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Summary 
Lipid metabolism plays a critical role in α-synuclein aggregation; a-synuclein is a 

protein whose role is critical in Parkinson’s disease (PD) progression. Environmental 

and genetic factors can accelerate the progression of PD. Interestingly, interaction 

between lipids and α-synuclein can affect α-synuclein aggregation. The mechanism 

and outcome of the lipid interaction with α-synuclein is still very contradicted. This 

study aims to provide insight into the role of fatty acids (FA) metabolism on α-

synuclein aggregation. The nematode Caenorhabditis elegans was used as a model 

organism to examine the effect of specific enzymes that are involved in fatty acid 

metabolism. We took advantage of an established C. elegans PD model that 

overexpresses human α-synuclein fused with a green fluorescent protein (GFP) in 

order to study protein aggregation and its effects on C. elegan’s health. We observed 

that silencing of the Δ-9 desaturase genes fat-6 and fat-7 results in a reduction of α-

synuclein aggregation and an improvement in healthspan. On the contrary, silencing 

of a Δ-12 and a Δ-3 desaturase encoding genes, namely fat-2 and fat-3 respectively, 

which act downstream of FAT-6 and FAT-7 enzymes increased aggregation and 

toxicity. Moreover, the role of autophagy was also investigated, as it is known that 

autophagy aids in degradation of protein aggregates and that loss of autophagic 

proteins can lead to neurodegeneration in the central nervous system[1, 2]. We found 

that the effect of fat-6 knockdown on α-synuclein aggregation is, at least partly, 

independent of autophagy. 

Introduction 
The use of C. elegans as a model organism in biology research was first proposed 

by Syndey Brenner in 1974[3]. Ever since, C. elegans has been extensively studied 

and documented to establish a powerful scientific tool. C. elegans, a free nematode 

that lives in soil, is a non-parasitic nematode with a very small size of approximately 

up to 1.3 mm in length. Maintenance of C. elegans is relatively cheap but requires 

close monitoring due to its short life cycle. The nematode’s laboratory food source is 

comprised of the E. coli strain OP50. During their L1 stage, nematodes can be 

frozen and maintained at -80oC, making it ideal for long term storage. The 
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nematode’s life cycle is typically 2.5 days during which it transforms through all of 

larval stages (L1-L4) and ultimately becomes an adult. The embryo to adult stages 

are consequent while the dauer stage is only eminent at nematodes that were 

exposed to non-favourable or stress conditions during their larva stage. When the 

nematodes are exposed to a favourable environment again, after starvation, they 

transform from dauer to L4 and continue their life cycle (Figure 1a). 

 

Its life expectancy under non-stressful conditions spans to a period of approximately 

2 to 3 weeks. This short life expectancy makes C. elegans an ideal tool for studying 

ageing and age-related pathologies. As a hermaphrodite, C. elegans can provide 

approximately 300 genetically identical progenies. Males arise spontaneously by X-

chromosome non-dysjunction during hermaphrodite gametogenesis, which results in 

0.1% to 0.2% XO embryos. High yield of male progeny can be achieved in the lab by 

exposing L4 hermaphrodites to heat stress. One of the advantages of C. elegans is 

that its transparent body allows scientists to observe single cells and visualize 

Figure 1a. Adaptation from Altun, Z.F. and Hall, D.H. 2019. Handbook of C. elegans Anatomy. In 

WormAtlas. http://www.wormatlas.org/hermaphrodite/hermaphroditehomepage.htm 
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subcellular structures in real time. This transparent nature made its developmental 

and anatomical characterization easy. Now, the complete sequence of somatic cell 

divisions from the single cell egg up to the fully grown hermaphrodite or male has 

been mapped; fully grown hermaphrodites possess 959 cells. C. elegans 

maintenance is cheap and easy. For all the experiments of this study, our strains 

were maintained at 20o C, which is considered the optimum temperature for proper 

development and well characterized by a bulk of peer reviewed publications. 

Temperature affects C. elegans development; higher temperatures result in faster 

development, while the opposite is true for lower temperatures. C. elegans genome 

has been completely sequenced and its 20,444 protein-coding genes are distributed 

over 5 pairs of autosomes and one sex chromosome pair XX for hermaphrodites and 

XO for males [4]. Up to date techniques that were used in the lab for gene silencing 

and overexpression were based mainly on the RNAi methodology and DNA 

sequence microinjections respectively[5]. C. elegans utilizes a complex network of 

genes that regulate food sensation, neuroendocrine signaling, uptake, transport, 

storage and utilization of fats, of which its core fat and sugar metabolic pathways are 

conserved. C. elegans research is best suited on mechanisms that operate on 

multiple tissues and cause an effect evident on metabolism and behavior are best[6] . 

The lipid profile of C. elegans has been examined biochemically by extraction of 

whole lipids, subsequent fractionation and analysis by GC/MS[7, 8]. The range and 

variety of fatty acids present in C. elegans and their role in development has also 

been establish thoroughly [7, 9, 10]. Knockdown of fat and elo genes can cause 

alterations in fat levels, in the germ cell maintenance, neuronal defects as well as 

changes in lifespan[8, 11-13]. Finally, there are no ethical constraints associated with 

culturing C. elegans, which would otherwise delay the research process. It is clear 

that C. elegans offers a powerful platform for a quick and reliable study of 

neurodegeneration, ageing and their link to metabolic alterations in vivo. 

 

Ageing 
Ageing is characterized by a progressive loss of physiological integrity, 

leading to impaired function and an increase in vulnerability to death[14]. Certain 

denominators characterize the ageing process, these include genomic instability, 
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telomere attrition, epigenetic alterations, loss of proteostasis, deregulated nutrient 

sensing, mitochondrial dysfunction, cellular senescence, stem cell exhaustion, and 

altered intercellular communication[15]. Accumulated DNA damage can be the cause 

for numerous disorders related to ageing, including neurodegenerative diseases[16]. 

Protein aggregation is a principal cause of many neurodegenerative diseases, 

including Parkinson’s disease(PD)[17]. 

Parkinson’s disease	
Parkinson’s disease (PD) is a neurodegenerative disorder that affects the 

dopaminergic neurons of the brain in the substantia nigra. PD is projected to affect 

one million people in the U.S. alone by 2020 and 10 million people world-wide are 

currently affected[18]. Supplementation of Levodopa along with a DOPA 

decarboxylase inhibitor is the most effective therapy for PD. Despite its relatively 

severe side effects, which mainly include dyskinesia and wearing off, Levodopa is 

now arguably used early onset of the disease due to its more effective nature 

compared to the rest of the treatments. Another popular treatment used are 

dopamine agonists, which mimic the effect of dopamine at the dopamine receptor. 

Dopamine agonists display less severe side effects but without the same degree of 

symptom relief as levodopa. Catechol-O-methyl transferase inhibitors, monoamine 

oxidase B inhibitors, amantadine and trihexyphenidyl are treatments that are also 

used to treat PD. None of these approaches have proven to be successful 

treatments to date though [19]. Clinical trials, in particular for neurodegenerative 

disease cases, have a complex nature that prevents scientist from extracting 

concluding data. Part of this problem is that patients recruited for trials have already 

been subjected to substantial neurodegenerative damage. By nature, potential 

neuroprotective therapies need to be applied at the beginning of the disease, before 

most of the damage is done[20] . It has been reported that only 1 in 10 cases of PD 

have no identifying genetic cause[21] . Probability of a disease progression before the 

age of 50 is low, but it quickly increases thereafter with age, peaking at 80 years of 

age[22]. Several risk factors associated with PD have been reported including dairy 

products, pesticides, methamphetamine, cancer, a traumatic brain injury, body-mass 

index (BMI), diabetes, blood cholesterol, hypertension, alcohol, postmenopausal 

hormones, reproductive factors, fat and other macronutrients. In contrast, some of 
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protective factors reported include tobacco, caffeine, green and black tea, physical 

activity, non-steroidal anti-inflammatory drugs (NASIDs), calcium channel blockers, 

statins, flavonoids and dietary patterns characterized by high intakes of fruit, 

vegetables and fish[23]. 

Α-synuclein 

Α-synuclein toxicity is considered a major drive in PD progression. Lewy bodies, 

which are primarily composed of α-synuclein aggregates, act as mediators of 

neuronal toxicity in PD and dementia[24]. This notion has led to a rational increase in 

research for PD treatment that targets α-synuclein toxicity. To date no effective 

neuroprotective approach has been found that combats α-synuclein aggregation 

effectively during PD. Several inhibitors of α-synuclein aggregation have been 

reported with a steady progression towards clinical use [21]. While there is an 

abundance of α-synuclein in the human 

brain, its physiological function is not 

completely understood. It is known that 

α-synulcein is involved mainly in the 

regulation of synaptic vesicle release in 

the presynaptic terminals [25] and 

contributes to the regulation of 

dopamine release and synaptic vesicle 

release[26]. A-synuclein has an affinity to 

bind to membranes where it adopts an 

α-helical structure[27]. Upon exposure to 

PUFAs, α-synuclein takes an α-helical 

monomeric structure where it enters a 

state of rapid equilibrium between the 

lipid-bound α-helical form and its free form[28-31]. Controversially, α-synuclein has 

been thought to be harmful when oligomerized, which can lead to fibrils. A-synuclein 

fibrils can act as seeds to induce further fibrillationand are transmitted from cell to 

cell by various trafficking and uptake mechanisms[32]. In figure 1b, this model is 

illustrated. For the tetrameric form to become fibril, it needs to transform its 

Figure 1b. Adaptation from Fernandez, R.D. and 

H.R. Lucas, Isolation of recombinant tetrameric N-

acetylated alpha-synuclein. Protein Expression 

and Purification, 2018. 152: p. 146-154. 
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monomeric form first and then fibrillation can start, ultimately leading to Lewy 

bodies[33]. 

 

Parkinson’s Disease and Fat Metabolism 
A link has recently started to appear between PD and lipid metabolism. Previous 

studies have pointed out that neurodegenerative diseases are directly linked to 

dysfunctional lipid metabolism[34]. α-synuclein has also shown direct interaction with 

membranes and a change of conformation to an α-helical structure[27, 

31].Polyunsaturated fatty acids (PUFAs’) interaction with α-synuclein and the 

subsequent effect on toxicity has been widely studied but only poorly understood so 

far. Some PUFAs have been positively associated with α-synuclein degradation in 

some studies, while in others no association or even a negative association has 

been observed [17, 31]. N-3 PUFAs for example, have been shown to be anti-

neuroinflammatory on several brain disease models[35]. Α-synuclein was shown to 

acquire an α-helical secondary structure with a rapid equilibrium between its free and 

the lipid-bound form upon exposure to specific PUFAs including docosahexaenoic 

acid [DHA] and arachidonic acid [AA] [28-31]. PUFA’s are known to self-assemble, in 

vitro, being composed of amphiphilic chains, a process highly dependent on the 

PUFA’s concentration, media ionic strength, temperature and pH [30, 36, 37]. These 

PUFA’s can then form dynamic lipid aggregate structures than can affect the mobility 

and the interaction with α-synuclein[38]. The molecular ratio between α-synuclein and 

PUFA plays a key role in shifting the equilibrium between the free forms of the 

protein; when the P/DHA molar ratio is 1:50 the protein’s conformation is completely 

converted into an a-helical structure[28]. It has been observed that α-synuclein 

exposure to PUFAs induces fast oligomerization and fibrillation in vitro, in 

mesencephalic neuronal cells (MES) and in dopaminergic neuronal cell lines[39-

42].PUFAs’ levels have been found elevated in PD disease models and in neuronal 

cells overexpressing α-synuclein. Increased PUFA content has been correlated with 

an increase in membrane fluidity[43]. Lipids are involved in energy storage, protein 

modifications, membrane synthesis and many more cellular processes rendering 

them essential for proper brain function and efficient neurotransmission[11].  
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Lipids 
C. elegans offers unique advantages as a model organism to study lipid 

metabolism. Its transparent body allows for fat droplet visualization and quantification 

with the use of dyes that selectively stain lipids. Despite differences between the C. 

elegans and human genomes, C. elegans is physiologically relevant for studying lipid 

metabolism. The ease of genetic manipulation coupled with the availability of whole 

genome data allows for quick screening of metabolic changes and their outcomes in 

the physiology of the nematode. 

Lipids and Fatty Acids 
Due to C. elegans transparent body, fats are directly visible in an intact animal 

[6]. C. elegans does not have dedicated adipocytes, unlike mammals, but it stores its 

fat in droplets located in the intestinal and hypodermal cells. Fats are normally 

marked through a staining method using a dye, such as the Sudan Black B dye that 

stains fats, which are then visible under green fluorescence[44]. Nile Red, Oil Red O 

and BODIPY are  dyes used to stain lipids in C. elegans; they do so without affecting 

the brood size, growth rate or its lifespan[45]. Nile red and BODIPY are fluorescent 

dyes that allow for easy visualization of lipids in vivo and are particularly well suited 

for labeling of intestinal fats[46]. Quantitative images can be acquired in vivo through 

the microscope and can be later quantified by measuring fluorescent intensity[46, 47]. 

Metabolic Pathways 
ATP, the main energy carrier in cells, is generated through the brake-down of 

carbohydrates, amino acids and fats as shown in figure 2a. More specifically, 

carbohydrates are broken down to pyruvate and subsequently to acetyl-CoA. 

Glycolytic enzymes catalyze the mentioned process of synthesis of Acetyl-CoA, 

which is then used as a substrate in the citric cycle for generation of NADH and 

FADH2. Finally, these cofactors (NADH and FADH2) are utilized by the electron 

transport chain (ETC) to create an electrochemical proton gradient that drives the 

synthesis of ATP[48].Triglycerides constitute the majority of body fats found in 

humans. Stored triglycerides are broken down by lipolytic enzymes to generate fatty 

acids. These fatty acids are then broken down to acetyl –CoA through β-oxidation, a 

process eminent in the peroxisomes or the mitochondria[48]. 
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C. elegans’s gene daf-2 

encodes the orthologue of the 

human insulin growth factor 

receptor (IGF1R) and it is 

involved in several activities 

including cellular response to 

salt, negative regulation of 

micromolecule metabolic 

process and positive regulation 

of metabolic growth [49] daf-2 

mutants not only have increased 

lifespan but also an altered 

metabolism. daf-2 silencing is 

known to activate transcription factor DAF-16, a forkhead (FOXO) transcription factor 
[50] .DAF-16 regulates diverse genes that act in several defense mechanisms, 

biosynthetic processes and post embryonic development. The daf-2 mutants are 

characterized as stress resistant and long lived with a characteristic of increased fat 

accumulation, altered metabolism and induced autophagy[51]. C. elegans possesses 

many of the saturated, unsaturated and polyunsaturated fatty acids present in 

mammals. The nematode’s total triglyceride levels come to around~50% of its total 

lipids, depending on its diet and developmental stage[45]. As mentioned earlier, C. 

elegans can synthesize PUFA through specific enzymes that mammals, including 

humans, lack; the Δ-12 and Δ-15 enzymes[44, 52]. The FAT-1 enzyme is a ω-3 (Δ-12) 

desaturase that catalyzes the conversion of ω-6 fatty acids to ω-3 fatty acids to 

alpha-lipoic acid and stearidonic acids[53]. The desaturation of the monounsaturated 

Oleic Acid to linoleic acid is catalyzed by a Δ-12 dehydrogenase enzyme and Δ-9 

desaturase, FAT-2[54]. Monounsaturated fatty acids induce synthesis of 

triglycerides(TAGs), membrane phospholipids and sphingolipids. The double C. 

elegans mutant fat-6;fat-7 exhibits decreased fat storage. C. elegans, grown under 

laboratory conditions, does not require PUFAs in its diet by default. C.elegans 

consumes E. coli as part of its laboratory diet, which does not synthesize PUFAs and 

thus stearoyl CoA desaturases (FAT-6, FAT-7) are required for the synthesis of a 

Figure 2a. Adapted from Eisenstein, M., Molecular biology: 

Remove, reuse, recycle. Nature, 2014. 514(7522): p. S2-S4. 
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wide range of monounsaturated fatty acids (MUFAs) in the nematode. Lipid droplets 

are fat storing organelles that consist mainly of a hydrophobic core (TAGs and 

cholesterol esters) which is encapsulated by a phospholipid monolayer containing 

various proteins. Lipid droplets are present in C. elegans intestine, hypodermis and 

gonadal tissues. Nematodes lacking the FAT-6 and FAT-7 enzymes induce unusual 

PUFA formation through the elongation of the palmitoleic acid which is catalyzed by 

the Δ9 desaturase FAT-5. Overall, fat-6;fat7 double deficient worms have lower 

levels of TAG, high levels of saturated fatty acids and lower levels of PUFAs[55].In 

mice, stearoyl-CoA desaturase (CSD1, Δ9 desaturase) deficiency leads to 

decreased fat stores, increased fat oxidation and protection from lipotoxicity induced 

by saturated fats[56-58]. Likewise, C. elegans fat-6;fat-7 mutants have decreased fat 

storage, increased expression of oxidation genes and altered fatty acid 

composition[13, 59]. It has been shown that dietary supplementation of oleic acid 

promotes PUFA synthesis but does not fully restore lipid droplet levels and PUFA 

levels to that of wild type nematodes and a significant increase of TAG levels is also 

observed, compared to the non-supplemented double mutants. C. elegans reaches a 

maximum uptake at 0.2 mM oleic acid; we followed that guideline for our 

experiments[56]. Downstream, Δ12 desaturase (FAT-2) allows for the synthesis of 

polyunsaturated fatty acids from oleic acid[60]. PUFAs are not part of C.elegan’s 

laboratory diet, and so Δ9 is required for biosynthesis of PUFA’s[61]. Lipid droplet size 

is small in fat-6;fat-7 but normal in fat-5;fat-6 mutant animals, also the fat-6;fat-7 

double mutants have lower levels of TAG than wild type worms. In the absence of 

FAT-6 and FAT-7, a unique C18 fatty acid is synthesized through FAT-5 desaturase 

by elongation of palmitic acid[56]. 
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Autophagy  
Autophagy is a process of self-cannibalism that 

captures the cell’s own constituents and degrades 

them. It is an evolutionary conserved stress 

response that aids in the recycling of the cells 

components[62]. The word autophagy originates from 

the Greek term ‘eating of oneself’. The cells 

constituents that are consumed through this process 

are then degraded and new building blocks are 

produced to create new macromolecules and 

organelles. General autophagy describes the 

process of getting the cytosolic constituents to the 

lysosome for degradation. There are three types of 

autophagy; Macroautophagy, microautophagy and 

chaperone- mediated autophagy (CMA)[62]. Both 

macroautophagy and microautophagy deliver cargo 

to the lysosome through membrane encapsulation. 

Macroautohagy uses a specialised double 

membrane organelle, namely the autophagosome, 

that captures its cargo and later fuses with the 

lysosome to deliver it. Fusion of an autophagosome 

with atolysosome generates an autolysosome in 

which the engulfed material is degraded by acidic 

hydrolases. Microautophagy refers to the process by 

which the lysosome directly encapsules the 

constituents through invagination of the lysosome’s 

membrane. Finally, chaperone-mediated autophagy 

(CMA), relies on specific enzymes, called 

chaperones, to recognise a pentapeptide motif and 

once it has done so it translocates its recognised 

protein targets to the lysosome for degradation[62]. 

Figure 2b. Adapted from 

Eisenstein, M., Molecular 

biology: Remove, reuse, 

recycle. Nature, 2014. 
514(7522): p. S2-S4. 
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The ultimate stimulus for autophagy is starvation, although there is a basal level of 

autophagy always present. Autophagy is controlled through the endocrine system 

where insulin acts as a suppressor of autophagy and glucagon enhances autophagy. 

Importantly, many signalling cascades converge on the AMPK (AMP kinase) –TOR 

(target of rapamycin) axis to regulate autophagy [63, 64]. Autophagy is a well-regulated 

process that, although it can be induced by starvation, there are many other stimuli 

that can activate the autophagic machinery; such as growth factor deprivation, a 

pathogen infection and endoplasmic reticulum stress[62]. Autophagy related genes 

were first identified in yeast and are conserved in most eukaryotes. Atg8, which is a 

ubiquitin-like protein, is homologue to LGG-1 and LGG-2 in C. elegans and to the 

LC3 family proteins in mammals. Both LGG-1 and LGG-2 are present in the 

membrane of the phagophore and the autophagosome and while lgg-1 mutants are 

lethal (due to developmental defects), the lgg-2 mutants do not indicate a 

developmental or morphological phenotype[65]. It has been observed that α-synuclein 

fibrils can induce autophagy, by recruiting TBK1 and OPTN, in microglial cells when 

they experience lysosomal damage[66]. Neuronal cell death can also be induced by a 

mutant α-synuclein form, A53T, which acts through an induction in mitophagy[67]. By 

contrast, ATG5 silencing (causes phagophore formation inhibition) is shown to 

protect cells against α-synuclein toxicity[68], something that is rather unexpected 

since autophagy is shown to degrade α-synuclein aggregates[69]. 

Materials and Methods 

C. elegans Maintenance: 

Preparation of Nematode growth medium (NGM) plates 

C. elegans is maintained in the NGM which is contained within petri dishes. Three 

types of petri dishes are commonly used; The small size which is generally used for 

crossing, medium size which allows for easy nematode maintenance and the big 

size for experiments requiring large C. elegans population. Using a peristatic pump, 

sterile NGM is purred into the petri dishes. Procedure is as follows (2L NGM) : 

1.  In a clean, empty, 2L flask add: 6g NaCl, 5g bactopeptone, 0.4 g 

streptomycin, 34g Agar and around 1500ml ddH2O. 
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2. Cover the mouth of the flask with aluminium foil and seal with a tape, 

autoclave for 30 minutes. 

3. Remove flusk and let the NGM cool at room temperature while its being 

steered. 

4. Once the temperature has reached around 55oC (so that one is able to touch 

it without the burning sensation) add 2 ml of 1M CaCl2, 2ml of 1M MgSO4, 2ml 

of 1M KPO4 and 2 ml of Nystatine 100mg/ml disolved in 70% ethanol. 

5. Using a peristatic pump fill the petri dishes accordingly (8 ml for medium sized 

dish). 

6. Let the plates dry for 1 to 2 days. 

 

Preparation of C. elegans food source (E. Coli) 

C. elegans lab diet consists of the E. Coli strain OP50, which is a uracil auxotroph. 

Single colonies are isolated from a streaking plate and then grown on liquid LB over-

day at 37 C. Liquid culture should be stored in 4oC and thus will be allowed to be 

usable for 1-2 weeks 

Seeding NGM plates: 

For small plates 10-15 of μl is seeded in the middle of the plate. For medium sized 

plates 200 μl is seeded in the middle of the plate. When seeding 200μl, it is best for 

the top of the disposable pipet tip to be cut off. That would allow for a wider spread of 

the E. Coli on the NGM plate. 

Solutions 

M9 1L: 

• 3g KH2PO4 

• 6g Na2HPO4 

• 5gNaCl 

• 1ml MgSO4 (1M) 

• fill to 1L with ddH2O 

Bleaching Solution 

• 1ml NaOH 5N 

• 2ml NaOCl 5% (household chlorine) 
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• 7ml ddH2O 

Stock Ampicillin 

• 100 𝑚𝑔/𝑚𝑙 

Freezing Solution 

• For 1L:  NaCl   5,85g 

• KPO4 1M, pH 6  50ml 

• Glycerol   300ml 

• X ml dH2O to 1L 

• Autoclave for 20 min. Add 3ml of MgSO4 1M 

Bleaching Protocol: 

• We begin by washing an NGM plate with M9 and subsequently collecting the 

worms in an Eppendorf. Centrifuge animals for 1 minute at minimum 2.000 

rpm but not over 8.000 rpm so that the nematodes get separated from the 

supernatant containing the bacteria. Subsequently, remove the supernatant 

and add 1ml M9. Repeat above 2 steps 2 times. Add 2.5 the volume in 

bleaching solution. Swirl, up and down and vortex until worms are lysed. 

Centrifuge at max speed (10.000 rpm for 1 minute). Remove supernatant and 

add 1 ml M9. Repeat 2 times and lay eggs on plates. 

Egg Laying 

Pick 20 adult hermaphrodites, which can be developmentaly between day 1 to day 3, 

and place them on an NGM plate. Allow the hermaphrodites to lay eggs for 5 hours 

then remove them or burn them. 

RNAi Overnight: 

• Place LB + Agar + Ampicillin on 37oC for 50-55 min, with the lid to lower the 

humidity inside the plate. 

• Using a pipette, mix 1:1 ratio of Tetracycline stock to ddH2O in an Eppendorf. 

• Place 70μl from the diluted Tetracycline to the Agar with ampicillin plate and 

spread it evenly. 

• Steak the bacteria for RNAi or plate the bacteria for transformation. 

Stubs: 

• Create an 80% glycerol stock. 
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• Use the Glycerol solution mentioned above in a 1:1 ratio with an overnight E. 

Coli culture and mix well. 

• Place in -80oC shortly after mixing. 

 

PCR: 

• 2μl Forward Primers. 

• 2μl Reverse Primers. 

• 2μl Taq Polymerase buffer (needs to include MgCl2). 

• 1μl Taq Polymerase Enzyme. 

• 2μl dNTPs. 

• ~2μl DNA. 

• 9μl ddH2O 20 C. 

Primers Stock Concentrations : 

• 100 pmol/μl 

 

Working Primers Stock Concentrations : 

• 5 pmol/μl 

 

TOPO Hit : 

• 1μl Topo vector (kit) 

• 4μl PCR product (DNA) 

• 1μl Salt solution (kit) 

• Place the above in a small Eppendorf and leave at room temperature for 20-

25 minutes. 

Ligation of DNA: 

• 1μl ligase 

• 2μl Buffer (10x) + ATP 

• Vector DNA 0.020 pmol 

• Insert DNA 0.060 pmol 

• ddH2O fill to 20 μl 
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Digestion of DNA: 

• 0.5μλ Enzyme 

• 2μl Buffer 

• 3μl DNA 

• fill to 20 μl with ddH2O 

Mini Preps / DNA Plasmid Extraction : 

• The day before incubate an overnight culture (2-3 ml of LB + Amp) by picking 

colonies with pipette. 

• Pick up as many Eppendorf as O.N. 

• Centrifuge 1min 6000 rpm to 8000 rpm. 

• Throw away supernatant. 

• Suspend bacterial cells in 100μl Buffer P1 per 1ml of O.N. culture. 

• Vortex. 

• Add P2 100μl per 1ml of O.N. culture, up and down 2 times. 

• P3 100μl, use quickly and swirl 5 times until enough white precipitant has 

formed. 

• Place on ice for 10 minutes. 

• Centrifuge at full speed for 10 minutes. 

• Transfer supernatant to new Eppendorf. 

• Suspend to 2-2.5 times the volume in 100% Ethanol. 

• Centrifuge at 4oC and 14000 rpm for 10 minutes. 

• Remove ethanol and suspend pellet at 1ml of 70% ethanol. 

• Centrifuge at 4oC and 14000 rpm for 10 minutes. 

• Remove as much access Ethanol as possible, let dry. 

• When completely dry, suspend in 20μl ddH2O. 

  

Gel Electrophoresis DNA: 

• Prepare Agarose gel mix of 1% w/v (or more when smaller DNA band 

detection is needed) in a flask( Agarose and TAE 1x). 

• Microwave until the mix has boiled and the agarose has completely dissolved 

in TAE. 
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• Add 3μl Ethidium Bromide (be very careful of contamination, its hassardous, 

use gloves and dispatch right after, avoid contaminating anything else other 

than the Ethidium Bromide flask and the inside of the gel electrophoresis 

hood). 

Crossing 

• In a small petri dish seed 10 μl and let it overnight to dry. 

• Place 3 hermaphrodites to a small petri dish along with 10 – 15 males to be 

crossed with. 

• When the progeny has grown to the L4 stage pick and place a single worm 

per small petri dish, on several petri dishes. 

• Check to see if the cross was successful, by PCR marker or other method. 

• Choose one plate out of the successful cross and when the worms reach the 

L4 stage in this plate, pick single worms out of the chosen plate to new plates. 

• When the worms reach adulthood and lay numerous eggs, check to see if any 

of the adults are  homozygous. 

• It is recommended to use males up to 3-day-old for the crossing step, no later. 

Making Males 

• Set up 4 plates with 8 hermaphrodites each at the L4 stage. 

• Incubate at 37oC for 55 min. 

• Store at 20oC and wait for progeny to transfer. 

Single Worm PCR 

• For every small Eppendorf used, 9μl of lysis buffer is required along with 1 μl 

Proteinase K. 

• Pick 1-10 worms per Eppendorf. 

• Start the Single work PCR program. 

Ladder λStyI 500μl Restriction Digestion 

• 100μl DNA 0.5μg/μl 

• 50μl 10x StyI buffer 

• 25μl StyI enzyme 

• 325μl H2O 

• Incubate O.N. 
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CIP 

• 1pmol of DNA ends 

• CutSmart buffer 2μl 

• Cip Enzyme 1u 

• Up to 20 μl H2O 

• Incubate at 37oC for 30 minutes and proceed with gel purification. 

 

Primer Design: 

• G/C content of around 50%. 

• Tm should be around 55 to 60oC. 

• Around 20 nucleotide per primers, minimum of 18 maximum of 24. 

• Check for Dimers and Hairpin loops. 

•  

• Dissolve the Ethidium Bromide by swirling the flask, and create the proper 

mold for the Agarose gel, when ready poor agarose in the mold and wait until 

it has become solid. 
• The electrophoresis power supply needs to run approximately at 100v and 100mA, 

which would indicate a proper TAE ionic strength. 

• Load the diluted DNA (in ddH2O and loading buffer/dye) in the well (along with the 

ladder) and run. 

Strain and Constructs Used 
N2 Bristol isolate, UA49: [baInl2; punc-54α-syn::GFP, rol-6 (su1006)],  DA2123: N2;Is[plgg-

1GFP::LGG-1]. 
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RESULTS 

Suppression Of Δ-9 Desaturase fat-6 and fat-7 Genes Reduces 

Aggregation 
Silencing of the fat-6 and fat-7 genes on a C. elegans PD model (UA49), which 

expresses the punc-54α-syn::GFP transgene, results in an α-synuclein aggregation 

resistant phenotype. The silencing was achieved by generating two RNAi feeding 

constructs, fat-6(RNAi) and fat-7(RNAi). FAT-6 and FAT-7 are the Δ-9 desaturases 

required for normal MUFA synthesis. Silencing of these Δ-9 desaturases would 

result in Oleic acid deprivation as well as in perturbation of PUFA synthesis. 

 

Figure 3. Δ9 desaturase deficiency remarkably suppresses α-synuclein aggregation 

in a nematode model of PD. C. elegans strain expressing punc-54α-syn::GFP was 

subjected to fat-6 or fat-7 RNAi (n = 15 per sample of 3 repeats; ****P < 0.0001; one-way 
analysis of variance (ANOVA) 
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Suppression of the fat-2 Δ-12 Desaturase Gene Induces Aberrant A-

synuclein Aggregation  
Depletion of Δ12 desaturase FAT-2 causes an excessive accumulation of α-

synuclein aggregates. Stearoyl CoA desaturases FAT-6 and FAT-7 catalyze the 

desaturation of stearic acid to oleic acid and subsequently, FAT-2 catalyzes oleic 

acid desaturation to linoleic acid. Thus, FAT-2 deficiency causes an accumulation of 

oleic acid and a deprivation of the normal PUFAs. The RNAi construct against fat-2 

was generated to further study the effect observed by stearoyl desaturase silencing. 

To this end, we investigated the effect of suppression of fat-2 gene expression in a 

PD model background. FAT-2 depletion leads to a phenotype that shows increased 

α-synuclein aggregation. 

 

  

Figure 4a. Deficiency of the Δ12 desaturase FAT-2 remarkably induces α-synuclein 

aggregation in a nematode model of PD.C. elegans strain expressing punc-54α-syn::GFP 

was subjected to fat-2 RNAi. (n = 10 to 14 animals per sample of 3 independent 
experiments; ****P < 0.0001; one-way analysis of variance (ANOVA)) 



 24 

 

 

Oleic Acid Supplementation Increases A-synuclein Aggregation 
In the previous experiments, we observed the effects of two RNAi constructs that 

directly affect oleic acid synthesis. These results indicate that oleic acid might be 

directly involved in the α-synuclein aggregation phenotypes we observed. To test our  

Figure 5a. Oleic acid supplementation induces α-synuclein aggregation in a C. 

elegans model of PD. (n = 15 animals per sample of 3 repeats; ****P < 0.0001; one-

way analysis of variance (ANOVA)) 

Figure 4b. Representative images of nematodes overexpressing punc-54α-
syn::GFP upon knockdown of fat-2; quantification is displayed in Figure 4a.  

Control 

fat-2(RNAi) 

punc-54α-syn::GFP 
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hypothesis, we supplemented oleic acid to the nematode model of PD by preparing  

NGM plates supplemented with 0.8 mM oleic acid and seeding with HT-115 E. coli 

bacteria expressing double-stranded RNA against fat-6, fat-7 and fat-6(RNAi);fat-

7(RNAi). In Figure 5a, the PD model nematodes subjected to fat-6(RNAi) and fat-

7(RNAi) show decreased α-synuclein aggregation in the head, compared to the 

untreated controls. In addition, the nematodes subjected to either fat-6 or fat-7 RNAi 

show a reduced number of aggregates under oleic acid supplementation. The final 

concentration of oleic acid used for this experiment was 0.8 mM, as it has been 

shown that higher concentrations do not allow for enhanced uptake[55]. It’s a common 

practice to measure the aggregates in the area of the head of nematodes 

overexpressing α-synuclein in the body wall muscle. This method of quantification 

has proven to be way more reliable than quantifying α-synuclein aggregates in the 

body area. The bright fluorescent spots indicate the α-synuclein inclusions in the 

body wall muscle captured in the area of the head. 
 

Control 

fat-6(RNAi) 

fat-7(RNAi) 

fat-6(RNAi);fat-7(RNAi) 

Vesicle Oleic acid 

Figure 5b. Representative images of nematodes overexpressing punc-54a-syn::GFP; 

quantification  is displayed in Figure 5a. 
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Fish Oil Supplementation Induces A-synuclein Aggregation 
To further investigate the link between lipid metabolism and α-synuclein aggregation, 

the nematode model of PD was supplemented with PUFAs. More specifically, the 

effects of knockdown of Δ12 desaturase fat-2, Δ-9 desaturase fat-6 and the Δ-6 

desaturase fat-3 were studied upon supplementation of PUFAs. PUFA 

supplementation originated from the commercially available fish oil (Moller’s), which 

contained the following: 1200mg ω3, 600 mg DHA, 400mg EPA, vitamin A 250μg3, 

vitamin D 10mg, vitamin E 10 mg4 per 5ml of fish oil. 

 

 

fat-6(RNAi) and fat-7(RNAi) Treated PD Model Nematodes Experience 
Increased Locomotion 

To verify whether the effect observed on the C. elegans model of PD upon 

knockdown of either fat-6 or fat-7 had a positive health association on animals 

overexpressing α-synuclein, a locomotion assay was conducted. The velocity of the 

nematodes was measured under the abovementioned conditions. The UA49 strain 

overexpressing punc-54a-syn::GFP with the rol-6(su1006) background mutation was 

used for this experiment. rol-6(su1006) is a dominant allele in C. elegans, which 

Figure 6. PUFA supplementation induces aggregation in a C. elegans model of PD 

under control conditions. Quantification of the percent area of aggregates measured over 

the area of the head. (n = 15 to 20 per sample of 2 repeats; ****P < 0.0001; one-way 

analysis of variance (ANOVA)) 
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causes the roller phenotype. This phenotype allows for an easy selection of the 

nematode containing the overexpression vector. The roller phenotype does now 

allow for tracking of a worm down long tracks as it rolls around itself. This assay 

rather it is a measure of the amount and speed of the movement that the roller 

experiences when it moves back and forth around a circle. A-synuclein 

overexpression causes inclusions, which hinder the nematode’s movement even 

more, and as expected α-synuclein inclusions are inversely correlated to velocity. 

 
 

 

 

LGG-1 Depletion Increases α-synuclein Aggregation While DAF-2 

Deficiency Reduces Aggregation 
Having shown that silencing of the fat-6 and fat-7 Δ9 desaturase genes inhibits α-

synuclein aggregation, we attempted to examine the role of autophagy in the C. 

elegans model of PD. daf-2(RNAi), which induces autophagy, slightly reduced α-

synuclein aggregation on the UA49 strain, while an impairment of autophagy, 

achieved through the lgg-1 gene silencing, increased the amount of aggregates. 

Figure 7. FAT-6 depletion increases movement while FAT-2 depletion causes locomotory 

defects in the nematode model of PD. This locomotory phenotype is inversely correlated with α-

synuclein aggregation in the area of the head. (n = 200 – 300 tracks of 3 repeats illustrated, one 
repeat per point; ****P < 0.0001; one-way analysis of variance (ANOVA)). 
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Starting the experiment from the L4 stage shows a very similar pattern to starting it 

at day one of adulthood, indicating that both methods are valid methods for quantify 

α-synuclein aggregates on this model under these specific RNAi treatments.  

 
 

Figure 8. LGG-1 deficiency slightly induces aggregation in the nematode model of PD. 

Nematodes overexpressing punc-54a-syn::GFP are subjected to either lgg-1, daf-2 or fat-6 

RNAi. Quantification of aggregates was performed at day 1 and day 4 of adulthood. (n = 15 to 

30 per sample of 4 repeats; ****P < 0.0001; one-way analysis of variance (ANOVA)). 
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Knockdown of lgg-1 and fat-6 does not Significantly Increases α-syn 

Aggregation 
Then, an experiment was set up to investigate further whether autophagy is 

implicated mechanistically in the degradation of α-synuclein aggregates observed in 

fat-6(RNAi) and fat-7(RNAi) animals. The quantification of aggregates in animals 

subjected to simultaneous knockdown of fat-6 and lgg-1 showed that, at least in the 

conditions tested, lgg-1 RNAi does not significantly alter the effect caused by fat-6 

RNAi. This finding suggests that autophagy most likely does not mediate the 

Figure 9) Oleic acid supplementation on the nematode model of PD under double lgg-

1;fat-6 RNAi. (n = 15 to 20 per sample of 2 repeats; ****P < 0.0001; one-way analysis of 

variance (ANOVA)) 
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Inhibitory effect of FAT-6 depletion on a-synuclein aggregation. 

Autophagy Assessment Indicates that fat-6(RNAi) Slightly Induces 

Autophagy 
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To further investigate whether autophagy is involved in the effect observed in the 

nematode model of PD under fat-6(RNAi), we monitored autophagy in vivo levels. 

The DA2123 C. elegans strain, which overexpresses LGG-1 fused to GFP, was used 

to quantify autophagic levels using microscopy. More specifically, LGG-1 is the 

ATG8/LC3 homolog, the lipidated form of which is tethered to the membrane of the 

autophagosomes that are normally formed during the process of autophagy. During 

the maturation of the autophagosome, LGG-1, which is bound to the 

autophagosome, remains in position while the autophagosome fuses with the 

lysosome. This experiment was conducted by bleaching the nematodes to extract 

the embryos, suspended in M9, that would later be used for imaging. The 

quantification of autophagy is measured by the number of LGG-1::GFP puncta 

(autophagosomes) per embryo. 
  

Figure 10 a. Nematodes overexpressing  the plgg-1LGG-1::GFP marker display a slight 

increase in autophagy upon knockdown of the fat-6 Δ9 desaturase gene compared to 

control animals. (n = 15 per sample of 3 repeats; *P < 0.1; one-way analysis of variance 

(ANOVA)) 
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fat-6(RNAi) slightly induces autophagy but this induction is not significant enough to 

suggest a clear correlation between autophagy levels of fat-6 and α-synuclein 

degradation. Thus, it seems that autophagy is not directly implicated in the observed 

phenotype of fat-6(RNAi) worms. 

 

Quantitative Assessment of Fat Content by Nile Red 
To detect possible changes in the lipid profile of α-synuclein overexpressing worms, 

Nile Red dye was used. The images were captured in the fluorescent microscope 

and processed in ImageJ to measure mean pixel intensity per worm. Both fat-6 and 

fat-2 knockdown significantly increased fat levels compared to control in α-synuclein 

overexpressing animals, but not in wild type animals. Nile red staining by fixation, as 

performed here, has been positively correlated with the triglyceride to protein ratio. 

 
 

 
 

Figure 10b. Representative images of transgenic embryos expressing plgg-1GFP:: LGG-1 

are shown above. GFP::LGG-1 puncta (bright dots) per embryo were quantified in Figure 

10a. 
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Figure 11a. Fat quantification by Nile red shows a switch in fat content in a nematode model 

of PD. Worms subjected to Nile Red staining were quantified based on their fluorescence, which 

positively correlates with the amount of fat. (n = 25 to 160 per sample of 7 repeats; ****P < 0.0001; 
one-way analysis of variance (ANOVA)) 

Control 

fat-6(RNAi) 

fat-2(RNAi) 

punc-54a-syn::GFP N2 

Figure 11 b. Representative Nile Red images of wild type and transgenic nematodes 

overexpressing a-synuclein fused with GFP after depletion of either FAT-2 or FAT-6. 
Quantification was shown in Figure 11a. 
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Quantitative Assessment of Fat Levels by Oil-Red-O 
 

To get a better understating of the lipid profile changes in the wild type and the α-

synuclein overexpressing background upon either fat-2 or fat-6 knockdown, we 

performed Oil-Red-O staining to label neutral lipid droplets. The PD C. elegans 

model displayed a significant change compared to the control under fat-6 RNAi. 

 

 

Figure 12a. Fat quantification by Oil Red O shows a switch in fat content of the nematode 

model of PD upon knockdown of the fat-6 Δ9 desaturase gene. Worms subjected to Oil-

Red-O staining were quantified using bright field microscopy. The resulting pixel intensity 

negatively correlates with the amount of fat. (n = 30 to 75 per sample of 2 repeats; ***P < 0.001; 
one-way analysis of variance (ANOVA)) 
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Figure12 b. Representative Oil Red images of wild type and transgenic 

nematodes overexpressing a-synuclein fused with GFP. Bright field images of 

the Oil Red O stained nematodes subjected to either fat-2 RNAi or fat-6 RNAi.  

Control 

fat-6(RNAi) 

fat-2(RNAi) 

punc-54a-syn::GFP N2 
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α-synuclein Aggregate Post Analysis 
In an effort to correlate α-synuclein aggregation based on size with the effect that we 

have observed so far, we wrote a program in python. The program was needed to 

handle the repetitive task of categorizing the data for each worm and analyzing each 

worm for each RNAi separately. In addition, we were able to generate a graph that 

could give us a better understanding of the patterns in the size variations for each of 

the RNAi used in each experiment. The graph generated is a collection of points that 

express the ratio of the smallest over the largest value. This value is determined by a 

threshold which starts from the lowest value all the way to the largest value. The 

collection of the generated points makes up the graph. After all of the graphs are 

generated, we can compare all of them to determine a threshold that will be used for 

gathering the final ratio and standard errors for each RNAi. 

 
 

Figure13. Flow chart describing the algorithm used in 

the program. 
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Post Analysis of α-synuclein Aggregates in Animals Subjected to RNAi 
Against lgg-1 and fat-6 Described in Subsection 4 

 

 

 

 

Figure14. Graph that displays the size variations of the Vesicle-treated 

PD strain upon knockdown of either fat-6, lgg-1 or fat-6 and lgg-1. 

Figure15. Graph that displays the size variations of aggregates in α-synuclein 

overexpressing nematodes. Knockdown of fat-6 along with the fat-6 and lgg-1 

knockdown increase the number of small aggregates compared to the control. 

(n = 15 to 20 per sample of 2 repeats; ****P < 0.0001; one-way analysis of 

variance (ANOVA)) 
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Discussion 
 

 In this study, we investigated the role of lipid metabolism in α-synuclein aggregation 

and toxicity using a PD model of C. elegans that overexpresses human α-synuclein 

fused with GFP. Furthermore, we studied the effect of oleic acid supplementation on 

aggregate accumulation. In addition, we investigated whether the effect observed 

was through autophagy or another, independent, pathway. Oleic acid 

supplementation was shown to induce aggregation but in conjunction with the 

silencing of fat-6, which causes a deprivation of oleic acid, α-synuclein aggregates 

were reduced during oleic acid supplementation. Subsequently, by silencing fat-2, 

which encodes the enzyme responsible for the desaturation of oleic acid into linoleic 

acid, an induction in α-synuclein aggregation confirms a relationship between oleic 

acid and α-synuclein aggregation. We also observed an inverse relationship 

between autophagy and α-synuclein aggregation, an effect rather subtle in our 

model. PUFA supplementation also induces α-synuclein aggregation, something that 

is contradicted in literature. As mentioned above, PUFA can shift the equilibrium to 

the monomeric α-helical form of α-synuclein [28-31]. A recent lipidomic study has shed 

some light on the debate. In this study, it was first found that α-synuclein induces an 

excess of oleic acid and triglycerides, which then cause toxicity. Triglycerides and 

lipid droplets can have a protective role in α-synuclein toxicity. Subsequently, 

stearoyl-CoA desaturase was shown to ameliorate α-synuclein toxicity in multiple 

organisms. The study goes on to address the soluble tetramer and the α-helical 

membrane bound monomers and confirms that oleic acid supplementation shifts the 

α-synuclein equilibrium to the monomeric form, thus inducing inclusions and 

neurotoxicity. Thus, oleic acid promotes the binding of α-synuclein to membranes, 

which can lead to fibrillation and neuronal senescence[70]. Finally, there is a 

correlation that can be made with the size of the aggregates and the locomotion of 

the nematodes. Our findings indicate that larger aggregates are absent in 

nematodes that display a higher locomotion velocity. 
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