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Dissertation summary  

During polymicrobial infection, interactions between different microbial species can alter host 

responses and/or microbial virulence and pathogenesis, often complicating patient treatment 

and resolution of infection. Polyunsaturated fatty acids (PUFAs) are not only crucial for normal 

function in mammalian systems, but are also proposed to act as endogenous antimicrobial 

molecules. Thus, we adopted Caenorhabditis elegans to mimic the Pseudomonas aeruginosa 

and Candida albicans polymicrobial infections found in humans. We determined the influence 

of arachidonic acid (AA) and eicosopentaenoic acid (EPA) supplementation on mono- and 

polymicrobial infection, fatty acid (FA) composition and egg retention of the nematodes, as 

well as on expression of FA metabolic genes. Supplementation with either AA or EPA in mono- 

and polymicrobial infections resulted in changes in FA profiles and PUFA biosynthesis 

pathway. We discovered that the degree of egg retention elicited by C. albicans and P. 

aeruginosa varied, with C. elegans exposed to both C. albicans and P. aeruginosa showing 

the highest level of egg retention compared to nematodes infected by either C. albicans or P. 

aeruginosa alone. Interestingly, the AA supplemented infected nematodes showed an 

increased level of egg retention, while EPA supplemented infected nematodes showed a 

significant decrease. Using the C. elegans model, we determined the effects of AA and EPA 

supplementation on the survival of nematodes with mono- and polymicrobial infection. We 

showed that the survival of the infected nematodes was influenced by PUFA-supplementation. 

EPA supplementation effectively reduced C. albicans virulence and inhibited hyphal formation, 

thus leading to a partial rescue of pathogen susceptibility. However, this was not the case for 

P. aeruginosa infections. In fact, EPA supplemented nematodes infected with P. aeruginosa 

were more susceptible. Notably hyphal formation is an important component of Candida 

pathogenesis in mammals. Furthermore, polymicrobial infection resulted in synergistic 

virulence. However, C. albicans did not produce any hyphae in the co-infection of either AA, 

EPA supplemented or unsupplemented nematodes, this suggests that the increase in 

pathogenesis may be associated with increased P. aeruginosa pathogenesis. To further test 

the role of EPA in hyphal formation of C. albicans, we hypothesised that cytochrome P450 

(CYP450) metabolises EPA to 17,18-epoxyeicosatetraenoic acid (17,18-EpETE), inhibiting C. 

albicans hyphal formation. We showed that 17,18-EpETE inhibits C. albicans hyphal formation 

in vitro and in vivo in C. elegans  and that inhibitors of mammalian EPA-metabolising CYP450 

enzymes, 17-octadecynoic acid (17-ODYA) and 6-(2-propargyloxyphenyl)hexanoic acid 

(PPOH) restored C. albicans hyphal formation in vivo. Lastly, the role of EPA on the physiology 

of C. elegans as well as C. albicans in vivo was investigated using gene expression analyses. 

Among the up-regulated genes, we observed several genes with potential roles in lipid 

metabolism, hyphal formation, detoxification, stress response and immune response. For 
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instance, we observed an up-regulation of several involved in the synthesis of FAs, including 

fat-3, fat-4, fat-6, cyp-29A2 and cyp-37A1. Other up-regulated genes were those involved in 

immune response, such as cyp-37B1, daf-16, fipr-22, ilys-2, lys-5, lys-6, spp-12 and fat-3. 

Interestingly common genes involved in hyphal formation, such as CAS5, CRZ1, CTA4, 

ERG11, FCR1, SNQ2, TAC1, TEC1, YOR1 and ZCF3 were also up-regulated. Overall, the 

benefits of EPA supplementation may be two-fold, by inhibiting virulence factors of C. albicans 

and stimulating the immune response of the host. Thus, PUFA supplementation might be 

useful in the treatment of infections in patients caused by C. albicans and P. aeruginosa.  
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1. Section A 

1.1. Motivation 

Infectious diseases have been recognized as one of the global burdens that largely affect the 

world economy. An infection is not a simple two-way interaction between a pathogen and the 

host, but rather includes the interaction with other pathogens colonizing mucosal surfaces. For 

instance, opportunistic pathogens Candida albicans and Pseudomonas aeruginosa can form 

complex communities in a variety of niches within the human body in both healthy individuals 

and in the event of disease (Peleg et al., 2008; Bergeron et al., 2017). Candida albicans and P. 

aeruginosa are often co-isolated at various infection sites, pointing to mixed infections by the 

two, including patient wounds, contaminated catheters (vascular and urinary catheters), the 

sputum of cystic fibrosis patients, bronchial airways and lung infections, and they influence 

each other's virulence potential (Hughes and Kim, 1973; Bauernfeind et al., 1987; Hermann 

et al., 1999; de Macedo and Santos, 2005). Under normal or disease-free conditions, both 

species are commensals of healthy individuals. However, in a diseased state where an 

individual’s defences are supressed, the pathogens become invasive, resulting in serious 

disease and, ultimately, death (Naglik et al., 2004; Hube, 2006; Pfaller and Diekema, 2007). 

The plethora of virulence mechanisms exploited by C. albicans account for why this pathogen 

is well-adapted to the human host. Its dimorphism, for example, makes it a morphologically 

flexible fungus that can colonize the host either in the yeast or filamentous form (Chandra et 

al., 2001; Lohse et al., 2018). In response to certain stimuli (e.g., signaling molecules, 

temperature, and host factors), it switches from yeast form to hyphal form (Gow, 1997; 

Calderone and Fonzi, 2001; Gow et al., 2002; Liu, 2002; Whiteway and Oberholzer, 2004). 

The ability to transition between yeast and filamentous forms have been shown to be an 

important virulence factor during C. albicans infection, the yeast form drives dissemination 

while filamentous form are primarily invasive (Chandra et al., 2001; Gow et al., 2002; Douglas, 

2003). Interestingly, several studies have suggested that P. aeruginosa can influence fungal 

infections by inhibiting growth of C. albicans and eliminating the fungus from the host 

(Bauernfeind et al., 1987; Kerr, 1994; Burns et al., 1999; Gupta et al., 2005; Kaleli et al., 2007; 

Oever and Netea, 2014). However, the interplay between C. albicans and co-localised P. 

aeruginosa does not always have a beneficial effect on the host, but can also result in an 

enhanced virulence of either the fungal or the bacterial species (Neely et al., 1986; Roux et 

al., 2009; Diaz et al., 2012; Xu et al., 2014; Bergeron et al., 2017). The interaction between 

bacteria and fungi can exert effects on microbial behaviour, dissemination, survival, the 

response to antimicrobials and, ultimately, patient prognosis, which often complicates patient 

treatment and resolution of infection (Hogan and Kolter, 2002; Kerr, 1994; McAlester et al., 
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2008; Méar et al., 2013; Lindsay and Hogan, 2014; Trejo-Hernández et al., 2014). Moreover, 

C. albicans and co-localised P. aeruginosa form biofilms with increased resistance to 

antimicrobial agents. A significant amount of research has thus focused on gaining an 

understanding of how inter-domain interactions affect biofilm formation and the response to 

antimicrobial therapies (Harriot and Noverr, 2009; Peters et al., 2012; Murray et al., 2014).  

Over the years, in order to circumvent problems associated with antimicrobial resistance, the 

search for new antimicrobials, such as fatty acids (FAs), have gained momentum due to their 

antibacterial, antifungal and antiviral properties (Kohn et al., 1980; Pohl et al., 2011; Yoon et 

al., 2018). Polyunsaturated fatty acids (PUFAs) exhibit a diverse range of important biological 

functions in most biological systems, including acting as endogenous antimicrobial molecules 

(Watts et al., 2003; Deline et al., 2013; Tallima and El Ridi, 2018; Das, 2018). These PUFAs 

can be oxygenated via enzymatic or free radical-mediated reactions to form bioactive 

oxygenated lipid mediators termed oxylipins (Funk, 2001; Catalá, 2010; Stables and Gilroy, 

2011; Massey and Nicolaou, 2011; Vrablik and Watts, 2013). Eicosanoids are broad class of 

oxylipins that are transient and locally synthesized signaling molecules, including 

prostaglandins, leukotrienes, lipoxins and thromboxanes, which mediate various physiological 

responses, such as inflammation (Noverr et al., 2001; Erb-Downward and Huffnagle, 2007). 

Hence, diverse vertebrate and non-vertebrate model organisms including Mus musculus, 

Caenorhabditis elegans, Saccharomyces cerevisiae, Drosophila melanogaster, Danio rerio 

and Arabidopsis have been employed to screen, not just the virulence factors and to decipher 

the common virulence mechanism by pathogens, but to also screen potential antimicrobials 

(Gratacap et al., 2014; Bergeron et al., 2017). Testing pathogenesis and immune defence in 

rodents are generally not feasible due to its expensive maintenance. Thus, the invertebrate 

nematode model C. elegans could represent a valuable alternative. Since C. elegans has a 

well-defined anatomy, short life cycle, genetic similarity to the human genome and range of 

available genetic tools (Brenner, 1974; Corsi et al., 2015), it has been widely used to study 

functions of PUFAs (Watts, 2016). The nematode C. elegans synthesizes all of the enzymes 

necessary to produce a range of omega-6 (n-6) and omega-3 (n-3) FAs and many of the long 

chain PUFAs found in humans (Wallis et al., 2002) and represents a good model organism to 

systematically study the antimicrobial roles of these molecules (Kong et al., 2016). The ability 

to alter FA composition with genetic manipulation and dietary supplementation permits the 

dissection of the roles of n-3 and n-6 FAs in many biological process including reproduction, 

aging, and neurobiology (Watts and Browse, 2002; Watts et al., 2003; Brock et al., 2006; 

Deline et al., 2013; Yi et al., 2014; Anderson et al., 2019; Jia et al., 2019). Studies in C. 

elegans to date have mostly identified overlapping functions of 20-carbon n-6 and n-3 FAs in 

reproduction and in neurons (Vrablik and Watts, 2013; Watts, 2016). However, specific roles 
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for either n-3 or n-6 FAs in pathogenesis are beginning to emerge.  Taken together, these 

studies are an addition to the currently established health-promoting effects of 

monounsaturated fatty acids (MUFAs) (Anderson et al., 2019), thus suggesting an ancient link 

between metabolism, nutrient storages and susceptibility of the host to bacterial infection. The 

resistance of C. albicans and P. aeruginosa to conventional antimicrobial treatment is a major 

scourge in healthcare (Wolcott et al., 2013; Stacy et al., 2016; Costa-Orlandi et al., 2017; Kim 

et al., 2018). To face this global crisis by infectious diseases, the interaction between host and 

infectious agents has to be understood. Therefore, it is crucial that novel potent anti-infectives 

are discovered. Taking into consideration the increasing importance of C. albicans and P. 

aeruginosa towards morbidity and mortality of most hospitalized patients and uprising 

antimicrobial resistance. The aim of the present study was to further define C. albicans and P. 

aeruginosa pathogenicity and to investigate the role of PUFAs on their virulence using a non-

mammalian host model C. elegans. An in-depth understanding of these interactions could be 

exploited for the benefit of mankind. 
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2. Section B 

Section B of chapter 1 is a review article published in Prostaglandins and Other Lipid 

Mediators journal, following the reference style of the journal. 

 

The candidate, Nthabiseng Zelda Mokoena, wrote the manuscript and designed the figures, 

Olihile Sebolai and Jacobus Albertyn edited the manuscripts, while Carolina H. Pohl 

supervised and edited the final manuscript. 

 

Citation 

Mokoena, N. Z., Sebolai, O. M., Albertyn, J. & Pohl, C. H. (2020). Synthesis and function of 

fatty acids and oxylipins, with a focus on Caenorhabditis elegans. Prostag Oth Lipid M 148, 

106426. doi.org/10.1016/j.prostaglandins.2020.106426  
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3. Section C 

Section C entails additional information to complete the literature review for this dissertation. 

This section is thereafter followed by general conclusions of chapter 1 and the aim and 

objectives of the dissertation. 

 

3.1. Effects of infection on fat metabolism   

Studies using clinical and animal models have become very crucial in understanding the 

mechanisms mediating the effects of PUFAs and oxylipins. However, these studies are time 

consuming, expensive, and often limited for research studies, due to ethical concerns. 

Therefore, there is an urgent need for affordable and efficient animal models for scaled 

screening of various bioactive compounds or pharmacologic agents in various diseases. In 

this review, we mainly focused on C. elegans as an affordable, convenient, and metabolically 

relevant model organism to understanding the mechanisms that mediate the roles of PUFAs 

and oxylipins on infections and host immunity. C. elegans can easily be infected by various 

human pathogens and readily open to different molecular tools, thus an important host model 

in order to understand the diverse facets of host-pathogen interaction including innate 

immunity pathways (Aballay and Ausubel, 2002). These traits of the nematode, joined together 

with a high degree of conservation with human innate immune signaling pathways, makes C. 

elegans crucial for drug discovery studies (Artal-Sanz et al., 2006; Burns et al., 2006). The co-

existence of both host and pathogen in a host-pathogen interaction assists in the identification 

of chemical entities able to rescue infected hosts. Interestingly, this may result in the discovery 

of molecules that leads to the attenuation of bacterial virulence or augment the host immunity 

(Moy et al., 2006). Over the years, the usage of C. elegans in host-pathogen screening assays 

have expanded to many human pathogens, namely Enterococcus faecalis (Moy et al., 

2006), C. albicans (Breger et al., 2007), Vibrio alginolyticus (Durai et al., 

2013), Staphylococcus aureus (Kong et al., 2014), Burkholderia pseudomallei (Eng and 

Nathan, 2015), and Salmonella enteritidis (Kulshreshtha et al., 2016). Majority of the known 

Gram-positive and Gram-negative bacteria as well as yeast pathogens that infect C. elegans 

make use of two main routes of infection. They can either contact the nematode at the 

intestinal epithelium surfaces establish an intestinal infection after being ingested through the 

pharynx during feeding or as bacteria or fungi adhere to the nematode cuticle and epidermis 

(Powell and Ausubel, 2008). Examples of the latter include two Gram-negative species, 

Yersinia spp. and Xenorhabdus nematophilum, able to form a biofilm on the head of the 

nematode (Darby et al., 2002), the Gram-positive bacterium Microbacterium nematophilum, 
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that can adhere to a specific region on the tail (Hodgkin et al., 2000), and fungus Drechmeria 

coniospora, with spores that attaches to the nematode cuticle thereafter penetrate the cuticle 

and epidermis (Dijksterhuis et al., 1990). Interestingly, as D. coniospora establishes an 

infection in C. elegans, it provokes the rapid induction of genes that encodes antimicrobial 

peptides (AMPs), including genes found in the nlp family (Couillault et al., 2004; Pujol et al., 

2008). Moreover, damage of the epidermis, triggers C. elegans to expresses AMPs, such 

as nlp-29 that can be involved in a wound healing response, which in parallel involves cellular 

repair (Pujol et al., 2008). After injury or infection, the expression of nlp-29 depends on a PKC-

p38 MAPK pathway that can act in the epidermis as cell autonomous (Ziegler et al., 2009).  

Since C. elegans is a bacterivore, most of the intestinal infections are easily achieved through 

feeding, thus resulting in the nematode relatively ideal for investigating interactions with gut 

bacteria (Corsi et al., 2015). Sim and Hibberd (2016) identified potentially pathogenic host-

microbiome interactions, and thereafter made a selection of nematode candidate genes 

whose orthologues in the human host have previously been involved in metabolic or 

inflammatory diseases. The FA metabolism and epithelial junction integrity which are involved 

in C. elegans defence against E. faecalis, which is commonly associated with hospital-

acquired, multidrug-resistant infections were the two aspects of nematode biology that were 

identified in the RNA interference (RNAi) screen of these genes (Palmer et al., 2010). An RNAi 

screen of 17 nematode candidate genes showed that the knockdown of the master regulator 

of fat metabolism, nhr-49 transcription factor, can shorten the lifespan of the nematode 

infected with E. faecalis in comparison to its food source, Escherichia coli (Palmer et al., 

2010). Notably, the effects of nhr-49′s on fat metabolism and lifespan are more closely 

analogous to the mammalian peroxisome proliferator-activated receptors (PPARs), which are 

nuclear hormone receptor transcription factors activated by FAs and their derivatives, and also 

known as key regulators of metabolism and controllers of inflammation (Gilst et al., 2005; 

Wahli and Michalik, 2012). Therefore, the functional similarity between nhr-49 and the 

mammalian PPARs proposes that this is mediated via the association between FA metabolism 

and innate immunity (Gilst et al., 2005; Palmer et al., 2010; Wahli and Michalik, 2012). More 

studies were performed by Dasgupta and co-workers (2020) that investigated the effect of lipid 

metabolism regulation on immune response and impact on nematode survival after 

pathogenic bacterial infection. The authors discovered that a diet with either E. faecalis or S. 

aureus may lead to a rapid utilization of lipid droplets (LDs) stores in the intestines of C. 

elegans (Dasgupta et al., 2020). Moreover, the diet of E. faecalis can result developmental 

arrest in nematode larvae and in growth arrest in adult nematodes. Further studies 

demonstrated that the diet of E. faecalis have the ability to activate the whole program of 

neutral lipid hydrolysis, while the neutral lipid synthesis is suppressed (Dasgupta et al., 2020). 
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The FAs Beta-oxidation and the production of the immune effector are dependent on a nuclear 

hormone receptor and PPARα orthologue, NHR-49 (Dasgupta et al., 2020). An increase in 

LDs levels boosts C. elegans survival on E. faecalis in a manner that is NHR-49 dependent. 

Thus, Dasgupta and co-workers (2020) showed that C. elegans survival from E. faecalis 

infection needs NHR-49 dependent immunometabolic axis activation. 

 

3.2. The interplay between PUFAs and innate immunity in C. elegans  

As mentioned above, in nature, C. elegans is found as a free-living soil nematode known to 

feed on bacteria as a food source, and constantly encounter several threats from ingested 

pathogens (Irazoqui et al., 2010). Using C. elegans as a model host, numerous studies have 

provided genetic and genomic tools in the field of host-pathogen interactions pertaining to the 

nematode defence mechanisms against different bacterial, fungal and microsporidial 

pathogens. Similar to other invertebrate species, this nematode lacks an adaptive immune 

system (Pukkila-Worley et al., 2011). However, contrary to majority of the invertebrates, C. 

elegans does not possess specialized immune cells (Cohen and Troemel, 2015). Thus, the 

nematode have three major defence mechanisms against attacks by microbial pathogens, as 

briefly described below (Barrière and Felix, 2006).  

The first line of defence entails avoidance behaviour that relies on chemosensory neurons that 

sense pathogens and induce escape (Wes and Bargmann, 2001; Pujol et al., 2001; Pradel et 

al., 2007). This is triggered by recognising the pathogen through Toll-like receptor, TOL-1, and 

detecting microbial molecules like cyclic pentadepsipeptide biosurfactant, serrawettin W2 

(Wes and Bargmann, 2001; Pujol et al., 2001; Pradel et al., 2007; Peng et al., 2018). It has 

been shown that nematodes have the ability to differentiate between different pathogens 

(Shtonda and Avery, 2006). Although some of the pathogens seem to attract C. elegans, 

others are known to repel this nematode thus resulting in avoidance behaviour (Peng et al., 

2018).  

The second axis of protection that C. elegans uses against pathogen invasion is through 

physical barriers such as a strong cuticle and pharyngeal grinder (Labrousse et al., 2000; Kim 

et al., 2002; Schulenburg et al., 2004). The strong cuticle of C. elegans is made of chitin and, 

collagen, and can act as a physical barrier resistant to puncturing (Chisholm and Hsiao 2012; 

Sandhu et al., 2021). As a complement, the nematode pharyngeal grinder functions to destroy 

pathogens present during feeding by preventing them from moving to the intestine and causing 

infection.  
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The third line of defence includes inducible mechanisms whereby, 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 includes a number of highly conserved elements possessing mammalian 

orthologues (Kim et al., 2002; Pukkila-Worley et 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). Intriguingly, there is a striking resemblance between the C. 

elegans intestinal epithelial cells and human intestinal cells, however, due to the nematodes 

lacking of both circulatory system and cells involved in immune response, their intestinal 

epithelium establishes the primary line of defence against ingested pathogens (Troemel et al., 

2008). Thus, possible to conduct appropriate analyses for mechanisms underlying innate 

immune in this C. elegans model, which will be the main focus of this chapter. 

Innate immunity is an ancient and conserved system that serves as the first line of defence 

against invading pathogens. The innate immune system can be differentiated as  either 

constitutive or basal branch of innate immune defence or as the pathogen-induced responses, 

however  both have overlapping components (Schmid-Hempel and Ebert, 2003; Schulenburg 

et al., 2004). Constitutive or basal immunity entails a constant production of effector molecules 

including defensins and other AMPs, that provides a barrier of prevention and allow the 

organism to respond instantaneously towards any immunological insult (Zhao et al., 1996; 

O'Neil et al., 1999; Ooi et al., 2002). The inducible branch of the innate immune system, on 

the other hand, is activated after the host has been in contact with the pathogen (Lemaitre et 

al., 1997). This innate immune system involves the induction of additional effector molecules, 

and the phagocytic cells recruitment and activation where needed (Lemaitre et al., 1997). 

Interestingly, both the constitutive and inducible innate immunity have been intensively 

described in C. elegans. For instance, numerous AMPs, such as lysozymes, the ABF-2 

defensin and the SPP-1 saposin are constitutively expressed in healthy nematodes (Kato et 

al., 2002; Alper et al., 2007).  Research revealed that after infection, a subset of these 

constitutively-expressed AMPs, and a set of other effector molecules, including the C-type 

lectin family, can be up-regulated at various time points (Mallo et al., 2002; Shapira et al., 

2006; Troemel et al., 2006). Some AMPs and proteins, such as cytokines function as effector 

mechanisms of innate immune response to control infection (Figure 1.1). 

Secondly, when C. elegans is infected, it uses receptors to recognize a pathogen or damages 

induced by a pathogen (Peng et al., 2018). Caenorhabditis elegans Toll-like receptors (TLRs) 

function by launching an applicable immune response against a pathogen (Pujol et al., 2001; 

Brandt and Ringstad, 2015; Peng et al., 2018). The TLRs share a similar structure, and contain 
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an intracellular Toll-Interleukin-1 receptor (TIR) domain and ectodomain of leucine-rich 

repeats (Botos et al., 2011). 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 (Liberati et al., 2004). Thirdly, a complex innate 

immune response is triggered, involving signalling cascades that use proteins and 

transcriptional regulators to direct changes in gene expression (Figure 1.1) (Kim et al., 2002; 

Kurz and Ewbank, 2003; Schulenburg et al., 2004; Irazoqui et al., 2010). The three well 

characterized core signal transduction pathways are DBL-1 pathway, mitogen-activated 

protein kinase (MAPK) pathway (Kim et al., 2002) and DAF-2/DAF-16 pathway, an insulin-like 

defence pathway that results in the activation of the FOXO transcription factor homologue 

DAF-16 (Garsin et al., 2003; Murphy et al., 2003). These pathways are important for the 

increased production of numerous effector molecules, such as lectins, lysozymes and AMPs, 

to levels higher than those observed under basal conditions, found in healthy nematodes 

(Troemel et al., 2006; Alper et al., 2007). For instance, MAPK pathway has a central role in 

resistance to microbial pathogens. Furthermore, regulators of MAPK, such as p38 MAP kinase 

homologue PMK-1, have been seen to have an essential role in MAPK pathway, which 

regulates innate immunity in C. elegans. Interestingly, there has been many implicating studies 

about MAPK pathway pertaining host resistance to majority of fungal and bacterial pathogens 

(Kim et al., 2002). The p38 MAP kinase pathway is also essential in conserving the basal 

immune response, and mutant strains disrupted for key components of this pathway, including 

p38 MAP kinase mutant pmk-1, possess defects in the constitutive expression of lectins, 

lysozymes and other effector molecules (Troemel et al., 2006). 

Pathogens such as 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). 

Since C. albicans yeast form can result in an intestinal infection in C. elegans, the host 

response towards this pathogen is mostly through the mediation of pattern recognition, 

pathogen-associated molecular patterns (PAMPs). According to Pukkila-Worley et al. (2011), 

during response of C. elegans to fungal pathogens the transcription of antibacterial immune 

effectors of nematodes are selectively repressed. Thus suggesting that C. elegans can take 

advantage by irrespectively mounting particular antifungal defences at the cost of antibacterial 

responses (Pukkila-Worley et al., 2011).  
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Figure 1.1. Schematic representation of various signalling pathways and their components 

involved in antimicrobial peptides expression induction during infection. The PKC/SARM/p38 

MAPK pathway controls the expression of nlp genes, while TGF-b pathway controls the 

expression of cnc genes. 

 

 

3.3. C. elegans immune response towards bacterial infections 

As previously mentioned, there are shared traits within the innate immune system of humans 

and the nematode. The majority of the C. elegans immunity has been studied using 

nosocomial bacterial pathogens, such as P. aeruginosa (Kim et al., 2002; Irazoqui et al., 2010; 

Powell et al., 2009). As described by Pukkila-Worley and co-workers (2011), fungal and 

bacterial pathogens have remarkably distinct responses, for example, the immune response 

effectors shown to be up-regulated by P. aeruginosa are down-regulated by C. albicans during 

infection. The resistance of C. elegans to infection by P. aeruginosa triggers the DBL-1 

pathway and specifically up-regulates the lysozyme gene (lys-8) of this pathway (Figure 1.2) 

(Mallo et al., 2002; Ewbank, 2006). The gene dbl-1 encodes one of the four TGF-b-like ligands 

found in the nematode. The binding of DBL-1 to heterodimeric DAF-4/SMA-6 receptor leads 

to phosphorylation and function through the SMA-2/SMA-3/SMA-4 SMAD complex to regulate   
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gene expression. The SMA-2/SMA-3/SMA-4 complex translocate into the nucleus activating 

gene expression, thus linking and acting with some of the multiple isoforms of SMA-9 (zinc 

finger transcription factor) (Liang et al., 2003). 

 

 

 

Figure 1.2. The DBL-1/TGF-b pathway. The TGF-b-like ligand binds to the heterodimeric 

DAF-4/SMA-6 receptor resulting to the phosphorylation and activation of the SMAD proteins 

SMA-2, SMA-3 and SMA-4. Thereafter the SMAD protein complex translocate into the nucleus 

leading to activation of gene expression, in association with SMA-9. 

_________________________________________________________________________ 

 
 

DAF-2/DAF-16 is another pathway involved in antibacterial defences and it highly regulates 

its expression (Figure 1.3) (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 

1.3A) (Ewbank, 2006). The PIP3 then binds to the AKT-1/AKT-2 complex, exposing the two 

phosphorylation sites. While also the PDK-1 kinase binds to PIP3 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 role, then the DAF-2/DAF-16 

pathway is deactivated (Figure 1.3B) (Ewbank, 2006). This results in DAF-16 not being 

Chapter 1 



 

33 | P a g e  
 

phosphorylated, thus resulting to its translocation to the nucleus as it regulates the expression 

of coupled antimicrobial and stress response genes. 

 

 
 
Figure 1.3. 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 where it regulates the expression of coupled antimicrobial genes 

and stress response genes. 

 

 

The resistance of C. elegans towards P. aeruginosa involves a third pathway, known as MAP 

kinase pathway, which involves the MAP3K NSY-1 and the MAP2K SEK-1 that was initially 

characterised as having a vital role in the determation of asymmetric neuronal cell fate (Kim 

et al., 2002). nsy-1 and sek-1 mutants, are known to express the chemoreceptor STR-2 in 

both the two sister olfactory neurons, while in wild-type nematodes, STR-2 is only expressed 

in one of the two olfactory neurons (Sagasti et al., 2001). Interestingly, during the genetic 

screening for nematodes hyper susceptible to P. aeruginosa, alleles of nsy-1 and sek-1 were 

Chapter 1 



 

34 | P a g e  
 

identified and shown to act together upstream of pmk-1 (Figure 1.4). Moreover, an increased 

susceptibility to infection due to RNAi-mediated silencing of pmk-1 gene, encoding one of the 

nematode's three p38-family MAP kinases, can also be observed (Kim et al., 2002). During 

cell determination, alleles of nsy-1 and sek-1 were shown to act downstream of unc-43, 

encoding a calcium-calmodulin-dependent kinase (Figure 1.4) (Kim et al., 2002). However, 

according to earlier indications 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 triggered, and this suggests that there are differences in the 

downstream components of the pathway (Chuang and Bargmann, 2005). In addition, the TIR-

1 adaptor protein was proven to function in both neuronal and defence pathways. Taken 

together, these findings were compared with human infection, and there was a striking high 

degree of resemblance between P. aeruginosa infection in C. elegans and humans, hinting at 

a strong argument that C. elegans harbours features relevant to study host-pathogen 

interactions. 

 

 
 
 
Figure 1.4. The schematic representation showing the function of TIR-1/NSY-1/SEK-1 

cassette in innate immunity and cell fate determination. During the genetic screening for 

nematodes hyper susceptible to P. aeruginosa, alleles of nsy-1 and sek-1 were identified and 

shown to act together upstream of pmk-1. During cell determination, alleles of nsy-1 and sek-

1 were shown to act downstream of unc-43, encoding a calcium-calmodulin-dependent 

kinase. 

_________________________________________________________________________ 
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3.4. Effects of lipids on immune function 

In addition to the innate immune response, lipid synthesis and metabolism pathways are also 

largely conserved in C. elegans (Watts and Browse, 2002; Ashrafi et al., 2003; Van Gilst et 

al., 2005), therefore leading to the nematode being an ideal model to study the roles of lipids 

on immune function. Contrary to mammals, C. elegans has the ability to use its bacterial food 

source to synthesize all its required long chain fatty acids (LC-FAs), thus enabling the 

manipulation of lipid synthesis and content in the nematode (Watts and Browse, 2002; 

Kniazeva et al., 2004). The genome of C. elegans contains the full complement of enzymes, 

including elongase and desaturase enzymes, which are encoded by elo and fat genes, 

respectively that are required for LC-FAs synthesis (Watts and Browse, 2002; Kniazeva et al., 

2004). The lack of apparent mammalian orthologues of cyclooxygenases and lipoxygenases 

or of prostanoid and leukotriene receptors in the genome of C. elegans, as described by Lesa 

et al. (2003), provides an opportunity to examine the effect of PUFAs in innate immunity that 

might be concealed by the dominanting effect of the prostaglandin and leukotriene 

eicosanoids. 

Although lipids have numerous roles in immunity, there is fairly little evidence that exists for 

the specific manipulation of the lipid metabolism in response to infection. According to 

literature there are records of detailed analysis on the research of a whole genome microarray 

in P. aeruginosa-infected C. elegans gene expression showing an enrichment for genes 

required for the synthesis of long chains (Shapira et al., 2006). Therefore, this modulation of 

the lipid metabolism in response to infection resulted in a hint towards the potential roles of 

FAs in C. elegans immunity (Shapira et al., 2006). Furthermore, Nandakumar and Tan (2008) 

used P. aeruginosa-infected C. elegans as an infection model to investigate the interplay 

between PUFAs and innate immunity, in the context of the whole organism. Their findings 

revealed that two long chain PUFAs, gamma-linolenic acid (GLA, 18:3n-6) and stearidonic 

acid (SDA, 18:4n-3), are important for C. elegans defence against P. aeruginosa infection. 

Disruption of the biosynthesis of these two FAs resulted in increased mortality subsequent to 

pathogen exposure. Authors further demonstrated that through deficiency and exogenous 

supplementation studies, GLA and SDA are essential for both the basal expression of 

immunity genes and the basal activity of the p38 MAP kinase pathway (Nandakumar and Tan, 

2008). 
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3.5. General conclusions 

Although C. elegans has traditionally been used in molecular and developmental biology 

studies, over the past 20 years reserchears has been using this nematode to investigate the 

pathogenicity of different human bacterial (Salmonella enterica, Serratia marcescens, P. 

aeruginosa and S. aureus) and fungal pathogens (Cryptococcus neoformans and C. albicans) 

(Mylonakis et al., 2002; Sifri et al., 2003; Irazoqui et al., 2010; Pukkila-Worley et al., 2009, 

2011; Sem and Rhem, 2012; Kong et al., 2014). Despite these pathogens being able to infect 

internal tissues, the transparent trait of C. elegans enables visualization and the study of 

pathogenic mechanisms of entry, replication, exit, and also host defence mechanisms within 

this nematode. Moreover, the early developmental events in C. elegans enable experimental 

manipulation, thus permitting for genetic and biochemical approaches in order to investigate 

the functions of specific lipids in pathogenicity. Thus far, studies using C. elegans have begun 

to show roles for PUFAs, eicosanoids, and endocannabinoids in development and 

reproduction, while the roles of these lipids during infections are still in infancy stage. 

Therefore, being able to understand the earliest stages of the fungal-bacterial pathogen-host 

interactions in C. elegans might provide a more complete picture of the role that lipids play 

during infection. Furthermore, innate immunity in nematodes is multi-tiered with physical 

barriers, biochemical, and genetic mechanisms to protect against pathogens. Studies 

revealed that many of the mechanisms involved in the human-pathogen interaction are 

conserved in nematodes, while other immunity mechanisms are unique to the nematode (Kim 

et al., 2002). Naturally, the usage of C. elegans as a model host organism is limited due to the 

nematode lacking adaptive immunity and its innate immunity that is less complex than higher 

organisms. From this point of view, the C. elegans model will particularly be critical for 

understanding complex immune signalling mechanisms involved during C. albicans and P. 

aeruginosa pathogenesis. Furthermore, C. elegans as a model will be used to determine the 

role of PUFAs during infection of C. albicans and P. aeruginosa. 

 

 

 
.  
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3.6. Research aims and objectives 

The aim of this dissertation was to determine the role of polyunsaturated fatty acids during 

infection of Caenorhabditis elegans. 

 

The following objectives were used to accomplish the above-mentioned aim: 

Objective 1 

Influence of mono- and polymicrobial infection on Caenorhabditis elegans survival, egg 

retention, fatty acid composition and gene expression 

 

Objective 2 

The influence of long-chain polyunsaturated fatty acids on behaviour, susceptibility to infection 

and egg retention in Caenorhabditis elegans 

 

Objective 3 

Exploring the mechanism behind the effect of EPA supplementation on C. albicans infection 
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1. Abstract 

Although virulence is a critical component of infection outcome, our current understanding of 

how virulence influences polymicrobial infection remains minimal. Infection models that 

recapitulate mammalian infection, but allow simultaneous monitoring of host, bacteria and 

fungi may bridge this knowledge gap. The juvenile Caenorhabditis elegans model offers the 

power to track fungal, bacterial, and host dynamics simultaneously and at high resolution over 

the course of a live infection with the ability to longitudinally associate infection factors with 

mortality. Therefore, we sought to investigate the interaction between Candida albicans and 

Pseudomonas aeruginosa using the C. elegans killing liquid media assay. The survival of the 

infected nematodes was significantly reduced compared to uninfected nematodes, with 

polymicrobial infection resulting in a synergistically more virulent co-infection. Following 

investigation of the ability of C. elegans to retain eggs when exposed to pathogens, we 

uncovered that the degree of egg retention elicited by P. aeruginosa and C. albicans varied 

and was similarly increased by polymicrobial infection. Finally, using gas chromatography for 

fatty acid (FA) analysis, we studied the influence of infection on the FA composition of 

nematodes, as well as the expression of genes involved in lipid metabolism and immune 

response. All infected nematodes showed changes in FA composition with a decrease in the 

unsaturation index of the nematodes lipids compared to control. There was also a correlation 

between the observed virulence of the infections and the level of decrease in the unsaturation 

index of the FAs. These changes were corroborated by the observed changes in expression 

of lipid metabolism genes. Lastly, we observed down-regulation of the nematode innate 

immunity effectors after infection. These findings present a promising extension to ongoing 

research in the study of monomicrobial pathogenesis using C. elegans and provides new 

information in terms of an animal model used in studying multifaceted dynamics of 

polymicrobial infection and involvement of FAs. 

  

Key word: Caenorhabditis elegans, Candida albicans, Pseudomonas aeruginosa, 

monomicrobial, polymicrobial, polyunsaturated, fatty acids, gas chromatography, gene 

expression 
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2. Introduction 

During polymicrobial infection, interactions between various pathogenic microorganisms often 

alter microbial virulence, pathogenesis and host responses, thus resulting in complications 

during treatment of a patient and resolution of infection. Candida albicans is one of the most 

commonly isolated fungi in the co-infection between fungi and bacteria (Valenza et al., 2008; 

Kim et al., 2015). This pathogen is a dimorphic opportunist that possess the ability to form 

invasive hyphal filaments and drug-resistant biofilms (Chandra et al., 2001; Sudbery et al., 

2004). The virulence of C. albicans is influenced by its ability to shift from yeast to hyphal 

forms, controlled by numerous cues including quorum sensing (Naglik et al., 2003; Moyes and 

Naglik, 2011; Mayer et al., 2013). Pseudomonas aeruginosa is another opportunistic pathogen 

with sophisticated virulence factors, such as biofilm formation and the production of toxins 

(Bomberger et al., 2009; Balasubramanian et al., 2013). Alarmly, this bacteria is associated 

with nosocomial infections with a relatively high mortality rate (Moy et al., 2006; Driscoll et al., 

2007). Pseudomonas aeruginosa can co-exist with C. albicans in hospitalised patients, 

including cystic fibrosis patients, resulting in polymicrobial infections and complications in 

administering therapies (Pierce, 2005; Krüger et al., 2019). Indeed, several lines of evidence 

suggest that C. albicans and P. aeruginosa can interact directly in a contact-dependent fashion 

or indirectly via inhibition of virulence factors in vitro (Lindsay and Hogan, 2014; Xu et al., 

2014b; Fourie et al., 2016; Fourie and Pohl, 2019), although the relevance of these 

interactions remains controversial in animal models. For instance, research executed in some 

C. albicans-bacterial co-infection murine models have shown a synergistic virulence for one 

or both pathogens, thus suggesting that the outcome of co-infections is not easily predicted 

from in vitro antagonism experiments (Xu et al., 2014b; Nash et al., 2014, 2015; Schlecht et 

al., 2015; Pendleton et al., 2017; Fourie and Pohl, 2019). In a murine burn model, it was 

discovered that pre-infection with P. aeruginosa has the ability to increase the damage caused 

by C. albicans (Neely et al., 1986). However, some studies involving co-infections with C. 

albicans and P. aeruginosa in murine and Caenorhabditis elegans models found that the 

combination of these two pathogens can enhance overall virulence in the context of co-

infection (Peleg et al., 2008; Lopez-Medina et al., 2015). These disparities suggest that other 

factors, including the host environment, can play a role in the way bacteria and fungi interact.  

To address the lack of functional evidence regarding model-based polymicrobial infections, 

we have utilised the genetically tractable nematode C. elegans, a commonly used model for 

understanding microbial host-pathogen interactions (Garsin et al., 2001; Aballay and Ausubel, 

2002; Kirienko et al., 2013). Since the nematode is a bacterivore, and therefore constantly 

exposed to various pathogens (Corsi et al., 2015), this makes it easy to establish intestinal 

infection through feeding, in order to investigate the virulence mechanism adopted by  human 
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pathogens (Tan et al., 1999; Pukkila-Worley et al., 2009). Additionally, the other experimental 

advantages that make C. elegans more amenable for the study of microbial pathogenesis 

include simple growth conditions, transparent body, rapid generation time, short body length, 

large brood size, short lifespan and completely sequenced genome (Corsi et al., 2015). Thus, 

in this present study, we aimed to investigate the influence of C. albicans and P. aeruginosa 

polymicrobial infections on C. elegans. The effects monitored included survival and stress 

response, using egg retention as marker. We also studied the influence of infections on fatty 

acid (FA) composition of C. elegans, given that lipids are also involved in fungal growth and 

pathogenicity (Noverr et al., 2001; Shea et al., 2006; Erb-Downward and Huffnagle, 2007; 

Rhome and Del Poeta, 2010). For instance, C. albicans, in concert with other microorganisms 

such as bacteria, may be influenced by immunomodulatory FA metabolites produced by both 

the host and bacterial co-colonisers (Lindsay and Hogan, 2014). Although there have been 

intensive studies done on the function of lipid mediators between monomicrobial pathogenic 

species and hosts, little evidence still exists concerning their function during polymicrobial 

infection of C. albicans and P. aeruginosa and towards the host. Therefore, this requires 

further investigations to gain full insight regarding the C. albicans and P. aeruginosa 

polymicrobial interaction in context of FAs and gene expression, and the role of these FAs in 

a host, such as C. elegans, during infection and co-infection. 

  

3. Materials and methods  

3.1. Caenorhabditis elegans strain and culture conditions 

Caenorhabditis elegans glp-4; sek-1 hermaphrodites, obtained from the Caenorhabditis 

Genetic Centre, 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 the 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 or progeny at 25 °C, making it beneficial for these studies (Miyata et 

al., 2008). Since C. elegans sek-1 lack a gene that encodes a conserved mitogen-activated 

protein kinase (MAPKK) involved in the innate immune response, these nematodes are thus 
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immunocompromised, allowing them to become infected with various pathogens (Kim et al., 

2002).  

About 10 to 15 reproductively active, synchronised C. elegans adult hermaphrodites were 

moved to fresh NGM agar plate and incubated at 15 °C to allow the nematode 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, and allowed to develop to L4 larvae at 15 °C. 

Thereafter, approximately 20 larva 4 (L4) 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. 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. All manipulations were done 

at room temperature (20 ± 1 °C) (Porta-de-la-Riva et al., 2012). 

 

3.2. Microbial strains and culture conditions 

Stocks of E. coli OP50 were kept at -80 °C. Before each experiment the frozen aliquots were 

thawed on ice and then 0.1 ml was streaked out on Luria-Bertani (LB) agar plate (10 g/L 

sodium chloride, 5 g/L yeast extract; 10 g/L tryptone; 16 g/L agar) followed by incubation at 

37 °C overnight. Thereafter, a single colony of the bacterium was inoculated into 5 ml LB broth 

and further incubated at 37 °C. After a 24 h cultivation cycle, a fresh bacterial culture was 

spotted on NGM agar followed by incubation at 37 °C overnight. Candida albicans SC5314 

reference strain used in this study was acquired from the University of the Free State Yeast 

Culture Collection. The yeast strain was 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. Pseudomonas 

aeruginosa PAO1 reference strain used in this study was provided by Professor Hancock from 

the Department of Microbiology and Immunology at the University of British Columbia and 

maintained in LB broth at 37 °C. 

 

3.3. Monomicrobial infection model  

A previously described C. elegans liquid medium killing assay protocol by Breger and co-

workers (2007) was modified for the establishment of monomicrobial infection by C. albicans 

and P. aeruginosa in C. elegans using a liquid medium pathogenesis assay. Freshly grown C. 

albicans cells were inoculated into 5 ml of YPD broth then incubated at 30 °C overnight, while 

P. aeruginosa cells were inoculated into 5 ml of LB broth medium followed by incubation at 37 

°C overnight. Cell densities were adjusted to final cell concentration of approximately l06 
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cells/ml. An aliquot of 0.1 ml of the yeast and bacterial suspension was evenly spread onto a 

10 mm square lawn on a large (100 mm x 15 mm) brain-heart infusion agar (BHI, Sigma-

Aldrich) (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) plate separately. Thereafter, yeast plates were incubated at 30 °C, 

while bacterial plates were incubated at 37 °C overnight.  

Synchronized L4 C. elegans nematodes grown at 15 °C, as previously described in section 

3.1, were washed from two large plates containing E. coli OP50 with a sterile M9 buffer (6 g/L 

Na2HPO4, 3 g/L KH2PO4, 5 g/L NaCl, 0.25 g/L MgSO4.7H2O). 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 was mixed with a 60% sucrose solution to 

yield an approximate sucrose concentration of 30%, and a final fluid volume of 7 to 10 ml. The 

samples were kept on ice to inhibit movement of the nematodes, following which the samples 

were centrifuged in a cold centrifuge for 5 min at 6000 g. Floating nematodes were aspirated 

using a transfer pipette and expelled into a clean conical centrifuge tube. The harvested 

nematodes were washed again with distilled water and centrifuged at 6000 g. Following which 

400 to 500 washed nematodes were placed on either the centre of C. albicans lawn or P. 

aeruginosa lawn grown on BHI agar. The BHI agar plates with infected nematodes and control 

nematodes, feeding on E. coli OP50, 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 a 15 ml conical tube and thoroughly washed with M9 buffer four times. Any 

microbial contaminants, which may confound the infection process, were again removed via 

sucrose floatation (Jenkins, 1964). About 60 to 70 nematodes were transferred into 2 ml of 

liquid medium containing 80% M9 buffer, 20% BHI and 90 μg/ml kanamycin in a single well of 

a six-well tissue culture plate (Greiner Cellstar, Sigma). Nematodes were monitored daily 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. 

 

3.4. Polymicrobial infection model  

The methodology used for the C. elegans-P. aeruginosa-C. albicans liquid medium assay was 

based on the previously described C. elegans liquid medium killing assay protocol by Breger 

and co-workers (2007). A similar process was followed as for monomicrobial infections 

(section 3.3), with the exception that approximately 400 to 500 washed nematodes were firstly 

placed on the centre of C. albicans lawns growing on BHI agar then incubated at 25 °C for 2 

h. After the incubation period, nematodes were carefully washed off the BHI agar plates with 
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6 ml of sterile M9 buffer and transferred to 15 ml conical tube. Nematodes were 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 the 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 60 to 70 nematodes were transferred 

into 2 ml of liquid medium (80% M9 buffer, 20% BHI, 90 μg/ml kanamycin) in a single well of 

a six-well tissue culture plate. Nematodes were monitored daily 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. 

 

3.5. Egg-in-worm assay 

The egg-in-worm (EIW) assay of the infected nematodes were carried out according to 

Gardner et al. (2013). Lawns (10 mm) of either or both C. albicans and P. aeruginosa were 

prepared separately by plating 0.1 ml of freshly overnight culture of the yeast or bacterial 

strains on a large BHI agar plate, then incubated at 37 °C for 24 h. Synchronized L4 C. elegans 

nematodes, growing on two large NGM agar plates seeded with E. coli OP50 were washed 

off carefully with sterile M9 buffer. About 15 - 20 L4 C. elegans were picked and placed onto 

the centre of a lawn of either or both bacteria and yeast. Plates were then incubated for 40 h 

at 15 °C. A 20% bleach solution was prepared mixing a commercial bleach (6.0% sodium 

hypochlorite) with the appropriate volume of distilled water. Thereafter, 10 µl drops of bleach 

solution were added to ten distinct locations on a plastic petri dish lid. Using a pipette, one 

nematode was transferred into each bleach drop. The cuticle of the nematode was allowed to 

dissolve for approximately 10 min or until the nematode burst open, expelling the eggs. The 

number of retained eggs was quantified by counting while viewing under Olympus stereo 

dissecting microscope.  

 

3.6. Influence of infection on nematode fatty acid composition  

3.6.1. Extraction of fatty acids  

Synchronized L4 C. elegans nematodes, infected with either or both C. albicans and P. 

aeruginosa were carefully harvested and washed three times with sterile M9 buffer. 
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Subsequently, the nematodes were transferred into six-well tissue culture plates containing 

10 ml liquid medium (80% M9 buffer, 20% BHI, 90 μg/ml kanamycin) and were incubated at 

25 °C for 24 h. Following incubation, nematodes were washed three times by centrifugation 

at 4000 g for 2 min, the supernatant gently aspirated and the pellet containing the nematodes 

pulverized with a mortar and pestle to break open the nematodes for the release of their 

intracellular components. The total lipids of the nematodes were extracted overnight using 4 - 

10 ml chloroform/methanol (2:1 v/v) solvent system (Folch et al., 1957). Thereafter, the extract 

was filtered, and the supernatant (lipid containing phase) of the filtrate obtained was dried 

under nitrogen and stored at -80 °C prior to analysis using gas chromatography (GC). 

 

3.6.2. Gas chromatography analysis  

Fatty acids were esterified 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 μm 

film thicknesses). All the analyses were performed using an initial isothermic period (40 °C for 

2 min). Thereafter, the temperature was increased at a rate of 4 °C/min to 230 °C followed by 

an isothermic period of 230 °C for 10 min. The FAMEs were then dissolved in n-hexane and 

1 μl was 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 FA in a group based on the double bond number and 

multiplied each group by its double bond number. The unsaturation indixes of the extracted 

lipids of the control and supplemented was calculated as follows: Unsaturation Index = 1×[% 

monoenoic fatty acids] + 2×[% dienoic fatty acids] + 3×[% trienoic fatty acids] + 4×[% tetraenoic 

fatty acids] + 5×[% pentaenoic fatty acids] (Thibane et al., 2012) 
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3.7. Influence of infection on gene expression  

3.7.1. Total RNA extraction 

Synchronized L4 C. elegans nematodes, infected with either or both C. albicans and P. 

aeruginosa, were carefully harvested and washed three times with sterile M9 buffer. 

Subsequently, the nematodes were transferred into six-well tissue culture plates containing 

10 ml liquid medium (80% M9 buffer, 20% BHI, 90 μg/ml kanamycin) and were incubated at 

25 °C for 24 h. Following incubation, nematodes were washed by centrifugation at 4000 g for 

2 min, the supernatant gently aspirated from mono- and polymicrobial pellet and 2 ml RNAlater 

(Invitrogen) added to each sample to combat degradation of RNA. This was done in triplicate 

for both mono- and polymicrobial infections. Samples were frozen at -80 °C until RNA 

extraction. 

Samples were thawed on ice, centrifuged at 4000 g for 2 min to collect cells and RNAlater 

was aspirated. The nematode pellet was resuspended in 600 µl of lysis buffer (Zymo 

Research), supplemented with 1 volume of glass beads (diameter 0.5 mm) and mechanically 

homogenized twice for 15 min using a Disruptor Genie Analog Cell Disruptor. Total RNA was 

extracted from samples using Quick-RNA MiniPrep kit (Zymo Research), including removal of 

the genomic DNA by DNase digestion, according to manufacturer’s instructions. The RNA 

samples were evaluated using the Thermo Scientific NanoDrop ND-1000 Ultraviolet Visible 

Spectrophotometer to determine total RNA concentration in each sample.  

 

3.7.2. Analyses of differential expression with nCounter® 

Total RNA extracted from the different treatment conditions were analysed with the NanoString 

nCounter® analysis system (Geiss et al., 2008) at the University of the Witwatersrand, 

Department of Internal Medicine, using a gene expression TagSet that targets 123 C. albicans 

genes [including three housekeeping genes, ACT1, LSC2 and THD3 (Nailis et al., 2006)] and 

60 C. elegans genes [including three housekeeping genes, rps-2, rps-4 and rps-23 (Tao et al., 

2020)]. The full list of genes with functions and the sources of the 183-genes can be found 

in Supplementary Table S1. Analyses of differential expression was performed using 

nCounter® with ElementsTM XT Reagents according to manufacturer’s specifications. A 

multiplexed probe library (nCounter® elements CodeSet) was designed with two sequence-

specific probes for genes of interest. Probes were mixed with approximately 100 ng of purified 

total RNA and allowed to hybridize (20 h, 67 °C). Samples were loaded on an nCounter® 

SPRINTTM Cartridge and processed with an nCounter® SPRINT Profiler (NanoString 

Technologies, USA) to quantify the transcripts. The nCounter raw expression data file (RCC) 

Chapter 2 



 

59 | P a g e  
 

obtained was uploaded into the nSolver Analysis Software 4.0 for review of quality control 

metrics. For this chapter, only data pertaining to C. elegans were used. The data was grouped 

between the experiments and control, and their expression ratio was determined. Genes with 

a fold change of ≥ 1.5 or ≤ -1.5 were identified from the gene list in each of the experimental 

conditions, and only the significantly differentially expressed genes (P ≤ 0.05) were 

considered. 

 

3.8. Statistical analyses  

Each C. elegans pathogenesis assay was repeated in triplicate on separate occasions, and 

we calculated the mean and standard deviation. C. elegans survival was assessed using the 

Kaplan-Meier method and differences were determined with the log-rank test using OASIS 2 

with statistical analyses performed using two-way ANOVA with Bonferroni correction (Han et 

al., 2016). All the other experiments were performed in triplicate and the average and standard 

deviation 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. 

 

4. Results and Discussions 

4.1. Candida albicans infection decreases nematode survival   

Caenorhabditis elegans is a convenient biological model to study monomicrobial pathogenesis 

(Couillault and Ewbank, 2002; Balla and Troemel, 2013). The simple body structure and 

transparent nature of the nematode provides 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 firstly used this nematode as an infection model to 

study C. albicans pathogenesis.  After infecting C. elegans with C. albicans SC5314, we 

characterized the nematodes as either live or dead. Live nematodes maintained a sinusoidal 

shape and were motile while pumping their pharyngeal muscles. However, we saw that the 

dead infected nematodes were bloated with C. albicans cells and appeared rod shaped or 

straightened and rigid, with stretched and lengthened body. In addition, there was lack of 

mobility in dead infected nematodes. We also discovered that the survival of C. albicans 

SC5314 infected nematodes were significantly reduced compared to control nematodes fed 

with E. coli OP50 (P < 0.001) (Figure 2.1A). The virulence of C. albicans SC5314 towards C. 

elegans was visually evident within the first 2 days of infection, when C. albicans SC5314 

killed 50% of the nematodes (Figure 2.1A). This rapid initial decline in nematode survival was 

followed by a second phase, in which nematodes died more slowly, taking 7 days for C. 
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albicans SC5314 to kill 100% of the nematodes (Figure 2.1A). Interestingly, in our assay, every 

C. albicans infected nematode that was killed during the first 2 days had visible hyphae 

piercing the cuticle (Figure 2.1B-C). Thereafter, we never observed any visible hyphae 

piercing the cuticle of infected nematodes until all nematodes were dead. This is similar to the 

results observed by Pukkila-Worley and co-workers (2009), who also found that more than 

half of the nematodes infected with C. albicans SC5314 died within 48 h and the dead 

nematodes showed hyphae piercing the cuticle. They also observed a second phase in which 

the nematodes died slower than the initial phase. In these latter nematodes, no hyphae were 

observed in either the intestine or piercing through the infected nematodes cuticle. 

According to literature, C. albicans yeast cells have the ability to develop filaments that are 

usually differentiated to hyphae (long continuous germ tubes separated by true septin rings) 

or pseudohyphae (chains of distinct cells that fail to separate) (Lo et al., 1997; Braun and 

Johnson, 1997; Saville et al., 2003; Sudbery et al., 2004; Kadosh and Mundodi, 2020). 

Filamentation is an important feature of mammalian infection by C. albicans, where they are 

used to invade host tissues and exert mechanical force on cells and tissues (Lo et al., 1997; 

Braun and Johnson, 1997; Saville et al., 2003). Interestingly non-filamentous mutants of C. 

albicans have highly attenuated virulence (Lo et al., 1997; Mayer et al., 2013; Kadosh and 

Mundodi, 2020). Previous studies showed that C. albicans could vigorously form invasive 

hyphae in the C. elegans intestines, and that these hyphae could penetrate the nematode 

cuticle (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 

mechanisms of nematode killing (Breger et al., 2007; Pukkila-Worley et al., 2009). It is also 

interesting that these assays are conducted at a temperature that does not normally induce 

hyphal formation (25 °C). Thus, studies of C. albicans morphogenesis in C. elegans also 

enable the analysis of hyphal growth triggers that are independent of temperature. We can 

speculate that environmental factors within the nematode gastrointestinal tract, which may 

have mammalian counterparts, may induce hyphal development in C. albicans.  This aspect 

will be further studied in Chapter 4. 
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Conditions 
Median lifespan 

(Days) 

Standard error 

(S. E.) 

Days to reach 

50% survival 

Log-rank test  
P-value 
(Bonferroni P-value) 

E. coli OP50 6.94 0.03 - 1.000 

C. albicans SC5314 2.79 0.12 2.00 < 0.001* 

 

         
 
Figure 2.1. (A) Candida albicans killing larva 4 (L4) Caenorhabditis elegans larvae. The 

survival of nematodes was significantly reduced when exposed to C. albicans SC5314 

compared to Escherichia coli OP50 control (P ≤ 0.05). C. albicans SC5314 killed 100% of the 
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nematodes within 7 days. Dotted line represents 50% killing of the L4 larvae. The table 

represents median lifespan with standard error (S. E.) along with days to reach 50% mortality. 

Bonferroni P-values are included for the Log-rank test for overall differences in survival. 

Asterisk (*) indicate a significant difference from E. coli OP50. (B) Light micrograph of 

uninfected control nematode. (C) Light micrograph of nematode infected with C. albicans 

SC5314. Note presence of hyphae piercing the cuticle of a dead nematode within 2 days of 

infection. 

 

4.2. Pseudomonas aeruginosa infection decreases nematode survival   

Globally, bacterial infections have been predominantly associated with significant morbidity 

and mortality. This global burden could be overcome by understanding the mechanisms of 

both microbial virulence and host immune response. Previous studies showed that the 

nematode could 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). In this 

study, the survival of P. aeruginosa PAO1 infected nematodes was significantly reduced 

compared to uninfected nematodes (P < 0.001) (Figure 2.2). Pathogenicity was visually 

evident after 2 days of infection when P. aeruginosa killed 50% of the nematodes, with 100% 

mortality within 6 days. Previous studies by Kirienko and co-workers (2013) showed that in 

liquid medium killing assay, P. aeruginosa produces pyoverdine, which induces a hypoxic 

response, leading to the death of the nematode.  
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Conditions 
Median lifespan 

(Days) 

Standard error 

(S. E.) 

Days to reach 

50% survival 

Log-rank test 
P-value 
(Bonferroni P-value) 

 

E. coli OP50 

 

6.94 

 

0.03 

 

- 

 

1.000 

 

P. aeruginosa PAO1 

         

2.48 

 

0.12 

 

2.00 

 

< 0.001* 

 
Figure 2.2. Survival curves of larva 4 (L4) Caenorhabditis elegans nematodes exposed to 

Pseudomonas aeruginosa. The survival of nematodes were significantly reduced when 

exposed to P. aeruginosa PAO1 (P ≤ 0.05). P. aeruginosa PAO1 killed 100% of the nematodes 

within 6 days. Dotted line represents 50% killing of the L4 larvae. The table represents median 

lifespan with standard error (S. E.) along with days to reach 50% mortality. Bonferroni P-values 

are included for the Log-rank test for overall differences in survival. Asterisk (*) indicate a 

significant difference from control nematodes (E. coli OP50). 
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4.3. Candida albicans-Pseudomonas aeruginosa co-infection increases virulence in 

C. elegans infection model  

Bacterial-fungal interactions can display a diverse spectrum of effects, which may not be 

identical in vivo and in vitro (Fourie and Pohl, 2019). For instance, the interactions between C. 

albicans and P. aeruginosa observed in vitro are mostly antagonistic, but the interaction in the 

animal hosts, such as rat and zebrafish, displays synergistic effects on virulence, thus resulting 

in higher mortality (Roux et al., 2009; Bergeron et al., 2017; Nogueira et al., 2019). These 

differential effects may be explained by the host environment and the increased inflammatory 

response associated with cytokine profiles that are absent in vitro and also differ from single 

pathogen infections (Roux et al., 2009; Bergeron et al., 2017; Nogueira et al., 2019). 

Therefore, in this study, we used C. elegans to decipher the effect of polymicrobial infections 

of C. albicans and P. aeruginosa. As depicted in figure 2.3, we observed a significant reduction 

in the survival of C. elegans when infected with both C. albicans SC5314 and P. aeruginosa 

PAO1 compared to E. coli OP50 control strain (P < 0.001). Moreover, although C. albicans 

and P. aeruginosa can independently kill the nematodes, polymicrobial infection involving 

these pathogens significantly reduced the survival of the nematodes compared with 

monomicrobial infection, killing 100% of the nematodes within 5 days. We therefore can 

conclude that  polymicrobial infections are more virulent than monomicrobial infections, given 

that in monomicrobial infections, P. aeruginosa killed 100% of the nematodes within 6 days 

(Figure 2.2), while C. albicans killed 100% of the nematodes within 7 days (Figure 2.1A). This 

suggests that the interaction between C. albicans and P. aeruginosa in this model displays 

synergistic effects on the virulence, thus resulting in higher mortality. It would be interesting to 

investigate the microbial burden to address the issue whether the observed virulence of both 

C. albicans and P. aeruginosa could be correlated to higher microbial burdens in C. elegans.  
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Conditions 
Median lifespan 

(Days) 

Standard 

error 

(S. E.) 

Days to reach 

50% survival 

Log-rank test 
P-value 
(Bonferroni P-value) 

E. coli OP50 
 

6.94 

 

0.03 

 

- 

 

1.000 

C. albicans SC5314 and 

P. aeruginosa PAO1 

     

2.64 

 

0.11 

 

3.00 

 

< 0.001* 

 
Figure 2.3. Effect of Candida albicans and Pseudomonas aeruginosa co-infection on Larva 4 

(L4) nematodes over time. Co-infection killed 50% of the L4 larvae after 3 days, while 100% 

of nematodes were killed within 5 days. Dotted line represents 50% killing of the L4 larvae. 

The table represents median lifespan with standard error (S. E.) along with days to reach 50% 

mortality. Bonferroni P-values are included for the Log-rank test for overall differences in 

survival. Asterisk (*) indicate a significant difference from control (E. coli OP50). 

_________________________________________________________________________ 

 
 
 
 
 
 

0

10

20

30

40

50

60

70

80

90

100

110

0 1 2 3 4 5 6 7 8 9

%
 S

u
rv

iv
a

l

Time (Days)

OP50

SC5314+PAO1

Chapter 2 



 

66 | P a g e  
 

Importantly, we did not observe any hyphal formation by C. albicans SC5314 throughout the 

polymicrobial infection. It is conceivable that P. aeruginosa may play a role in the observed 

hyphal inhibition of C. albicans. This is especially interesting since the polymicrobial infection 

was not less virulent (as would be expected if C. albicans hyphal formation was important in 

this context). Thus, we can speculate that the killing of the nematodes infected with both 

pathogens was not due to hyphal formation but maybe because of other virulence factors of 

both C. albicans SC5314 and P. aeruginosa PAO1. Similar results were also seen in the study 

done by Peleg and colleagues (2008), when nematodes were infected sequentially with C. 

albicans followed by infection with P. aeruginosa, and filamentation by C. albicans was 

significantly inhibited. 

The relevance of this observation can also be seen in other infection models. Similarly, in an 

immunocompetent murine burn model, pre-infection with P. aeruginosa increased the damage 

caused by C. albicans (Neely et al., 1986). A sublethal P. aeruginosa injection followed by a 

sublethal fungal injection yielded high mortality. Roux and colleagues (2009) further 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 (Roux et al., 2009). Moreover, these authors 

hardly observed any hyphal form of C. albicans in the rat lungs (Roux et al., 2009; Tan et al., 

2016). Furthermore, in a transparent juvenile zebrafish model of mucosal lung infection, C. 

albicans and P. aeruginosa co-infection of the mucosa led to synergistic virulence and 

enhanced mortality (Bergeron et al., 2017). The authors also discovered that the co-infection 

mortality was associated with higher C. albicans burden and invasive pathogenesis, which 

serve as strong predictive factors for mortality. By contrast, numerous studies of C. albicans-

P. aeruginosa co-infections in murine and C. elegans models show that the interaction of these 

two species can negatively regulate overall virulence in the context of co-infection (Peleg et 

al., 2008, 2010; Lopez-Medina et al., 2015). These varying results suggest that the outcome 

of C. albicans-P. aeruginosa co-infections is not easily predicted from in vitro antagonism (Xu  

et al., 2014a; Nash et al., 2015; Schlecht et al., 2015; Pendleton et al., 2017). Despite the fact 

that the mortality rates in some in vivo models, such as the mouse and zebrafish were 

elevated, possibly due to exacerbation of inflammatory responses, there are still controversies 

concerning the differential outcomes in various animal models (Neely et al., 1986; Méar et al., 

2013; Leclair and Hogan, 2010; Chotirmall et al., 2010; Bergeron et al., 2017). For majority of 

the bacterial and fungal interactions outlined above, there is minimal to no data available 

concerning the interplay with the host and the immune system response towards these 

polymicrobial infections in comparison to the respective monomicrobial infections. 
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We can further speculate in this study that the effects of C. albicans and P. 

aeruginosa interaction on C. elegans may not only depend on the virulence factors of 

pathogenic strains but also on the immune status of the host. Importantly, since C. elegans 

sek-1 mutant strain lacks the SEK-1 gene that encodes a conserved mitogen-activated protein 

kinase (MAPKK) involved in the innate immune response, these nematodes are 

immunocompromised, allowing them to become infected with various pathogens (Kim et al., 

2002). Noteworthy, perturbations of the microorganisms and a weakened host immune system 

are conditions that can facilitate the transition of opportunistic microorganisms from a 

commensal state to a pathogenic state, thus resulting in the initiation of infection. It is known 

that the immune response, including the degree of inflammation, can exert a major effect on 

factors affecting the pathogenicity and virulence of the individual pathogens involved, and may 

thus affect the overall result of the bacterial-fungal interaction. However, the immune response 

is not always effective. Fungi have developed several mechanisms and strategies to escape 

the attack of the immune system (Nogueira et al., 2019). The escape mechanisms essentially 

include shielding of pathogen-associated molecular patterns (PAMPs) through the cell wall or 

capsule, and the formation of biofilms, titan cells, asteroid bodies, or dimorphism (yeast to 

hyphal transition) (Nogueira et al., 2019). For example, certain virulence factors of C. albicans 

are exclusively expressed at the hyphal stage, and hyphal cells induce low cytokine production 

compared to yeast cells (Mukaremera et al., 2017). Hyphal structures are also important to 

evade phagocytosis and escape from the immune cells (Hernandez-Chavez et al., 2017). 

Bacteria have also developed mechanisms to hide or escape from the immune system 

(Nogueira et al., 2019). Some of these mechanisms are similar to those used by fungi. Biofilm 

formation is also an important feature used by bacteria to evade the immune response 

(Cheung et al., 2021). Other factors include the secretion of proteins, quorum sensing 

regulation, production of antigenic exotoxins, pore-forming toxins, and capsular 

polysaccharides (Nogueira et al., 2019; Cheung et al., 2021). Therefore, escape from the 

immune system may lead to persistent and chronic infection, bearing the risk of potentially life-

threatening reactivation occurring particularly in severely immunocompromised individuals. 

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. In 

addition, 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 and 

that more studies are needed to assess the potential importance of these pathogens in the 

host setting. 
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4.4. Influence of infection on nematode egg retention  

Caenorhabditis elegans encounters a variety of food sources, including pathogenic 

microorganisms that are potentially harmful. Thus, when exposed to harmful agents in the 

environment, C. elegans retains eggs until the environment becomes more favourable (Chase 

and Koelle, 2004; Schafer, 2005; Gardner et al., 2013). In this assay, we evaluated the number 

of retained eggs within C. elegans after exposure to either or both C. albicans and P. 

aeruginosa. According to literature, in reproductively mature C. elegans hermaphrodites, 

fertilised eggs are retained within the uterus for several hours before being laid (Schafer, 

2005). The normal number of eggs stored in the uterus during peak fecundity is between 5 

and 10 as C. elegans is raised on their natural food source E. coli (Schafer, 2005). Importantly, 

the number of eggs in the uterus is a function of both the rate of egg production and the rate 

of egg laying (Schafer, 2005; Gardner et al., 2013). In our study, nematodes that were raised 

on E. coli OP50 fell into this range, with about 7 (±1.70) eggs retained (Figure 2.4). When C. 

elegans were exposed to the different pathogens, we observed increases in egg retention 

(Figure 2.4), with more eggs retained in the presence of C. albicans SC5314 (10.8±2.35; P = 

0.0013), P. aeruginosa PAO1 (12.2±3.55; P = 0.0001) and most retained in the presence of 

both C. albicans and P. aeruginosa (17.5±3.65; P = 0.0001), compared to E. coli OP50. The 

higher egg retention correlates with the increased virulence of the co-infection observed in the 

liquid killing assay (Figure 2.3). Similar results were also observed where more eggs were 

retained in the presence of E. faecalis pathogenic strains, compared to E. coli OP50 controls 

(Gardner et al., 2013).  
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Figure 2.4. Egg-in-worm assay of Caenorhabditis elegans infected with Candida albicans and 

Pseudomonas aeruginosa. Nematodes exposed to C. albicans SC5314 and P. aeruginosa 

PAO1 showed an increased level of egg retention compared to nematodes fed the Escherichia 

coli OP50 control strain. Each experiment was performed on triplicate on different days on ten 

nematodes each. Asterisk (*) indicate P < 0.05 compared to control (Student's t-test). 

_________________________________________________________________________ 

 

4.5. Influence of infection on nematode fatty acid composition  

Emerging lipidomic technologies offer exciting opportunities to us understanding the influence 

of lipids on lifespan. Due to the detailed characterization of metabolic pathways and ease of 

genetic manipulation, the nematode C. elegans has emerged as a powerful model organism 

for studying lipids (Mullaney and Ashrafi, 2009; Watts, 2009). Despite the observed differences 

in lipids storage and synthesize between nematodes and mammals, some lipid profiles 

associated with longevity are conserved, and C. elegans has revealed molecular mechanisms 

relating lipids to lifespan with a potential to be explored in mammals (Mullaney and Ashrafi, 

2009). Although numerous studies have revealed the impact of dietary FA interventions at the 

level of gene regulation and transcription, there is minimum research on the changes in the 

FA metabolite profiles in C. elegans after co-infection. We, therefore, applied our platform to 

uncover the changes in the FA profiles of C. elegans after infection with C. albicans and P. 

aeruginosa. Firstly, from the results of the quantitative analyses of FAMEs derived from the 

lipids of C. elegans shown in Table 2.1, we identified 23 different FAs from the C. elegans fed 
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on control E. coli OP50. The identified FAs ranged from 12 to 22 carbons in length, and 35% 

were saturated, while 65% were unsaturated. The results we obtained followed previous 

reported results that state that E. coli OP50 as a bacterial food source of C. elegans contains 

saturated fatty acids (SFAs) and monounsaturated fatty acids (MUFAs), including palmitoleic 

acid (16:1n-9) and vaccenic acid (18:1n-7), but not oleic acid (18:1n-9), in their membrane. As 

nematodes feed on bacteria, these FAs can be incorporated into the nematode lipid 

composition. In a recent study by Henry and colleagues (2016), about 28 different FAs were 

observed, with a length ranging from 12 to 22 carbons, and a majority of those consisting of 

12 to 17 carbons, were saturated, with the exception of 16:1n-9 and cis-10-heptadecenoic 

acid (17:1). However, unlike with our current study, stearic acid (18:0) was the most 

predominant SFA, with an average of 6.5% of total FAs. Furthermore, Henry and colleagues 

(2016) obtained other saturated acids, such as lauric acid (12:0), tridecanoic acid (13:0), 

myristic acid (14:0), pentadecanoic acid (15:0), palmitic acid (16:0), margaric acid (17:0), 

arachidic acid (20:0) and docosanoic acid (22:0). Interestingly, similarly to our results, Henry 

et al. (2016) showed that 65% of the identified FAs were unsaturated comprising 18 to 20 

carbon atoms, and monounsaturated acids accounted for 35.6% of the total FAs. Moreover, 

they identified 16:1n-9, 18:1n-9 and gadoleic acid (20:1). The FA 18:1n-7 comprised close to 

62% of MUFAs. Other FAs that were detected were linoleic acid (18:2n-6), eicosatrienoic acid 

(20:3n-3), dihomo-gamma-linolenic acid (20:3n-6), eicosapentaenoic acid (20:5n-3) gamma-

linolenic acid (18:3n-6), alpha-linolenic acid (18:3n-3), and two forms of arachidonic acid 

(20:4n-6 and 20:4n-3) (Henry et al., 2016).  
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Table 2.1. The quantitative analyses of FAMEs derived from fatty acids of Caenorhabidtis 

elegans grown on Escherichia coli OP50. 

Common name Formula 

Lauric acid 12:0 

Myristic acid 14:0 

Pentadecanoic acid 15:0 

Palmitic acid 16:0 

Palmitoleic acid 16:1n-9 

Margaric acid 17:0 

Stearic acid 18:0 

Oleic acid 18:1n-9 

Vaccenic acid 18:1n-7 

Linoleic acid 18:2n-6 

γ-Linolenic acid 18:3n-6 

α-Linolenic acid 18:3n-3 

Stearidonic acid 18:4n-3 

Nonadecanoic acid 19:0 

Arachidic acid 20:0 

Eicosadienoic acid 20:2n-6 

Eicosatrienoic acid 20:3n-6 

Eicosatrienoic acid 20:3n-3 

Arachidonic acid 20:4n-6 

Eicosopentaenoic acid  20:5n-3 

Erucic acid 22:1n-9 

Docosadienoic acid 22:2n-6 

Docosapentaenoic acid 22:5n-3 
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In order to explore the effect of infection on nematode FA metabolism with focus on the 

abundant major unsubstituted long chain fatty acids (LC-FAs), we exposed the nematodes to 

either or both C. albicans and P. aeruginosa. We discovered that the total lipids of control 

nematodes had a higher unsaturation index compared to infected nematodes (Figure 2.5A). 

Although this difference was not statistically significant in the case of nematodes infected with 

C. albicans (P = 0.083), nematodes infected with P. aeruginosa showed a significant decrease 

in unsaturation index (P = 0.0058), while the co-infection exhibited the highest decrease in 

unsaturation index (P = 0.0006) (Figure 2.5A). We further observed a high abundance of 

20:5n-3 in control nematodes compared to P. aeruginosa and co-infected nematodes, which 

showed a significant decrease in 20:5n-3 (Figure 2.5B). Therefore, we can speculate that the 

observed low unsaturation index of the P. aeruginosa and co-infected nematodes is partially 

due to the decrease in relative percentage 20:5n-3 after infection.  
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Figure 2.5. (A) Unsaturation index of Caenorhabditis elegans infected with Candida albicans, 

Pseudomonas aeruginosa and co-infection, compared to uninfected C. elegans on 

Escherichia coli. (B) Effect of C. albicans and P. aeruginosa on relative percentage of major 

long chain fatty acids as determined by gas chromatography analysis in C. elegans. Values 

represent the mean of three independent experiments, while error bars represent the standard 

deviations and asterisk (*) indicate a significant difference from control with P-values < 0.05 

_________________________________________________________________________  
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We also discovered that infection with P. aeruginosa PAO1 caused other changes in the 

relative percentage FAs of the nematodes (Figure 2.5B). There was a significant decrease in 

20:3n-3 and 22:1n-9.  Interestingly, Nandakumar and Tan (2008) reported a similar trend 

where nematodes infected with both P. aeruginosa PA14 and an avirulent mutant 

(PA14DgacA) showed an increase in relative percentage of 20:5n-3 and had more than twice 

the 18:1n-7 content compared to control (E. coli OP50-1) nematodes. The authors argued that 

the higher levels of 18:1n-7 in the infected nematode is most likely due to nutritional 

differences between P. aeruginosa and E. coli rather than differences in virulence. Similarly, 

in our study there was an increase in 18:1n-7, although this was not statistically significant 

compared to the control nematodes (Figure 2.5B). Interestingly, although infection with C. 

albicans did not cause significant changes in the relative percentage of any FA, co-infection 

with P. aeruginosa and C. albicans exacerbated the changes observed during P. aeruginosa 

monomicrobial infections (Figure 2.5B) and resulted in significant decreases in the relative 

percentage of 14:0, 18:0, 18:1n-9, 20:5n-3 and 22:1n-9 as well as a significant increase in 

18:1n-7. These two results indicate that the changes may not be due to nutritional changes as 

speculated by Nandakumar and Tan (2008) but may be a pathogen specific response of the 

nematode. The continued use of lipidomics and genetic studies of lipid synthesis and signalling 

pathways in model organisms will undoubtedly reveal many new roles for lipids in the 

regulation of pathogenicity and deepen our understanding of the complex relationship 

between lipids and pathogenicity. 

 

4.6. Differential gene expression  

To better understand the observed changes in virulence and FA composition in infected 

nematodes, we further investigated the influence of infections on expression of 57 selected C. 

elegans candidate genes related to lipid metabolism as well as the nematode immune 

response (Supplementary Table S1). We discovered that the responses to bacterial and fungal 

pathogens are remarkably distinct. The genes that are up-regulated and down-regulated 

differed between the experimental conditions (Figure 2.6). Table in figure 2.7 depicts the 

different conditions tested with their respective up-regulated genes involved in lipid 

metabolism and immune response. Genes with a fold change of ≥ 1.5 or ≤ -1.5 were identified 

from the gene list in each of the experimental conditions, and only the significantly up-

regulated genes (P ≤ 0.05) were considered. Of the nine C. elegans genes known to be 

involved in the synthesis of the majority of 18- and 20-carbon PUFAs and MUFAs (Figure 2.6), 

only fat-4 was up-regulated (P ≤ 0.05) in the nematodes infected with either P. aeruginosa or 

combination of C. albicans and P. aeruginosa (Figure 2.7). According to Watts and Browse 
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(2002), fat-4 functions to modify 20-carbon PUFAs to produce 20:4n-6 and 20:5n-3. In the 

previous section (Figure 2.5B), we observed a decrease in the relative percentage of 20:5n-3 

in nematodes that were infected with either P. aeruginosa or co-infected. We can speculate 

that these results indicate a response, where decrease in LC-FA levels during infection could 

induce increased expression of corresponding biosynthetic genes. Similar results were 

observed in studies performed by Nandakumar and Tan (2008), where fat-6, fat-2, and fat-3, 

involved in the synthesis of FAs were up-regulated in response to infection. Moreover, in our 

study, of the five elo genes of unknown function, elo-9 (encoding a putative very LC-FA 

elongase) was also significantly up-regulated (P ≤ 0.05) during P. aeruginosa and 

polymicrobial infection conditions (Figure 2.7). This gene is possibly involved in stress 

responses and lifespan increase (Fajardo et al., 2019). 

 

Research revealed that within the C. elegans genome, 86 full length cytochrome P450 (CYP) 

genes are present, but the exact biological functions of the vast majority of CYPs are largely 

unknown (Yadav et al., 2021). Thirty-eight of the CYPs may play a role in lipid metabolism, 

where they function in the synthesis of oxylipins (including eicosanoids), which are oxygenated 

FAs synthesized from precursor PUFAs (Zhang et al., 2013). Others may play roles in the 

immune response and detoxification (Mao et al., 2019). In this study, we observed an up-

regulation of cyp-14A2 (P ≤ 0.05) in co-infected nematodes and up-regulation of cyp-29A2 

(P ≤ 0.05) in both P. aeruginosa and co-infected nematodes (Figure 2.7). The gene, cyp-29A2 

is expressed in the intestine and plays a role in lipid storage and life span (Zhang et al., 2013). 

While cyp-14A2 is involved in stress response and detoxification (Thomas, 2007). Therefore, 

we can speculate that infections can cause oxidative stress, which influenced expression of 

genes involved in stress response and life span described above. Further research is needed 

to determine if these CYP450s could affect susceptibility in infected C. elegans. 

  

Chapter 2 



 

76 | P a g e  
 

 

 

Figure 2.6. Effect of Candida albicans and Pseudomonas aeruginosa infection on 

Caenorhabditis elegans polyunsaturated fatty acids biosynthesis pathway. Yellow squares 

indicate significant increase, while red squares indicate significant decrease in relative 

percentage of fatty acids compared to control Escherichia coli OP50 nematodes. Yellow 

arrows indicate up-regulation, while red arrows indicate down-regulation in genes compared 

to control nematodes. Mammalian enzymes are drawn by solid black reaction arrows. 

Although this is a conserved pathway for both mammals and C. elegans, the nematode 

possesses ∆12 and omega-3 desaturase enzymes that are solid red arrows. Abbreviations: 

AA, arachidonic acid; ACC, acetyl-CoA carboxylase; ACP, acyl carrier proteins; Ada, 

docosatetraenoic acid; ALA, α-linolenic acid; cVA, cis-vaccenic acid; DGLA, dihomo-γ-

linolenic acid; DPA, docosapentaenoic acid; EPA, eicosapentaenoic acid; ETA, 

eicosatetraenoic acid; FAS, fatty acid synthase; GLA, γ-linolenic acid; LA, linolenic acid; OL, 

oleic acid; PAL, palmitic acid; POA, palmitoleic acid; SDA, stearidonic acid; STE, stearic acid; 

THA, tetracosahexaenoic acid (nisinic acid), TPA, tetracosapentaenoic acid; 17,18-EpETE, 

17,18-epoxy eicosatetraenoic acid (Mokoena et al., 2020). 

_________________________________________________________________________ 
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Conditions 

 
Genes 

 
Fold change 

 
P-value 

 
Lower 95% CI 

 
Upper 95% CI 

Candida albicans vs 
control col-179 1.67 0.0495 0.99 2.81 

Pseudomonas 
aeruginosa vs 
control 

cyp-29A2 26.64 0.0254 1.40 508.22 

elo-9 20.07 0.0237 1.38 292.04 

fat-4 6.00 0.0226 1.03 34.93 

Polymicrobial vs 
control cyp-14A2 45.07 0.0008 16.04 126.68 

 
cyp-29A2 32.08 0.0374 1.36 754.46 

elo-9 32.61 0.0234 2.51 423.79 

fat-4 8.42 0.0012 4.10 17.26 

 

Figure 2.7. Venn diagram depicting the overlap of up-regulated genes of Caenorhabditis 

elegans in response to Candida albicans and Pseudomonas aeruginosa infection compared 

to uninfected control nematodes. The table represents genes with a fold change of ≥ 1.5. P-

values ≤ 0.05 indicate a significant difference from control, with lower and upper percentage 

confidence intervals (CI). 

_________________________________________________________________________ 
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Table in figure 2.8 depicts the different conditions tested with their respective down-regulated 

genes involved in lipid metabolism and immune response. In co-infected nematodes, we 

observed a down-regulation of fat-1 and fat-2 (P ≤ 0.05) (Figure 2.8). According to literature, 

fat-1 encodes an omega-3 desaturase (Δ15 desaturase) that converts 18:2n-6 and γ-linolenic 

acid (18:3n-6) to α-linolenic acid (18:3n-3) and stearidonic acid (18:4n-3) (Spychalla et al., 

1997), while fat-2 encodes the Δ12 desaturase enzyme, which facilitates the biosynthesis of 

18:2n-6 from its substrate, 18:1n-9 (Figure 2.6) (Zhou et al., 2011; Wang et al., 2013). We 

observed a decrease in relative percentage of PUFAs in co-infected nematodes (Figure 2.5B) 

which corresponds with the observed down-regulation in expression of fat-1 and fat-2 in co-

infection (Figure 2.8). This may explain the observed increase in cis-vaccenic acid (18:1n-7) 

(Figure 2.5B), as the FA metabolism is rerouted along this branch of the pathway (Figure 2.6). 

In addition, as depicted in figure 2.8, in nematodes infected with either P. aeruginosa or co-

infected, we saw a down-regulation of elo-1 and elo-5, which encodes specific elongase 

enzymes that facilitate the elongation of both saturated and unsaturated FAs (Watts and 

Ristow, 2017). The gene encoding Δ6 desaturase involved in the biosynthesis of 18:3n-6 and 

18:4n-3, fat-3, is also down-regulated in all infection containing P. aeruginosa (Figure 2.8).  

Studies performed by Nandakumar and Tan (2008) demonstrated that fat-3 is expressed in 

the intestine, which is the site of P. aeruginosa infection, to protect C. elegans from pathogen-

mediated death and to regulate the expression of immunity genes. According to Nandakumar 

and Tan (2008), loss of this gene resulted in nematodes that lacked 18:3n-6 and 18:4n-3, as 

well as all the 20-carbon PUFAs. Moreover, these nematodes were also significantly more 

susceptible to infection, suggesting that these PUFAs could be vital for infection response in 

C. elegans (Nandakumar and Tan, 2008).  

 

Despite lacking adaptive immunity, C. elegans has an immune system that resembles the 

human innate immune system in several key respects and can trigger evolutionarily conserved 

immune signalling pathways (Mahajan-Miklos et al., 1999). Activation of these pathways 

induces the expression of defence genes such as those encoding lectins, lysozymes, lipases, 

and antimicrobial peptides, which then act directly or indirectly to combat invading microbes 

(Alper et al., 2007; Evans et al., 2008; Kong et al., 2016). For instance, the lysozyme (lys) 

family, Ascaris suum antibacterial factor (abf) family, saposin-like proteins (spp) family, and 

C-type lectins family are some examples of the nematode innate immunity effectors, which 

have been shown to play an important role in the general and induced immune responses to 

bacterial infection (Mochii et al., 1999; Couillault et al., 2004; Huffman et al., 2004; Dierking et 

al., 2016; Gravato-Nobre et al., 2016). Notably in the present work, expression levels of eight 

spp genes (spp-1 to spp-4, spp-8, spp-12, spp-14 and spp-23) were studied (Supplementary 

Table S1) and it was found that spp-1, spp-3 and spp-8 were down-regulated significantly 

Chapter 2 



 

79 | P a g e  
 

(P ≤ 0.05) in C. elegans in response to either P. aeruginosa or co-infection, while spp-14 was 

down-regulated (P ≤ 0.05) in all infection conditions (Figure 2.8). It is known that P. aeruginosa 

can down-regulate these immune effector genes, such as spp-1, spp-4 and spp-23 (Evans et 

al., 2008). It is also important to note that C. elegans has 16 lysozyme genes (Dierking et al., 

2016). These are classified into two groups: the lys-genes, which are similar to those of 

protists, and the ilys-genes, which are similar to those of invertebrates (Schulenburg and 

Boehnisch, 2008; Gravato-Nobre et al., 2016). In this study, the expression levels of  two ilys-

genes (ilys-2 and ilys-5) and five lys-genes (Supplementary Table S1) were determined and 

significant (P ≤ 0.05) down-regulation of ilys-5 in all infections, as well as lys-4 in the 

monomicrobial infections was observed (Figure 2.8). It is known that lysozyme genes are 

differentially expressed due to exposure to both pathogenic and non-pathogenic bacteria in a 

species-specific pattern. During C. albicans infection, only col-179 (a cuticular collagen gene) 

was significantly up-regulated (Figure 2.7). Interestingly, Sellegounder and co-workers (2018) 

found that this gene is important in the immune response against P. aeruginosa, however in 

our data sets it was only up-regulated in the C. albicans monomicrobial infection, indicating 

that it may be even more important in the defence against this pathogenic yeast. Noteworthy, 

these observed differences in gene expression might be due to the fact that these pathogens 

have evolved mechanisms to overcome host immune defences by inhibiting host defence 

signalling pathways and suppressing the expression of host defence effectors. Nevertheless, 

the exact immune function of most of these effectors still needs further clarification. Notably 

there are few limitations in this study that involves gene expression studies. The C. elegans 

sek-1 strain used in our study lack a gene that encodes a conserved mitogen-activated protein 

kinase (MAPKK) involved in the innate immune response (Kim et al., 2002). According to 

literature, sek-1 is required for responses to bacterial infection including P. aeruginosa and 

fungal infection including Drechmeria coniospora (Kim et al., 2002; Troemel et al., 2006; Pujol 

et al., 2008). Importantly, mutants that are known to be defective in the cell signaling or other 

defense molecules of C. elegans are revealed to be more susceptible to infection than the 

wild-type strains. Therefore the lack of sek-1 does have an implication to our results in that 

disruption of genes involved in the p38-mediated innate immune signaling pathway such as  

sek-1 can prevent the up-regulation of innate immunity genes. 
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Conditions Genes Fold change P-value Lower 95% CI  Upper 95% CI  

Candida albicans vs 
control 

spp-14 -1.69 0.0047 0.45 -1.27 

ilys-5 -1.84 0.0400 0.30 -1.02 

spp-2 -2.51 0.0116 0.21 -1.29 

lys-4 -3.32 0.0151 0.13 -1.41 

Pseudomonas 
aeruginosa vs 
control 

elo-1 -4.63 0.0307 0.07 -1.42 

spp-8 -5.56 0.0202 0.06 -1.91 

ilys-5 -6.78 0.0026 0.10 -4.44 

elo-5 -7.01 0.0223 0.04 -1.97 

spp-1 -7.99 0.0143 0.04 -2.71 

spp-3 -9.78 0.0014 0.07 -6.74 

fat-3 -9.87 0.0020 0.07 -6.36 

lys-4 -23.88 0.0035 0.02 -10.67 

spp-14 -29.08 0.0004 0.03 -21.60 

Polymicrobial vs 
control 

elo-1 -4.82 0.0293 0.06 -1.48 

spp-8 -5.78 0.0194 0.06 -1.99 

ilys-5 -7.05 0.0025 0.09 -4.62 

elo-5 -7.29 0.0214 0.04 -2.04 
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spp-1 -8.31 0.0138 0.04 -2.82 

fat-1 -9.36 0.0085 0.04 -3.84 

fat-2 -10.02 0.0007 0.08 -7.71 

spp-3 -10.17 0.0014 0.07 -7.01 

fat-3 -10.26 0.0019 0.06 -6.61 

spp-2 -15.06 0,0027 0.04 -8.24 

lys-4 -24.84 0.0034 0.02 -11.09 

rps-4 -29.17 0.0001 0.03 -25.54 

spp-14 -30.24 0.0004 0.02 -22.47 

 

Figure 2.8. Venn diagram depicting the overlap of down-regulated genes of Caenorhabditis 

elegans in response to Candida albicans and Pseudomonas aeruginosa infection. The table 

represents genes with a fold change of ≥ -1.5. P-values ≤ 0.05 indicate a significant difference 

from control, with lower and upper percentage confidence intervals (CI). 

_________________________________________________________________________________ 

 

5. Conclusions 

In summary, C. elegans infection model is capable to offer high-resolution longitudinal analysis 

as a powerful tool in order to unravel the contributions of the host and co-infecting bacteria 

and fungi. From the ample evidence supporting C. albicans and P. aeruginosa interactions, 

not only with their host, but also with each other, it is evident that the interaction is complex. 

Importantly, various virulence factors, including the yeast-hyphal morphogenesis, are known 

to affect and cause damage to the host, thus facilitating rapid and aggressive colonisation and 

infection. For instance, in this study, during C. albicans monomicrobial infection, we observed 

that the key component of C. albicans pathogenesis in mammals, hyphal formation, is also 

involved in nematode killing. Surprisingly, in the C. elegans model of co-infection, P. 

aeruginosa induced changes that lead to inhibition of hyphal formation by C. albicans and 

enhanced death of individual host animals. Interestingly, C. elegans infected with both C. 

albicans and P. aeruginosa showed the highest level of egg retention compared to nematodes 

infected by either C. albicans or P. aeruginosa alone. Presumably this egg retention is a 

mechanism used by the nematodes to protect their progeny due to co-infection being more 

virulent as compared to single infection. It is imperative to emphasise again the fact that the 

observed bacterial-fungal interactions in vitro can greatly differ from the observations made in 

vivo, either in animal model systems or in the human host. Therefore in this regard, new in 
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vivo tools and models including C. elegans used in this present study, will lead to more 

discoveries in order to complete the picture of these tri-kingdom interactions in disease.  

In addition, FAs are widespread in most organisms and several findings suggest they may be 

utilised for defence purposes against C. albicans (Noverr et al., 2001; Murzyn et al., 2010; 

Muthamil et al., 2018; Prasath et al., 2019; Lee et al., 2021). However, despite the fact that 

the role of FAs in the interaction between single pathogens and hosts has been studied, a gap 

in knowledge still exists regarding the role of FAs in polymicrobial infection of C. 

albicans and P. aeruginosa. In our current study, we observed that the nematodes co-infected 

with both pathogens displayed changes in their FA composition. Interestingly, most of these 

observed changes reflect those caused by P. aeruginosa rather than C. albicans. In addition, 

we discovered a remarkably significant decrease in the relative percentage of 20:5n-3 and in 

our next chapters we will investigate the influence of this decrease in 20:5n-3 during infection. 

Lastly, in our gene expression studies, the differentially regulated genes differed between the 

different experimental conditions. We observed that changes in FA content corresponded with 

our studies of gene expression, revealing infection-induced changes in gene expression. 

Notably to our knowledge, this study was the first to investigate the influence of co-infection of 

C. albicans and P. aeruginosa on gene expression in C. elegans. Therefore, this opens a new 

avenue of research warranting further investigation. In addition, further analysis of the exact 

regulation of antimicrobial effector genes would be of great value for understanding their role 

in defence.  
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1. Abstract 

Due to a limited set of antimicrobials available and problems in early diagnosis, bacteria-fungal 

polymicrobial infections caused by Candida albicans and Pseudomonas aeruginosa are 

among the most common hospital-acquired infections with high mortality rates. Interestingly, 

fatty acids (FAs) are known to possess antimicrobial effect on numerous microbial pathogens. 

Using the Caenorhabditis elegans-C. albicans-P. aeruginosa host-pathogen system, we 

studied the role for polyunsaturated fatty acids (PUFAs), arachidonic acid (AA) and 

eicosapentaenoic acid (EPA) on susceptibility to infections. Firstly, we monitored the 

chemotaxis behaviour of C. elegans towards AA and EPA sodium salts, in order to 

compensate for any bias in C. elegans behaviour towards these FAs. Thereafter, we 

determined the influence of mono- and polymicrobial infected AA and EPA supplemented 

nematodes on FA composition and the changes in the PUFA biosynthesis pathway using lipid 

extraction and gas chromatography. We then determined the influence of FAs on the survival 

of nematodes with mono- and polymicrobial infection with C. albicans and P. aeruginosa, as 

well as egg retention of infected nematodes using egg-in-worm assay. In this study, we 

demonstrated that C. elegans does not avoid the FAs to any statistically significant degree, 

thus it is expected that any changes in susceptibility towards these FAs would not be as a 

result of avoidance of E. coli supplemented with the PUFAs. Supplementation with either AA 

or EPA resulted in changes in FA profiles and significantly influenced survival of infected 

nematodes. EPA supplementation effectively reduced C. albicans virulence and inhibited 

hyphal formation, thus leading to a partial rescue of pathogen susceptibility. However, this was 

not the case for P. aeruginosa infections. Finally, we uncovered that the degree of egg 

retention elicited by C. albicans and P. aeruginosa was influenced by PUFA supplementation. 

Together, these data add to the known antimicrobial effects of PUFAs, and suggest a link 

between FAs and host susceptibility to microbial infection in this model. 

 

Key word: Antimicrobials, polymicrobial infections, Candida albicans, Pseudomonas 

aeruginosa, Caenorhabditis elegans, arachidonic acid, eicosapentaenoic acid, 

supplementation, chemotaxis  
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2. Introduction  

One of the central challenges found in biology is understanding the cellular functions of 

majority of the complex lipids that exist in animal cells. A diverse group of fatty acids (FAs) are 

known to possess a protective role in nature as antimicrobial agents and ecological modulators 

that control microbial biofilms and virulence (Kumar et al., 2020). Polyunsaturated fatty acids 

(PUFAs), including omega-3 (n-3) and omega-6 (n-6) FAs have pleiotropic effects with many 

metabolic benefits such as improving the immune system, the cardiovascular, and the 

neurologic health in mammals (Ruxton et al., 2004). The influence of lipids on the immune 

response in mammals is multifaceted, and majority of the studies point towards the beneficial 

effects of long chain fatty acids (LC-FAs) in immunity. However, the mode of action that PUFAs 

use to modulate innate immunity and also the effects of PUFA deficiencies on innate immune 

functions still needs more studies. Thus far, discoveries made through the use of different 

model organisms have made a significant impact on human medicine. For instance, research 

using Caenorhabditis elegans has played a crucial in investigating the genetic pathways 

underlying signal transduction pathways, longevity, and programmed cell death that transpire 

during development and carcinogenesis (Corsi et al., 2015). Interestingly, this research has 

thus resulted in the discovery of novel therapeutics and drug targets in humans. In addition to 

these benefits observed in disease control and prevention, to date, most of the natural PUFAs 

are becoming increasingly relevant as antimicrobial agents (Desbois and Smith, 2010). For 

instance, significant antimicrobial activities of purified linoleic acid (LA, 18:2n-6), arachidonic 

acid (AA, 20:4n-6), eicosapentaenoic acid (EPA, 20:5n-3), and docosahexaenoic acid (DHA, 

22:6n-3), have been reported against various pathogenic bacteria including Neisseria 

gonorrhoeae (Bergsson et al., 1999), Staphylococcus aureus (Shin et al., 2007), 

Pseudomonas aeruginosa (Tiesset et al., 2009), Burkholderia cenocepacia (Mil-Homens et 

al., 2010), and Helicobacter pylori (Correia et al., 2012).  

Recent studies indicate that FAs also hold great potential as antibiofilm agents, as many FAs 

have been identified to selectively inhibit or disrupt the formation of biofilms by various 

microbial pathogens, including Candida albicans (Murzyn, et al., 2010; Muthamil, et al., 2018; 

Prasath et al., 2019), S. aureus (Davies and Marques, 2009; Kim et al., 2018), P. aeruginosa 

(Inoue et al., 2008; Wenderska et al., 2011), Serratia marcescens, B. cenocepacia, and Vibrio 

spp. (Santhakumari et al., 2017; Ramanathan et al., 2018; Cui et al., 2019). Moreover, in vivo 

studies using a mouse model, demonstrated that an oral supplementation with n-3 FAs can 

also be effective at controlling microbial infections (Tiesset et al., 2009; Caron et al., 2015). 

Although these and other studies suggest important roles of LC-PUFAs in pathogenesis, the 

influence of these LC-PUFAs on C. albicans and P. aeruginosa polymicrobial infections 

remains unstudied. To address this lack of functional evidence, we used C. elegans as an 
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infection model and analysed the influence of FA supplementation on monomicrobial and 

polymicrobial infections of C. albicans and P. aeruginosa. 

 

3. Materials and methods  

3.1. Strains used  

Caenorhabditis elegans glp-4; sek-1 hermaphrodites, obtained from the Caenorhabditis 

Genetic Centre, 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 as food source, using the technique previously described 

by Brenner (1974). In all experiments, we used E. coli OP50 as our control. Candida albicans 

SC5314 was maintained 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, while P. aeruginosa PAO1 was maintained 

in Luria Bertani (LB) broth (10 g/L sodium chloride, 5 g/L yeast extract, 10 g/L tryptone) at 37 

°C.  

 

3.2. Chemotaxis behaviour of nematodes  

Synchronisation of the nematodes for the chemotaxis assays was performed as previously 

described (Wood, 1987). The chemotaxis assay protocol was adapted from Margie et al. 

(2013). Briefly, the assay was performed in 5 cm petri dishes, containing 12 ml of NGM agar. 

Each petri dish was divided into 4 quadrants. During the assay, 8 µl of nematodes, washed 

with M9 buffer (6 g/L Na2HPO4, 3 g/L KH2PO4, 5 g/L NaCl, 0.25 g/L MgSO4.7H2O) were 

transferred with a pipette to a 6 mm radius inner circle region of the plate. Stock solutions of 

0.1 M eicosapentaenoic acid (EPA) and arachidonic acid (AA) sodium salts (Sigma-Aldrich) 

were prepared in ethanol and diluted in ethanol to 0.01 mM AA or EPA. Thereafter, 2 µl of the 

test compounds were spotted on two opposite quadrants of the petri dish and 2 µl diluted 

ethanol control was spotted on the two remaining quadrants. All spots also contained 2 µl of 

0.5 M sodium azide (Sigma-Aldrich), which was used as an anaesthetic to retain the 

nematodes. Nematodes were allowed to roam for 1 h and 24 h before quantifying the results. 

Nematodes were excluded from the analysis if they failed to clear the inner circle, were sitting 

on the marked lines or less than 2 body lengths away from those lines. Nematodes that were 

located on the edges or walls of the plates were counted as part of the corresponding 

quadrant. For each experiment, a chemotaxis index (CI) was calculated using the following 

formula:  
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CI = (number of nematodes in both test quadrants - number of nematodes in both control 

quadrants)/(total number of scored nematodes).  

A score of +1.0 corresponds to maximal attraction, whereas a score of -1.0 means total 

repulsion, and results close to 0 indicate a lack of response to the compound. Chemotaxis 

assays were performed in triplicate for each condition, and indexes for each replicate were 

calculated.  

 

3.3. Fatty acid supplementation of nematodes 

Nematode Growth Medium (NGM) agar was prepared with addition of 10 ml of 0.1% Tergitol 

(NP-40), which allows for even distribution of FAs through the entire plate and more efficient 

uptake of the FAs by E. coli and the nematodes (Deline et al., 2013). Agar was cooled to 45-

50 °C and 0.01 mM of either AA or EPA sodium salt was added slowly. Plates were poured 

immediately, covered to dry in the dark for 24 h, thereafter seeded with E. coli OP50, and 

incubated for 24 h in the dark at room temperature. Synchronized L4 C. elegans nematodes 

that were grown for 4 days on NGM agar plates with or without 0.01 mM FAs, seeded with E. 

coli OP50, were carefully harvested and washed three times with sterile M9 buffer. 

Subsequently, the nematodes were transferred into sterile petri-dishes containing 10 ml liquid 

medium (80% M9 buffer, 20% Brain Heart Infusion [(BHI) (7.8 g/L brain extract, 9.7 g/L heart 

extract, 2.5 g/L disodium phosphate, 2.0 g/L dextrose)] and 90 μg/ml kanamycin), thereafter 

incubated at 25 °C for 24 h.  

 

3.4. Influence of infection on fatty acid composition of supplemented nematodes 

In order to study the effect of infection, the same procedure as described in chapter 2 section 

3.3 and 3.4 was followed, with the only exception being that synchronised L4 nematodes were 

infected with either or both C. albicans and P. aeruginosa after growth on NGM with or without 

0.01 mM AA or EPA, seeded with E. coli OP50. Infections were carried out according to the 

modified C. elegans liquid medium killing assay protocol by Breger et al. (2007). For 

monomicrobial infections, roughly more than 500 washed synchronized L4 C. elegans 

nematodes, grown on sixty NGM agar plates with or without 0.01 mM FA sodium salt seeded 

with E. coli OP50, were placed on the centre of either C. albicans or P. aeruginosa lawn grown 

on BHI agar as well as the control nematodes then were incubated at 25 °C for 4 h. For 

polymicrobial infections, BHI agar plates with C. albicans infected nematodes were first 

incubated for 2 h at 25 °C, then washed off and further transferred to P. aeruginosa lawn 

grown on BHI plates and incubated for 2 h at 25 °C. After incubation, nematodes were carefully 
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washed off the BHI agar plates with 20 ml of sterile M9 buffer and transferred to 50 ml conical 

tube. Nematodes were thoroughly washed with M9 buffer four times. Any microbial 

contaminants, which may confound the infection process, were removed via sucrose floatation 

during the washing step (Jenkins, 1964). Subsequently, the nematodes were transferred into 

sterile petri-dishes containing 10 ml liquid medium (80% M9 buffer, 20% BHI, 90 μg/ml 

kanamycin) and were incubated at 25 °C for 24 h. Following incubation, nematodes were 

washed by centrifugation at 4000 g for 2 min, the supernatant gently aspirated, and the pellet 

containing the nematodes pulverised with a mortar and pestle to break open the nematodes 

for the release of their intracellular components. The total lipids of the nematodes were 

extracted overnight using chloroform/methanol (2:1 v/v) solvent system (Folch et al., 1957). 

Thereafter, the extract was filtered, and the solvent phase, containing the lipids was removed, 

dried under nitrogen and stored at -80 °C prior to analysis using gas chromatography (GC).  

 

3.5. 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 μm film thicknesses). All the analysis were performed using an initial isothermic period (40 

°C for 2 min). Thereafter, the temperature was increased at a rate of 4 °C/min to 230 °C. This 

was followed by an isothermic period of 230 °C for 10 min. The FAMEs were then dissolved 

in n-hexane then 1 μl was 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 

indixes of the extracted lipids of the control and supplemented was calculated as follows: 

Unsaturation Index = 1×[% monoenoic fatty acids] + 2×[% dienoic fatty acids] + 3×[% trienoic 

fatty acids] + 4×[% tetraenoic fatty acids] + 5×[% pentaenoic fatty acids] (Thibane et al., 2012). 
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3.6. Influence of infection on the survival of supplemented nematodes  

Roughly 400 to 500 washed synchronized L4 C. elegans nematodes, grown on sixty NGM 

agar plates with or without 0.01 mM AA or EPA seeded with E. coli OP50, were placed on the 

centre of either C. albicans or P. aeruginosa lawn grown on BHI agar. For monomicrobial 

infections, BHI agar plates with infected nematodes as well as control nematodes, feeding on 

E. coli OP50, were incubated at 25 °C for 4 h. While, for polymicrobial infections, BHI agar 

plates with C. albicans infected nematodes were first incubated for 2 h at 25 °C, then washed 

off and further transferred to P. aeruginosa lawn grown on BHI plates and incubated for 2 h at 

25 °C. 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 

60 to 70 nematodes were transferred into 2 ml of liquid medium (80% M9 buffer, 20% BHI, 90 

μg/ml kanamycin) 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 mechanical stimulation, they were considered 

dead and thus removed from liquid medium assay (Breger et al., 2007). 

 

3.7. Egg-in-worm assay 

The egg-in-worm (EIW) assay of the infected nematodes were carried out according to 

Gardner et al. (2013). Freshly grown C. albicans was inoculated into 5 ml of YPD broth then 

incubated at 37 °C overnight. Similarly, P. aeruginosa was inoculated into 5 ml of LB broth 

and incubated at 37 °C overnight. Cell densities were adjusted to final cell concentration of 

approximately l06 cells/ml. Lawns of either or both C. albicans and P. aeruginosa were 

prepared separately by plating 100 μl of the yeast or bacterial strains as 10 mm square lawns 

on a large (100 mm x 15 mm) BHI agar plate, then incubated at 37 °C for 24 h. Synchronized 

L4 C. elegans nematodes, growing on two large NGM agar plates supplemented with either 

AA or EPA and without FAs, thereafter, seeded with E. coli OP50 were washed off carefully 

with sterile M9 buffer. About 15 - 20 L4 C. elegans with and without FAs were picked and 

placed onto the centre of a lawn of either or both bacteria and yeast. Plates were then 

incubated for 40 h at 15 °C. A 20% bleach solution was prepared mixing a commercial bleach 

(6.0% sodium hypochlorite) with the appropriate volume of distilled water. Thereafter, 10 µl 

drops of bleach solution were added to ten distinct locations on a plastic petri dish lid. Using 

a pipette, one nematode was transferred into each bleach drop. The cuticle of the nematode 

was allowed to dissolve for approximately 10 min or until the nematode burst open, expelling 
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the eggs. The number of retained eggs was easily quantified by counting while viewing under 

Olympus stereo dissecting microscope.  

 

3.8. Statistical analyses  

All experiments were executed in triplicate and repeated three 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. The 

C. elegans survival was assessed using the Kaplan-Meier method and differences were 

determined with the log-rank test using OASIS 2 with statistical analyses performed using two-

way ANOVA with Bonferroni correction (Han et al., 2016). 

 

4. Results and Discussions  

4.1. The effect of long-chain polyunsaturated fatty acids on chemotaxis behaviour of 

C. elegans 

Several forms of behavioural plasticity have been reported in C. elegans such as chemotaxis 

which is used to assay C. elegans attraction from or avoidance towards soluble compounds 

(Wicks et al., 2000). As depicted in figure 3.1, we discovered that after time intervals of 1 h 

and 24 h, the nematodes were slightly attracted to ethanol (solvent control), with a CI of 

approximately 0.5. The near zero CI values obtained for AA [CI =  0.06±0.08 (1 h); CI =  -

0.08±0.05 (24 h)] and EPA [CI  =  0.02±0.06 (1 h); CI  =  0.07±0.10 (24 h)] were significantly 

different (P < 0.05) from the control values. As stated in literature, a + 1.0 score corresponds 

to maximal attraction, whereas a -1.0 score means total repulsion, and results close to zero 

indicate a lack of response to the compound (Margie et al., 2013). This indicates that the 

nematodes do not avoid either AA or EPA in this scenario. These results are important as they 

prevent skewing of the infection data by supplementation with these FAs, ensuring that 

supplementing FAs will not be avoided, resulting in lack of feeding by the nematodes.  
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Figure 3.1. Chemotaxis indexes calculated for Caenorhabditis elegans exposed to 

arachidonic acid (AA) or eicosapentaenoic acid (EPA) for 1 hour and 24 hours. Ethanol was 

used as a control. Values represents the mean of three independent experiments and error 

bars represents the standard deviations. Asterisk (*) indicate P < 0.05 compared to control.  

 

4.2. Influence of PUFA supplementation on nematode fatty acid profiles 

Fatty acid supplementation is an effective means to alter the FA composition of nematodes 

and can also be used to rescue defects in FA-deficient mutants (Deline et al., 2013). According 

to literature, supplementation of most FAs has no detrimental effects on wild-type nematodes 

(Brock et al., 2006; Webster et al., 2013; Deline et al., 2013). However, specific n-6 FAs, 

especially dihomo-gamma linolenic acid (20:3n-6), can permanently cause destruction of the 

germ cells of C. elegans (Brock et al., 2006; Webster et al., 2013; Deline et al., 2013). 

Therefore, given the previously observed link between altered FA profiles and infections in C. 

elegans, we investigated the potential of FAs to act as antimicrobial agents. We first tested 

the effect of AA and EPA sodium salts supplementation on the FA profiles of nematodes 

growing on E. coli OP50. We discovered that the total lipids of control unsupplemented 

nematodes had a higher unsaturation index compared to AA and EPA supplemented 

nematodes, although this difference was not statistically significant (Figure 3.2A). Moreover, 

the change in FA compositions of the nematodes was depicted in figure 3.2B, demonstrating 

that supplementation with AA and EPA changes the relative amount of PUFAs in the total 

lipids of the nematodes. Surprisingly supplementation with either AA or EPA did not increase 
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the FA composition percentages of these PUFAs in the nematodes, but caused a significant 

decrease in the relative percentage of EPA, with a concomitant increase in the relative 

percentage 18:2n-6 (P < 0.005) compared to unsupplemented nematodes (Figure 3.2B). 

Similar results were observed by Bouyanfif (2019), in wild-type nematodes, where 

supplementation with EPA did not cause any significant change in EPA composition, although 

a decreasing trend was seen for EPA as well as a non-significant increase in α-linolenic acid 

(18:3n-3) similar to our results. Noteworthy, supplementation of the C. elegans diet is limited 

by the ability of the bacterial food source, such as E. coli OP50, to take up and incorporate the 

FAs into their lipids.  

 

 

 

Figure 3.2. (A) Effect of arachidonic acid (AA) and eicosapentaenoic acid (EPA) 

supplementation on unsaturation index of Caenorhabditis elegans on Escherichia coli OP50. 

(B)  Effect of AA and EPA supplementation on fatty acid composition of major long chain fatty 
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acids of C. elegans, as determined by gas chromatography analysis. Values represents the 

mean of three independent experiments and error bars represents the standard deviations. 

Asterisk (*) indicate P < 0.05 compared to unsupplemented nematodes. 

 

4.3. Influence of infection on nematode fatty acid profiles 

We next examined the influence of infection on FA profiles of unsupplemented nematodes 

and nematodes supplemented with either AA or EPA. As depicted in figure 3.3A, in terms of 

the unsupplemented nematodes (as indicated in chapter 2 as well), infection by either or both 

C. albicans and P. aeruginosa caused a significant decrease in the relative percentage of 

EPA. The highest decrease was seen during co-infection with both pathogens (P = 0.0003). 

Interestingly for most of the other FAs, the changes due to C. albicans or P. aeruginosa single 

infection were not statistically significant (Figure 3.3A). By contrast, co-infection with both 

pathogens caused changes in most of the other FAs, especially a significant increase in the 

relative percentage of vaccenic acid (18:1n-7) (P = 0.0013) and 18:3n-3 (P = 0.030) (Figure 

3.3A). 

Research showed that the manipulation of lipid metabolism by supplementation of different 

dietary FAs can extend C. elegans lifespan (Qi et al., 2017; Papsdorf and Brunet, 2018). One 

of the mechanisms which dietary FAs influence lifespan is through the activation of 

transcription factor network (Qi et al., 2017). For example, supplementation with 18:3n-3 

extends lifespan of C. elegans through the NHR-49/PPARα and the SKN-1/NRF transcription 

factors regulation (Qi et al., 2017). The 18:3n-3 directly binds to NHR-49 thus activating it, 

while also it indirectly leads to the activation of SKN-1/NRF via its hydroxylated or peroxidised 

counterparts such as 9-hydroperoxyoctadeca-10, 12, 15-trienoic acid [9(S)-HpOTrE] (Qi et al., 

2017). In addition, the role of monounsaturated fatty acids (MUFAs), such as 18:1n-7, was 

revealed through studies done by Han and colleagues (2017). They revealed that MUFAs, 

palmitoleic acid (16:1n-9) and 18:1n-7, were significantly elevated at all stages of C. elegans 

life cycle tested. The accumulation of these MUFAs was necessary for the lifespan extension 

of trimethylation of lysine 4 on histone H3 (H3K4me3) methyltransferase deficient nematodes 

(Han et al., 2017). Moreover, dietary supplementation of individual MUFAs [16:1n-9, 18:1n-7 

or oleic acid (18:1n-9)] was sufficient to extend lifespan. Thus both 18:1n-7 and 18:3n-3 may 

be important in survival of C. elegans.  

Furthermore, in our studies, we observed an overall similar trend in changes in FA profiles of 

infected nematodes, regardless of FA supplementation (Figure 3.3B and 3.3C). The data 

indicates that infection with C. albicans alone has minimal effect on the relative percentages 

of the AA- and EPA supplemented nematodes, compared to the unsupplemented nematodes. 
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However, similar to the unsupplemented nematodes, the most significant changes in FA 

profiles were observed for infections by either P. aeruginosa alone, or in combination with C. 

albicans. These changes entailed significant decreases in relative percentage of stearic acid 

(18:0), 18:1n-9, 18:2n-6 and 20:5n-3, and significant increases of palmitic acid (16:0), 16:1n-

9 and again especially 18:1n-7 (Figure 3.3B and 3.3C). The significant decreases in relative 

percentage of 18:0 and 18:1n-9 were interesting. Previously, Nandakumar et al. (2008) 

showed that two PUFAs, γ-linolenic acid (18:3n-6) and 18:0, are required for the basal 

expression of innate immune effectors and pathogen resistance in C. elegans. Anderson and 

colleagues (2019) further showed that 18:1n-9 is necessary for innate immune activation and 

resistance to bacterial infection in a manner distinct from the effects of 18:0 and 18:3n-6. In 

addition, although it was discovered that 18:1n-9 is sufficient to extend the lifespan of 

nematodes that were grown under standard laboratory conditions, treatment with 18:1n-9 was 

not sufficient to provide protection during bacterial infection, but was required for proper 

immune gene transcription (Han et al., 2017; Anderson et al., 2019). Specifically, 18:1n-9 is 

important for the pathogen-mediated induction of immune effectors that are downstream of 

the p38 mitogen-activated protein kinase PMK-1 (p38 MAPK PMK-1) pathway and for genes 

that are regulated by the bZIP transcription factor ZIP-2, which functions independently of the 

canonical PMK-1 pathway to mediate an early transcriptional response to P. aeruginosa 

infection (Estes et al., 2010). Consistent with these data Anderson et al. (2019) 

supplementation studies indicated that 18:1n-9 treatment itself does not activate immune gene 

transcription. Thus, 18:1n-9 is unlikely to be a signal of immune activation in C. elegans, but 

rather functions as a licensing factor for the elaboration of anti-pathogen responses (Anderson 

et al., 2019). Disruption of 18:1n-9 biosynthesis alters membrane fluidity, which has pleiotropic 

consequences on membrane-bound organelles, including activating stress pathways 

associated with endoplasmic reticulum dysfunction (Hou et al., 2014). Indeed, alterations of 

membrane fluidity have been linked to activation of G protein-coupled receptors (Yang et al., 

2005; Bodhicharla et al., 2018). Thus, changing the 18:1n-9 content in C. elegans may 

modulate the ability of the host to mount protective defence responses, either directly or by 

disrupting lipid-protein interactions that are essential for immune pathway activation. These 

findings present a previously unappreciated link between a highly abundant FA and immune 

activation, which may represent an ancient connection between body energy stores and 

susceptibility to bacterial infection.  
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Figure 3.3. Effect of infection on fatty acid profiles of (A) unsupplemented nematodes, (B) 

nematodes supplemented with arachidonic acid (AA) and (C) nematodes supplemented with 

eicosapentaenoic acid (EPA). Values represents the mean of three independent experiments 

and error bars represents the standard deviations. Asterisk (*) indicate P < 0.05 compared to 

uninfected nematodes.  
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4.4. The influence of supplemented long-chain polyunsaturated fatty acids on 

susceptibility to infection 

4.4.1. Eicosapentaenoic acid supplementation influences survival of C. albicans-

infected nematodes by inhibiting hyphal formation 

Fatty acid metabolism is known to play an important role in many physiological and 

pathological processes (Anderson et al., 2019). Furthermore, previous studies showed that a 

large number of lipid molecules, such as FAs and eicosanoids can modulate the yeast to 

hyphal transition in C. albicans (McLain et al., 2000; Noverr and Huffnagle, 2004; Clement et 

al., 2007; Murzyn et al., 2010). For instance, FAs, including butyric, capric, lauric, palmitoleic, 

oleic, linoleic, conjugated linoleic, and AA inhibited the yeast to hyphal transition induced under 

various conditions (McLain et al., 2000; Noverr and Huffnagle, 2004; Clement et al., 2007; 

Murzyn et al., 2010). To elucidate the role of PUFAs in C. elegans response to C. albicans, 

nematodes were raised in the presence of dietary supplied AA and EPA and infected with the 

yeast. Figure 3.4 and Table 3.1 show the results and statistical analysis of the completed 

lifespan assays. We observed that the survival of AA supplemented nematodes, infected with 

C. albicans SC5314, was not significantly different from unsupplemented, infected nematodes 

(P = 1) (Figure 3.4A). C. albicans SC5314 infection caused death in 50% of the nematodes 

after 2 days and 100% mortality after 7 days. However, EPA supplementation, prior to infection 

with C. albicans SC5314, significantly extended the time needed to kill 50% of the nematodes 

to 4 days, although it did not influence the time needed to kill 100% of the nematodes (Figure 

3.4A). This indicates that although the changes in FA profiles caused by EPA supplementation 

are similar to those caused by AA supplementation, EPA supplementation, in contrast to AA 

supplementation, influences the early stages of infection in this model. This is important since 

Pukkila et al. (2009) reported that, during the first 48 h of infection, more than half of the 

nematodes died and all had hyphae piercing through the cuticle of the nematodes. This was 

followed by a second phase of slower killing by C. albicans without the production of hyphae. 

We therefore speculated that supplementation with EPA, may influence the ability of C. 

albicans to form hyphae and initiate this first rapid killing phase of the infection. Upon closer 

inspection, it was seen that, during the first 2 days there was hyphal production in AA 

supplemented nematodes infected with C. albicans SC5314 (although less than in 

unsupplemented nematodes), and thus rapid death of nematodes (Figure 3.4C). This was 

followed by the slower killing phase with the absence of hyphae, similar to results of 

unsupplemented nematodes infected with C. albicans SC5314 (Figure 3.4B). Strikingly, no 

hyphal formation was observed in EPA supplemented nematodes infected with C. albicans 

SC5314 (Figure 3.4D), indicating that EPA supplementation either affects hyphal production 

Chapter 3 



 

106 | P a g e  
 

by C. albicans directly or influences C. elegans via as yet unknown mechanism to indirectly 

inhibit hyphal formation by the yeast. 

In C. albicans, the switching of yeast cells to hyphal cells is considered to play an important 

role in biofilm formation and the pathogenesis of fungal infections (Chandra et al., 2001; 

Douglas, 2003). Recently, several medium chain FAs were reported to inhibit hyphal growth 

in C. albicans (Lee et al., 2020; Kim et al., 2021). Kim and co-workers (2021) discovered that 

saw palmetto oil, lauric acid (12:0) and myristic acid (14:0) substantially suppressed the hyphal 

transition, while untreated control cells were predominantly hyphal cells. Moreover, Lee and 

co-workers (2020) reported that 12:0 inhibited C. albicans biofilm formation by down-

regulation of several hyphal and biofilm-related genes. Also, it was reported that 14:0 inhibited 

biofilm and hyphal formation by C. albicans, probably targeting several proteins involved in 

ergosterol synthesis, sphingolipid metabolism, multidrug resistance and the oxidative stress 

(Prasath et al., 2019). As expected, C. elegans survived well with E. coli OP50, which is a 

common food source for the nematode, while the lifespan of C. elegans was much decreased 

in the presence of C. albicans (Kim et al., 2021). However, saw palmetto oil, 12:0 and 14:0 

were found to markedly prolong C. elegans survival in the presence of C. albicans (Kim et al., 

2021). 
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Figure 3.4. (A) Candida albicans killing of Caenorhabditis elegans supplemented with fatty 

acid (FA) sodium salts. The survival of nematodes with [arachidonic acid (AA) or 

eicosapentanoic acid (EPA)] or without FAs were significantly reduced when exposed to C. 

albicans SC5314 compared to Escherichia coli OP50 control (P < 0.05). Unsupplemented 

nematodes are more susceptible to killing by C. albicans (P < 0.01). The EPA supplementation 

significantly rescued the initial susceptibility to pathogen within 4 days of infection. Significance 

was determined using Kaplan-Meier survival curves and log-rank tests. Statistical analyses 

performed using two-way ANOVA with Bonferroni correction (P < 0.05). Dotted line represents 

50% killing of C. elegans. (B) C. albicans SC5314 infected nematodes with hyphal production. 

(C) AA supplemented C. albicans SC5314 infected nematodes with hyphal production. (D) 

EPA supplemented C. albicans SC5314 infected nematodes with no hyphal production. Scale 

bars represent 200 µm. 
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Table 3.2. Effect of C. albicans on lifespan of fatty acid supplemented nematodes C. elegans. 

Conditions 

Median 

lifespan 

(Days) 

Standard error 

(S. E.) 

Days to 

reach 50% 

survival 

Log-rank test P-
value 
(Bonferroni P-value) 

Unsupplemented nematodes with 

E. coli OP50 

6.94 0.03 - - 

AA supplemented nematodes with 

E. coli OP50 

6.67 0.07 

 

- 0.0003a 

EPA supplemented nematodes with 

E. coli OP50 

6.98 0.02 - 1.000a 

Unsupplemented nematodes with 

C. albicans SC5314 

2.79 0.12 2.00 < 0.001a 

AA supplemented nematodes with 

C. albicans SC5314 

3.07 0.17 3.00 < 0.001a; 1.000b 

EPA supplemented nematodes with 

C. albicans SC5314 

4.02 0.07 4.00 < 0.001a; < 0.001b 

a comparison to unsupplemented E. coli OP50, b comparison to unsupplemented C. albicans 

SC5314. 

 

4.4.2. Fatty acids modulate the survival of bacterially infected nematodes 

We analysed the effect of supplementation with AA and EPA on P. aeruginosa PAO1 infected 

nematodes. Results show that 50% of unsupplemented nematodes, infected by P. aeruginosa 

died within 2 days and 100% died within 6 days (Figure 3.5 and Table 3.2). Although EPA 

supplementation seemed to enhance survival of C. elegans infected with C. albicans (Figure 

3.4A), this was not the case for nematodes infected with P. aeruginosa PAO1 (Figure 3.5). In 

fact, EPA supplemented nematodes infected with P. aeruginosa were more susceptible and 

had 100% mortality within 5 days (Figure 3.5), compared to 6 days for unsupplemented and 

AA-supplemented nematodes. Supplementation of AA significantly extended the time needed 

to kill 50% of the nematodes to 3 days, although it did not influence the time needed to kill 

100% of the nematodes compared to unsupplemented P. aeruginosa infected nematodes 

(Figure 3.5). Overall, the dietary supplementation of either AA or EPA to nematodes did have 
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an influence on nematodes susceptibility to P. aeruginosa, confirming that this 20-carbon 

PUFAs do have detectable roles in susceptibility to this pathogen.  

 

Previous studies demonstrated that FA supplementation have diverse roles in pathogenic 

bacterial susceptibility (Nandakumar and Tan, 2008; Anderson et al., 2019). For instance, 

using the C. elegans-P. aeruginosa host-pathogen model, it is demonstrated that Δ6 

desaturase is required for basal innate immunity in vivo, through 18:3n-6 and stearidonic acid 

(18:4n-3), but not AA and EPA (Nandakumar and Tan, 2008). Furthermore, evidence 

supported the hypothesis that deficiencies in 18:3n-6 and 18:4n-3 result in increased 

susceptibility to P. aeruginosa bacterial infection, which is linked to reduced basal expression 

of numerous immune-specific genes encoding antimicrobial peptides (Nandakumar and Tan, 

2008). Therefore, this renders 18:3n-6 and 18:4n-3 vital in maintaining basal activity of the 

p38 mitogen-activated protein kinase pathway, which functions in protecting most metazoan 

animals from various infections, and also from oxidative stress (Nandakumar and Tan, 2008). 

Recently, Anderson and co-workers (2019), demonstrated that oleate is essential for the 

activation of innate immune and resistance to bacterial infection in a distinctive manner 

compared to the effects of 18:3n-6  and 18:4n-3. For instance, exogenous oleate was unable 

to rescue the enhanced susceptibility of the fat-3(wa22) mutant to pseudomonal infection 

(Anderson et al., 2019). Moreover, the fat-6 and fat-7 seemed to have an effect on pathogen 

susceptibility through oleate production, however independent of PUFA biosynthesis via fat-2 

or fat-3 enzymes (Anderson et al., 2019). In Staphylococcus aureus, several FAs such as 

16:0, 18:1n-9, 18:2n-6, eicosadienoic acids (20:2n-6), 22:6n-3 and EPA at sub-minimum 

inhibitory concentration levels, inhibited biofilm formation and haemolytic activity in S. aureus 

(Kim et al., 2018; Kumar et al., 2020). Moreover, Kim et al. (2021) discovered that palmetto 

oil, 12:0 and 14:0 reduced virulence of S. aureus in C. elegans and exhibited minimal 

cytotoxicity. 
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Figure 3.5. Pseudomonas aeruginosa killing of Caenorhabditis elegans supplemented with 

fatty acid (FA) sodium salts. The lifespan of C. elegans is decreased significantly in the 

presence of P. aeruginosa PAO1 compared to Escherichia coli OP50. The FAs 

supplementation had a significant effect on the survival of infected nematodes. Significance 

was determined using Kaplan-Meier survival curves and log-rank tests. Statistical analyses 

performed using two-way ANOVA with Bonferroni correction. Dotted line represents 50% 

killing of C. elegans. 

 

Table 3.3. Effect of P. aeruginosa on lifespan of fatty acid supplemented nematodes C. 

elegans. 

Conditions  

Median 

lifespan 

(Days) 

Standard 

error 

(S. E.) 

Days to 

reach 50% 

survival 

Log-rank test P-
value 
(Bonferroni 
P-value) 

Unsupplemented nematodes with 

E. coli OP50 

6.94 - - - 

AA supplemented nematodes with 

E. coli OP50 

6.67 - - < 0.001a 

EPA supplemented nematodes with 

E. coli OP50 

6.98 - - 1.000a 
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Unsupplemented nematodes with 

P. aeruginosa PAO1 

2.48 0.13 2.00 < 0.001a 

AA supplemented nematodes with 

P. aeruginosa PAO1 

2.66 0.08 3.00 < 0.0001a; 1.000b 

EPA supplemented nematodes with 

P. aeruginosa PAO1 

1.72 0.05 2.00 < 0.001a; < 0.001b 

a comparison to unsupplemented nematodes with E. coli OP50, b comparison to 

unsupplemented nematodes with P. aeruginosa PAO1.  

 

4.4.3. Fatty acids modulate co-infection of infected nematodes survival  

Lastly, we determined if AA or EPA affects susceptibility in C. elegans infected with both C. 

albicans SC5314 and P. aeruginosa PAO1. Similar to P. aeruginosa infections of 

unsupplemented nematodes, we observed that supplementation with EPA significantly 

reduced the survival of nematodes infected with both P. aeruginosa and C. albicans (Figure 

3.6). Interestingly, in this case AA-supplementation increased the total time required to kill 

100% of the nematodes infected by both pathogens to 6 days, compared to 5 days in the case 

of unsupplemented and EPA-supplemented nematodes. This increased survival was not 

observed in AA-supplemented nematodes infected only with P. aeruginosa (Figure 3.5). 

Consistent with previous report, no hyphal production was observed during the co-infection of 

the nematodes with and without FA sodium salt supplementations. Noteworthy, at present FAs 

and FAs salts are known to exhibit antibacterial effects on oral bacteria (Huang et al., 2011; 

Hara et al., 2021). Moreover, oral bacteria in a biofilm are also known to produce FAs that act 

as endogenous antibacterial agents, inhibiting the growth of other species in the biofilm and 

suppressing plaque formation (Hayes, 1984; Hojo, 2009). However, the mechanism behind 

antimicrobial activity of FA salts is still unclear. 
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Figure 3.6. Candida albicans and Pseudomonas aeruginosa co-infection killing of fatty acid 

supplemented nematodes over time. Significance was determined using Kaplan-Meier 

survival curves and log-rank tests. Statistical analyses performed using two-way ANOVA with 

Bonferroni correction.  Dotted line represents 50% killing of C. elegans.  

 

Table 3.4. Effect of C. albicans and P. aeruginosa co-infection on lifespan of fatty acid 

supplemented C. elegans. 

Conditions 

Median lifespan 

(Days) 

Standard 

error  

(S. E.) 

Days to reach 

50% survival 

Log-rank test P-
value 
(Bonferroni P-
value) 

Unsupplemented nematodes with 

E. coli OP50 

6.94 - - - 

AA supplemented nematodes with 

E. coli OP50 

3.16 - - 0.0003a 

EPA supplemented nematodes with 

E. coli OP50 

5.99 - - 1.000a 
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Unsupplemented nematodes with 

C. albicans SC5314 and P. 

aeruginosa PAO1 

          2.64 0.11 2.00 < 0.001a 

AA supplemented nematodes with 

C. albicans SC5314 and P. 

aeruginosa PAO1 

         1.84 0.05 3.00 < 0.001a; 1.000b 

EPA supplemented nematodes with 

C. albicans SC5314 and P. 

aeruginosa PAO1 

          2.40 0.10 2.00 < 0.001a; < 0.001b 

a comparison to unsupplemented E. coli OP50, b comparison to  unsupplemented C. albicans 

SC5314 and P. aeruginosa PAO1.  

 

4.5. Influence of PUFA supplementation on egg retention  

The purpose of this study was to better understand the influence of PUFAs on the response 

of nematodes to stress in a C. albicans-P. aeruginosa-C. elegans infectious model system. As 

was also seen in chapter 2, exposure to pathogens, causes a change in egg retention 

behaviour, which depended on the specific pathogen present and was most pronounced when 

the nematodes were exposed to both C. albicans and P. aeruginosa. Moreover, the observed 

high egg retention seen in the unsupplemented co-infection, correlates with the increased 

virulence of the unsupplemented co-infection observed in the liquid killing assay (Figure 3.7). 

Furthermore, consistent with these results, we observed an effect of PUFAs on the egg 

retention of the infected nematodes. Although there seems to be an increase in egg retention 

of both the uninfected and infected AA supplemented nematodes, it was not significantly 

different compared to unsupplemented uninfected and infected nematodes (Figure 3.7). This 

pattern suggested that these AA supplemented nematodes were unable to lay eggs efficiently 

despite the AA supplementation, thus suggesting that AA might not have a significant role in 

egg retention of infected nematodes. Interestingly, a more striking effect of the EPA is that 

there was a significant decrease in the egg retention of EPA supplemented nematodes with 

C. albicans SC5314 (P = 0.0007), P. aeruginosa PAO1 (P = 0.0002) and combined infection 

(P = 0.0047), compared to unsupplemented infected nematodes (Figure 3.7). Thus, revealing 

that the EPA may have a significant effect on the egg retention of C. elegans and pathogenesis 

of C. albicans and P. aeruginosa. Also, this proves that EPA does have an effect on egg laying 

of nematodes especially in the presence of pathogens. Taking into consideration that research 

shows that the number of eggs in the uterus is a function of both the rate of egg production 

and the rate of egg laying (Schafer, 2005; Gardner et al., 2013). It can also be speculated that 

Chapter 3 



 

114 | P a g e  
 

this varied effect may be due to the expression of different virulence factors in each strain. 

The exact mechanism by which these pathogens affect nematode egg retention requires 

further studies. 

 

 

Figure 3.7. Egg-in-worm assay of fatty acid supplemented Caenorhabditis elegans infected 

with Candida albicans and Pseudomonas aeruginosa. Nematodes exposed to either or both 

C. albicans SC5314 and P. aeruginosa PAO1 showed an increased level of egg retention 

compared to nematodes fed Escherichia coli OP50 control strain. While arachidonic acid (AA) 

supplemented nematodes infected with either or both pathogens showed an increased level 

of egg retention, eicosapentanoic acid (EPA) supplemented infected nematodes showed a 

decreased egg retention. Each experiment was performed on triplicate on different days on 

ten nematodes each. Asterisk (*) indicate significant difference (P < 0.05; Student's t-test).  

_________________________________________________________________________ 

 

Noteworthy, the functions of n-3 and n-6 PUFAs in oocytes and embryo development of C. 

elegans are still under debate. It is likely that PUFAs are required for multiple processes to 

ensure optimum reproductive output. One process involves signalling molecules derived from 

PUFAs that are required in the female germ line for sperm guidance toward oocytes (Figure 

3.8) (Kubagawa et al., 2006; Watts and Browse, 2006; Edmonds et al., 2010; 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 to 
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guide the sperm under the regulation of the insulin signalling in the intestine and TGF-β 

pathway in sensory neurons, thus to completely control the output of reproduction (Kubagawa 

et al., 2006; Edmonds et al., 2010; Hoang et al., 2013; McKnight et al., 2014). Fascinatedly, 

both signalling pathways respond when conditions are favourable such as during food 

availability. However, during food scarcity, there is reduction in the biosynthesis of 

prostaglandin, thus leading to reduced effectiveness of sperm localizing the fertilization site, 

eventually decreasing the rate of fertilization. Moreover, when wild-type males were mated to 

fat-2 mutants, which are unable to synthesize PUFAs, the sperm failed to migrate toward the 

spermatheca, the region of the uterus where fertilization occurs (Kubagawa et al., 2006). 

However, when fat-2 mutants were provided dietary 20-carbon PUFAs, either n-3 or n-6 

species, sperm migration greatly improved (Kubagawa et al., 2006). Therefore, in this study, 

it is likely that the observed release of eggs of infected and uninfected nematodes 

supplemented with EPA were influenced by this process, thus promoting sperm movement to 

the fertilization site, eventually increasing the rate of fertilisation and release of eggs from the 

nematodes.  

  

 

Figure 3.8. Guidance of sperm to the in spermatheca for egg fertilization in Caenorhabditis 

elegans by eicosanoids, F-PGs. In the intestines, DAF-16/FOXO promotes biosynthesis of 

PUFA (AA or EPA) through increased fat-family genes expression. The PUFAs regulates DAF-

16 negatively to promote oocyte yolk endocytosis and PG synthesis. Then GPL-containing 

yolk translocates to oocytes in order to synthesize F-PGs that facilitates in sperm guidance. 
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Intercellular transportation of lipid molecules such as GPLs and F-PGs are indicated by red 

arrows. Abbreviations: AA, arachidonic acid; EPA, eicosapentaenoic acid; F-PGs, F-series 

prostaglandins; GPL, glycerophospholipid; OL, oleic acid (Mokoena et al., 2020). 

  

 

5. Conclusions 

Caenorhabditis elegans is one of the adaptable model organisms which offers many 

experimentally desirable traits. Within this model system, we were successfully able to 

address important questions that may lead to alternative solution to finding potential 

antimicrobial for polymicrobial infections. In summary, our results demonstrate that 20-carbon 

PUFAs, AA and EPA, appear to have minimal effects on the infection response to C. albicans 

and P. aeruginosa clinical isolates. In particular, supplementation with EPA resulted in a 

partially reduced C. albicans virulence in a nematode infection model. Moreover, our 

observation of EPA supplementation inhibiting hyphal production of C. albicans suggests that 

EPA might in particular have altering function that is required for inhibition of yeast to hyphal 

transition. The identification of these EPA targets might lead to the discovery of additional 

inhibitors of fungal morphogenesis with broader application. Moreover, non-toxic molecules 

such as FAs that are able to inhibit yeast to hyphal conversion and hyphal growth of C. 

albicans might result in us understanding the pathogenic fungal morphogenesis and may 

serve as templates for the development of novel antifungal agents. In addition, guided by the 

previously observed link between altered FA profiles and infections, we sought to investigate 

the potential of PUFAs to act as an antimicrobial agent in conjunction. We observed that 

despite these alterations in FA composition, survival on these supplements was not sufficient 

to rescue the nematodes from infection. Although our results from the gas chromatography 

analysis indicates that AA and EPA have significant effect on the FA profiles of both the mono- 

and polymicrobial infections of C. elegans by bacterial and fungal pathogens, but not on 

survival, we cannot not rule out other, as yet unidentified, roles for these 20-carbon FAs in the 

pathogenesis. Therefore, to address the functions of these molecules, we will need to 

generate C. elegans mutants depleted of LC-PUFAs and analysed their functions. This 

system could be used as a basis for the development of novel antimicrobial approaches to 

prevent microbial infections. Moreover, this research will hopefully shed some light on the 

growing area of research of interkingdom communication. 
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1. Abstract 

The intake of omega-3 polyunsaturated fatty acids (n-3 PUFAs), such as eicosapentaenoic 

acid (EPA) and docosahexaenoic acid (DHA), is associated with manifold health benefits. 

However, the mechanism(s) of action and the molecular species or metabolite(s) responsible 

for the protective roles of the EPA in particular remain largely obscure. We examined how 

EPA could affect Candida albicans virulence in the Caenorhabditis elegans infection model, 

an alternative to mammalian host models. Our hypothesis is that one or more cytochrome 

P450 (CYP450) metabolise EPA to 17,18-epoxyeicosatetraenoic acid (17,18-EpETE; the 

most abundant CYP eicosanoid in C. elegans), which inhibits C. albicans hyphal formation. 

Therefore, to test the hypothesis, we treated C. albicans cells, both in vitro and in vivo using 

C. elegans, with 17,18-EpETE. It was observed that 17,18-EpETE could reduce hyphal 

formation in vitro. Strikingly, 17,18-EpETE supplemented nematodes contained only C. 

albicans yeast cells in the gut, suggesting that 17,18-EpETE treatment inhibited the yeast to 

hyphal conversion, thus inhibiting the formation of invasive hyphae by C. albicans. We further 

examined our hypothesis by testing if inhibitors of mammalian EPA-metabolizing CYP450s, 

17-octadecynoic acid (17-ODYA) and 6-(2-propargyloxyphenyl)hexanoic acid (PPOH), could 

inhibit the C. elegans CYP450 activity and restore C. albicans hyphal formation. Indeed, the 

exogenously administered 17-ODYA and PPOH, significantly restored hyphal formation in C. 

albicans infected C. elegans. In order to gain a better understanding of the influence of EPA 

on the fatty acid (FA) metabolism and immune response of C. elegans, we studied the 

expression of C. elegans genes previously implicated in FA metabolism and immune 

response. Furthermore, to identify the effect of EPA on C. albicans hyphal formation in C. 

elegans, we also investigated genes involved in C. albicans hyphal formation. Using 

Nanostring (nCounter®), we observed differential expression of genes under the different 

conditions. This finding would provide the opportunity to use C. elegans as a model organism 

to facilitate the identification of the FAs with antimicrobial properties and the elucidation of 

signalling pathways mediating their physiological functions. 

 

Key words: Eicosapentaenoic acid, Candida albicans, Caenorhabditis elegans, cytochrome 

P450, 17,18-epoxyeicosatetraenoic acid, 17-octadecynoic acid, 6-(2-

propargyloxyphenyl)hexanoic acid, Nanostring 
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2. Introduction 

Fatty acids (FAs) are not just important cellular structural components but are also important 

energy sources for mammals and have been suggested to be potential alternative 

antimicrobial agents (Desbois and Smith, 2010; Yoon et al., 2018). Recently, several studies 

reported that FAs exhibit anti-hyphal and antibiofilm activities at concentrations less than their 

minimum inhibitory concentrations (Kumar et al., 2020). For example, several FAs such as 

capric acid (10:0) and lauric acid (12:0) inhibit the growth of planktonic Candida cells 

(Bergsson et al., 2001), while butanoic acid (4:0), stearidonic acid (18:4n-3), eicosapentaenoic 

acid (EPA; 20:5n-3), docosapentaenoic acid (22:5n-6) and conjugated linoleic acid inhibit 

hyphal growth by Candida albicans (Noverr and Huffnagle, 2004; Murzyn et al., 2010; Shareck 

et al., 2011; Thibane et al., 2012; Muthamil et al., 2018; Prasath et al., 2019). Candida albicans 

has the ability to grow as either yeast or hyphae, and each form respectively contributes to its 

pathogenesis (Lo et al., 1997; Braun and Johnson, 1997; Cao et al., 2006). For instance, the 

yeast cells of C. albicans yeast can colonize mucosal surfaces thus facilitating the 

dissemination of the microrganism through the blood stream (Gow et al., 2002; Saville et al., 

2003; Rosenbach et al., 2010). Hyphae, by contrast, are important for host invasion and tissue 

destruction (Lo et al., 1997; Berman and Sudbery, 2002; Saville et al., 2003; Kumamoto and 

Vinces, 2005). The factors that influence these diverse growth patterns during infection are 

poorly understood, but it is clear that innate immune mechanisms in mammalian epithelial 

cells normally prevent C. albicans from becoming a pathogen (Gantner et al., 2005; Moyes et 

al., 2010). Importantly, hyphal morphogenesis in C. albicans is tightly controlled by dozens of 

transcription factors that contribute to the activation or repression of the hyphal transcriptional 

program (Villa et al., 2020). 

 

In our previous chapter, we showed that supplementation with EPA resulted in significant 

changes in FA profiles during infection of C. elegans. We also showed that EPA 

supplementation resulted in a partially reduced C. albicans virulence by influencing the early 

stages of infection in C. elegans. Moreover, EPA supplementation also inhibited hyphal 

formation of C. albicans. A new class of anti-allergic and anti-inflammatory lipid metabolite, 

17,18-epoxyeicosatetraenoic acid (17,18-EpETE), synthesized from EPA through the 

enzymatic activity of cytochrome P450 (CYP450), has recently been identified in the control 

of allergic and inflammatory diseases in the skin and gut (Kunisawa et al., 2015; Serhan, 2017; 

Saika et al., 2019). However, the activity of EPA metabolite, 17,18-EpETE towards fungal 

infections has not been studied. In concent with this, our hypothesis is that major CYP450 

epoxygenase isoforms preferentially metabolize EPA to 17,18-EpETE and that 17,18-EpETE 

plays a role in the inhibition of C. albicans hyphal formation (Figure 4.1). The current study 
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was undertaken to determine the effect of EPA on C. albicans hyphal formation and gene 

expression. To achieve this aim, we uncover the role of EPA in C. albicans infected C. elegans.  

We therefore wished to address the question of whether 17,18-EpETE alters the hyphal 

formation of C. albicans both in vitro and in vivo using C. elegans. We also determined the 

influence of EPA-metabolizing CYP450 enzymes inhibitors, 17-ODYA and PPOH. Nanostring 

(nCounter®) was used to confirm differential expression of selected genes in EPA 

supplemented and unsupplemented nematodes infected with C. albicans. We investigated the 

influence of EPA on C. albicans hyphal formation genes. We also used gene expression 

profiles of nematodes during an infection with C. albicans to define the antifungal immune 

response genes in the nematodes. Studies have also shown that many of the C. albicans 

genes required for virulence in murine models of infection are also required for virulence in 

nematodes (Nobile et al., 2008; Pukkila-Worley et al., 2009). For example, RIM101, a C. 

albicans transcription factor required for alkaline-induced hyphal growth, is required for both 

virulence in murine oropharyngeal candidiasis and virulence in C. elegans (Nobile et al., 2008; 

Pukkila-Worley et al., 2009). Other genes such as NRG1, CAS5, ADA2, CPH1 and EFG1 

have also shown to be required for virulence in both mice and nematodes (Pukkila-Worley et 

al., 2009; Ford et al., 2015). These studies clearly demonstrate that many of the conclusions 

drawn using this simpler organism remain valid in higher mammals, reiterating the utility of C. 

elegans as a model host for the study of infectious diseases. 

 

 

Figure 4.1. Hypothesis stating that cytochrome P450 (CYP450) activity metabolises 

eicosapentaenoic acid (EPA) to 17,18-epoxy eicosatetraenoic acid (17,18-EpETE), which 

inhibits Candida albicans hyphal formation. 
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3. Materials and methods  

3.1. Strains used  

Caenorhabditis elegans glp-4; sek-1 hermaphrodites, obtained from the Caenorhabditis 

Genetic Centre, 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 as food source, using the technique previously described 

by Brenner (1974). In all experiments, we used E. coli OP50 as our control. Candida albicans 

SC5314 was maintained 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.  

 

3.2. Influence of 17,18-epoxy eicosatetraenoic acid on germ tube formation in vitro 

Candida albicans yeast cells were grown on YPD agar plates and incubated at 37 °C 

overnight. Nematode broth was prepared by growing C. elegans until larva 4 (L4) stage on E. 

coli OP50 seeded NGM agar plates. Thereafter, nematodes from 10 to 15 plates were carefully 

harvested and washed three times with sterile M9 buffer (6 g/L Na2HPO4, 3 g/L KH2PO4, 5 g/L 

NaCl, 0.25 g/L MgSO4.7H2O). The nematode pellet was resuspended in 1.5 ml M9 Buffer, 

supplemented with glass beads (diameter 0.5 mm) and mechanically homogenized twice for 

15 min using a Disruptor Genie Analog Cell Disruptor. The suspension was filtered using 

sterile syringe filter with a 0.2 µm pore size (GVS Filter Technology) to obtain nematode broth. 

Triplicate sets of test tubes containing either 5 ml of foetal bovine serum or nematode broth 

were inoculated with 2-3 colonies of C. albicans. Cell densities were adjusted to final cell 

concentration of approximately l06 cells/ml. The cell suspension was supplemented with 0.01 

mM 17,18-epoxy eicosatetraenoic acid (17,18-EpETE) (Cayman Chemical) and incubated at 

37 °C for 4 h. The cells were washed three times and suspended in 5 ml of phosphate-buffered 

saline (PBS, pH 6.8). All samples were transferred to an ice bath at the end of the incubation 

period prior to microscopic observation. A drop of each suspension was placed on microscope 

slides for examination of germ tubes. Percentage germ tubes formation was determined 

(Vediyappan et al., 2013). 

 

3.3. Influence of 17,18-epoxy eicosatetraenoic acid on hyphal formation in vivo 

To test the effect of 17,18-EpETE on C. albicans hyphal formation, a non-mammalian host 

model C. elegans was used as reported by Tampakakis et al. (2008) with slight modifications. 
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Briefly, synchronized larva 3 (L3) C. elegans nematodes that were grown for 24 h on E. coli 

OP50 seeded NGM agar plates with 17,18-EpETE added directly to the bacterial food at a 

final concentration of 0.01 mM. Plates were then incubated for 24 h for L3 staged nematodes 

to reach L4 stage. Thereafter nematodes were carefully harvested and washed three times 

with sterile M9 buffer. Synchronised L4 nematodes were infected with C. albicans according 

to the modified C. elegans liquid medium killing assay protocol by Breger et al. (2007). 

Subsequently, 60 to 70 nematodes were transferred into 2 ml of liquid medium (80% M9 buffer, 

20% brain-heart infusion agar [(BHI, Sigma-Aldrich) (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)] and 90 μg/ml kanamycin) 

in a single well of a six-well tissue culture plate and incubated at 25 °C for 24 h. Nematodes 

were monitored daily for hyphal formation. 

 

3.4. Influence of CYP inhibitors on hyphal formation in vivo 

Nematode growth medium agar with 10 ml 0.1% Tergitol (NP-40) (Sigma-Aldrich) was 

supplemented with 0.01 mM of EPA (Sigma-Aldrich). Synchronized L2 C. elegans nematodes 

were grown for 24 h on NGM agar plates with or without 0.01 mM EPA, seeded with E. coli 

OP50 until they reached L3 stage. Thereafter, the L3 nematodes were carefully harvested and 

washed three times with sterile M9 buffer. L3 nematodes were transferred to fresh plates and 

pre-treated for 24 h with 17-octadecynoic acid (17-ODYA) or 6-(2-

propargyloxyphenyl)hexanoic acid (PPOH) (both from Cayman Chemicals) until they reached 

L4 stage. The compounds were added directly to the bacterial food at a final concentration of 

0.05 mM (Kulas et al., 2008; Kosel et al., 2011). L4 nematodes were infected with C. albicans 

according to the modified C. elegans liquid medium killing assay protocol by Breger et al. 

(2007). Subsequently, 60 to 70 nematodes were transferred into 2 ml of liquid medium (80% 

M9 buffer, 20% BHI, 90 μg/ml kanamycin) in a single well of a six-well tissue culture plate and 

incubated at 25 °C for 24 h. Nematodes were monitored daily for hyphal formation. 

 

3.5. Fatty acid supplementation and infection of nematodes for gene expression 

studies 

Nematode Growth Medium agar with 0.1% Tergitol (NP-40) was supplemented with 0.01 mM 

of EPA (Deline et al., 2013). Synchronized L4 C. elegans nematodes that were grown for 4 

days on 60 NGM agar plates with or without 0.01 mM EPA, seeded with E. coli OP50, were 

carefully harvested and washed three times with sterile M9 buffer. Synchronised L4 
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nematodes were infected with C. albicans according to the modified C. elegans liquid medium 

killing assay protocol by Breger et al. (2007). Approximately 500 washed synchronized L4 C. 

elegans nematodes, grown on 60 NGM agar plates with or without 0.01 mM FA sodium salt 

seeded with E. coli OP50, were placed on the centre of a C. albicans lawn grown on BHI agar 

as well as the control nematodes then were incubated at 25 °C for 4 h. After incubation, 

nematodes were carefully washed off the BHI agar plates with 20 ml of sterile M9 buffer and 

transferred to 50 ml conical tube. Nematodes were thoroughly washed with M9 buffer four 

times. Any remaining microbial cells were removed via sucrose floatation during the washing 

step (Jenkins, 1964). Subsequently, the nematodes were transferred into sterile petri-dishes 

containing 10 ml liquid medium (80% M9 buffer, 20% BHI, 90 μg/ml kanamycin) and were 

incubated at 25 °C for 24 h. Following incubation, nematodes were washed by centrifugation 

at 4000 g for 2 min, the supernatant gently aspirated from pellet and 2 ml RNAlater (Invitrogen) 

added to each sample to combat degradation of RNA. This was done in triplicate. Samples 

were frozen at -80 °C until RNA extraction. 

 

3.6. Total RNA extraction 

Samples were thawed on ice, centrifuged at 4000 g for 2 min to collect cells and RNAlater 

was aspirated. The nematode pellet was resuspended in 600 µl of lysis buffer (Zymo 

Research), supplemented with 1 volume of glass beads (diameter 0.5 mm) and mechanically 

homogenized twice for 15 min using a Disruptor Genie Analog Cell Disruptor. Total RNA was 

extracted from samples using Quick-RNA MiniPrep kit (Zymo Research), including removal of 

the genomic DNA by DNase digestion, according to manufacturer’s instructions. The RNA 

samples were evaluated using the Thermo Scientific NanoDrop ND-1000 Ultraviolet Visible 

Spectrophotometer to determine total RNA concentration in each sample.  

 

3.7. Analyses of differential expression with nCounter® 

Total RNA extracted from the different treatment conditions were analysed with the NanoString 

nCounter® analysis system (Geiss et al., 2008) at the University of the Witwatersrand, 

Department of Internal Medicine, using a gene expression TagSet that targets 123 C. albicans 

genes [including three housekeeping genes, ACT1, LSC2, THD3 (Nailis et al., 2006)] and 60 

C. elegans genes [including three housekeeping genes, rps-2, rps-4, rps-23 (Tao et al., 2020)]. 

The full list of genes with functions and the sources of the 183-genes can be found in 

Supplementary Table S1. Analyses of differential expression was performed using nCounter® 
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with ElementsTM XT Reagents according to manufacturer’s specifications. A multiplexed probe 

library (nCounter® elements CodeSet) was designed with two sequence-specific probes for 

genes of interest. Probes were mixed with approximately 100 ng of purified total RNA and 

allowed to hybridize (20 h, 67 °C). Samples were loaded on an nCounter® SPRINTTM 

Cartridge and processed with an nCounter® SPRINT Profiler (NanoString Technologies, USA) 

to quantify the transcripts. The nCounter raw expression data file (RCC) obtained was 

uploaded into the nSolver Analysis Software 4.0 for review of quality control metrics. The data 

was grouped between the experiments and control, and their expression ratio was determined. 

Genes with a fold change of ≥ 1.5 or ≤ -1.5 were identified from the gene list in each of the 

experimental conditions, and only the significantly differentially expressed genes (P ≤ 0.05) 

were considered. 

 

3.8. Statistical analysis 

Student's t-test (two-tailed, unequal variance) was used to analyse the significance of 

differences between experimental groups. Data with a P-value of ≤ 0.05 was considered to be 

significant. For NanoString nCounter® analysis, genes with a fold change of ≥ 1.5 or ≤ -1.5 and 

P-values ≤ 0.05 indicate a significant difference from control. 

 

4. Results and Discussions 

4.1. Exogenous 17,18-EpETE decreases hyphal formation in vitro 

According to literature, EPA is known to be the predominant polyunsaturated fatty acid (PUFA) 

in C. elegans (Kulas et al., 2008). In our previous chapter, we showed that supplementation 

with EPA resulted in significant changes in FA profiles during infection of C. elegans (Chapter 

3, Figure 3.3). We also showed that EPA supplementation resulted in a partially reduced C. 

albicans virulence by influencing the early stages of infection in C. elegans (Chapter 3, Figure 

3.4). Moreover, EPA supplementation also inhibited hyphal formation of C. albicans. The EPA 

metabolite, 17,18-EpETE,  that is synthesized through CYP450 enzymatic activity, is known 

to possess anti-allergic and anti-inflammatory effects in some diseases found in skin and gut 

(Kunisawa et al., 2015; Serhan, 2017; Saika et al., 2019). 17,18-EpETE is an abundant CYP 

eicosanoid in C. elegans and is produced by CYP-33E2, closely related to human CYP2J2 

(Kosel et al., 2011) as well as CYP-29A3 (Kulas et al., 2008). These CYP450s prefer EPA 

over arachidonic acid (AA, 20:4n-6) as a substrate (Schwarz et al., 2004, 2005; Kosel et al., 

2011; Liberman et al., 2020). In this study, we determined the effect of 17,18-EpETE on hyphal 

formation by exposing C. albicans yeast cells to 17,18-EpETE in vitro. As depicted by figure 
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4.2, addition of 17,18-EpETE to C. albicans yeast cells in either foetal bovine serum or 

nematode broth, caused a significant decrease in germ tube formation compared to control 

cells, indicating the possibility that production of this eicosanoid from EPA may explain the 

reduced hyphal formation in C. elegans.  

 

 

 

                 

                   

Figure 4.2. (A) Effect of 17,18-epoxy eicosatetraenoic acid (17,18-EpETE) on germ tube 

formation of Candida albicans. Values represents the mean of three independent experiments 

and error bars represent the standard deviations. Asterisk (*) indicate P < 0.05 compared to 

17,18-EpETE unsupplemented media. (B) Germ tubes of C. albicans cultivated in foetal 

bovine serum. (C) Germ tubes of C. albicans cultivated in foetal bovine serum treated with 
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17,18-EpETE. (D) Germ tubes of C. albicans cultivated in nematode broth. (E) Germ tubes of 

C. albicans cultivated in nematode broth treated with 17,18-EpETE. 

 

4.2. Exogenous 17,18-EpETE inhibits hyphal formation in vivo 

To gain further insight into the role of 17,18-EpETE in C. albicans hyphal formation in vivo, we 

used C. elegans as an infection model (Tampakakis et al., 2008; Pukkila-Worley et al., 2009). 

In this study, nematodes infected with C. albicans yeast cells, were supplemented with 17,18-

EpETE, while unsupplemented nematodes were used as control (Figure 4.3A). Similar to EPA 

supplemented nematodes, infected with C. albicans (Figure 4.3B), no hyphal formation was 

observed in 17,18-EpETE supplemented nematodes infected with C. albicans (Figure 4.3C). 

It was observed that 17,18-EpETE supplemented nematodes contained C. albicans yeast 

cells in the gut, suggesting that 17,18-EpETE supplementation inhibited the yeast to hyphal 

conversion, thus inhibiting the formation of invasive hyphae of C. albicans emerging from 

nematodes. This is similar to our in vitro results (Figure 4.2), however the complete inhibition 

observed in vivo suggest that there might be additional or enhanced inhibitory compounds or 

processes in the nematode.  

 

 

Figure 4.3. Effect of 17,18-epoxy eicosatetraenoic acid (17,18-EpETE) on hyphal formation 

of Candida albicans infected Caenorhabditis elegans. (A) C. albicans SC5314 infected control 

nematodes with hyphal production. (B) Eicosapentaenoic acid (EPA) supplemented C. 

albicans SC5314 infected nematodes with no hyphal production. (C) 17,18-EpETE 

supplemented C. albicans SC5314 infected nematodes with no hyphal production. Scale bars 

represent 200 µm. 

_________________________________________________________________________ 
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4.3. Exogenous CYPs inhibitors restores hyphal formation in vivo  

Selective soluble epoxide hydrolase inhibitors, including the selective inhibitor of CYP 

epoxygenase, N-methylsulfonyl-6-(2-proparglyoxylphenyl)hexanamide (MS-PPOH), are the 

most commonly used compounds to study the functional effects of PUFA epoxides (Brand-

Schieber et al., 2000; Chiamvimonvat et al., 2007; Morisseau et al., 2010; Wagner et al., 

2011). In this part of the study, we tested the hypothesis that CYP inhibitors, 17-ODYA and 

PPOH (two compounds frequently used to block mammalian CYP isoforms involved in EPA 

metabolism), will inhibit the C. elegans CYP450 activity, responsible for epoxidation of EPA to 

17,18-EpETE, and restore C. albicans hyphal formation (Figure 4.4A). In agreement with this 

hypothesis, our results showed that the addition of either PPOH (Figure 4.4B) or 17-ODYA 

(Figure 4.4C) caused C. albicans hyphal formation to be partially restored. Therefore, the 

suppression of EPA-derived metabolite (17,18-EpETE) through CYP450 inhibitors could 

explain the physiologically beneficial role of EPA in the virulence of C. albicans. This 

hypothesis is strengthened by the above evidence of in vitro and in vivo inhibition of C. albicans 

hyphae by 17,18-EpETE (Figure 4.2 and 4.3). By demonstrating that EPA can be metabolised 

by CYP450 to form 17,18-EpETE and inhibit C. albicans hyphal formation, while CYP450 

inhibitors can restore hyphal formation, the present study provided new clues for further 

investigations about the physiological effects of major FAs and their metabolic derivatives on 

infection. 
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Figure 4.4. Effect of cytochrome P450 (CYP450) inhibitors on hyphal formation of C. albicans 

infected C. elegans. (A) 17-octadecynoic acid (17-ODYA) or 6-(2-

propargyloxyphenyl)hexanoic acid (PPOH) inhibit the CYP450 to epoxidize eicosapentaenoic 

acid (EPA), thus EPA is not converted to 17,18-epoxy eicosatetraenoic acid (17,18-EpETE) 

and C. albicans hyphal formation restored. (B) EPA supplemented C. albicans infected 

nematodes treated with PPOH. (C) EPA supplemented C. albicans infected nematodes 

treated with 17-ODYA. Scale bars represent 200 µm. 

_________________________________________________________________________ 

 

4.4. Differential gene expression  

4.4.1. The effect of EPA supplementation on gene expression in C. elegans 

Over the decades, gene expression dynamics have provided foundational insight into almost 

all biological processes. Here, we analyse expression of responsive genes and transcription 

factor genes to infer signals and pathways that drive pathogen gene regulation during invasive 

C. albicans infection in C. elegans host model. Our previous work aimed at identifying the role 

of EPA on C. albicans hyphal formation, and our results suggested that EPA is likely to inhibit 

C. albicans hyphal formation (Chapter 3, Section 4.4.1). Moreover, it was also observed that 
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supplementation of 17,18-EpETE (major product of EPA) inhibited the formation of invasive 

hyphae of C. albicans emerging from nematodes (Chapter 4, Section 4.2). According to 

literature, C. elegans can be used to identify both virulence-related microbial genes and 

immune-based host genes (Kurz and Ewbank, 2003; Sifri et al., 2005). Thus, in this study, we 

first focused on the role of EPA supplementation on gene expression in C. elegans. Figure 4.5 

depicts the overlap of up-regulated genes of uninfected EPA supplemented C. elegans (EPA 

vs control) and infected EPA supplemented C. elegans (C. albicans + EPA vs C. albicans). 

Note that no genes were significantly down-regulated under these conditions. 

 

 

 

Figure 4.5. Venn diagram depicting the overlap of up-regulated genes of Caenorhabditis 

elegans genes in response to eicosapentaenoic acid (EPA) supplementation in the absence 

(EPA vs control) and presence (C. albicans + EPA vs control) of Candida albicans infection. 

Control nematodes are E. coli OP5O unsupplemented nematodes. See Tables 4.1 and 4.2 for 

gene identities. 

 

4.4.1.1. The effect of EPA supplementation on uninfected C. elegans 

Firstly, we determined changes in gene expression by comparing the EPA supplemented 

nematodes with the control nematodes (E. coli OP5O unsupplemented nematodes). We found 

that 25 genes were significantly (fold change of ≥ 1.5 and P-values ≤ 0.05) up-regulated (Table 

4.1). Among the up-regulated genes, we observed several genes with potential roles in 

detoxification or antimicrobial activities (abf-2, abf-3, cht-1, cyp-14A2, cnc-4 and col-179) 

(Table 4.1), consistent with their involvement in a protective host response (Supplementary 

Table S1). Other immune response genes included cyp-37B1, daf-16, fipr-22, ilys-2, lys-5, lys-
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6 and spp-12 (Table 4.1). This may indicate that supplementation with EPA primes the immune 

response of C. elegans. Several genes involved in lipid metabolism, including desaturase (fat) 

genes (fat-2, fat-5 and fat-6), elongase (elo) genes (elo-3, elo-7 and elo-8), and cytochrome 

P450 genes (cyp-29A3, cyp-33C1 and cyp-33E1) were also significantly up-regulated (Table 

4.1). Interestingly, none of the selected genes were down-regulated when uninfected 

nematodes were supplemented with EPA (Table 4.1). 

 

Table 4.1. Caenorhabditis elegans genes differentially expressed by eicosapentaenoic acid 

supplementation. 

 
Gene expression 

 
Genes 

 
Fold change 

 
P-value 

 
Lower 95% CI 

 
Upper 95% CI 

Up-regulated 
 

abf-2 
 

5.58 0.0129 1.90 16.36 

abf-3 4.50 0.0112 1.59 12.74 

cht-1 5.99 0.0051 2.17 16.49 

cnc-4 3.11 0.0445 1.07 9.02 

col-179 2.63 0.0407 0.96 7.23 

cyp-14A2 6.13 0.0099 1.77 21.21 

cyp-29A3 6.03 0.0073 2.33 15.57 

cyp-33C1 5.05 0.0245 1.19 21.39 

cyp-33E1 4.91 0.0123 1.53 15.84 

cyp-37B1 
 

4.96 0.0150 1.44 17.05 

daf-16 5.64 0.0369 0.76 41.71 

elo-3 5.14 0.0195 1.18 22.32 

elo-7 5.16 0.0076 2.08 12.78 

elo-8 4.80 0.0092 1.72 13.44 

emb-8 4.36 0.0172 1.34 14.24 

fat-2 1.66 0.0094 1.20 2.29 

fat-5 3.36 0.0073 1.8 6.26 

fat-6 2.40 0.0161 1.24 4.62 

fipr-22 2.92 0.0242 1.41 6.09 

ilys-2 4.68 0.0192 1.34 16.38 

lys-5 4.24 0.0193 1.40 12.88 

lys-6 4.51 0.0337 1.12 18.22 

mboa-7 5.95 0.0025 2.72 13.01 
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nhr-49 5.11 0.0081 1.82 14.39 

spp-12 6.29 0.0074 2.26 17.55 

Down-regulated  
 

No genes 
differentially 
regulated 

    

The table represents genes with a fold change of ≥ 1.5. P-values ≤ 0.05 indicate a significant 

difference from control, with lower and upper percentage confidence intervals (CI). 

_________________________________________________________________________ 

 

As stated in literature, fat-2 encodes the Δ12 desaturase enzyme, which facilitates the 

biosynthesis of linoleic acid (18:2n-6) from its substrate, oleic acid (18:1n-9) (Zhou et al., 2011; 

Wang et al., 2013). Therefore, this observed up-regulation of fat-2 corresponds to the 

observed increase in the relative percentage of 18:2n-6 (P < 0.005) in EPA supplemented 

nematodes with E. coli compared to unsupplemented nematodes with E. coli as seen in our 

previous chapter (Figure 4.6A). In addition, it may explain the observed increase in α-linolenic 

acid (18:3n-3) (Figure 4.6A), as the FA metabolism is rerouted along this branch of the 

pathway (Figure 4.6B). Notably, n-3 and n-6 PUFAs compete for desaturation and chain 

elongation at all steps of this pathway (Konkel and Schunck, 2011). The fat-5 desaturase 

particularly acts on palmitic acid (16:0) producing palmitoleic acid (16:1n-7), which can further 

be elongated to cis-vaccenic acid (18:1n-7) (Watts and Browse, 2000). It is also known that 

fat-6 and fat-7 desaturases act on stearic acid (18:0) synthesizing 18:1n-9 (Watts and Browse, 

2000) and up-regulation of fat-6 correlates to the observed decrease in the relative percentage 

of 18:0 and increase in 18:1n-9, although these changes were not statistically significant 

(Figure 4.6A). The up-regulation of fat-5 and fat-6 in the presence of PUFAs was also seen in 

a recent study by Wang and co-workers (2022). Furthermore, supplementation with EPA 

resulted in the up-regulation of cyp-29A3 (Table 4.1), which encodes one of the two major 

CYPs that oxidizes EPA to eicosanoids, including 17,18-EpETE (Kulas et al., 2008). These 

eicosanoids are key stress signalling molecules (Liberman et al., 2020) and as indicated above 

(Section 4.2), may be responsible for the inhibition of C. albicans hyphal formation. Moreover, 

amongst these up-regulated genes observed in EPA supplemented nematodes, was nhr-49 

(Table 4.1), which is involved in determination of adult lifespan, positive regulation of 

transcription from RNA polymerase II promoter in response to stress, regulation of FA 

metabolic process and immuno-metabolic response to bacterial infection (Van Gilst et al., 

2005). Goh and co-workers (2018) suggested that, in addition to its role in regulating lipid 

metabolism, nhr-49 participates in a cytoprotective acute stress response program that 

functions parallel to and independently of SKN-1/Nrf2 and HLH-30/TFEB signalling (Lapierre 
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et al., 2013; Blackwell et al., 2015). This raises the possibility that the pro-longevity function of 

nhr-49, may involve modulating both lipid metabolism and stress defences (Ratnappan et al., 

2014). Interestingly, low levels of oxidative stress have been reported to increase the lifespan 

of C. elegans (Wei and Kenyon, 2016), while high levels decrease lifespan (Schaar et al., 

2015).  

 

 

 

 

 

Figure 4.6. (A) Effect of eicosapentaenoic acid (EPA) supplementation on fatty acid 

composition of major long chain fatty acids of Caenorhabditis elegans. Values represent the 

mean of three independent experiments and error bars represents the standard deviations. 

Asterisk (*) indicate P < 0.05 compared to unsupplemented nematodes. (B) Effect of EPA on 
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C. elegans polyunsaturated fatty acids biosynthesis pathway. Yellow squares indicate 

significant increase, while red squares indicate significant decrease in relative percentage of 

fatty acids compared to unsupplemented nematodes with Escherichia coli OP50. Yellow 

arrows indicate up-regulation, while red arrows indicate down-regulation in genes compared 

to unsupplemented nematodes with E. coli OP50. 

 

4.4.1.2. The effect of EPA supplementation on C. albicans infected nematodes 

Comparing EPA supplemented nematodes infected with C. albicans to unsupplemented C. 

albicans infected nematodes, we discovered that fat-3, fat-4 and fat-6, involved in the 

synthesis of FAs, were significantly up-regulated (P ≤ 0.05) in response to EPA 

supplementation (Table 4.2). According to Watts and Browse (2002), fat-3 encodes a delta-6 

FA desaturase that is required for the biosynthesis of 18:3n-6 and 18:4n-3. While, fat-4 

encodes a delta-5 FA desaturase, which functions to modify 20-carbon PUFAs to produce AA 

and EPA. Moreover, fat-4(wa14) mutants are unable to generate AA or EPA (Watts and 

Browse, 1999; Kahn-Kirby et al., 2004). Interestingly, in our previous chapter, we detected low 

levels of the relative percentage of AA in unsupplemented C. albicans nematodes, however 

when these nematodes where supplemented with EPA, there was an insignificant increase in 

AA relative percentage (Figure 4.7A). This result might explain the observed up-regulation of 

fat-4 (Table 4.2 and Figure 4.7B). Moreover, elo-6 and elo-9, encoding putative very long chain 

FA elongases, were also significantly up-regulated (P ≤ 0.05) in EPA nematodes infected with 

C. albicans (Table 4.2). elo-6 is required for the formation of iso-heptadecanoic acid, important 

for nematode development and growth (Kniazeva et al., 2004), while elo-9 is involved in stress 

responses and lifespan increase (Fajardo et al., 2019). We also observed a significant up-

regulation (P ≤ 0.05) of CYP450 genes, cyp-29A2 and cyp-37A1 (Table 4.2), which are 

expressed in the intestine and play a role in lipid storage and life span (Zhang et al., 2013). 

Supplementation of EPA also influenced the expression of cyp-14A2 (Table 4.2), involved in 

stress response and detoxification (Thomas, 2007). Therefore, we can speculate that 

supplementation with PUFAs can cause oxidative stress, which influenced expression of 

genes involved stress response and life span described above.  

Furthermore, it is known that the host response to C. albicans involves induction of specific 

defences and common immune genes (Pukkila-Worley et al., 2011). Since EPA 

supplementation prior to infection with C. albicans, significantly extended the time needed to 

kill 50% of the nematodes compared to unsupplemented infected nematodes, as seen in 

chapter 3, section 4.4.1, the effect of EPA supplementation on the host immune response to 
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infection was also investigated. Among the effector genes significantly up-regulated (P ≤ 0.05) 

in EPA nematodes infected with C. albicans (Table 4.2), were those that had previously been 

demonstrated to be involved in C. elegans immunity, such as C-type lectin genes, clec-60 and 

clec-67, suggesting a vital role for these antimicrobial peptides in the defence of C. elegans 

against C. albicans infection. clec-67 was previously shown to be part of the P. aeruginosa 

transcriptional response (Troemel et al., 2006), however strongly down-regulated after C. 

albicans infection  (Pukkila-Worley et al., 2011). While clec-60 is a gene class involved in 

nematode defence response to Gram-positive bacteria (Troemel et al., 2006; Bolz et al., 2010; 

Irazoqui et al., 2010). Therefore, we conclude that the nematodes up-regulate a group of 

antibacterial defence genes in response to some aspect of C. albicans virulence. Although the 

differential expression of these genes in bacterial infections offers clues to their potential 

functions, the elucidation of their exact function in C. albicans will require further study. 

Furthermore, C. albicans infection of the EPA supplemented nematodes caused the up-

regulation of caenopore genes, spp-2 (involved in defence response to Gram-positive 

bacteria) and spp-14 (involved in immune response) (Table 4.2). Given all this, our dataset 

suggest that the nematodes are able to specifically recognize C. albicans infection and mount 

a targeted response toward this fungus, thus involving antibacterial genes and a limited 

number of common core effectors. Therefore, this provides another line of evidence that yeast 

infection of the nematodes stimulates host immune defences.  

 

We also looked for overlap between the 36 genes up-regulated in different conditions. As can 

be seen in figure 4.5, two C. elegans genes, fat-6 and cyp-14A2, are up-regulated in both 

datasets. When looking at the levels of up-regulation of cyp-14A2, we see that the presence 

of C. albicans in EPA supplemented nematodes, caused a decrease in up-regulation (Table 

4.2), with the fold change in EPA vs control (6.13) (Table 4.1) decreasing to 4.15 (Table 4.2). 

The addition of C. albicans to the EPA supplemented nematodes did not greatly influence the 

up-regulation of fat-6 [EPA vs control fold change = 2.4 (Table 4.1); C. albicans + EPA vs C. 

albicans fold change = 2.22 (Table 4.2)], implying that this gene is more responsive to EPA 

than to C. albicans infection. 
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Table 4.2. Caenorhabditis elegans genes differentially expressed by eicosapentaenoic acid 

supplementation during Candida albicans infection.  

 
Gene expression 

 
Genes 

 
Fold change 

 
P-value 

 
Lower 95% CI 

 
Upper 95% CI 

Up-regulated 
clec-60 2.35 0.0425 1.02 5.41 

clec-67 4.84 0.0247 1.63 14.37 

cyp-14A2 4.15 0.0305 1.39 12.40 

cyp-29A2 5.15 0.0020 2.52 10.53 

cyp-37A1 5.05 0.0244 1.67 15.33 

elo-6 1.98 0.0306 1.03 3.81 

elo-9 6.49 0.0022 2.75 15.30 

fat-3 1.87 0.0413 0.92 3.80 

fat-4 2.40 0.0039 1.61 3.59 

fat-6 2.22 0.0339 1.11 4.46 

spp-2 3.44 0.0038 1.85 6.40 

spp-14 1.76 0.0018 1.40 2.22 

Down-regulated 
elo-5 -1.82 0.0372 0.33 -1.09 

The table represents genes with a fold change of ≥ 1.5. P-values ≤ 0.05 indicate a significant 

difference from unsupplemented C. albicans infected nematodes with lower and upper 

percentage confidence intervals (CI). 
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Figure 4.7. (A) Effect eicosapentaenoic acid (EPA) supplementation on fatty acid composition 

of major long chain fatty acids of Candida albicans infected Caenorhabditis elegans. Values 

represent the mean of three independent experiments and error bars represent the standard 

deviations. (B) Effect of EPA on C. albicans infected C. elegans polyunsaturated fatty acids 

biosynthesis pathway. Yellow squares indicate significant increase, while red squares indicate 

significant decrease in relative percentage of fatty acids compared to unsupplemented C. 

albicans infected nematodes. Yellow arrows indicate up-regulation, while red arrows indicate 

down-regulation in genes compared to unsupplemented C.  albicans infected nematodes. 
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4.4.2. The effect of EPA on C. albicans gene expression 

Morphogenesis contributes to the virulence of C. albicans, thus yeast to hyphal conversion is 

an important virulence property of C. albicans (Gow et al., 2002). The formation of hyphae 

aids the subsequent invasive growth of C. albicans to penetrate host tissues and lead to the 

establishment of systemic infection (Saville et al., 2003). Importantly, hyphal morphogenesis 

in C. albicans is tightly controlled by dozens of transcription factors that contribute to the 

activation or repression of the hyphal transcriptional program (Villa et al., 2020). In chapter 3, 

we showed that supplementation with EPA resulted in a partially reduced C. albicans virulence 

by influencing the early stages of infection in C. elegans. Moreover, EPA supplementation also 

inhibited hyphal formation of C. albicans. Given this, in the current chapter, we investigated 

the change in gene expression changes elicited by EPA on C. albicans, with a focus on genes 

involved in morphogenesis. The genes that are differentially expressed in response to EPA is 

given in Table 4.3 (up-regulated genes) and Table 4.4 (down-regulated genes). Transcription-

profiling analysis of C. albicans during C. elegans infection in the presence of EPA, caused a 

significant response involving 112 genes (74 up-regulated and 38 down-regulated). 

 

Inhibition of C. albicans hyphal formation by the FAs isolated from whey cream, mainly 12:0, 

myristoleic acid, 16:1n-7, 18:2n-6 and AA, was previously shown (Clement et al., 2007). 

Similarly, Kuloyo and co-workers (2020) showed that AA inhibits C. albicans hyphal formation. 

In chapter 2, survival studies revealed that every C. albicans infected nematode that was killed 

during the first 2 days had visible hyphae piercing the cuticle (Chapter 2, Figure 2.1B-C). 

However, in chapter 3, we observed that supplementation of EPA inhibits C. albicans 

filamentation (Chapter 3, Figure 3.4D), thus, in this current study, we analysed changes of 

gene expression levels in C. albicans during infection of nematodes supplemented with EPA 

relative to unsupplemented nematodes. We discovered that 74 C. albicans genes were 

significantly up-regulated (Table 4.3). Amongst these genes, 64 genes are involved in hyphal 

formation (Supplementary Table S1). Similar results were seen by Kuloyo and co-workers 

(2020), where the addition of the PUFA, AA, caused an up-regulation of genes involved in 

biofilm and hyphal formation even though exposure to this PUFA inhibited morphogenesis. 

This was seen as a means to compensate for the hyphal inhibitory effect of AA. Genes 

involved in hyphal or biofilm formation that were up-regulated by to EPA in vivo and AA in vitro 

are CRZ1, FCR1, RTA3, SNQ2 and TEC1. In addition, other genes found by Kuloyo and co-

workers (2020) to be up-regulated in the presence of AA in vitro, were also up-regulated by 

the presence of EPA in vivo. These genes were ETH1, FLU1, IPT1 and SUT1 (Table 4.3). 

This correlation between the two datasets may indicate that expression of at least some of 
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these genes may be regulated by the addition of PUFAs both in vitro and in vivo. Interestingly, 

some genes showed an inverse regulation in comparison with the data of Kuloyo and co-

workers (2020). These genes were ALS1, TYE7 and YWP, which were up-regulated in vitro 

by AA, but down-regulated by EPA in vivo (Table 4.4). Moreover, ECM17 and SUL2 were 

down-regulated by AA in vitro, but up-regulated by EPA in vivo (Table 4.3). The specific roles 

of these genes during infection in the presence of EPA needs further study. 

 

Table 4.3. Candida albicans genes up-regulated by eicosapentaenoic acid in vivo. 

 
Conditions 

 
Genes 

 
Fold change 

 
P-value 

 
Lower 95% CI 

 
Upper 95% CI 

C. albicans + EPA 
vs C. albicans 
 

ACE2 3.83 0.0003 2.93 5.00 

ADR1 2.96 0.0087 1.47 5.99 

AFT2 3.26 0.0056 1.63 6.53 

CAS5 2.66 0.0047 1.60 4.41 

CPH1 3.60 0.00002 3.50 3.70 

CRZ1 3.23 0.0025 1.85 5.64 

CSR1 4.25 0.0013 3.39 5.32 

CTA4 2.16 0.0023 1.60 2.92 

CWT1 2.42 0.0104 1.48 3.95 

DAL8 4.62 0.0002 3.17 6.73 

EHT1 2.36 0.0189 1.21 4.61 

ECM17 2.59 0.0255 0.97 6.97 

ERG11 
 

2.14 0.0288 1.20 3.80 

FAH2 2.83 0.0014 1.85 4.32 

FCR1 1.62 0.0061 1.23 2.14 

FGR13 2.77 0.0050 2.01 3.81 

FGR17 3.18 0.0001 2.64 3.83 

FGR27 2.49 0.0229 1.13 5.53 

FKH2 2.93 0.0039 1.73 4.95 

FLU1 2.57 0.0018 2.16 3.06 

HAP5 3.95 0.0001 3.06 5.10 

HRD3 1.99 0.0030 1.53 2.59 

CTA8 1.84 0.0186 1.20 2.82 

HWP1 3.63 0.00009 2.89 4.56 
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IPT1 2.79 0.0064 1.95 3.99 

LSC2 2.02 0.0005 1.70 2.39 

MDR1 2.70 0.0295 1.27 5.71 

MET4 2.84 0.0116 1.55 5.18 

NGS1 3.40 0.0335 1.17 9.90 

NOT3 3.35 0.0006 2.95 3.82 

OPI1 2.19 0.0205 1.15 4.17 

PPR1 3.12 0.0017 2.02 4.82 

PST1 3.94 0.0005 2.61 5.95 

RBF1 3.15 0.0054 1.74 5.70 

RCA1 1.93 0.0064 1.35 2.77 

RFX2 3.12 0.0044 2.24 4.33 

RGT1 2.36 0.0203 1.07 5.19 

RLM1 3.40 0.0010 2.17 5.32 

RON1 4.63 0.0096 2.41 8.90 

RTA3  3.77 0.0007 2.58 5.53 

RTG3 2.39 0.0128 1.26 4.54 

SAP6 4.15 0.0184 1.78 9.65 

SET3 2.66 0.0027 1.83 3.86 

SFL2 1.93 0.0265 1.08 3.47 

SIN3 2.88 0.0044 1.73 4.80 

SKN7 3.16 0.0159 1.25 7.96 

SKO1 2.25 0.0469 1.02 4.97 

SNF4 1.58 0.0385 1.04 2.41 

SNF5 2.92 0.0197 1.22 6.96 

SNF6 3.29 0.0065 1.62 6.67 

SNQ2 3.12 0.00009 2.53 3.85 

SPT3 2.79 0.0045 1.80 4.33 

SPT6 2.79 0.0045 1.80 4.33 

SPT20 3.16 0.0051 1.70 5.87 

STD1 2.15 0.0182 1.32 3.49 

SUL2 2.98 0.0156 1.65 5.41 

SUT1 2.53 0.0132 1.27 5.03 

SWI1 3.14 0.0092 1.67 5.91 
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SWI4 2.83 0.0154 1.28 6.26 

TAC1 2.60 0.0350 1.01 6.74 

TEC1 2.12 0.0184 1.14 3.97 

TFG1 1.86 0.0191 1.11 3.14 

TUP1 1.89 0.0114 1.36 2.61 

UME6 3.67 0.0137 1.89 7.12 

WOR1 2.70 0.0403 1.11 6.53 

YOR1 1.80 0.0359 1.07 3.04 

ZCF3 3.09 0.0076 1.69 5.65 

ZCF7 3.18 0.0060 2.15 4.70 

ZCF11 3.40 0.0018 2.16 5.34 

ZCF14 3.05 0.0327 1.09 8.54 

ZCF17 3.08 0.0006 2.15 4.40 

ZCF18 3.02 0.0071 1.74 5.25 

ZCF29 2.86 0.0020 1.79 4.59 

ZCF32 3.70 0.0005 2.86 4.79 

The table represents genes with a fold change of ≥ 1.5. P-values ≤ 0.05 indicate a significant 

difference from unsupplemented C. albicans infected nematodes, with lower and upper 

percentage confidence intervals (CI). 

 

Table 4.4. Candida albicans genes down-regulated by eicosapentaenoic acid in vivo. 

 
Conditions 

 
Genes 

 
Fold change 

 
P-value 

 
Lower 95% CI 

 
Upper 95% CI 

C. albicans + EPA 
vs C. albicans 

 

ALS1 -2.94 0.0010 0.23 -1.98 

CPH2 -1.92 0.0026 0.40 -1.48 

CUP9 -3.01 0.0005 0.24 -2.15 

RIM101 -2.64 0.0015 0.26 -1.80 

STP2 -1.69 0.0253 0.38 -1.08 

TDH3 -1.95 0.00004 0.46 -1.76 

TYE7  -2.87 0.0017 0.22 -1.85 

YWP1 -1.97 0.0078 0.37 -1.42 
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The table represents genes with a fold change of ≥ 1.5. P-values ≤ 0.05 indicate a significant 

difference from unsupplemented C. albicans infected nematodes, with lower and upper 

percentage confidence intervals (CI). 

 

5. Conclusions 

From our previous chapter, we revealed that supplementation with EPA resulted in a partially 

reduced C. albicans virulence in C. elegans and inhibition of hyphal production of C. albicans. 

On the basis of these findings, in this study, we hypothesized that CYP450 epoxygenase 

metabolize EPA to 17,18-EpETE which inhibits C. albicans hyphal formation. We used both 

in vitro and in vivo C. elegans model to confirm the anti-hyphal efficacies of EPA metabolite, 

17,18-EpETE and found that 17,18-EpETE resulted in the inhibition of C. albicans hyphal 

formation both in vitro and in vivo. In addition, treatments with inhibitors of mammalian EPA-

metabolising CYP enzymes, 17-ODYA and PPOH, significantly restored C. albicans hyphal 

formation in infected C. elegans. These results demonstrated that EPA and 17,18-EpETE are 

efficient in inhibiting hyphal formation of C. albicans. This would provide the opportunity to use 

C. elegans as a model organism to facilitate the identification of the primary targets of FAs 

and their metabolites, and the elucidation of signalling pathways mediating their physiological 

functions. Furthermore, the role of EPA on the physiology of C. elegans as well as C. albicans 

in vivo was investigated using gene expression analyses. Among the up-regulated genes, we 

observed several genes with potential roles in detoxification or antimicrobial activities, 

consistent with their involvement in a protective host response. This may indicate that 

supplementation with EPA may prime the immune response of C. elegans.  Moreover, several 

genes involved in lipid metabolism, including fat genes, elo genes and cytochrome P450 

genes were also significantly up-regulated. We can speculate that these results indicate a 

response, where decrease in long chain FA levels could induce increased expression of 

corresponding biosynthetic genes. Interestingly, there was an up-regulation of cyp-29A3, 

which encodes an enzyme that oxidizes EPA to eicosanoids (Liberman et al., 2020), such as 

17,18-EpETE. Furthermore, gene expression analysis of C. albicans genes regulated by EPA 

supplementation revealed that majority of the genes involved in hyphal growth, were 

significantly up-regulated, which may be an attempt by the yeast to compensate for the 

inhibitory effect of EPA or 17,18-EpETE. Given all this, it is clear that EPA significantly induces 

alterations in lipid metabolism and immune response of C. elegans as well as hyphal formation 

in C. albicans. 
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1. Introduction  

The nematode Caenorhabditis elegans is readily infected with numerous human bacterial 

pathogens and amenable to various molecular tools, thus a reliable host model for 

understanding different facets of host-pathogen interaction, including various virulence factors 

and innate immunity pathways (Aballay and Ausubel, 2002; Moy et al., 2006; Breger et al., 

2007; Durai et al., 2013; Kong et al., 2014). Despite numerous in vitro studies of polymicrobial 

interactions, the in vivo relevance of these interactions is still controversial, as different models 

of infection give contradictory results, suggesting the probable involvement of the immune 

system as a third-party player. Furthermore, the differential effect may be explained by the 

fact that many environmental factors are both different and dynamic between in vitro and in 

vivo conditions, including nutrient levels, microbe-substrate interactions, cell-cell interactions, 

secreted products from the host, immune pressure, and biophysical effects of the three-

dimensional environment (Peleg et al., 2008). Because nematodes normally eat bacteria as 

their food source, they have an evolution that is shaped by interactions with both pathogenic 

and non-pathogenic microorganisms. Importantly, for protection against ingested pathogens, 

nematodes depends on inducible host defence mechanisms (Pukkila-Worley and Ausubel, 

2012; Cohen and Troemel, 2015; Pukkila-Worley, 2016; Kim and Ewbank, 2018). These 

immune effectors include a suite of secreted proteins, such as lysozymes, proteins with CUB-

like domains (for complement C1r/C1s, Uegf, Bmp1), and stichodactyla (ShK) toxins that 

required for host defence during bacterial infection (Troemel et al., 2006; Shapira et al., 2006; 

Nandakumar et al., 2008; Peterson et al., 2019). Indeed, C. elegans with mutations that 

abrogate the induction of these immune effectors during infection are hypersusceptible to 

killing by bacterial pathogens (Kim et al., 2002; Troemel et al., 2006; Shivers et al., 2010). 

Moreover, perturbations of the microbiome and a weakened host immune system are 

conditions that facilitates conversion of most opportunistic microbes from a commensal to a 

pathogenic state (Kim et al., 2002).  

Caenorhabditis elegans is a powerful model organism to study the roles of polyunsaturated 

fatty acids (PUFAs) because it synthesizes all of the essential enzymes required to produce a 

range of omega-3 (n-3) and omega-6 (n-6) fatty acids (FAs), including an n-3 desaturase, an 

activity that is absent in most animals (Napier and Michaelson, 2001). Unlike mammals, C. 

elegans does not require essential FAs in its diet, but is capable of synthesising arachidonic 

acid (AA) and eicosapentaenoic acid (EPA), using only saturated and monounsaturated FAs 

from bacteria as precursors (Hutzell and Krusberg, 1982). Studies in C. elegans to date have 

mostly identified overlapping functions of 20-carbon n-3 and n-6 FAs in many biological 
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processes, such as reproduction and in neurons, and its ability to alter FA composition with 

dietary supplementation and genetic manipulation permits the dissection of these FAs 

functions, however, their specific roles in infections are beginning to emerge (Watts and 

Browse, 2002; Watts et al., 2003; Deline et al., 2013; Watts, 2016; Anderson et al., 2019). 

Since many microbes respond differently to a variety of natural and synthetic FAs, substantial 

efforts have been made to understand the unique features of FAs that function as antimicrobial 

compounds (Yoon et al., 2018). To understand the function of PUFAs, C. elegans has become 

a useful genetic model for evaluating the basic mechanisms that support the effects of specific 

PUFAs in a whole organism (Watts, 2016). This is important because despite n-6 and n-3 fatty 

PUFAs being structurally similar, their biological roles can be quite divergent. Numerous 

studies have shown the protective role of n-3 PUFA, EPA and docosahexaenoic acid (DHA), 

against cardiovascular and inflammatory/autoimmune diseases (Simopoulos, 2002; 

Oppedisano et al., 2020; Nienaber et al., 2020, 2022). For instance, these n-3 PUFAs have 

anti-inflammatory and pro-resolving properties, and it has been demonstrated that these n-3 

PUFAs lower the excessive inflammation in tuberculosis (Nienaber et al., 2020, 2022). In this 

study, we uncovered the roles of AA and EPA supplementation as well as infection on the FA 

composition of C. elegans. We performed pathogenesis assay on PUFA-supplemented 

nematodes to test for pathogen survival. Our results showed that unlike AA, EPA 

supplementation inhibited C. albicans hyphal growth in the monomicrobial infected 

nematodes. Given the observed effect of EPA on C. albicans hyphal formation, we therefore, 

aimed to unravel the influence of EPA on C. albicans hyphal formation by conducting 

transcriptome analysis on C. albicans infected EPA supplemented nematodes, in order to 

identify differentially expressed genes under these conditions. To further investigate the effect 

of EPA, we treated C. albicans cells, both in vitro and in vivo using C. elegans, with 17,18-

epoxyeicosatetraenoic acid [(17,18-EpETE; the most abundant cytochrome (CYP) eicosanoid 

in C. elegans (Kulas et al., 2008; Kosel et al., 2011)]. Lastly, we tested the hypothesis that 

inhibitors of mammalian EPA-metabolising CYP450 enzymes, 17-octadecynoic acid (17-

ODYA) and 6-(2-propargyloxyphenyl)hexanoic acid (PPOH) has the ability to restore C. 

albicans hyphal formation in vivo. 
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2. Effect of polyunsaturated fatty acid supplementation and infection on C. elegans 

fatty acid composition and gene expression 

Subsequent to intensive research, emerging evidence reveals that lipid metabolism influences 

the lifespan of numerous model organisms including C. elegans (Van Gilst et al., 2005; 

Taubert et al., 2006; Littlejohn et al., 2020). Moreover, C. elegans pathogenesis assays have 

defined requirements for specific lipids and lipogenesis enzymes in innate immune regulation 

and pathogen defence (Nandakumar and Tan, 2008; Kim et al., 2018; Anderson et al., 2019; 

Kumar et al., 2020; Nienaber et al., 2022). For instance, the Δ6-desaturase fat-3, involved in 

the synthesis of PUFAs, gamma-linoleic acid (GLA) and stearidonic acid (SDA), is needed for 

the basal expression of innate immune genes and resistance to infection by P. aeruginosa 

(Nandakumar and Tan, 2008). In addition, the 2 stearoyl-coenzyme A desaturases that 

synthesize the monounsaturated fatty acid (MUFA) oleic acid (OL) in C. elegans, fat-6 and fat-

7, are required for the induction of innate immune genes (Anderson et al., 2019). Despite 

numerous studies on the role of FA on infection, we still have limited understanding of the 

influence of PUFAs on infection of humans or other animal hosts. Therefore, to unravel this, 

we firstly studied the influence of C. albicans and P. aeruginosa infection on the FA 

composition of C. elegans. All infected nematodes showed changes in FA composition with a 

decrease in the unsaturation index compared to control. The monomicrobial infections of C. 

elegans displayed relatively subtle FA composition alterations, with P. aeruginosa infection 

showing more significance, while polymicrobial infections showed significant FA composition 

changes. Interestingly, most effects observed in the FA composition of co-infection reflected 

those caused by P. aeruginosa rather than C. albicans. A key finding of these studies was a 

remarkable significant decrease in EPA [the most predominant PUFA in all C. elegans (Watts 

and Browse, 2002)] during infections (Table 5.1). We therefore further determined the effect 

of EPA and AA supplementation on the FA composition of uninfected and infected nematodes. 

With both supplementations, we observed a significant decrease in the relative percentage of 

EPA, with a concomitant increase in the relative percentage linoleic acid (LA) and α-linolenic 

acid (ALA) compared to unsupplemented nematodes (Table 5.1). This was inconsistent with 

results observed by Bouyanfif (2019), where supplementation with EPA did not cause any 

significant change in EPA in wild-type nematodes, although a decreasing trend was seen for 

EPA as well as a non-significant increase in ALA similar to our results. In addition, EPA 

supplementation decreased the longevity of wild-type nematodes and elevated expression of 

oxidative stress genes, oxi-1 and mcp-1 (Bouyanfif, 2019). It was concluded that observed 

PUFA composition alterations in EPA supplemented nematodes may be attributed to either 

induced oxidative stress or to the effects of eicosanoids, produced by EPA via cyclooxygenase 

and P450 monooxygenase enzymes (Watts et al., 2003; Bouyanfif, 2019). In order to verify 
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these results, using EPA supplemented uninfected nematodes, we studied the relative 

expression of genes involved in FA metabolism and found that several genes, including fat-2 

and cyp-29A3 were significantly up-regulated. fat-2 encodes the Δ12 desaturase enzyme, 

which facilitates the biosynthesis of LA from its substrate, OL (Zhou et al., 2011; Wang et al., 

2013). Therefore, this observed up-regulation of fat-2 corresponds to the observed increase 

in the relative percentage of LA in EPA supplemented nematodes. In addition, it may explain 

the observed increase in ALA, as the FA metabolism is rerouted along this branch of the 

pathway. Furthermore, supplementation with EPA resulted in the up-regulation of cyp-29A3, 

which encodes one of the two major CYPs that oxidizes EPA to eicosanoids (Kulas et al., 

2008), such as 17,18-epoxy eicosatetraenoic acid (17,18-EpETE).  

 

Table 5.1. Effect of arachidonic acid (AA) and eicosapentaenoic acid (EPA) supplementation 

and infection on C. elegans fatty acid composition. 

 Candida albicans 
infection 

Pseudomonas 
aeruginosa infection 

C. albicans and P. 
aeruginosa co-infection 

Unsupplemented 
nematodes 

No change in composition ↓ EPA  

 

↓ EPA 

↑ oleic acid 

↑ vaccenic acid 

↑ α-linolenic acid 

EPA 
supplemented 
nematodes 

No change in composition ↓ EPA  

↑ vaccenic acid 

↓ linoleic acid 

↓ oleic acid 

↓ EPA 

↑ vaccenic acid 

↓ linoleic acid 

↓ oleic acid 

AA supplemented 
nematodes 

↓ EPA  ↓ EPA  

↑ vaccenic acid 

↓ linoleic acid 

↓ oleic acid 

↓ EPA  

↑ vaccenic acid 

↓ linoleic acid 

↓ oleic acid 

↑ represents increase and ↓ represents decrease in relative percentage composition 
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According to literature, dietary supplementation of OL as well as other MUFAs, including 

palmitoleic (POA) and cis-vaccenic acid (cVA), can extend the lifespan of unmated 

hermaphrodites (Han et al., 2017). Remarkably, OL treatment specifically restored the fat loss 

induced by mating, and also rescued the lifespan reduction induced by mating, without 

affecting reproduction (Han et al., 2017). However, supplementation of other FAs was not able 

to ameliorate the mating-induced death. In C. elegans and cell lines, dietary supplementation 

with n-6 PUFAs, AA and dihomo-gamma linolenic acid (DGLA), but not EPA activates 

autophagy, a pro-longevity process that promotes survival under nutrient deprivation 

(O’Rourke et al., 2013; Niso-Santano et al., 2015). In addition, it was reported that ingestion 

of fish oil can promote lipid peroxidation in different model animals, including C. elegans, and 

humans and induced shorter life span in C. elegans (Harats et al., 1991; Meydani et al., 1991; 

Kaasgaard et al., 1992; Miret et al., 2003; Tsuduki et al., 2011; Shmookler Reis et al., 2011; 

Sugawara et al., 2013; Bouyanfif, 2019). Authors believe that the reduction of lifespan by EPA 

may be attributed to the oxidative stress caused by the exposure of the nematodes to higher 

amounts of exogenous EPA in addition to regular physiological levels of endogenously 

synthesized FA required for C. elegans metabolism (Bouyanfif, 2019). Secondly, 

supplementation with either AA or EPA in mono- and polymicrobial infections resulted in 

changes in FA profiles. For instance, infection with C. albicans alone had minimal effect on 

the relative percentages of the AA- and EPA supplemented nematodes. However, the most 

significant changes in FA profiles were observed for infections by either P. aeruginosa alone, 

or in combination with C. albicans. These changes entailed significant decreases in relative 

percentage of EPA of C. elegans. Thus, more work was needed to elucidate the mechanisms 

and the role behind this decrease in EPA. 

 

3. The role of polyunsaturated fatty acids on egg retention, susceptibility to infection 

and gene expression  

To further examine C. albicans-P. aeruginosa interactions in infection and determine how the 

host environment influences outcome of co-infection, we adopted a C. elegans model to mimic 

the co-infections. As expected, monomicrobial infections by either C. albicans or P. aeruginosa 

reduced the survival of nematodes, compared to uninfected nematodes. The observed 

mortality of nematodes infected by C. albicans was associated with a filamentous invasion by 

this fungus through the cuticles of the nematodes, which serves as a strong predictive factor 

for mortality. On the other hand, the study revealed that C. albicans-P. aeruginosa co-infection 

leads to synergistic virulence and enhanced mortality compared to single infections by these 
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pathogens. Interestingly, no hyphal formation by C. albicans was observed in the co-infection. 

Thus, we can speculate that P. aeruginosa may play a role in hindering the formation of 

hyphae during co-infection (similar to in vitro results), while enhancing mortality of the 

nematodes. The synergistic virulence and reduced filamentous invasion of C. albicans in co-

infections in this model were contrary to the well-studied antagonistic interactions of the two 

pathogens in vitro (Hughes and Kim, 1973; Bauernfeind et al., 1987; Hermann et al., 1999; de 

Macedo and Santos, 2005; Peleg et al., 2008). However, the enhanced virulence is consistent 

with numerous mouse C. albicans-bacterial co-infection models, including organotypic 

models, which result in enhanced virulence, cytokine production, and/or fungal invasion (Neely 

et al., 1986; Villar et al., 2005; Diaz et al., 2012; Xu et al., 2014; Nash et al., 2014, 2015; 

Bertolini et al., 2019). In addition, using a transparent juvenile zebrafish to model mucosal lung 

infection, Bergeron and co-workers (2017) showed that C. albicans and P. aeruginosa are 

synergistically virulent, resulting in enhanced mortality. 

We next determined the effects of AA and EPA supplementation on the survival of nematodes 

with mono- and polymicrobial infection by C. albicans and P. aeruginosa. First, we tested the 

chemotaxis behaviour of C. elegans towards AA and EPA. Notably, this assay allows 

simultaneous assessment of a compound’s toxicity towards C. elegans. We demonstrated that 

C. elegans does not display strong behavioural responses towards FAs, indicating that the 

nematodes do not avoid either AA or EPA in this scenario. Our infection results showed that 

PUFA-supplemented nematodes were significantly different from unsupplemented nematodes 

for pathogen survival. In monomicrobial infections, EPA supplementation modulated C. 

albicans pathogenesis by significantly extending the time needed to kill 50% of the nematodes, 

although it did not influence the time needed to kill 100% of the nematodes, compared to 

unsupplemented C. albicans infected nematodes (Table 5.2). Interestingly, control 

unsupplemented nematodes died mainly due to the invasive growth of C. albicans hyphae, 

especially during the first 48 hours of post infection. In contrast, EPA supplemented C. elegans 

harboured only C. albicans yeast cells in the gut (Table 5.2), suggesting that EPA 

supplementation inhibited the yeast to hyphal conversion and hyphal growth in the nematodes, 

and therefore prevented hyphal-mediated killing of the nematodes. According to literature, lipid 

molecules such as FAs and eicosanoids have been reported to modulate the C. albicans yeast 

to hyphal transition in vitro (McLain et al., 2000; Noverr and Huffnagle, 2004; Clement et al., 

2007; Murzyn et al., 2010). For instance, FAs, including butyric acid (BA), capric acid (CA), 

lauric acid (LUA), myristic acid (MA), POA, OL, LA, conjugated linoleic acid, and AA, inhibited 

the yeast to hyphal transition induced under various conditions (McLain et al., 2000; Noverr 

and Huffnagle, 2004; Clement et al., 2007; Murzyn et al., 2010; Lee et al., 2019; Prasath et 

al., 2019; Lee et al., 2020; Kim et al., 2020; Kim et al., 2021). Additionally, lactobacilli 
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decreased C. albicans virulence via the inhibition of hyphal formation due to low pH, generated 

by the production of different short chain fatty acids (SCFAs), such as BA, by the lactobacilli 

(Buffo et al., 1984; Noverr and Huffnagle, 2004; De Barros et al., 2018). Furthermore, SCFAs 

inhibited the enzyme histone deacetylase in C. albicans which impaired fungal growth and 

morphogenesis (Nguyen et al., 2011; Latham et al., 2012). 

 

Table 5.2. Effect of arachidonic acid (AA) and eicosapentaenoic acid (EPA) supplementation 

on C. elegans egg-retention and susceptibility to infection, relative to controls nematodes. 

 Candida albicans 

infection 

Pseudomonas 

aeruginosa infection 

C. albicans and P. 

aeruginosa co-infection 

Unsupplemented 

nematodes 

-Reduced survival  

-Presence of hyphae 

-More eggs retained 

-Reduced survival  

-More eggs retained 

-Reduced survival  

-No hyphal formation 

-More eggs retained 

EPA 

supplemented 

nematodes 

-Extended time to kill 50% 

nematodes 

-No hyphal formation 

-More eggs released 

-Reduced survival  

-More eggs released 

-Reduced survival  

-No hyphal formation 

-More eggs released 

AA 

supplemented 

nematodes 

-Reduced survival  

-Presence of hyphae 

-No changes in egg 

retention 

-Extended time to kill 50% 

of nematodes 

-No changes in egg 

retention 

-Extended time to kill 100% 

of nematodes 

-No hyphal formation 

-No changes in egg retention 

 

In order to further elucidate the influence of EPA supplementation on C. albicans hyphal 

formation, we examined the influence of this PUFA on expression of C. albicans genes related 

to hyphal production and found many of them were up-regulated in supplemented nematodes. 

Specifically, among the 64 most highly expressed genes involved in hyphal formation, we 

identified CAS5, an important gene for both hyphal formation in vivo and the killing of C. 

elegans. Similar results were seen by Kuloyo and co-workers (2020), where the addition of 

the PUFA, AA, caused an up-regulation of genes involved in biofilm and hyphal formation, 

even though exposure to this PUFA inhibited morphogenesis. This was seen as a means to 

compensate for the hyphal inhibitory effect of AA. Interestingly, genes involved in hyphal 

formation that responded similarly to EPA in vivo and AA in vitro are CRZ1, CTA4, ERG11, 

FCR1, SNQ2, TAC1, TEC1, YOR1 and ZCF3. Taken together, our study sheds new light on 
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how EPA disrupts C. albicans hyphal formation, as well as the differential response of C. 

elegans to EPA and C. albicans. We also observed that pathogenesis can also be influenced 

by the host immune response. In mammals, EPA is well known for its immunomodulatory 

effects via production of anti-inflammatory eicosanoids (Iwami et al., 2011; Szabó et al., 2020). 

In C. elegans, GLA and SDA are required for basal activity of the p38 MAP kinase pathway 

and immunity against P. aeruginosa (Nandakumar and Tan, 2008). Although these authors 

found that EPA is not involved in this, we examined the effect of EPA supplementation on 

expression of immune response genes during infection with C. albicans. Several genes 

involved in immune response, including cyp-37B1, daf-16, fipr-22, ilys-2, lys-5, lys-6, spp-12 

and fat-3 were up-regulated. Interestingly, cyp-37B1 is one of 12 genes identified by Pukkila-

Worley and co-workers (2011) as a core immune response gene of C. elegans and up-

regulation of daf-16 by PUFAs was also observed previously Wang and co-workers (2022). 

Moreover, the observed up-regulation of fat-3, which produces the PUFAs, GLA and SDA, 

required for the basal expression of innate immune genes and resistance to infection by P. 

aeruginosa (Nandakumar and Tan, 2008), reveals that lipid metabolism is required for immune 

activation and pathogen defence. Furthermore, Anderson and co-workers (2019) revealed that 

fat-6 and fat-7 involved in synthesize of OL in C. elegans, are required for the induction of 

innate immune genes. Accordingly, nematodes with loss-of-function mutations in fat-6 and fat-

7 are hypersusceptible to infection by diverse pathogens, which can be rescued by the addition 

of exogenous OL (Anderson et al., 2019). We also observed that nhr-49, which plays a role in 

regulating lipid metabolism and participates in a cytoprotective acute stress response program 

that functions parallel to and independently of SKN-1/Nrf2 and HLH-30/TFEB signalling 

(Lapierre et al., 2013; Blackwell et al., 2015; Goh et al., 2018), was also up-regulated. These 

results suggest that supplementation with EPA primes the immune response of C. elegans. It 

would be essential to demonstrate in vitro if these effectors are able to interact with non-

pathogenic and pathogenic microbes and inhibit microbial growth or viability. Moreover, it is 

possible that in future other C. elegans gene families may be discovered that possess 

antimicrobial activity. It is additionally important to emphasize that differential expression after 

pathogen exposure does not suffice to prove an antimicrobial function of these genes. Such 

functional evidence needs to be obtained at the peptide or protein level. This may be achieved 

in vivo by silencing of the investigated gene. A common approach for this relies on RNA 

interference (RNAi) (Timmons et al., 2001). Another approach is to use knock-out mutants, 

which are already available for a large number of C. elegans genes and which can be 

produced through application of CRISPR/Cas technology (Consortium, 2012; Friedland et al., 

2013; Dickinson et al., 2013). 
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Although EPA supplementation seemed to enhance survival of C. elegans infected with C. 

albicans, this was not the case for nematodes infected with P. aeruginosa, given that the 

nematodes were more susceptible to P. aeruginosa. Moreover, similar to EPA supplemented 

P. aeruginosa infected nematodes, we observed that EPA supplementation significantly 

reduced the survival of nematodes co-infected with both P. aeruginosa and C. albicans (Table 

5.2). In contrast, supplementation of AA significantly extended the time needed to kill 50% of 

the nematodes but not to kill 100% of the nematodes compared to unsupplemented P. 

aeruginosa infected nematodes. Similarly, AA supplementation partially rescued the 

nematodes from co-infection of C. albicans and P. aeruginosa by extending the time to kill 

100% of the nematodes (Table 5.2). Fatty acid supplementation is known to have diverse roles 

in pathogenic bacterial susceptibility (Nandakumar and Tan, 2008; Kim et al., 2018; Anderson 

et al., 2019; Kumar et al., 2020; Nienaber et al., 2022). For instance, previously, using the C. 

elegans-P. aeruginosa host-pathogen model, Nandakumar and Tan (2008) showed that GLA 

and SDA but not AA and EPA, are required for the basal expression of innate immune effectors 

and pathogen resistance in wild type C. elegans. Anderson and co-workers (2019) performed 

pathogenesis assays with P. aeruginosa in C. elegans and showed that OL is necessary for 

the induction of innate immune defences and for protection against bacterial pathogens. 

Similar roles of FAs can be seen in Staphylococcus aureus infections, where several FAs such 

as palmitic acid (PAL), OL, LA, eicosadienoic acid, docosadienoic acid and EPA at sub-

minimum inhibitory concentration levels, inhibited biofilm formation and haemolytic activity in 

S. aureus (Kim et al., 2018). Additionally, herring oil, DHA and EPA were discovered to 

markedly extend the survival of C. elegans during infection with S. aureus (Kim et al., 2018). 

Moreover, palmetto oil, LUA and MA resulted in the reduction of S. aureus virulence in C. 

elegans and exhibited minimal cytotoxicity (Kim et al., 2018). Nienaber et al. (2020) showed 

that both EPA/DHA and iron independently administered to Mycobacterium tuberculosis 

infected mice, lowers inflammation and improves indices of anaemia during infection. 

Additionally, EPA/DHA lowered bacterial load, which may be related to the enhanced 

phagocytic ability of immune cells (Serhan et al., 2017; Nienaber et al., 2022) and increased 

synthesis of EPA and DHA-derived lipid mediators. However, more work is needed to 

determine the effects of PUFA supplementation on health span and lifespan after infection. As 

supplementation experiments have yielded different results so far, it will be important to 

compare the effects of dose and timing of supplementation with various FAs on longevity after 

infection. 

 

The ability of C. elegans to lay eggs is usually influenced by numerous factors including 

environmental stressors such as availability of food, temperature, overcrowding, and 
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availability of sperm (Schafer, 2005). However, during unfavourable conditions, for instance 

lack of food or exposure to harmful food, the nematodes retain their eggs until the environment 

becomes more favourable (Corsi, 2015). Presumably this egg retention is a mechanism used 

by the nematodes to protect their progeny. Previously, Garsin and co-workers (2001) reported 

that exposure to pathogenic forms of Enterococcus faecalis can cause persistent intestinal 

infection and even death in C. elegans (Garsin et al., 2001). While other authors reported that 

exposure to other forms of pathogenic bacteria from the genus Salmonella and Burkholderia 

can affect egg retention, however these effects were not quantified (Aballay et al., 2000; 

O'Quinn et al., 2001). In our present study, to decipher the functional relationships between 

PUFAs and egg retention behaviour of infected nematodes, we used the egg-in-worm assay. 

We found that exposure to either or both C. albicans and P. aeruginosa causes a change in 

egg retention behaviour such that the degree of egg retention within a population of 

nematodes infected by these pathogens varied significantly from the control. Importantly, C. 

elegans exposed to both C. albicans and P. aeruginosa showed the highest level of egg 

retention compared to nematodes infected by either C. albicans or P. aeruginosa alone. This 

observed high egg retention in the unsupplemented co-infection, correlates with the increased 

virulence of the unsupplemented co-infection observed in the survival assay results, providing 

an indication that nematodes may attempt to protect their progeny during infection. Previous 

studies showed that some of the nematodes exposed to Salmonella typhimurium became 

laden with eggs, which hatched internally, suggesting that S. typhimurium may be affecting 

the egg laying process (Aballay et al., 2000). In addition, O'Quinn and co-workers (2001) 

reported that nematodes exposed to Burkholderia pseudomallei and Burkholderia 

thailandensis exhibited an egg laying-deficient phenotype. Majority of stage larva 4 nematodes 

exposed to B. pseudomallei or B. thailandensis became ‘bags-of-worms’ early in adulthood as 

a result of internal hatching of retained embryos (O'Quinn et al., 2001). Thus, suggesting that 

both species were able to inhibit egg laying in adults homozygous for a constitutive egg laying 

mutation (O'Quinn et al., 2001). We further investigated the effects of AA and EPA 

supplementation on egg retention of the infected nematodes. Surprisingly, we did not observe 

any significant difference in egg retention of both the uninfected and infected AA 

supplemented nematodes compared to unsupplemented nematodes (Table 5.2). However, a 

more striking effect for EPA supplementation was observed. Here there was a significant 

decrease in the egg retention of EPA supplemented nematodes infected with either or both C. 

albicans and P. aeruginosa compared to unsupplemented infected nematodes (Table 5.2). 

Therefore, our findings suggest that unlike AA, EPA supplemented nematodes were able to 

lay eggs efficiently.  
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Noteworthy, C. elegans has a simplified nervous system consisting of 302 neurons, and the 

network of neurons and their connections has been thoroughly mapped (White et al., 1986).  

An intact motor and neural circuit is necessary for the egg-laying process to be successful 

(Schafer, 2005). Thus egg-laying behaviour has served as an important phenotypic assay for 

the genetic dissection of neuronal signal transduction mechanisms (Schafer, 2005). Diets 

deficient in n-3 and other PUFAs lead to defective neural function (Sinclair et al., 2007; Bazinet 

and Laye, 2014). For instance, the fat-3 mutant strain, which lacks 20-carbon n-6 and n-3 

PUFAs, shows uncoordinated movement and defective egg laying behaviour, phenotypes 

which are controlled by motor neurons and hermaphrodite-specific serotonergic vulva neurons 

(Lesa et al., 2003; Watts et al., 2003). Moreover, while 20-carbon n-6 and n-3 PUFAs are 

redundant in their ability to promote proper sperm migration to oocytes, a role for divergent 

activities of n-6 and n-3 PUFAs in reproduction is suggested by dietary studies. Watts and 

Browse (2006) discovered that dietary supplementation of the n-6 PUFA, DGLA resulted in 

sterility due to the destruction of germ cells. Supplementation of AA also led to germ cell death, 

although at a much higher concentration than DGLA. On the contrary, supplementation with 

n-3 FAs, such as EPA had no adverse effects on the nematodes (Watts and Browse, 2006). 

Therefore, we can speculate that the observed egg retention results obtained in this study 

may be influenced by many biological processes that occur in the host and is influenced by 

PUFA supplementation. Thus, further studies would be to consider the exact mechanism 

underlying our observations noted in this study by which the pathogens and PUFAs affect egg 

retention of the nematodes. 

 

4. Influence of 17,18-epoxy eicosatetraenoic acid on hyphal formation in vivo and in 

vivo 

Given the observed decrease in the relative percentage of EPA in the supplemented 

nematodes, and that EPA does not have the ability to affect hyphal formation in vitro (Willems 

et al., 2019), we hypothesised that it is unlikely that EPA directly affects in vivo hyphal 

production by C. albicans, but rather that its influence is indirect, possibly via in vivo produced 

eicosanoid products of EPA, such as 17,18-epoxy eicosatetraenoic acid (17,18-EpETE), 

which is the most abundant cytochrome (CYP) eicosanoid in C. elegans (Kulas et al., 2008; 

Kosel et al., 2011). Therefore, to further analyse the link between long chain PUFAs, CYP 

eicosanoids, and the observed C. albicans phenotype changes, we investigated 17,18-EpETE 

for its ability to inhibit hyphal formation both in vitro and in vivo in C. elegans. Firstly, we tested 

this hypothesis by exposing C. albicans to 17,18-EpETE in hyphal inducing media. This 

resulted in a reduction in germ tube formation in both media tested. Similarly, nematodes 
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exposed to 17,18-EpETE prior to infection also did not display any hyphae piercing the cuticle 

during C. albicans infection. Thus, revealing that 17,18-EpETE was able to inhibit hyphal 

formation of C. albicans in vivo (Figure 5.1A). This is similar to our in vitro results, however, 

the complete inhibition observed in vivo suggest that there might be additional or enhanced 

inhibitory compounds or processes in the nematodes. In order to confirm the involvement of 

CYP EPA metabolites, we added CYP inhibitors, 17-octadecynoic acid (17-ODYA) and 6-(2-

propargyloxyphenyl)hexanoic acid (PPOH), to EPA supplemented infected nematodes. This 

resulted in rescue of hyphal formation (Figure 5.1B). Interestingly, previous studies have 

shown that AA-derived eicosanoids can stimulate the yeast to hyphal transition in C. albicans 

in vitro (Kalo-Klein and Witkin, 1990; Noverr and Huffnagle, 2004). This is the first report of an 

EPA-derived eicosanoid able to inhibit C. albicans filamentation in vitro and in vivo. So, this 

finding suggests that the major EPA-derived metabolite (17,18-EpETE) may contribute to the 

functional effects of EPA, acting as an anti-virulence agent against C. albicans. We cannot 

exclude the possibility that other EPA- and also AA-derived metabolites share the hyphal 

inhibition capacity of 17,18-EpETE. 

 

 

Figure 5.1. (A) Cytochrome P450 (CYP450) activity metabolises eicosapentaenoic acid (EPA) 

to 17,18-epoxy eicosatetraenoic acid (17,18-EpETE), which inhibits Candida albicans hyphal 

formation. (B) Cytochrome P450 inhibitors, 17-octadecynoic acid (17-ODYA) or 6-(2-

propargyloxyphenyl)hexanoic acid (PPOH) inhibited the CYP450 to epoxidize EPA, thus EPA 

is not converted to 17,18-EpETE and C. albicans hyphal formation restored. 

 

In this study it is clear that EPA had an effect on the survival of C. albicans-infected nematodes 

and on the hyphal formation. Yet, for future work, more experiments including transcriptome 

profiling, fitness profiling using collections of knock-out or over-expression mutants in C. 
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albicans, and target purification will be required to precisely decipher the targets of EPA. The 

identification of these EPA targets might lead to the discovery of additional inhibitors of fungal 

morphogenesis with broader application. Moreover, non-toxic small molecules such as FAs 

that are able to inhibit yeast to hyphal conversion and hyphal growth of C. albicans might result 

in us understanding the pathogenic fungal morphogenesis and may serve as templates for the 

development of novel antifungal agents. In conclusion, the rapid emergence of drug resistant 

microorganisms has driven the development of novel antifungals and antibiotics. This study 

shows that EPA has anti-hyphal activities in C. albicans and also reduce C. albicans virulence 

in vivo in C. elegans. 
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1. Supplementary Table S1. Caenorhabditis elegans and Candida albicans genes used 
in this study 

Caenorhabditis elegans 

Reference genes 

Probe Name Process/Description References 

rps-2 Predicted structural constituent of ribosome Tao et al. (2020) 
www.wormbase.org 

rps-4 Predicted structural constituent of ribosome Tao et al. (2020) 
www.wormbase.org 

rps-23 Predicted structural constituent of ribosome Tao et al. (2020) 
www.wormbase.org 

Lipid metabolism 

Probe Name Process/Description References 

cyp-29A2 Cytochrome P450, involved in lipid storage Zhang et al. (2013) 
www.wormbase.org 

cyp-29A3 Cytochrome P450, involved in eicosapentaenoic 
acid (EPA) metabolism 

Liberman et al. (2020) 
www.wormbase.org 

cyp-32A1 Cytochrome P450, involved in reproduction and 
possibly eicosanoid production 

Benenati et al. (2009) 
www.wormbase.org 

cyp-33C1 Cytochrome P450 www.wormbase.org 

cyp-33E1 Cytochrome P450, orthologue of cyp-33E2, 
possibly involved in long-chain fatty acid metabolic 
process 

www.wormbase.org 

cyp-33E2 Cytochrome P450, involved in long chain fatty acid 
metabolic process and regulation of pharyngeal 
pumping 

www.wormbase.org 

cyp-37A1 Cytochrome P450, expressed in intestine, involved 
in lipid storage and life span 

Zhang et al. (2013) 
www.wormbase.org 

cyp-42A1 Cytochrome P450, involved in lipid metabolism and 
protection against glucotoxicity 

Jung et al. (2020) 
www.wormbase.org 

elo-1 Predicted fatty acid elongase, involved in 
unsaturated fatty acid biosynthetic process 

www.wormbase.org 

elo-2 Predicted fatty acid elongase, involved in several 
processes, including determination of adult 
lifespan, lipid metabolic process and reproduction 

www.wormbase.org 

elo-3 Predicted fatty acid elongase  www.wormbase.org 

elo-4 Predicted fatty acid elongase www.wormbase.org 

elo-5 Predicted fatty acid elongase, expressed in amphid 
neurons and intestine 

www.wormbase.org 

elo-6 Predicted fatty acid elongase, expressed in amphid 
neurons, intestine, nerve ring and vulva 

www.wormbase.org 

elo-7 Predicted fatty acid elongase www.wormbase.org 

elo-8 Predicted fatty acid elongase www.wormbase.org 

elo-9 Predicted fatty acid elongase www.wormbase.org 

emb-8 NADPH-cytochrome P450 reductase, involved in 
eggshell formation and lipid biosynthetic process 

www.wormbase.org 

fat-1 Omega-3 fatty acid desaturase involved in positive 
regulation of locomotion and unsaturated fatty acid 
biosynthetic process 

www.wormbase.org 

http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
http://www.wormbase.org/
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fat-2 Delta 12-fatty acid dehydrogenase and stearoyl-
CoA 9-desaturase involved in fatty acid 
biosynthetic process and innate immune response 

www.wormbase.org 

fat-3 Stearoyl-CoA 9-desaturase www.wormbase.org 

fat-4 Stearoyl-CoA 9-desaturase involved in unsaturated 
fatty acid biosynthetic process 

www.wormbase.org 

fat-5 Predicted to enable iron ion binding activity and 
stearoyl-CoA 9-desaturase activity, involved in 
long-chain fatty acid biosynthetic process 

www.wormbase.org 

fat-6 Stearoyl-CoA 9-desaturase activity, involved in 
innate immune response, long-chain fatty acid 
biosynthetic process and multicellular organism 
development 

www.wormbase.org 

fat-7 Stearoyl-CoA 9-desaturase activity, involved in fatty 
acid biosynthetic process 

www.wormbase.org 

mboa-7 Enables O-acyltransferase activity. Is involved in 
nematode larval development, oviposition and 
phosphatidylinositol biosynthetic process. 

www.wormbase.org 

nhr-49 Involved in determination of adult lifespan, positive 
regulation of transcription from RNA polymerase II 
promoter in response to stress, regulation of fatty 
acid metabolic process and regulates immuno-
metabolic response to bacterial infection 

Van Gilst et al. (2005) 
www.wormbase.org 
 

Immune response 

Probe Name Process/Description References 

abf-2 Involved in defence response to Gram-negative 
and Gram-positive bacteria 

www.wormbase.org 

abf-3 Involved in innate immune response to Gram-
negative bacteria 

www.wormbase.org 

atf-7 Involved in several processes, including defence 
response to Gram-negative bacterium, regulation 
of innate immune response and regulation of 
transcription by RNA polymerase II 

www.wormbase.org 

cht-1 Chitinase involved in response to fungus www.wormbase.org 

clec-60 C-type lectin involved in defence response to 
Gram-positive bacteria, expressed in intestine 

www.wormbase.org 

clec-67 C-type lectin involved in PERK-mediated unfolded 
protein response. Is expressed in intestine 

www.wormbase.org 

cnc-2 Caenacin involved in defence response to Gram-
negative bacterium, defence response to fungus 
and innate immune response, expressed in 
hypodermis 

www.wormbase.org 

cnc-4 Caenacin involved in defence response to fungus 
and innate immune response 

www.wormbase.org 

cnc-5 Caenacin involved in defence response to fungus 
and innate immune response 

www.wormbase.org 

cnc-6 Caenacin involved in defence response to fungus 
and innate immune response 

www.wormbase.org 

col-179 Predicted extracellular matrix structural 
constituent, involved in defence response to 
Gram-negative bacterium and innate immune 
response 

www.wormbase.org 



 

181 | P a g e  
 

cyp-14A2 Cytochrome P450, expressed in intestine, possibly 
involved in stress response and detoxification 

Thomas (2007) 
www.wormbase.org 

cyp-37B1 Cytochrome P450, involved in defence response 
to Gram-positive bacteria 

www.wormbase.org 

daf-16 Involved in several processes, including defence 
response to other organisms 

www.wormbase.org 

fipr-22 Fungus induced peptide enriched in GABAergic 
neurons, excretory cell and hypodermis 

www.wormbase.org 

ilys-2 Lysozyme involved in defence response to Gram-
positive bacterium  

www.wormbase.org 

ilys-5 Lysozyme  www.wormbase.org 

lys-2 Lysozyme involved in defence response to Gram-
negative and Gram-positive bacteria 

www.wormbase.org 

lys-4 Lysozyme involved in defence response to Gram-
positive bacterium 

www.wormbase.org 

lys-5 Lysozyme involved in defence response to Gram-
positive bacteria 

www.wormbase.org 

lys-6 Lysozyme www.wormbase.org 

lys-7 Lysozyme expressed in head neurons intestine 
and rectal gland cell 

www.wormbase.org 

spp-1 Caenopore involved in defence response to other 
organism and pore formation in membrane of 
another organism 

www.wormbase.org 

spp-2 Caenopore involved in defence response to Gram-
positive bacteria 

www.wormbase.org 

spp-3 Caenopore involved in defence response to Gram-
negative and Gram-positive bacteria 

www.wormbase.org 

spp-4 Caenopore enriched in hypodermis and intestine www.wormbase.org 

spp-8 Caenopore enriched in outer labial lateral 
neurons, polymodal nociceptive neurons and 
intestine 

www.wormbase.org 

spp-12 Caenopore involved in defence response to Gram-
positive bacteria 

www.wormbase.org 

spp-14 Caenopore involved in immune response www.wormbase.org 

spp-23 Caenopore enriched in dorsal A neuron, ventral A 
neuron, intestine and pharyngeal muscle cell 

www.wormbase.org 

Candida albicans 

Reference genes 

Probe Name Process/Description References 

ACT1 Actin www.candidagenome.org 
Nailis et al. (2006) 

LSC2 Putative succinate-CoA ligase beta subunit www.candidagenome.org 
Nailis et al. (2006) 

THD3 NAD-linked glyceraldehyde-3-phosphate 
dehydrogenase 

www.candidagenome.org 
Nailis et al. (2006) 

Filamentation 

Probe Name Process/Description References 

ACE2 
(orf19.6124) 

Transcription factor that regulates 
morphogenesis, mutant is hyperfilamentous 

www.candidagenome.org 

ADA2 
(orf19.2331) 

Transcriptional coactivator, role in cell wall 
integrity. Mutation prevents hyphal formation in 
Caenorhabditis elegans 

www.candidagenome.org 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
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ADR1 
(orf19.2752) 

Transcription factor, transposon mutation affects 
filamentous growth 

www.candidagenome.org 

AFT2 
(orf19.2272) 

Putative transcription factor with role in hyphal 
growth 

www.candidagenome.org 

AHR1 
(orf19.7381) 

Transcription factor, involved in regulation of 
adhesion genes. Mutation affects hyphal growth 

www.candidagenome.org 

ALS1 
(orf19.5741) 

Cell-surface adhesin with role in biofilm formation 
and hyphal formation. Arachidonic acid (AA) 
responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

ALS3 
(orf19.1816) 

Cell wall adhesion and hyphal-associated 
invasin, mutation causes defect in biofilm 
formation  

www.candidagenome.org 

ASG1  
(orf19.166) 

Transcription factor, mutation causes decreased 
filamentation in certain strains 

www.candidagenome.org 

ASH1 
(orf19.5343) 

Transcription factor required for filamentous 
growth on solid media 

www.candidagenome.org 

ARG81 
(orf19.4766) 

Transcription factor, required for ornithine 
utilisation. Mutation may increase filamentation in 
certain strains. 

www.candidagenome.org 

BCR1  
(orf19.723) 

Transcription factor, regulates biofilm formation 
and involved in hyphal growth 

www.candidagenome.org 

BRE1  
(orf19.976) 

Putative E3 ubiquitin ligase, involved in 
ubiquitination of histone H2B during hyphal 
development, transposon mutation affects 
filamentous growth 

www.candidagenome.org 

BRG1 
(orf19.4056) 

Transcription factor, transposon mutation affects 
filamentation 

www.candidagenome.org 

CAS5 
(orf19.4670) 

Transcription factor, mutants have hyphal defect 
in C. elegans infection. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

CPH1 
(orf19.4433) 

Transcription factor involved in filamentation on 
solid media 

www.candidagenome.org 

CPH2 
(orf19.1187) 

Transcription factor, promotes hyphal growth www.candidagenome.org 

CRZ1 
(orf19.7359) 

Calcineurin-regulated transcription factor, 
mutation decreases hyphal formation in certain 
strains. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

CSR1 
(orf19.3794) 

Transcription factor, mutation affects filamentous 
growth 

www.candidagenome.org 

CTA4 
(orf19.7374) 

Transcription factor, involved in mating. Mutants 
may Mutations cause decreased filamentation. 
AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

CTA8 (HSF1) 
(orf19.4775) 

Essential transcription factor, mutation may 
cause increased hyphal growth in certain strains 

www.candidagenome.org 

CUP9 
(orf19.6514) 

Transcription factor, mutants have increased 
filamentous growth. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

CWT1 
(orf19.5849) 

Transcription factor, mutation causes decreased 
filamentous growth in certain strains 

www.candidagenome.org 

CZF1 
(orf19.3127) 

Hyphal growth regulator. AA responsive gene www.candidagenome.org 
Kuloyo et al. (2020) 

EFG1  
(orf19.610) 

Transcription factor, required for hyphal growth www.candidagenome.org 

EFH1 
(orf19.5498) 

Transcription factor, regulates filamentous growth www.candidagenome.org 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
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ERG11 
(orf19.922) 

Cytochrome P450 family, role in ergosterol 
biosynthesis and hyphal formation. AA 
responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

FCR1 
(orf19.6817) 

Transcription factor, transposon mutation 
enhances filamentation. Polyunsaturated fatty 
acid AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

FGR13 
(orf19.1006) 

Transposon mutation affects filamentous growth www.candidagenome.org 

FGR17 
(orf19.5729) 

Putative transcription factor, transposon mutation 
affects filamentous growth 

www.candidagenome.org 

FGR27 
(orf19.6680) 

Transcription factor, transposon mutation affects 
filamentous growth 

www.candidagenome.org 

FKH2 
(orf19.5389) 

Transcription factor, mutant lacks true hyphae, is 
constitutively pseudohyphal. 

www.candidagenome.org 

FLO8 
(orf19.1093) 

Transcription factor required for hyphal formation, 
regulates hyphal gene expression 

www.candidagenome.org 

GPR1 
(orf19.1944) 

Plasma membrane G-protein-coupled receptor 
required for wild type hyphal growth 

www.candidagenome.org 

GRF10 
(orf19.4000) 

Putative transcription factor, involved in control of 
filamentous growth 

www.candidagenome.org 

HAP5 
(orf19.1973) 

Transcription factor with roles in filamentous 
growth 

www.candidagenome.org 

HMS1  
(orf19.921) 

Transcript factor required for morphogenesis 
induced by elevated temperature 

www.candidagenome.org 
 

HOT1 
(orf19.3328) 

Required for inhibition of filamentous growth by 
farnesoic acid, filament induced 

www.candidagenome.org 

HWP1 
(orf19.13.21) 

Hyphal cell wall protein www.candidagenome.org 

MED7  
(orf19.232) 

Subunit of the RNA polymerase II mediator 
complex. Mutations may affect filamentation in 
certain strains 

www.candidagenome.org 

MSS11 
(orf19.6309) 

Transcription factor required for hyphal growth www.candidagenome.org 

NDT80 
(orf19.2119) 

Activator of CDR1 induction by antifungal drugs, 
required for Spider biofilm formation and hyphal 
formation. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

NGS1 
(orf19.7516) 

Acts as N-acetylglucosamine (GlcNAc) sensor 
required for GlcNAc-induced filamentation 

www.candidagenome.org 
 

NOT3 
(orf19.2012) 

Transcriptional regulator,  mutant colonies exhibit 
slightly decreased filamentation ratio 

www.candidagenome.org 
 

NOT5 
(orf19.5107) 

Member of the transcription regulatory CCR4-
NOT complex, required for hyphal growth 

www.candidagenome.org 

NRG1 
(orf19.7150) 

Transcription factor/repressor, regulates hyphal 
gene induction. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

OFI1  
(orf19.4972) 

Putative transcription factor involved in regulation 
of filamentous growth 

www.candidagenome.org 

OPI1  
(orf19.1543) 

Transcription factor, involved in regulation of 
filamentous growth 

www.candidagenome.org 

PGA13 
(orf19.6420) 

GPI-anchored cell wall protein involved in cell 
wall synthesis. Mutation may cause delayed 
filamentation in certain strains. AA responsive 
gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

PHO4 
(orf19.1253) 

Transcription factor, required for phosphate 
acquisition and stress resistance. Mutations may 

www.candidagenome.org 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
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cause increased filamentous growth in certain 
strains 

PPR1 
(orf19.3986) 

Transcription factor, mutants have decreased 
hyphal growth in certain strains 

www.candidagenome.org 

RBF1 
(orf19.5558) 

Transcription factor, mutation causes accelerated 
induction of filamentous growth 

www.candidagenome.org 

RCA1 
(orf19.6102) 

Protein involved in regulation of carbonic 
anhydrases. mutation affects filamentous growth 

www.candidagenome.org 

RFG1 
(orf19.2823) 

Transcriptional repressor of filamentous growth 
and hyphal genes. Possible AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

RFX2 
(orf19.4590) 

Transcriptional repressor, regulator of 
filamentation. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

RIM101 
(orf19.7247) 

Transcription factor, required for alkaline-induced 
hyphal growth. Possible AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

RLM1 
(orf19.4662) 

Transcription factor, mutation causes decreased 
hyphal growth on lactate 

www.candidagenome.org 

ROB1 
(orf19.4998) 

Transcription factor, mutant displays abnormal 
colony morphology (no peripheral hyphae) and 
invasive growth. Possible AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

RON1  
(orf19.513) 

Required for GlcNAc-induced hyphal growth www.candidagenome.org 

RTG3 
(orf19.2315) 

Transcription factor, mutation causes decreased 
filamentous growth in certain strains 

www.candidagenome.org 

SAP6 
(orf19.5542) 

Expressed during hyphal growth, involved in 
biofilm formation, AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

SEF1 
(orf19.3753) 

Transcription factor, regulates iron uptake. 
Mutation may decrease filamentation in certain 
strains. 

www.candidagenome.org 

SET3 
(orf19.7221) 

NAD-dependent histone deacetylase, mutations 
affect filamentous growth. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

SFL1  
(orf19.454) 

Transcription factor involved in negative 
regulation of morphogenesis. AA responsive 
gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

SFL2 
(orf19.3969) 

Transcription factor involved in regulation of 
morphogenesis, required for filamentous growth 

www.candidagenome.org 

SIN3 
(orf19.6011) 

Transposon mutation affects filamentous growth www.candidagenome.org 

SKN7  
(orf19.971) 

Predicted response regulator protein. Mutation 
causes absence of hyphal formation in certain 
strains 

www.candidagenome.org 

SKO1 
(orf19.1032) 

Transcription factor, represses the yeast-to-
hypha transition 

www.candidagenome.org 

SMI1 
(orf19.5058) 

Cell wall biosynthesis protein, Cyr1-induced in 
hyphal cells 

www.candidagenome.org 

SNF4 
(orf19.5768) 

Putative subunit of the AMP-activated Snf1p 
kinase, transposon mutation affects filamentation 

www.candidagenome.org 

SNF5 
(orf19.5871) 

Part of SWI/SNF complex which is essential for 
hyphal growth 

www.candidagenome.org 

SNF6 
(orf19.831) 

Part of SWI/SNF complex which is essential for 
hyphal growth 

www.candidagenome.org 

SNQ2 
(orf19.5759) 

Transporter, transposon mutation affects 
filamentation. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

SPT3 
(orf19.7622) 

Homozygous null mutant is hyperfilamentous www.candidagenome.org 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
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SPT6 
(orf19.7136) 

Putative transcription elongation factor, 
transposon mutation affects filamentous growth 

www.candidagenome.org 

SPT20 
(orf19.422) 

Putative transcription factor, mutants have 
decreased hyphal and invasive growth 

www.candidagenome.org 

SSN6 
(orf19.6798) 

Hyphal growth regulator, repressed during hyphal 
growth 

www.candidagenome.org 

STD1 
(orf19.6173) 

Putative transcription factor, mutation causes 
increased filamentation 

www.candidagenome.org 

STP2 
(orf19.4961) 

Amino-acid-regulated transcription factor. 
Mutation decreases filamentation 

www.candidagenome.org 

SWI1 
(orf19.5657) 

Part of SWI/SNF complex which is essential for 
hyphal growth  

www.candidagenome.org 

SWI4 
(orf19.4545) 

Putative component of the SBF transcription 
complex involved in G1/S cell-cycle progression, 
mutants have reduced peripheral filamentation 

www.candidagenome.org 

TAC1 
(orf19.3188) 

Zn(2)-Cys(6) transcriptional activator of drug-
responsive genes, mutation causes decreased 
hyphal formation in certain strains. AA 
responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

TCC1 
(orf19.6734) 

Putative transcription factor, regulation of 
filamentation and expression of hypha-specific 
genes 

www.candidagenome.org 

TEA1 
(orf19.6985) 

Putative transcription factor, mutation may cause 
increased hyphal growth in certain strains 

www.candidagenome.org 

TEC1 
(orf19.5908) 

Transcription factor involved in hyphal gene 
regulation. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

TFG1 
(orf19.4585) 

Transposon mutation affects filamentous growth www.candidagenome.org 

TUP1 
(orf19.6109) 

Transcriptional corepressor, represses 
filamentous growth, role in germ tube induction 

www.candidagenome.org 

UME6 
(orf19.1822) 

Transcription factor that regulates filamentous 
growth 

www.candidagenome.org 

WOR1 
(orf19.4884) 

Transcription factor ("master switch") of white-
opaque phenotypic switching. Mutants have 
decreased biofilm formation in certain strains 

www.candidagenome.org 

YOR1 
(orf19.1783) 

ABC-type plasma membrane transporter involved 
in resistance to aureobasidin A. Mutation causes 
a decrease in invasive growth. AA responsive 
gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

ZCF3 
(orf19.1168) 

Transcription factor required for filamentous 
growth 

www.candidagenome.org 

ZCF7 
(orf19.1685) 

Predicted transcription factor, mutation causes 
decreased colony wrinkling and hyphal formation. 

www.candidagenome.org 

ZCF11 
(orf19.2423) 

Transcription factor required for wild-type 
filamentous growth 

www.candidagenome.org 
 

ZCF14 
(orf19.2647) 

Putative transcription factor, mutants have 
decreased hyphal growth 

www.candidagenome.org 

ZCF17 
(orf19.3305) 

Putative transcription factor, mutants have 
increased hyphal growth, but decreased invasive 
growth 

www.candidagenome.org 

ZCF18 
(orf19.3405) 

Putative transcription factor, mutants have 
increased hyphal growth 

www.candidagenome.org 

ZCF29 
(orf19.5133) 

Transcription factor, mutants have defects in 
filamentous growth 

www.candidagenome.org 

http://www.candidagenome.org/
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ZCF32 
(orf19.5940) 

Transcription factor involved in regulation of 
biofilm formation 

www.candidagenome.org 

ZNC1 
(orf19.3187) 

Transcription factor required for adherence and 
represses hyphal cell formation 

www.candidagenome.org 

 
Other processes 

Probe Name Process/Description References 

CDR1 
(orf19.6000) 

Multidrug transporter of ABC superfamily, 
transport phospholipids. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

CDR2 
(orf19.5958) 

Multidrug transporter, ATP-binding cassette 
(ABC) superfamily, transports phospholipids. AA 
responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

DAL8 
(orf19.5859) 

Putative allantoate permease, fungal-specific, AA 
responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

EHT1 
(orf19.3040) 

Putative acyl-coenzymeA: ethanol O-
acyltransferase. AA responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

ECM17 
(orf19.4099) 

Putative sulfite reductase beta subunit, role in 
cell wall biogenesis. AA responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

FAH2 
orf19.2184 

Putative fumarylacetoacetate hydrolase www.candidagenome.org 

FLU1 
(orf19.6577) 

Multidrug efflux pump of the plasma membrane 
AA responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

HRD3 
orf19.1191 

Ortholog(s) have ubiquitin-protein transferase 
activity and role in negative regulation of protein 
autoubiquitination 

www.candidagenome.org 

HSP12 
(orf19.3160) 

Decreased expression in hyphae. AA responsive 
gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

IPT1  
(orf19.4769) 

Inositol phosphoryl transferase, catalyzes the 
synthesis of the most abundant sphingolipid. AA 
responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

MET4 
(orf19.5312) 

Putative transcription coactivator, predicted role 
in sulphur amino acid metabolism. AA responsive 
gene 

www.candidagenome.org 
Kuloyo et al. (2020)  

MDR1 
(orf19.5604) 

Plasma membrane MDR/MFS multidrug efflux 
pump. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

PDR16 
(orf19.1027) 

Phosphatidylinositol transfer protein. AA 
responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

PST1 
(orf19.2241) 

Hyphal-induced. AA responsive gene www.candidagenome.org 
Kuloyo et al. (2020) 

RGT1 
(orf19.4722) 

Transcription factor, transcriptional repressor 
involved in the regulation of glucose transporter 
genes 

www.candidagenome.org 

RTA3  
(orf19.23) 

7-transmembrane receptor protein involved in 
regulation of asymmetric lipid distribution in 
plasma membrane. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

SUL2 
(orf19.2738) 

Putative sulfate transporter. AA responsive gene www.candidagenome.org 
Kuloyo et al. (2020) 

SUT1 
(orf19.4342) 

Transcription factor involved in sterol uptake. AA 
responsive gene 

www.candidagenome.org  
Kuloyo et al. (2020) 

TYE7 
(orf19.4941) 

Transcription factor, control of glycolysis. AA 
responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 

UGA3 
(orf19.7570) 

Transcription factor, required for utilization of 
gamma-aminobutyrate 

www.candidagenome.org 

http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
http://www.candidagenome.org/
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UPC2  
(orf19.391) 

Transcription factor, regulates ergosterol 
biosynthesis 

www.candidagenome.org 

YWP1 
(orf19.3618) 

Secreted yeast wall protein, involved in adhesion 
and biofilm formation. AA responsive gene 

www.candidagenome.org 
Kuloyo et al. (2020) 
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