tissue

invasion, penetration, nutrition and interaction with the host’'s immune system. For instance,
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discovery and characterization of the white to opaque switching revealed that this phenotypic
switching have an effect on several cellular characteristics, such as proteinase production
(Naglik et al., 2003). As a result, a connection between SAP secretion and this switching was
then defined in WO-1 C. albicans strains (Naglik et al., 2003). At present, in WO-1 strain,
SAPL1 is the only proteinase that is strictly under regulation of phenotypic switching, where it
is highly expressed only in opaque cells (Naglik et al., 2003). The SAP8 is another SAP gene
that is differentially expressed during phenotypic switching, since transcripts were detected in
the opaque phenotype but not the white phenotype (Biswas et al., 2007).

Several studies show that phospholipases are also important C. albicans pathogenicity
determinants having a significant function of causing damage to host cell membranes by
destroying phospholipids, therefore causing cell lysis and facilitating tissue invasion (Biswas
et al., 2007). Four classes of phospholipases (A, B, C, and D) were previously reported in C.
albicans on the basis of the ester bond they cleave (Calderone and Fonzi, 2001; Biswas et al.,
2007). Niewerth and Korting (2001) showed that amongst the four phospholipase (PLA, PLB,
PLC and PLD), only PLBL1 is involved in causing virulence in the candidiasis animal model.
Moreover, Mavor and co-workers (2005) reported that only the five members of class B (PLB1-

5) are extracellular, contributing to virulence via disruption of host membranes.

3.4.4 Microbial burden

We next addressed the issue whether more virulent strains of P. aeruginosa, C. albicans or
combinations could be correlated to higher microbial burdens in C. elegans. During infection,
it appeared that the pathogens persisted inside the nematodes, multiplied to cause
colonisation and later reached the level whereby they killed C. elegans. In our results of single
infection, the most virulent strain of C. albicans (SC5314) or P. aeruginosa (PAO1) resulted in
lower microbial burden than the least virulent strains (Ho6 or I1so20) (Figure 3). From this it is
clear that the virulence observed in killing of nematodes was not due to humber of cells but
rather specific virulence factors of the different strains. Previous studies showed that
expression of certain virulence factors in vitro can be correlated to pathogenicity in vivo
(Ghannoum, 2000; Naglik et al., 2003; Ells et al., 2014). Ibrahim and co-workers (1995)
discovered that patients infected with C. albicans produced high levels of phospholipase and
germ tubes in vitro compared to commensal strains. This in vitro extracellular phospholipase
levels was correlated with mortality when using a murine infection model (Ibrahim et al., 1995).
However, Koga-Ito and co-workers (2006), observed no significant difference in the in vitro
phospholipases levels between commensal strains and patients infected by C. albicans, but

observed a significant difference in the level of in vitro proteases. Thus, when we attempt to
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correlate our in vitro results regarding C. albicans and P. aeruginosa factors that may
contribute towards virulence and killing of C. elegans, it may be speculated that virulence
factors of P. aeruginosa PAO1 (the most virulent strain), such as, pyoverdine and swarming
motility may be responsible for the increased virulence of this strain, compared to strain 1s020
strain (Table 1). Kirienko et al. (2013) also showed the important role of this toxin in liquid
killing assay, where it induces hypoxic response followed by killing of C. elegans. We observed
that although some of the virulence factors of C. albicans, such as secretion of proteases and
phospholipase, known to contribute to virulence, the data we obtained regarding virulence
factors of the two C. albicans strains was insufficient to explain the difference in virulence

between them.
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Figure 3. Total colony forming units (CFUSs) per C. elegans nematode of single infection of C.
albicans (SC5314 or Ho6) and P. aeruginosa (PAO1 or Iso020).
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Unexpectedly, when we determined the microbial burden of co-infections, this involvement of
virulence factors was not evident. The total microbial burden of the most virulent combination
(C. albicans SC5314 and P. aeruginosa 1s020) was higher than for the least virulent

combination (C. albicans Ho6 and P. aeruginosa PAO1) (Figure 4).
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Figure 4. Total colony forming units (CFUs) per C. elegans nematode after co-infection of C.
albicans and P. aeruginosa (SC5314 + 1s020 and Ho6 + PAO1).

When comparing the effect of co-infection on the microbial burden of specific pathogens
(Figure 5), we see that for both P. aeruginosa strains, co-infection resulted in an increased
microbial burden (Figure 5A). This was especially evident for strain 1s020. This result was not
unexpected, since it is known that co-incubation of P. aeruginosa with C. albicans in vitro
biofilms, increases the CFUs of P. aeruginosa. Interestingly, when the microbial burden of C.
albicans in the co-infections were determined, the expected antagonistic influence of P.
aeruginosa was not observed (Figure 5B). However, contrary to the in vitro findings, showing
that C. albicans is killed by P. aeruginosa (Fourie et al., 2016), co-infection also increased the
microbial burden of C. albicans SC5314 and did not influence the microbial burden of strain
Ho6. This different co-stimulatory response may explain the observed difference in virulence

of the two combinations.
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elegans nematode. Monomicrobial infections are referred as “alone”, while co-infections are
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We also speculate that co-infection in this model may influence expression of virulence factors
by the pathogenic strains, which in turn may influence the interaction between the pathogens.
The result of this is that virulence of co-infection is strongly influenced by microbial burden and
that this is dependent on the specific strains in the co-infection. Co-infection with a yeast and
a bacterium may also influence the immune response of the host. Pukkila-Worley and co-
workers (2011) found that C. elegans has different and distinct immune responses to P.
aeruginosa and to C. albicans respectively, and that the nematode selectively represses
antibacterial immune effectors when C. albicans is present. However, these studies were,
performed using monomicrobial infections and the immune response to such a combined

infection is currently unknown.

3.5 Conclusions

In summary, our recent investigations was to further broaden our understanding of the C.
albicans and P. aeruginosa virulence factors which contribute to pathogenicity and killing in C.
elegans. Secreted virulence factors of P. aeruginosa PAOL1 strain, such as pyoverdine as well
as swarming motility may account for this strains observed higher virulence compared to
Is020. However, there are many other virulence factors produced by P. aeruginosa that were
not studied and it should be noted that they might also contribute to observed differences in
virulence. Additionally, relative contribution of these virulence factors remains to be
investigated. In this study we also observed that several virulence factors of C. albicans that
are produced in vitro, such as secretion of proteases and phospholipase, and although these
contribute to virulence in different infection model, the data we obtained were not sufficient to
assign the difference in virulence to a specific secreted enzyme. Other researchers found that
the ability of C. albicans to form hyphae in C. elegans is an important determinant to virulence
in this nematode system (Pukkila-Worley et al., 2011), however, since C. albicans did not form
hyphae in our study, this was not a contributing factor and not included in the study of C.
albicans virulence factors. This does not exclude the possibility that other virulence factors
may contribute to the observed differences in virulence of the two C. albicans strains. This
may be further studied using deletion mutants that lack the ability to produce selected
virulence factors. Surprisingly, mortality in co-infections correlated with increased microbial
burden of pathogens in C. elegans. This highlights the complexities when dealing with
polymicrobial infections, where one has to study the interactions between pathogens, but also
the interactions with the host to gain the full picture. Acquiring full insight on the virulence
mechanisms used by C. albicans and P. aeruginosa during infection is important for

development of new therapies and diagnostics.
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CHAPTER 4

Influence of infection on
fatty acid composition
and
prostaglandin E; production
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4.1 Abstract

Caenorhabditis elegans is becoming more recognised as an important model for the study of
lipid metabolism. As such, C. elegans offers an opportunity to understand how mechanisms
as diverse as behaviour and metabolism are intertwined to ultimately determine an organism’s
fat content. For instance, C. elegans synthesise a wide range of polyunsaturated fatty acids
(PUFASs), including arachidonic acid (AA, 20:4n6) and eicosapentaenoic acid (EPA, 20:5n3),
from saturated fatty acids obtained from their Escherichia coli OP50 diet. Here, we use the
infection of C. elegans by a human fungal pathogen, Candida albicans, and human Gram
negative bacterial pathogen, Pseudomonas aeruginosa, and as an experimental system to
investigate the influence of infection on fatty acid composition and prostaglandin production.
Thus the total lipids of infected C. elegans were extracted and the fatty acids were converted
to their corresponding methyl esters (FAMES) then analysed by gas chromatography (GC). In
addition, prostaglandin E> (PGE,) was extracted from infected nematodes and analysed by
liquid chromatography mass spectrometry (LC-MS/MS). Using the C. elegans infection model,
we observed changes in fatty acid profiles of the major unsubstituted long chain fatty acids.
However, no correlation was found between the virulence of infection and the change in fatty
acids of the nematodes. We did not detect any PGE; in nhematodes with monomicrobial
infections, but were able to detect PGE; in C. elegans when infected with the most virulent
polymicrobial infection. Since C. elegans does not synthesise PGE;, this indicates that
infecting pathogens are able to produce PGE: in the host. The role of this PGE: in the

observed differences in virulence still needs to be further investigated.

Key word: Caenorhabditis elegans, Candida albicans, fatty acids, gas chromatography, lipid
metabolism, liquid chromatography mass spectrometry, prostaglandin E., Pseudomonas

aeruginosa,
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4.2 Introduction

Although lipids have multiple functions in immunity, currently there is relatively little evidence
that exists on specific manipulation of the lipid metabolism in response to infection. An
attractive animal model for studies of lipid function is the nematode Caenorhabditis elegans.
This popular model organism has a simple anatomy, well-annotated genome, and its well-
understood developmental programs, moreover, it is easy and inexpensive to maintain in the
laboratory, has a short lifespan, and ease of genetic analysis allow for studies of diverse
biological processes, including those related to human nutrition and disease (Corsi et al.,
2015). In the laboratory, the nematodes can be cultivated on petri dish plates with Escherichia
coli lawns, which provide nutrients, such as carbohydrates, proteins, and saturated and
monounsaturated fatty acids derived from digestion of bacterial membranes (Brooks et al.,
2009). The nematode can synthesise all the essential fatty acids de novo, moreover it has a
wide range of fatty acid desaturases and elongases that synthesise long chain
polyunsaturated fatty acids, such as arachidonic acid (AA, 20:4n6) and eicosapentaenoic acid
(EPA, 20:5n3) (Watts, 2008, 2016).

Lipids are also involved in fungal growth and also pathogenicity (Noverr et al., 2003; Erb-
Downward and Huffnagle, 2006; Shea et al., 2006; Rhome and Del Poeta, 2009). For instance,
human fungal pathogen Candida albicans, which is often not found alone in a host, but in
concert with other microorganisms such as bacteria (Diaz et al., 2014, Lindsay and Hogan,
2014), may be influenced by immunomodulatory fatty acid metabolites produced by both the
host and bacterial co-colonisers. One such bacterium is Pseudomonas aeruginosa, which is
often isolated together with C. albicans (Bragonzi et al., 2009). During infection, C. albicans
and P. aeruginosa are known to stimulate several host cells to release AA (Castro et al., 1994;
Agard et al., 2013). The host makes use of this AA to produce immunomodulatory eicosanoids
such as prostaglandins, leukotrienes, thromboxanes and lipoxins (Dennis and Norris, 2015).
Importantly, these eicosanoids regulate the balance of inflammation during infection, and can
either cause inflammation or resolution of the inflammatory response. Moreover, in C.
albicans, lipid molecules that includes fatty acids and eicosanoids are reported to control yeast
to hyphal transition. In addition, this fungus has been reported to also produce
immunomodulatory lipids, such as 3,18-dihydroxeicosatetraenoic acid (3,18-diHETE) and
prostaglandins from exogenous or host derived AA (Deva et al., 2000; Erb-Downward and
Noverr, 2007; Fourie et al., 2016). Interestedly, P. aeruginosa can also metabolise exogenous
AA, producing prostaglandins and hydroxyeicosatetraenoic acids (Lamacka and Sajbidor,
1995; Vance et al.,, 2004; Fourie et al., 2016). Interestingly, these eicosanoids may have

adverse roles in the dynamic of pathogen-pathogen interaction and pathogen-host interaction,
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moreover they can have an effect not only on the dynamics of this polymicrobial infection but

also on the survival of host during infection (Fourie et al., 2016).

Although there has been intensive studies done on the function of lipid mediators between
monomicrobial pathogenic species and hosts, little evidence still exists concerning their
function in polymicrobial infection of C. albicans and P. aeruginosa and towards the host.
Therefore this permits investigations for us to gain full insight regarding the C. albicans and P.
aeruginosa polymicrobial interaction in context of prostaglandin, and also role of these
prostaglandins in a host, such as C. elegans, during co-infection. This could give valuable

insight into the role of PGE; during polymicrobial infection by these microorganisms.

4.3 Materials and methods
4.3.1 Strains used

Caenorhabditis elegans glp-4; sek-1 , was obtained from the Caenorhabditis Genetic Center,
College of Biological Sciences, University of Minnesota and propagated on Nematode Growth
Medium (NGM) agar plates (2.5 g/L peptone, 17 g/L agar, 3 g/L sodium chloride) spotted with
Escherichia coli OP50 (a uracil-requiring mutant of E. coli). Stocks of E. coli OP50 were stored
at -80 °C, and before usage, frozen aliquots were thawed then cultured in Luria-Bertani (LB)
(10 g/L tryptone, 5 g/L yeast extract, 10 g/L sodium chloride) broth medium. A 24 h fresh
bacterial culture was spotted on the NGM agar medium plates to make a lawn thereafter
incubated at 37 °C overnight. Nematodes were transfered to new NGM agar plates seeded
with E. coli OP50 every 6 days and stocks kept at 15 °C. Pseudomonas aeruginosa evaluated
in this study were PAO1 (most virulent strain) and 1s020 (least virulent strain), and Candida
albicans strains were SC5314 (most virulent strain) and Ho6 (least virulent strain). Bacterial
strains were grown on LB agar, while yeast strains were grown on yeast extract-peptone-
dextrose (YPD) agar (5 g/L peptone, 3 g/L yeast extract, 10 g/L glucose, 16 g/L agar) and
incubated at 37 °C. Nematodes that only feed on E. coli OP50 were regarded as experimental

control throughout all the experiments.

4.3.2 C. albicans-P. aeruginosa-C. elegans liquid medium pathogenesis assay

The methodology used for the C. elegans-P. aeruginosa-C. albicans liquid medium assay was
according to the protocol described previously by Breger et al., 2007. Freshly grown C.
albicans strains were each inoculated into 5 ml of YPD broth medium then incubated at 37 °C
overnight. Similarly, P. aeruginosa strains were each inoculated into 5 ml of LB broth medium

then incubated at 37 °C overnight. For single species infections, lawns of either C. albicans or
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P. aeruginosa were prepared separately by plating 100 pl of the yeast or bacterial strains into
10cm square lawns on brain-heart infusion agar (BHI) (2.5 g/L disodium phosphate, 7.8 g/L
brain extract, 2.0 g/L dextrose, 9.7 g/L heart extract, 15 g/L agar) plates, then incubated at 37
°C for 24 h. Synchronized L4 C. elegans glp-4; sek-1 nematodes, grown at 15 °C, were
carefully washed from 250 NGM agar plates containing a lawn of E. coli OP50, with a sterile
M9 buffer (6 g/L NaoHPO., 3 g/L KH>PO4, 0.25 g/L MgS0.4.7H20, 5 g/L NaCl). Nematodes
were further washed four times with M9 buffer then centrifuged at 700 rpm for 5 minutes in 30
% sucrose solution, to separate nematodes from bacterial food source and other possible
contaminants. Furthermore, nematodes that floated in sucrose solution were washed with M9
buffer, and centrifuged at 2000 rpm for 2 minutes to form a pellet. Washed nematodes were
then placed at the center of the C. albicans or P. aeruginosa lawns and incubated at 25 °C for
4 h. For the polymicrobial infections, the nematodes were first allowed to feed on C. albicans

lawns for 2 h, washed then transferred to P. aeruginosa lawns for an additional 2 h.

Nematodes were then carefully washed into 50 ml conical tube using 20 ml of sterile M9 buffer
and washed four times with sterile M9 buffer. Nematodes were then transferred into a single
well of a six-well tissue culture plate containing 4 ml of liquid medium (80 % M9, 20 % BHI)
and incubated at 25 °C for 24 h. Thereafter, the nematodes were collected from liquid medium
and transferred into 50 ml conical tube, then carefully washed with 20 ml of M9 buffer. Bacterial
and yeast which may skew the C. elegans lipid profiles was removed via sucrose floatation
prior to nematode collection (Jenkins, 1964). Collected nematodes were then frozen

immediately at =80 °C until lipid extraction.

4.3.3 Cultivation of microbes for lipid analysis

Freshly grown C. albicans SC5314 and Ho6 strains were inoculated into YPD broth, while P.
aeruginosa PAO1 and Iso20 strains were inoculated into LB broth medium then incubated at
37 °C overnight. The yeast and bacteria suspensions were adjusted to ODegg 0.1 in 5 ml LB
broth. A volume of 3 pl of yeast or bacterial suspensions were inoculated on BHI agar plates
and microbial lawn was made. Petri dish plates were incubated at 37 °C for 24 h. After
incubation, the individual lawns were scraped off and washed four times with sterile PBS.
Supernatant and cells were collected in 50 ml conical tubes and cells were centrifuged
(5750 g at 4 °C for 5 minutes, Eppendorf, Germany), then frozen immediately at =80 °C

until lipid extraction.
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4.3.4 Influence of infection on nematode fatty acid compaosition
4.3.4.1 Extraction of fatty acids

Fatty acids extraction of the infected nematodes as well as the microbes alone were carried
out according to the methodology by Folch et al. (1957). Briefly, frozen nematodes or microbial
cells were freeze dried and dry biomass weighed. Nematodes or microbial cells were ground
and total lipids extracted overnight with chloroform: methanol (2:1 v/v). Thereafter, the extract
was filtered, washed with distilled water and dried under vacuum. The weight of the total lipids

in each sample were determined and lipids were stored at -80 °C for further usage.

4.3.4.2 Gas chromatography analysis

Fatty acids were transesterified to form methyl esters (FAMES) using 0.5 N NaOH and 14 %
boron trifluoride in methanol (Slover and Lanza, 1979; Hur et al., 2004; Diaz et al., 2005). Fatty
acid methyl esters were quantified using a Varian 430 flame ionization gas chromatography
(GC), with a fused silica capillary column, Chrompack CPSIL 88 (100 m length, 0.25 mm ID,
0.2 ym film thicknesses). All the analysis were performed using an initial isothermic period (40
°C for 2 minutes). Thereafter, the temperature was increased at a rate of 4 °C/minute to 230
°C. This was followed by an isothermic period of 230 °C for 10 minutes. The FAMESs were then
dissolved in n-hexane (1 pl) then injected into the column using a Varian CP 8400
Autosampler. The injection port and detector were both maintained at a constant temperature
of 250 °C. The hydrogen, at 45 psi, served as the carrier gas, while nitrogen served as the
make-up gas. Finally the chromatograms were recorded using the Galaxy Chromatography
Software. The FAME samples were identified by comparing the retention times of authentic
standards (Supelco 37 Component Fame Mix 47885-U, Sigma-Aldrich). All other reagents and
solvents that were used were of analytical grade and obtained from Merck Chemicals. The
unsaturation index was calculated by characterizing each fatty acid in a group based on the

double bond number and multiplied each group by its double bond number.

4.3.5 Influence of infection on nematode prostaglandin E, production
4.3.5.1 Extraction of prostaglandin E>

Prostaglandins were extracted using a modified protocol by Ells et al. (2013). Briefly, frozen
nematodes were weighed, allowed to thaw on ice and resuspended in 1 N citric acid (160 pl)
with 1 mM ethylenediaminetetraacetic acid (EDTA). A volume of 20 pl (10 %) butylated

hydroxytoluene (BHT, Sigma-Aldrich) was added as antioxidant to combat degradation of
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PGE: and vortexed to mix thoroughly. Washed ceramic beads (hydrochloric acid, 3 h, pre-
cleaned with deionized water; overnight in oven 100 °C) (600 pl) were added to the nematode
suspension. The nematode suspension was disrupted with Beadbug microtube homogenizer
for 30 seconds followed by cooling on ice for 30 seconds, this was repeated for 10 rounds.
After breaking, PGE; were extracted with 2 ml hexane: acetate (1:1 v/v), centrifuged (at 1878
g for 10 minutes, 4 °C) to remove cellular debris, and also the organic phase was removed
and transferred into a different tube. This previous step was repeated three times and the
organic phase was pooled and evaporated under stream of N2 in pre-washed glass vials.

Samples were stored at -80 °C until use.

4.3.5.2 Detection of prostaglandin E; by LC-MS/MS

Samples were resuspended into 500 pl of formic acid. In addition, 5 ng PGE; (Sigma-Aldrich)
was added to each sample to evaluate efficiency of extraction and to identify retention time of
authentic PGE. For detection of PGE; in samples, the method proposed by Brose et al., 2011
was used. In this method, 20 yl of each sample was separated on a C18 (XDB-C18, 1.8 um,
4.6 x 50 mm, Agilent) column at a flow rate of 300 ul/min using 10 mM ammonium acetate
(mobile phase A) and methanol/10 mM ammonium acetate (mobile phase B). The column was
equilibrated and loaded at 5 % B, increasing to 10 % B over 4 minutes, 95 % B for 5 minutes,
followed by re-equilibration at 5 % for a total runtime of 15 minutes. Eluting analytes were
ionised in negative electrospray mode with a 4500 V ion spray voltage and 500 °C heater
temperature to evaporate excess solvent, 50 psi nebuliser gas, 50 psi heater gas and 25 psi
curtain gas. Samples were analysed using a 4000 QTRAP hybrid triple quadrupole ion trap
mass spectrometer (AB Sciex) and Shimadzu UFLC stack with LC-20AB binary pump and
SIL-20A HT autosampler as front end. All data acquisition and processing was performed
using Analyst 1.5 (AB SCIEX) software. The targeted analysis for the extracted PGE:>
described above used 5 MRM transitions: 351.1 > 315.2; 351.1 > 271.2; 351.1 > 333.3; 351.1
>189.0; 351.1 > 235.1.

4.3.6 Statistical analysis

All experiments were executed in triplicate and repeated four times. The average and standard
deviation was calculated. The student t-test was carried out to determine statistically

significant differences between data sets. A p value of < 0.05 was considered significant.
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4.4 Results and discussions
4.4.1 Fatty acids composition

The free living nematode Caenorhabditis elegans is a proven model organism for lipid
metabolism research. Caenorhabditis elegans is able to synthesize all the necessary long
chain fatty acids from the bacterial food source (E. coli OP50), enabling studies on the
manipulation of lipid synthesis and content in this nematode (Watts and Browse, 2002; Ashrafi
et al., 2003; Kniazeva et al., 2004; Van Gilst et al., 2005). The biosynthesis of these fatty acids
in C. elegans is catalysed by several enzymatic activities of elongase and desaturase,
encoded by fat-1, fat-2, fat-3, fat-4, and elo-1 respectively (Figure 1) (Watts and Browse, 2002;
Ashrafi et al., 2003; Kniazeva et al., 2004; Van Gilst et al., 2005).The FAT-5 desaturase
catalyse palmitic acid (16:0), producing palmitoleic acid (16:1n7), further elongated to cis-
vaccenic acid (18:1n7) (Watts and Browse 2000). The FAT-6 and FAT-7 desaturases mainly
act on stearic acid (18:0), producing oleic acid (18:1n9) (Watts and Browse 2000). Unlike in
mammals, in C. elegans 18:1n9 can be further desaturated and elongated to form
polyunsaturated fatty acids, thus 18:1n9 only accumulates to a small degree in C. elegans
membranes and neutral lipids, even though it is a much more significant component of

mammalian membranes (Wallis et al., 2002).
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Figure 1. Caenorhabditis elegans Unsaturated fatty acid biosynthetic pathway. Abbreviations:
AA, arachidonic acid; ACC, acetyl-CoA carboxylase; ACP, acyl carrier proteins; ACS, acyl-
CoA synthase; ALA, a-linolenic acid; BCKAD, branched-chain a-keto acid dehydrogenase
complex; cVA, cis-vaccenic acid; C5ISO, isovaleric acid; C13ISO, 11-methyldodecanoic acid;
C15ISO, 13-methyltetradecanoic acid; C17ISO, 15-methylhexadecanoic acid; DES,
desaturase; DGLA, dihomo-y-linolenic acid; EPA, eicosapentaenoic acid; ETA,
eicosatetraenoic acid; FAS, fatty acid synthase; GLA, y-linolenic acid; KAR, 3-ketoacyl-CoA
reductase; LA, linolenic acid; OL, oleic acid; PAL, palmitic acid; POA, palmitoleic acid; PUFA,

polyunsaturated fatty acid; SDA, stearidonic acid; STE, stearic acid (Zhu and Han, 2014).
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Firstly, from the C. elegans fed on control E. coli OP50, twenty-three different fatty acids were
identified, and the results of the quantitative analyses of FAMEs derived from the lipids of C.
elegans are shown in Table 1. The identified fatty acids ranged from 12 to 22 carbons in length,

and 35 % were saturated, while 65 % were unsaturated.

Table 1. Fatty acid composition of C. elegans grown on E. coli OP50.

Common name Formula
Lauric 12:0
Myristic 14:0
Pentadecylic 15:0
Palmitic 16:0
Palmitoleic 16:1n9
Margaric 17:0
Stearic acid 18:0
Oleic 18:1n9
Vaccenic 18:1n7
Nonoadecanoic 19:0
Linoleic 18:2n6
Arachidic 20:0
y-Linolenic 18:3n3
a-Linolenic 18:3n3
Octadecatetraenoic 18:4n3
Eicosadienoic 20:2n6
Eicosatrienoic 20:3n6
Erucic 22:1n13
Eicosatrienoic 20:3n3
Arachidonic 20:4n6
Docosadienoic 22:2n6
Eicosopentaenoic 20:5n3

Docosapentaenoic 22:5n3
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We then only focused on the major unsubstituted long chain fatty acids (LCFAs) (Figure 2),
i.e. myristic acid (14:0), palmitic acid (16:0), palmitoleic acid (16:1n9), margaric acid (17:0),
stearic acid (18:0), oleic acid (18:1n9), vaccenic acid (18:1n7), linoleic acid (18:2n6),
nonadecanoic acid (19:0), eicosopentaenoic acid (20:5n3) and erucic acid (22:1n13). Margaric
acid (17:0) was the predominant fatty acid, with an average of 24 % of the total major fatty
acids (Figure 2).
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Figure 2. Major unsubstituted LCFAs in C. elegans on E. coli OP50 as control. Data sets
represent the average of three independent experiments and error bars represent the standard

deviations.

According to literature, the E. coli OP50 bacterial food source of C. elegans contain saturated
fatty acids (SFAs) and monounsaturated fatty acid (MUFAS), including 16:1n9 and 18:1n11,
however not 18:1n9, in their membrane. As nematodes feed on these bacterial strain, these
fatty acids can be incorporate into their lipids. In the study recently done by Henry et al. (2016),
about 28 different fatty acids were discovered, with a length ranging from 12 to 22 carbons,
and majority of those consisting of 12 to 17 carbons were saturated, with the exception of 16:1
and 17:1. However, unlike with our current study, stearic acid (18:0) was the predominant
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saturated fatty acid, with an average of 6.5 % of total fatty acids. They obtained other saturated
acids, such as lauric (12:0), 13:0, 14:0, pentadecylic (15:0), 16:0, 17:0, arachidic (20:0) and
22:0. Interestingly, 65 % of the identified fatty acids were unsaturated comprising 18 to 20
carbon atoms, and monounsaturated acids accounted for 35.6 % of the total fatty acids.
Moreover they identified 16:1, 18:1, and 20:1. The fatty acid 18:1 contained close to 62 % of
the monounsaturated fatty acids. Single forms of 18:2, 20:2, 20:3, and 20:5 were identified, as
well as two isomers each of 18:3 and 20:4. Other numerous fatty acid components were
discovered in trace amounts and were identified as 12:0, iso- 14:0, 16:1, and 22:0 (Henry et
al., 2016). Their results supported the results we obtained in our studies, whereby from the C.
elegans feeding on E. coli OP50, twenty-three different fatty acids were identified (Table 1).
The identified fatty acids ranged from 12 to 22 carbons in length, and 35 % were saturated,
while 65 % were unsaturated and most of this fatty acids were also identified by Henry and
co-workers (2016).

Although lipids are known to play multiple roles in immunity, relatively little evidence exists for
the specific manipulation of the lipid metabolism in response to infection. Thus we aimed to
investigate the effect of infection on the abundance of major unsubstituted LCFAs as well as
the unsaturation index of nematode lipids. After infecting the nematodes with monomicrobial
species, we observed that C. albicans Ho6 and P. aeruginosa 1so20 were the least virulent
strains in terms of killing C. elegans, however they had fatty acid composition very similar to
C. albicans SC5314 and P. aeruginosa PAO1 most virulent strains, thus providing a useful
control for changes due to nutritional differences between E. coli, C. albicans and P.
aeruginosa. All nematodes infected with monomicrobial species decreased the unsaturation
index of the nematode lipids (Figure 3). However, the decrease in unsaturation index for the
infection with C. albicans Ho6 was not statistically significant [P = 0.22 (£ 10.45)]. Co-infection
changed the unsaturation index, with the combination of C. albicans Ho6 and P. aeruginosa
PAOL1 also decreasing the unsaturation index [P = 0.0003 (£ 1.31)]. Surprisingly, co-infection
with C. albicans SC5314 and P. aeruginosa Iso20 significantly increasing the unsaturation
index [P = 0.018 (x 7.30)] (Figure 3).
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Figure 3. Unsaturation index of major unsubstituted LCFAs in C. elegans infected with C.
albicans, P. aeruginosa and co-infection compared to uninfected C. elegans on E. coli. Error
bars represent the standard deviations and asterisk (*) indicate a significant difference from
E. coli OP50 with P values <0.05; Student’s t-test.

The change in unsaturation index of nematodes upon infection with C. albicans SC5314 was
found to be due to significant decreases in the relative percentage 22:1n9 and especially
20:5n3 (Figure 4A). Similarly, the decrease in unsaturation index after infection with both
strains of P. aeruginosa can be ascribed to significant decreases in the relative percentage of
22:1n9 as well as the polyunsaturated fatty acids, 18:2n6 and 20:5n3 (Figure 4B).
Interestingly, infection with P. aeruginosa PAO1 showed a significant increase in the relative
percentage of 18:1n7. Nandakumar and Tan (2008) showed similar trend, where nematodes
infected with both P. aeruginosa PA14 and an avirulent mutant, PA14DgacA, showed an
increase in relative percentage of 20:5n3, and had more than twice the 18:1n7 content
compared to control (E. coli OP50-1) nematodes. They argued that the higher levels of 18:1n7
in the infected nematode is most likely due to nutritional differences between P. aeruginosa
and E. coli rather than differences in virulence. Thus they concluded that P. aeruginosa PA14
and PAl14DgacA are similar in fatty acid content, but are highly divergent from E. coli OP50-1
(Nandakumar and Tan, 2008). Furthermore, in our study, no significant differences were
observed between the fatty acid profiles (including the relative percentage 18:1) of control
nematodes and those infected with the least virulent P. aeruginosa 1so20 strain (Figure 4B).
However, in the case of the more virulent P. aeruginosa PAOL, a higher relative percentage

18:1 is seen. This may indicate that, in contrast to the speculation by Nandakumar and Tan



151

(2008), the infection associate changes in 18:1 content of infected nhematode lipids may not

only be due to the fatty acids nutritional differences available from E. coli and P. aeruginosa.

Moreover, in the present study infection by either P. aeruginosa PAO1 or 1s020 resulted in a
significant decrease in the relative percentage 18:0 in addition to the mentioned decrease in
18:2 and 20:5. Similar results were obtained by Nandakumar and Tan, 2008, where
nematodes infected with the virulent strain P. aeruginosa PA14 had significantly decreased
levels of 18:0, 18:1, 18:2, 18:3n3 and 18:3n6 compared to nematodes exposed to E. coli or
the attenuated PAl14DgacA strains. These changes in fatty acids content also corresponded
with their studies of gene expression revealing infection-induced changes in gene expression.
They observed that three of the genes up-regulated in response to infection, fat6, fat2 and
fat3, are involved in the synthesis of fatty acids listed above, potentially indicating a feedback
loop, where decreases in LCFA levels during infection could induce increased expression of
corresponding biosynthetic genes. The infection-specific decreases in fatty acid levels led to
their hypothesis that these LCFAs may be involved in immunity against pathogens
(Nandakumar and Tan, 2008). For future research, it will be of interest to look at this changes

in gene expressions.
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Figure 4. Effect of C. albicans (A) and P. aeruginosa (B) on relative percentage of major long
chain fatty acid as determined by gas chromatography analysis in C. elegans. Values
represent the mean of three independent experiments and error bars represent the standard
deviations and asterisk (*) indicate a significant difference from E. coli OP50 with P values
<0.05; Student’s t-test.
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Moreover, the unsaturation index of the lipids after co-infection with C. albicans and P.
aeruginosa differed significantly from control nematodes. For the most virulent combination
(C. albicans SC5314 and P. aeruginosa 1s020) the unsaturation index increased, while for the
less virulent combination, it decreased (Figure 3). This difference in unsaturation index is
largely due to differences in the relative percentages of the saturated fatty acids 17:0, 18:0
and 19:0, which decreased significantly during infection with the more virulent combination
and not during the less virulent combination (Figure 5). In addition, the less virulent
combination caused a decrease in the relative percentage 20:5n3 in the lipids, contributing to
the observed increase in unsaturation index. Interestingly both co-infections again caused a
significant increase in the relative percentage 18:1n7.
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Figure 5. Effect of C. albicans and P. aeruginosa co-infection on relative percentage of
selected major fatty acids as determined by GC analysis in C. elegans. Values represent the
mean of three independent experiments and error bars represent the standard deviation and

asterisk (*) indicate a significant difference from E. coli OP50 with P values <0.05.
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In order to determine if any of the changes in fatty acid composition associated with infection,
are due to differences in the nutritional fatty acid available from the ingested pathogens, the
fatty acid compositions of the pathogens were determined. It can be observed that the total
lipids of the Candida strains had a higher unsaturation index compared to any of the bacterial
strains (Figure 6). The higher unsaturation index of the C. albicans lipids (Figure 6), can be
ascribed to higher levels of 16:1, 18:1 and 18:2 than E. coli OP50 (Figure 7). However, these
differences were not translated to the fatty acid composition of the nematodes infected with C.

albicans strains alone (Figure 4A).
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Figure 6. Unsaturation index of major unsubstituted LCFAs in C. albicans and P. aeruginosa
compared to E. coli. Values represent the mean of three independent experiments and error
bars represent the standard deviations and asterisk (*) indicate a significant difference from
E. coli OP50 with P values <0.05; Student’s t-test.
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Figure 7. Relative percentage of major long chain fatty acids in C. albicans and P. aeruginosa,
as determined by gas chromatography analysis. Values represent the mean of three
independent experiments and error bars represent the standard deviation and asterisk (*)

indicate a significant difference from E. coli OP50 with P values <0.05.

4.4.2 Prostaglandin E>

Prostaglandins are an important class of eicosanoids, which are lipid signals derived from
polyunsaturated fatty acids (PUFAs) (Funk, 2001). In mammalian cells, prostaglandin E:
(PGEy) is derived from metabolism of 20:4n6 by the enzymatic activity of cyclooxygenase
(COX-1 or COX-2), which catalyse the rate-limiting step in mammalian prostaglandin
synthesis, to firstly produce prostaglandin H, (PGH,), followed by PGE synthase enzymatic
activity to produce PGE, (Murakami et al., 2003). It is difficult to study these PGE: signalling
molecules due to their low abundance and reactive nature. Numerous research have
assessed the role of several invading pathogenic microorganism specifically on the production
of PGE; in order to fully understand immunological traits of infection. As we know that C.
albicans and P. aeruginosa are frequently found together at infection sites, having both the

ability to form biofilms, resistant to therapeutic intervention. During infection, C. albicans and
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P. aeruginosa triggers the host cells to release 20:4n6 (Castro et al., 1994; Saliba et al., 2005).
Particularly, during C. albicans infection, the release of 20:4n6 is significantly induced by cell
wall components as well as phospholipases (such as yeast-derived phospholipase A>)
produced by C. albicans, this leads to the increased eicosanoids production, with the most
important one being PGE;, by the host (Castro et al., 1994; Filler et al., 1994; Brash, 2001;
Niewerth and Korting, 2001; Theiss et al., 2006; Parti et al., 2010). On the other hand,
pulmonary infection of P. aeruginosa is correlated with PGE: overproduction and concurrent
decrease in phagocytosis by alveolar macrophages (Ballinger et al., 2006; Agard et al.,
2013).This increase in PGE; is due to the large amount of 20:4n6 released during P.
aeruginosa infection, mediated by ExoU, an intracellular phospholipase (Konig et al., 1996;
Saliba et al., 2005; Sadikot et al., 2007; Agard et al., 2013). As such it plays a crucial role in
initial infection and infiltration by P. aeruginosa. Interestingly, according to the in vitro results
by Fourie and co-workers (2016), C. albicans and P. aeruginosa can producel5b-
hydroxyeicosatetraenoic acid (15-HETE), PGE> and PGF2, from exogenous 20:4n6. In their
study, a significant increase in eicosanoid production was observed by polymicrobial biofilms
compared to monomicrobial biofilms (Fourie et al., 2016). At present we have very limited
insight concerning the effect of PGE; produced by microbes, particularly on the polymicrobial
species and also on host. Thus C. elegans will enable us to effectively investigate the influence

of infection on PGE:.

In our present study no authentic PGE; was detected in all lysates of nematodes infected with
monomicrobial C. albicans or P. aeruginosa. Interestingly, low levels of PGE; was detected in
the nematode lysates of polymicrobial infections of C. albicans SC5314 and P. aeruginosa
Iso20 (Figure 8), however not in the less virulent combination of C. albicans Ho6 and P.

aeruginosa PAOL1.
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Figure 8. LC-MS/MS spectra of prostaglandin E; (PGE->). (A) PGE; standard. (B) PGE; from
lysate of nematodes infected with both C. albicans SC5314 and P. aeruginosa 1s020. Although
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This may appear to contradict the results of in vitro studies by Fourie et al. (2016), where
authentic PGE; was detected in intracellular extracts of C. albicans monomicrobial biofilms
and also polymicrobial biofilms of both C. albicans and P. aeruginosa. However, it must be

noted that these biofilms were grown in the presence of free 20:4n6.

Literature states that PGE: production in response to P. aeruginosa infection depends on the
release of cPLA2.-mediated 20:4n6 (Hurley et al., 2011), moreover, ExoU-expression in P.
aeruginosa is associated with further PGE: production increase in numerous cell lines (Saliba
et al., 2005; Agard et al., 2013). Furthermore, the absence of ExoU in P. aeruginosa is linked
to diminished PGE; production and severity of infection (Agard et al., 2013). In our in vitro
studies from chapter 3, we investigated production of extracellular hydrolytic enzymes,
specifically phospholipases, of both P. aeruginosa PAO1 and Iso20, however, no secretion of
extracellular phospholipases was observed in both strains. This is no surprise since literature
clearly states that P. aeruginosa PAQOL strain does not naturally express ExoU. This was
supported by studies reported by Pazos and co-workers (2017), stating that P. aeruginosa
cytotoxin ExoU, exhibits phospholipase A, (PLA;) activity in eukaryotic hosts, an enzyme
important for production of certain eicosanoids. Using in vitro and in vivo models of neutrophil
transepithelial migration, they investigated the role of ExoU expression on eicosanoid
production and function. Infection with PAO1 + ExoU and also PA14 was associated with a
significant increase in PGE; production compared to infection with their ExoU-negative
controls. These results from Pazos and co-workers (2017) support existing literature that
states that ExoU functions as a PLA2 enzyme in mammalian cells with the ability to directly
participate in the production of eicosanoids. Thus for future research it will be important to
closely investigate secretion of intracellular hydrolytic enzymes particularly phospholipase,

ExoU, in P. aeruginosa strains since it functions in production levels of PGE-.

Despite the fact that we did not observe production of PGE; in monomicrobial infections by C.
albicans, previous studies have shown that C. albicans can metabolize 20:4n6, liberated from
yeast-derived phospholipase A; as well as host cells (Castro et al., 1994; Filler et al., 1994;
Brash, 2001; Niewerth and Korting, 2001; Theiss et al., 2006; Parti et al., 2010). Additionally,
this fungus can induce mammalian cells to produce significant amounts of PGE (Filler et al.,
1994; Deva et al., 2001). This apparent discrepancy in results can be explained by the low
microbial burden observed for the C. albicans monomicrobial infection as well as for the co-
infection with the least virulent combination, in contrast to the most virulent combination,
observed in chapter 3. Thus indicating that the lack of detection of PGE; in these combinations
is a factor of microbial burden in the nematodes resulting in low numbers of PGE; producing

pathogens in the nematodes.
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4.5 Conclusions

Discoveries made using model organisms have had significant impact on understanding
human pathogenesis. For instance, research on C. elegans model has been important for the
elucidation of infection process underlying the death of the nematode that occur during
infection by various pathogens. This work extends on the studies done on influence of infection
process on lipid metabolism, specifically fatty acid production and PGE,. We observed
changes in fatty acid profile being strain dependent, however there is no clear correlation
between fatty acid production and virulence. According to literature, C20 PUFAs can be
converted into eicosanoids, namely prostaglandins, leukotrienes and thromboxanes, which
mediate fever, inflammations, vasodilation, blood pressure, clotting, pain, neurotransmission
and modulation of cholesterol metabolism (Funk, 2001). Importantly, the type of eicosanoids
produced depends on multiple factors including the kind of cell stimulated and the exact levels
of PUFAs substrate in the cell membrane (Funk, 2001). It is believed that prostaglandin
synthesis by C. elegans does not involve conventional cyclooxygenase pathways, yet PGFiq
and PGF stereoisomers are still generated with no PGE; (Kubagawa et al., 2006; Edmonds
et al., 2010; Hoang et al., 2013). Thus the C. elegans model could provide unanticipated
insight into the mechanisms and actions of prostaglandins, which are among the most
widespread and important signalling molecules in mammals. In our present study we observed
low levels of PGE> production only in the most virulent polymicrobial interaction. However for
future research an increase in number of nematodes is required in order to extract more PGE
from infected nematodes. It will also be important to closely investigate secretion of
intracellular hydrolytic enzymes particularly phospholipase, ExoU, in P. aeruginosa strains
since it plays crucial role in production levels of PGE,. Also future studies are required to
evaluate if the activity of PUFA is subject to being metabolized into eicosanoids or other
signalling molecules, as well as the identification of specific signal transduction pathways that
are affected by PUFA composition. This present study also warrants future study into the

regulatory mechanisms connecting fatty acid flux and virulence.
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5.1 C. elegans as infection model for C. albicans and P. aeruginosa

Non-mammalian infection models such as the nematode Caenorhabditis elegans have been
remarkably useful in the study of host-pathogen interactions (Ewbank, 2002; Mylonakis and
Aballay, 2005). Experimental advantages of the C. elegans model include simple growth
conditions, rapid reproductive cycle, relative low cost, transparent body, and no ethical
considerations (Breger et al., 2007; Everman et al., 2015). Moreover, depending on the
temperature conditions, the nematode has been shown to develop at different rates, for
instance it shows rapid life cycle at higher temperature than at lower temperatures (Brenner,
1974; Porta-de-la-Riva et al., 2012). For instance, the life cycle takes about 90 hours at 15 °C,
while about 45 hours when grown at 25 °C (Porta-de-la-Riva et al., 2012). Therefore in our
present study we firstly determined the duration of the different stages at 15 °C in order to
conduct further experiments. Our results confirmed that the life cycle of C. elegans takes about
96 hours at 15 °C.

Thereafter we developed C. elegans infection model to study pathogenicity of the fungus
Candida albicans and Gram-negative bacterium Pseudomonas aeruginosa. Both C. albicans
and P. aeruginosa are found as commensals in most of the same niches of the human body.
However, both are opportunistic pathogens and have frequently been found to be constituents
of polymicrobial infections (Richard et al., 1999; Rosenthal et al., 2006). Despite all these
shared features, there is relatively little insight based on how these pathogens affect each
other in a biologically significant manner. Thus the main objective was to use C. elegans model
to study the polymicrobial interaction of C. albicans and P. aeruginosa. Firstly we developed
a monomicrobial infection model using reference and clinical strains of either C. albicans or
P. aeruginosa. Our monomicrobial infection results demonstrated that with either pathogens,
the reference strains were more virulent than the clinical strains. In contrast, when we
established the C. elegans polymicrobial infection model with both pathogens we discovered
that combination of reference and clinical strains of C. albicans and P. aeruginosa had a
positive impact on each other’s virulence leading to extremely high mortality of C. elegans.
Thus this study highlights potentially that polymicrobial interactions show more pathogenicity
to C. elegans than monomicrobial species. We also evaluated the consequences of the
observed C. albicans-P. aeruginosa interaction on the pathogenicity of C. albicans toward C.
elegans. As it is considered that C. albicans hyphal morphogenesis has been shown to be a
major virulence determinant mechanism to kill the nematode (Breger et al., 2007; Pukkila-
Worley et al., 2009). However, in our present work, we showed that hyphal formation of C.
albicans is not required virulence determinant to efficiently kill the nematode, since none of

our C. albicans strains showed any hyphal formation.
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This results showing a synergistic relationship between the two pathogens was unexpected
since previous research described mostly antagonistic relationship between C. albicans and
other pathogenic bacteria in C. elegans model (Peleg et al., 2008; Boon et al., 2008;
Tampakakis et al., 2009; Cruz et al., 2013). For instance, Peleg et al. (2008) described an
antagonistic relationship between Acinetobacter baumannii and C. albicans, where A.
baumannii inhibits some of the virulence factors of C. albicans, including hyphal formation and
biofilm formation. This C. albicans-A. baumannii interactions resulted in reduced virulence of
C. albicans, as well as reduced nematode lethality. Moreover, the C. elegans was used to
investigate the virulence of Salmonella Typhimurium and C. albicans interaction, and it was
observed that this pathogens cause a persistent and lethal gut infection in C. elegans
(Tampakakis et al., 2009). Likewise with other Gram-negative pathogens, S. Typhimurium
antagonized C. albicans by inhibiting its growth as well as the hyphal formation and biofilm
formation (Tampakakis et al., 2009). Furthermore, Boon and colleagues (2008) identified
another antagonistic relationship in a cross-kingdom interaction between C. albicans and
Burkholderia cenocepacia, mediated by a secreted diffusible signal factor molecule found in
B. cenocepacia. Additionally, this B. cenocepacia signalling molecule share similar structures
with a quorum-sensing molecule, thus able to inhibit formation germ tube and hyphae in C.
albicans (Boon et al., 2008). Antagonistic relationship was further confirmed by Cruz et al.
(2013), where C. albicans and Enterococcus faecalis co-infection drastically reduced killing of
C. elegans. Moreover, co-infection of E. faecalis and C. albicans caused lesser tissue damage
to nematodes compared to single species infections, furthermore, it also prevented C. albicans

hyphal formation as well as E. faecalis cell death (Cruz et al., 2013).

However research showed that when using other infection models, such as rats and mice, a
synergistic relationship was observed between C. albicans and other pathogenic bacterium
(Carlson, 1983b; Roux et al., 2009; Tan et al., 2016). Roux and co-workers (2009) performed
their infection studies using immunocompetent rats to investigate the relationship between the
colonization of C. albicans and occurrence of P. aeruginosa pneumonia. Unlikely, the in vitro
observations by Hogan and Kolter (2002) that showed that after dense biofilm formation of P.
aeruginosa, this bacterium can freely attach to C. albicans hyphae and kill this fungus. The in
vivo results by Roux and colleagues (2009) clearly indicated that C. albicans might have
favoured growth of P. aeruginosa, since the existence of C. albicans significantly increases
the occurrence of P. aeruginosa pneumonia. Moreover they rarely observed any C. albicans
hyphal formation in rat lungs (Roux et al., 2009). Tan and co-workers (2016), further extended
the findings by Roux and co-workers (2009) in rat model, by evaluating C. albicans-A.
baumannii co-infection in rats. Their results showed that colonization of C. albicans in the

respiratory tract of rats assisted in the subsequent development of severe A. baumannii
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infection (Tan et al., 2016). In addition, more studies were described in mice models,
evaluating the virulence of co-infection of Staphylococcus aureus and C. albicans (Carlson,
1983b). In the monomicrobial infection of S. aureus alone, after intraperitoneally inoculation,
no cells could be discovered in peripheral sites of either the pancreas, spleen, or blood, and
the mice was able to survive (Carlson, 1983b). However, administration of a similar dose of
S. aureus coupled with a sublethal dose of C. albicans or with heat-inactivated C. albicans,
caused S. aureus to be recovered in all samples for abdominal organs and blood of the mice,
and majority of these mice died (Carlson, 1983b). Similar results were observed for Gram-
positive bacterium, Enterococcus faecalis and for the other Gram-negative bacterium Serratia
marcescens (Carlson, 1983a). Recently, Bergeron and co-workers (2017), discovered that the
co-infection of C. albicans and P. aeruginosa in the mucosa results to synergistic virulence
and enhanced mortality when using Zebrafish swim bladder model. However, it was observed
that monomicrobial infection of each species causes little mortality, compared to C. albicans
and P. aeruginosa polymicrobial infection. Moreover, the polymicrobial infection mortality
seemed to be more correlated to C. albicans invasive pathogenesis and higher microbial
burden, which serve as strong virulence determinants for mortality. Moreover, during the
polymicrobial infection there are several important aspects of the proinflammatory immune
response that are also enhanced. All these data indicated that P. aeruginosa augments C.
albicans pathogenesis and host inflammation, which may contribute to a synergistic virulence

associated with mucosal C. albicans and P. aeruginosa co-infection (Bergeron et al., 2017).

The synergistic virulence and enhanced hyphal invasion of C. albicans in polymicrobial
infections were unexpected based on known antagonistic interactions of the two microbial
species in vitro (Hogan and Kolter, 2002; Rinzan, 2009; Shirtliff et al., 2009; Méar et al., 2013;
Lindsay and Hogan, 2014; Xu et al., 2014, Fourie et al., 2016). However, we further observe
that the enhanced virulence is consistent with most mouse C. albicans-bacterial polymicrobial
infection models, including organotypic models, which result in enhanced virulence, cytokine
production, and/or fungal invasion (Villar et al., 2005; Xu et al., 2014; Nash et al., 2014, 2015;
Diaz et al., 2014; Schlecht et al., 2015). The fact that the same strains of C. albicans and P.
aeruginosa were used in these in vivo experiments as have been used in vitro suggests that
the switch from antagonism to synergy is due to the host environment. Many environmental
factors are both different and dynamic between in vitro and in vivo conditions, including
microbe-substrate interactions, nutrient levels, immune pressure, secreted products from the
host, cell-cell interactions, and biophysical effects of the three dimensional environment (Peleg
et al., 2008).

Together, these findings expand the use of C. elegans in the study of polymicrobial

pathogenesis and provides further evidence of the likely importance of fungi-bacteria
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interactions. The evolution of symbiotic, synergistic or antagonistic interactions between
diverse organisms in nature or the clinical environment, especially those between prokaryotes
and eukaryotes, is likely important for their pathogenesis toward a range of hosts, including
humans. The exploitation of the likely evolutionary defence mechanisms used by competing
microbes may provide critical insights into novel therapeutic targets, which are desperately
needed for pathogens, such as, C. albicans and P. aeruginosa. Thus, we sought to expand
the use of C. elegans infection models in order to identify chemical compounds with antifungal
activity against the most common human pathogenic fungus, C. albicans. Also the search for
novel antibacterial therapeutics against bacteria, such as P. aeruginosa, greatly depends on
representative infection models that mimic pathogenesis in humans and that can be used in a
high-throughput fashion.

5.2 Investigating the possible cause for observed differences in virulence

In addition to the ample evidence supporting the polymicrobial interaction of C. albicans
and P. aeruginosa, not only with their host, but also with each other, it is evident that the
interaction is multifaceted. In fungi, several virulence factors including secreted factors
(with lipid mediators included) and morphogenesis, can affect and cause damage to hosts,
in order to establish aggressive and rapid colonization of fungi, leading to infection. While
with bacteria, it is important to elucidate the virulence mechanisms that defeat host
defences and establish infection. Majority of the pathogenic bacteria are thought to have
experienced stepwise additions of virulence factors, as they evolved to survive differently.
Furthermore, the survival of bacteria in the host during the early stages of infection is highly
associated with secretion of toxins and virulence factors, such as pyoverdine, pyocyanin,
proteases (elastase and alkaline protease), and also phospholipases (exotoxin A and
phospholipase C) (Sadikot et al., 2005; Rada and Leto, 2013; van t Wout et al., 2015; Dzvova
et al., 2017). For instance, pyocyanin is one of the important virulence factor characterized by
a blue phenazine, which is a redox active toxic to several bacteria and fungi, moreover it can
also damage mammalian cells (Hassett et al., 1992). Pyocyanin is able to interfere with critical
host defence mechanisms and contributes to the symptoms associated with Pseudomonas-
associated lung diseases (Denning et al., 1998; Sadikot et al., 2005; van ‘t Wout et al., 2015).
Therefore the aim is to test particular bacterial or fungal factors in pathogenesis in vitro, by
investigating the most virulence strain in comparison to the least virulent strain of the

pathogens obtained from the results of the established C. elegans infection model.
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In our study, production of pyoverdine from P. aeruginosa PAOL strain was evident on king A
and King B agar medium, while P. aeruginosa Iso20 strain produced none of this toxins.
Furthermore we performed pyocyanin assay and obtained very low pyocyanin production from
both strains of P. aeruginosa. It appears P. aeruginosa Iso20 might be genetically tuned to
produce more of pyocyanin than PAOL, yet is least virulent. This could be due to lack of other
compounds such as pyoverdine, which might further assist in virulence. According to research,
pyocyanin is considered as the most important virulence factor of P. aeruginosa (Lau et al.,
2004), but our data suggest otherwise. Perhaps a combination of virulence factors then is
required for increased virulence, and perhaps this is also circumstantial or host specific. In
support of this, PAO1 produces multiple compounds, among which pyoverdine might assist in
iron uptake (Cornelis and Dingemans, 2013), while pyocyanin might assist in virulence; thus

a combination of these might make it more virulent.

Studies show that P. aeruginosa can produce two major siderophores, pyochelin and
pyoverdine, as part of the virulence factors. Therefore, this biosynthesis of siderophore and
iron acquisition are shown to be the most important requirements for virulence of P.
aeruginosa in both mammalian and plant infections (Meyer et al., 1996; Takase et al., 2000;
Nadal Jimenez et al., 2010). For instance, pyoverdine is important to P. aeruginosa, since iron
acquisition is necessary for both normal development and pathogenesis (Meyer et al., 1996;
Takase et al., 2000). Moreover, the iron acquisition by pyochelin or pyoverdine also facilitated
in ‘red death’ phenomenon discovered in C. elegans infected with P. aeruginosa PAO1 strain
(Zaborin et al., 2009). Moreover, Kirienko and co-workers (2013) showed that pyoverdine is
important for P. aeruginosa-mediated killing of C. elegans since it induces hypoxic (suffocates)
response and death as it depend on iron-responsive transcription factor hypoxia-inducible
factor 1 (HIF-1). Therefore, this might further explain why PAO1 was more virulent (as it
produces pyoverdin), and not 1so20. Moreover, PAO1, might be more virulent due to iron
assimilating ability in cases where the host iron is limited (nutritional immunity) (Cassat et al.,
2013). Therefore, we will investigate this in our future research in order to determine growth
of these isolates on iron supplemented medium, one that is limited in this nutrient, to determine
nutrient acquisition contributing to virulence. Since iron is very important in virulence of many
species including P. aeruginosa (Vasil and Ochsner, 1999; Cassat et al., 2013; Kirienko et al.,
2013; Nguyen et al., 2014, 2015).

Another virulence factor investigated is swarming motility, which is known as a rapid and
coordinated migration of a bacterial population across a semisolid surface (Henrichsen, 1972).
We observed swarming motility by P. aeruginosa PAO1 while no swarming motility was
observed with 1s020. Taken together, all these observations suggested that there are multiple

virulence factors of P. aeruginosa that influence virulence, including pyoverdin, pyocyanin and
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swarming motility. This may be due to the fact that swarming motility is often co-regulated with
toxin secretion (Allison et al., 1992; Givskov et al., 1995). Since PAOL1 seems to secrete
pyoverdin toxin this might be the reason why it is able to swarm. Some of the virulence factors
that contribute to this processes are the extracellular hydrolytic enzymes (Schaller et al.,
2005). These secreted extracellular hydrolytic enzymes are implicated to efficiently enhance
the extracellular nutrient acquisition (Naglik et al., 2003). Next, to more broadly explore the
involvement of other potential virulence factors, we performed in vitro enzymatic tests for the
expression of lipase, phospholipase and protease activities by P. aeruginosa PAO1 and 1so20
strains. Both strains were found to be positive for the production of protease and lipase, while
no production of phospholipase was observed. According to literature different strains of P.
aeruginosa are known to secrete other several extracellular proteolytic enzymes, including
alkaline protease, protease IV, and also LasA and LasB elastases, which are considered as
virulence factors (Caballero et al., 2001). These proteases have been discovered to promote
replication of P. aeruginosa within an infected host by causing interference in the host immune
system (Miyoshi et al., 2002; Hung et al., 2005). For future research, these can be other
possible virulence factors of P. aeruginosa to consider. When we determined overall
virulence of selected strains in the C. elegans model, some differences in virulence were
observed; two strains (both obtained from sputum) that caused high mortality soon after
infection were the most virulent. However, there was no indication that the differences in
in vitro virulence factors were correlated with virulence. It is possible that virulence factors
not considered in our study may contribute to the observed virulence in this infection model
and that the assays performed are not adequate to predict virulence in the host (Mayer et
al., 2013; Ells et al., 2014).

5.3 Influence of fatty acids on infection

Although only a limited number of investigations on comprehensive lipid analysis in C. elegans
are published till recent, much has been achieved. The nematode C. elegans as model system
allows easy setup of experiments related to fat metabolism and storage, and ample knowledge
has been collected over the last years. Lipids do not only play a central role in the biology of
nematodes, but also in other model organisms, and are often associated with the separation
between intracellular and extracellular environments, energy storage, reproduction and
lifespan, and may also serve as signalling molecules. Fatty acids specifically fulfil diverse roles
in the cell as they are significant constituents of lipids, they play a central role in energy
storage, they can regulate the integrity and dynamics of cell membranes, they can form side

chains in co-enzymes and metabolites, and they can also form covalent attachments to
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proteins (Schweizer and Hofmann, 2004). Caenorhabditis elegans is a biologically established
model organism of important need in the study of lipid metabolism (Hanse et al., 2013). In
contrast to mammals, C. elegans contain A-12 and »-3 desaturase enzymes that facilitate
polyunsaturated fatty acids (PUFAS) biosynthesis endogenously (Tanaka et al., 1996). The C.
elegans unsaturated fatty acid synthesis pathway begins with palmitic acid (16:0), which is
synthesized either de novo or obtained from the Escherichia coli diet, which is then converted
by FAT-5 to palmitoleic acid (16:1). This 16:1 fatty acid is then elongated to cis-vaccenic acid
(18:1n11), which is the most abundant fatty acid in triglycerides and phospholipids (Tanaka et
al., 1996). Palmitic acid (16:0) can also be elongated to stearic acid (18:0), the substrate for
FAT-6 and FAT-7 desaturation to oleic acid (18:1n9), which is further desaturated and
elongated to form all of the PUFAs, including arachidonic acid (20:4n6) and eicosapentaenoic
acid (20:5n3) (Watts and Browse 2002).

Here, the objective was to investigate the influence of infection on fatty acid composition. Thus,
we used C. elegans infected with either Candida albicans or Pseudomonas aeruginosa and
also with both pathogens, as an experimental system to investigate the interplay between
major unsubstituted long chain fatty acids and virulence, in context of whole organism. When
the nematode was fed on E. coli OP50, twenty-three different fatty acids ranging between 12
to 22 carbons in length, of which 35 % were saturated, while 65 % were unsaturated. We then
only focused on major unsubstituted long chain fatty acids (LCFAs) and margaric acid (17:0)
was the most dominant saturated fatty acid, with an average of 24 % of total major fatty acids.
However the C. elegans infected with C. albicans and P. aeruginosa showed no significant

change in this 17:0 fatty acid.

According to literature, fatty acids also function in adherence and virulence, since changes in
the biosynthesis of fatty acid decrease the adhesion of C. albicans to host epithelial cells
(Hoberg et al., 1986). Moreover, the fatty acids composition varies greatly depending on C.
albicans morphogenesis, with the hyphal forms comprising of more PUFA compared to the
yeast form (Ghannoum et al., 1986). However in our studies we clearly proved that C. albicans
does not transition from yeast to hyphal form thus we cannot compare the fatty acid
composition between the C. albicans morphologies. Another important study highlighted in
literature is the importance of lipids in the studies of pathogenesis, revealing that lipases,
which are involved in acquisition of lipids from the environment, are important for the virulence
of C. albicans (Gacser et al., 2007). However in our in vitro studies we did not observe any
extracellular lipase secretion from C. albicans. Thus we can reason that the virulence of C.

albicans observed may be due to acquisition of lipids from C. elegans.
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Using the C. elegans infection model, we observed changes in fatty acid profiles of the major
unsubstituted long chain fatty acids. However, no correlation was found between the virulence
of infection and the change in fatty acids of the nematodes. Given that majority of the
pathogens secrete hydrolytic enzymes and toxins that can be harmful to host cells, it is
important to also note that membrane permeability can have an effect on the outcome of an
infection. It is known that fatty acids fulfil diverse roles in the cell, such as regulation of the
dynamics and integrity of cell membranes (Schweizer and Hofmann, 2004). This selective
permeability of cell membrane in return, functions in retaining cell integrity and also preventing

entry of toxins.

5.4 Influence of prostaglandins on infection

Candida albicans and Pseudomonas aeruginosa are two most common human opportunistic
pathogens, which frequently co-infect hosts and this co-infection may increase morbidity and
mortality in infections compared to monomicrobial infections (Azoulay et al., 2006; Roux et al.,
2009; Morales and Hogan, 2010; Hamet et al., 2012; Xu et al., 2014). In addition, both these
microorganisms elicit the release of a large amount of AA from host cells and the metabolism
of AA forms PGE; (Castro et al., 1994, Filler et al., 1994; Konig et al., 1996; Brash, 2001;
Saliba et al., 2005 Sadikot et al., 2007; Agard et al., 2013). Despite this, less is relatively
known with regards to the dynamics within these microbial communities, even on how these
interactions affect human disease in the context of host immunity. Although there has been
numerous research in vitro further research is needed, especially taking the influence of
the host environment into consideration. Therefore, the study aimed to investigate the
influence of PGE: production on C. albicans and P. aeruginosa polymicrobial infection
compared to the monomicrobial infection in vivo using C. elegans model. No authentic PGE:
was detected in all intracellular extracts of nematodes infected with monomicrobial C. albicans
or P. aeruginosa. Interestingly, low levels of PGE> was detected after intracellular extraction
of polymicrobial of most virulent combinations, SC5314 + 1s020, however no PGE, was

detected in least virulent combination Ho6 + PAOL.

Our results supported the in vitro studies by Fourie and co-workers (2016), which
highlighted that the possibility of an increased virulence from C. albicans and P.
aeruginosa polymicrobial interaction resulted in significantly higher production of
immunomodulatory eicosanoids. Demonstrating that polymicrobial eicosanoid production
may generate drastically different eicosanoid profiles compared to monomicrobial
counterparts. Additionally, Peters and Noverr (2013) performed studies on the function of
eicosanoid production during Staphylococcus aureus and C. albicans polymicrobial



174

infection using a murine model. From their studies, during murine peritoneal infection, it
was evident that S. aureus and C. albicans polymicrobial infection caused a significant
increase in not only in morbidity but also in mortality, which was an effect not observed in
monomicrobial infection. Moreover, polymicrobial infection led to a significantly higher
microbial burden and disease progression in the infected mice, compared to
monomicrobial infections (Peters and Noverr, 2013). Interestingly, they demonstrated that
the immunomodulatory eicosanoid, PGE;: is synergistically increased during coinfection
compared to monomicrobial infection. Importantly, PGE2 administration during coinfection also
significantly increased both the C. albicans and S. aureus microbial burden in the kidney and
spleen. Moreover, in vitro studies by Krause and colleagues (2015) showed that S. aureus

biofilm growth can be significantly enhanced by C. albicans PGE: production.

In addition, literature states that P. aeruginosa triggers the release of large amounts of AA
through an intracellular phospholipase, exotoxin U (ExoU) and the subsequent production
of PGE2 by the host (Konig et al., 1996; Saliba et al., 2005; Ballinger et al., 2006; Agard et
al., 2013). It is known that the production of PGE; in response to P. aeruginosa infection
depends on the liberation of cPLA2.-mediated AA (Hurley et al., 2011), and that ExoU-
expression is associated with further increased PGE; production in numerous cell lines (Saliba
et al., 2005). In a case whereby ExoU was absent in P. aeruginosa, it led to diminished PGE:
production and, also the infection became more severe (Agard et al., 2013). In our in vitro
studies from chapter 3, we investigated production of extracellular hydrolytic enzymes,
specifically phospholipases, of both P. aeruginosa PAO1 and 1s020, however, no secretion of
extracellular phospholipases was observed. This is no surprise since literature clearly states
that P. aeruginosa PAOL strain does not naturally express ExoU. This was supported by
studies reported by Pazos and co-workers (2017), stating that P. aeruginosa cytotoxin ExoU,
exhibits phospholipase A, (PLA2) activity in eukaryotic hosts, an enzyme important for
production of certain eicosanoids. Using in vitro and in vivo models of neutrophil transepithelial
migration, they investigated the role of ExoU expression on eicosanoid production and
function. Infection with PAO1 + ExoU and also PA14 was associated with a significant increase
in PGE: production compared to infection with their ExoU-negative controls. These results
from Pazos and co-workers (2017) support existing literature that states that ExoU functions
as a PLA; enzyme in mammalian cells with the ability to directly participate in the production
of eicosanoids. Thus for future research it will be important to closely investigate secretion of
intracellular hydrolytic enzymes particularly phospholipase, ExoU, in P. aeruginosa strains

since it functions in production levels of PGE-:.
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In summary, this C. elegans infection model offers high-resolution longitudinal analysis as a
powerful new tool to disentangle the contributions of the co-infecting C. albicans and P.
aeruginosa. The power of this technique is illustrated by the ability to demonstrate that P.
aeruginosa induces changes that lead to enhanced invasion by C. albicans and death of
individual nematodes. The unexpected finding that P. aeruginosa has a positive influence on
C. albicans virulence in vivo raises questions about what aspects of infection change this
bacterial-fungal cross talk from something antagonistic in vitro into a positive interaction in
vivo. With new clinical studies indicating that fungi aggravate bacterial lung infection, which
can be treated with antifungal treatment, the importance of understanding bacterium-fungus
host interactions in vivo is critical (Kim et al., 2015; Shwartz et al., 2018; Pendleton et al.,
2017). Hopefully, new in vivo tools and models such as the one described in this study will

result in a more complete picture of these bacterium-fungus-host interactions in disease.
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