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Abstract

Lipid droplets are cytoplasmic organelles that store neutral lipids for membrane synthesis and 

energy reserves. In this study, we characterized the lipid and protein composition of purified C. 

elegans lipid droplets. These lipid droplets are composed mainly of triacylglycerols, surrounded 

by a phospholipid monolayer composed primarily of phosphatidylcholine and 

phosphatidylethanolamine. The fatty acid composition of the triacylglycerols is rich in fatty acid 

species obtained from the dietary E. coli, including cyclopropane fatty acids and cis-vaccenic acid. 

Unlike other organisms, C. elegans lipid droplets contain very little cholesterol or cholesterol 

esters. Comparison of the lipid droplet proteomes of wild type and high-fat daf-2 mutant strains 

shows a very similar proteome in both strains, except that the most abundant protein in the C. 

elegans lipid droplet proteome, MDT-28, is relatively less abundant in lipid droplets isolated from 

daf-2 mutants. Functional analysis of lipid droplet proteins identified in our proteomic studies 

indicated an enrichment of proteins required for growth and fat homeostasis in C. elegans. Finally, 

we confirmed the localization of one of the newly identified lipid droplet proteins, ACS-4. We 

found that ACS-4 localizes to the surface of lipid droplets in the C. elegans intestine and skin. 

This study bolsters C. elegans as a model to study the dynamics and functions of lipid droplets in a 

multicellular organism.
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1. Introduction

A wide range of organisms store neutral lipids in cytosolic lipid droplets, which provide a 

reservoir of reduced hydrocarbons that can be broken down when energy is required [1]. In 

addition to energy storage, lipid droplets play other important functions, including 

sequestration of toxic proteins [2, 3], protection from lipotoxicity [4], provision of 

precursors for membrane biosynthesis, hormones, and lipoproteins [5, 6], and promotion of 

viral propagation [7]. In humans, too little lipid in lipid droplets is a hallmark of 

lipodystrophies, which are associated with diabetes and higher risk for cardiovascular and 

liver disease [8, 9]. Too much lipid is associated with obesity and metabolic disorders such 

as type 2 diabetes, cardiovascular disease and ectopic lipid storage [8, 10]. The highly 

conserved and interrelated nature of lipid metabolism across species has made model 

organisms pivotal for understanding the fundamental mechanisms of lipid homeostasis.

Lipid droplets are unique among organelles in that they consist of a phospholipid monolayer 

surrounding a core of neutral lipid. The ER is a key organelle responsible for both 

membrane and lipid droplet synthesis. Cytosolic lipid droplets are generally believed to arise 

by the accumulation of neutral lipid between the ER membrane monolayers and budding off 

into the cytosol (reviewed recently in [11]). Many lipid metabolic enzymes normally 

localized in the ER can dynamically accumulate on lipid droplets [6, 12, 13]. In addition to 

their roles in energy storage and mobilization, lipid droplets were recently implicated in 

signaling events, such as the regulation of cell cycle progression [14].

The free-living nematode Caenorhabditis elegans contains abundant lipid droplets in 

intestinal and hypodermal tissue. Compared to droplets in mammalian adipose tissue, which 

can expand to sizes of 100 µm [15], C. elegans lipid droplets are small, typically in the size 

range of 1–1.5 µm [16]. Various genetic mutations result in even smaller lipid droplets, such 

as stearoyl-CoA desaturase deficiency [16] or Atlastin GTPase deficiency [17], while other 

mutations result in larger lipid droplets, such as daf-2 IGF receptor mutants [16], mutants in 

genes involved in phosphatidylcholine synthesis [18], and mutants in genes involved in 

peroxisomal fat oxidation [19]. Several lipid-droplet localized proteins have been 

characterized, including the triacylglycerol synthesis enzyme DGAT-2, [20], a putative 
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peroxisomal beta-oxidation enzyme DHS-3 [21], the lipase ATGL-1, which accumulates on 

lipid droplets during fasting [22], and LID-1, a CGI-58 homolog coactivator of ATGL-1 

[22]. However, the majority of proteins associated with lipid droplets have not been 

characterized, and differences in the lipid droplet proteomes among C. elegans mutants with 

altered fat accumulation have not previously been examined.

In this study, we determined the lipid and protein composition of lipid droplets isolated from 

wild type and the high fat daf-2 mutant C. elegans. We performed RNAi knockdown of the 

genes encoding the most abundant lipid droplet proteins and found an enrichment of genes 

required for development, reproduction, and the regulation of fat homeostasis. Furthermore, 

we confirmed the localization of the acyl-CoA synthetase ACS-4 to the surface of lipid 

droplets.

2. Materials and Methods

2.1 Nematode strains and growth conditions

Nematode growth media (NGM) was used to maintain C. elegans with OP50 E. coli at 

20°C. The wild type strain was N2 (Bristol) and mutant strains used in this study was 

CB1370 daf-2 (e1370). Feeding RNAi was performed on NGM plates supplemented with 

100 µg/ml ampicillin and 2 mM isopropyl-β-D-thiogalactopyranoside (IPTG) with the E. 

coli strain HT115 [23]. All HT115 strains containing RNAi constructs were sequence 

verified using Sanger sequencing with the primer TV10, 

CTGATTCTGTGGATAACCGTATAC. To grow large, synchronous populations of worms, 

we employed C. elegans liquid culture following standard protocols and using concentrated 

OP50 E. coli. [24].

2.2 Isolation of C. elegans lipid droplets

C. elegans cultures from approximately 150 10 cm diameter NGM plates were collected and 

egg-prepped using hypochlorite bleach solution to isolate eggs from gravid hermaphrodites. 

Eggs were allowed to hatch overnight in M9 and a synchronized population of L1 larva was 

transferred to liquid culture medium and allowed to grow at 20°C until the population 

reached the young adult stage. Worms were collected and washed three times to generate an 

approximately 8 mL dense pellet. For lipid droplet proteomics analysis, the pellet and all 

solutions were spiked with protease inhibitor cocktail solution (Sigma Aldrich P2714). 

Worms were manually chopped with razor blade tool (10–12 new razor blades taped 

together and sterilized with ethanol) on an ice cold glass plate until visually all the worms 

had been broken open. The worm pellet was then dounce homogenized 40 plunges with a 

tight fitting pestle. Pellet was spun at 200 × g at 4°C for 5 minutes and then an equal volume 

of 1.08M sucrose solution was added and spun at 2,000g for 5 minutes to remove large 

debris. Supernatant was transferred to a 13.2 mL thinwall ultraclear centrifuge tube 

(Beckman-Coulter 344059) and layered with a gradient of 0.27M sucrose, 0.135M sucrose 

and Top solution buffer (25 mM Tris HCl;1 mM EDTA;1 mM EGTA;protease inhibitor 

cocktail). Spun in SW41 rotor using a Beckman L8-70M ultracentrifuge at 35,000 rpm for 

30 min at 4°C. The top layer (white, cloudy) was transferred via a glass pipet to a siliconized 
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microcentrifuge tube and spun at 18,000×g for 10 minutes and the bottom, aqueous layer 

was removed.

2.3 Proteomics of lipid droplets

Samples were delipidated by adding 1.5 mL of ice cold acetone and mixing well, put at 

−80°C overnight and one tenth fraction removed for protein quantification. Samples were 

centrifuged at 7,000 rpm for 1 hour at 4°C. Acetone was removed and the pellet dried down 

in a nitrogen stream and stored at −80°C. Protein quantification of the aliquot was 

determined using the BCA quantification kit (Thermo Fisher Scientific 23225) as directed. 

Lipid droplet protein fractions were pooled for at least 50 µg protein per sample. The sample 

preparation was done in three biological replicates (3 N2 versus 3 daf-2) to evaluate 

reproducibility and statistical significance of the differential abundance values.

Given the small sample amount we decided on the trifluoroethanol based protocol [25] for 

preparation of the samples for the LC-MS/MS analysis. Briefly, the sample was 

resolubilized in 50 µl of NH4HCO3 (pH 7.8) using short pulses in 5510 Branson ultrasonic 

water bath (Branson Ultrasonics) for 3 minutes. After adding 50 µl of trifluoroethanol, to 

denature the proteins the samples were incubated at 60°C for 2 hours with gentle shaking 

(1000 rpm). Upon incubation the samples were diluted 5-fold with NH4HCO3 (pH 7.8), 

supplemented with trypsin (Promega) 1:25 w/w trypsin-to-protein ratio and additionally 

incubated for 3 hours at 37°C to digest the proteins into peptides. After the digestion, the 

samples were dried up using Speed-Vac and resolubilized in nanopure water. The 0.5-µg 

aliquots were analyzed on an LTQ Orbitrap Velos mass spectrometer that was interfaced 

with a 75 µm i.d. 65 cm long LC column packed with 3-µm Jupiter C18 particles 

(Phenomenex) as has been described before [26]. The acquired MS/MS spectra datasets 

were preprocessed with DeconMSn [27] and DtaRefinery [28] software followed by spectra 

interpretation using MSGFplus [29] software by matching against WormBase WS210 

protein fasta file. The resulting peptide-to-spectrum matches were processed by MSnID 

Bioconductor package to ensure the maximum number of peptide identifications while not 

exceeding 1% of false discovery rate. After exporting the results as a spectral counting 

cross-tab (rows are proteins, columns are samples and values in the table are the number of 

MS/MS identifications of peptides belonging to a given protein) we applied Poisson-based 

model (using msmsTests Bioconductor package) to discover proteins differentially abundant 

between the lipid droplets from N2 and daf-2 mutant strains.

2.4 Fatty acid composition and lipid analysis of isolated lipid droplets

Fatty acid composition of isolated lipid droplets and young adult nematodes was determined 

by gas chromatography/mass spectrometry (GC/MS) as previously described [30, 31]. 

Separation of the TAG and phospholipid fractions used a two-solvent TLC protocol. Lipids 

were extracted by adding 5 ml of ice-cold chloroform:methanol (1:1) and incubating 

overnight at 20°C with occasional shaking. A solution of 0.2M H3PO4 and 1M KCl was 

added to samples, which resulted in phase separation of the organic and aqueous phase. The 

organic phase was removed and dried under argon, then resuspended in chloroform. 

Samples were loaded in triplicate, and TLC plates were developed two thirds of the way up 

the plate in the first solvent system: chloroform: methanol:water:acetic acid (65:43:3:2.5), 
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dried, and then the second solvent system hexane:diethylether:acetic acid (80:20:2) was 

developed to the top of the plate. Lipids were visualized under UV light after spraying the 

plate with 0.005% primuline, and spots corresponding to TAG and the major phospholipids 

were scraped, spiked with a known standard (15:0), and transesterified for GC/MS analysis 

to determine the fatty acid composition as well as to determine the relative levels of TAG, 

phosphatidylethanolamine (PE), and phosphatidylcholine (PC) fractions. At least three 

biological replicates were used for TLC analysis. Significance was determined by t-test 

calculation using GraphPad Prism 5 software.

2.5 Cholesterol Assay

Cholesterol content of isolated lipid droplets was determined as described in [32]. In brief, 

lipids were extracted as described above and loaded on a TLC plate alongside known 

amounts of cholesterol and cholesterol linoleate standards. The plate was developed in a 

single phase hexane:ether:formic acid (80:20:2). Lipids were visualized by spraying the 

plate with 0.05% ferric chloride, 5% acetic and 5% sulfuric acids and heating at 160°C for 

5–10 minutes, when the presence of cholesterol and cholesterol esters is indicated by the 

appearance of red-violet colored band. A standard curve of pixel intensity was generated for 

the cholesterol standards using Photoshop and used to quantify the amount of cholesterol in 

the lipid droplet samples. To determine the levels of cholesterol relative to TAG in lipid 

droplets, a second TLC plate loaded with lipid droplet samples in triplicate, separated via the 

same single solvent system and the amounts of TAG and PL was quantified by the above 

described method of GC/MS analysis.

2.6 Post-fix Nile red staining of C. elegans

RNAi of lipid droplet associated genes was performed for either the “full lifetime”, from 

synchronized L1 animals, or “delayed start”, from approximately 24 hours past L1 when 

worms were washed and transferred to RNAi plates. All animals were allowed to grow to 

the young adult stage on RNAi plates and fixed Nile red staining was performed in a similar 

manner as described [33]. Nematodes were washed with PBS with 0.01% triton X-100 in a 

microcentrifuge tube. The supernatant was removed and animals were fixed with 150µl of 

40% isopropanol at room temperature for 3 min. The supernatant was removed manually, 

leaving 25µl 40% isopropanol and worm pellet. To each sample150µl of freshly prepared 

Nile red staining solution (6µl Nile red stock solution of 0.5 mg/ml in acetone per 1 ml of 

40% isopropanol) was added and the tubes resealed and gently shaken in the dark for at least 

2 hours. Samples were allowed to settle by gravity and all but 25µl of Nile red dye was 

removed and washed with 1 mL of M9 buffer. Worms were mounted on slides and imaged 

by fluorescent microscopy using a GFP/FITC filter. All RNAi Nile red staining experiments 

were performed in triplicate and blindly scored by at least two different individuals to assess 

alterations in fat accumulation. Images for publication were viewed with laser excitation at 

488 and filtered at 495/535 nm GFP excitation/emission) and imaged on a Leica TCS SP5 

confocal microscope with a 63X oil immersion lens. Images were processed identically 

using Adobe Photoshop CS4.
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2.7 Generation of the ACS-4::GFP strain

The strain BX265 expresses the translational fusion waEx18 (acs-4p::ACS-4::GFP). The 

strain was constructed using PCR to amplify the acs-4 genomic and promoter region 

(approximately 3kb upstream of the ATG start site) and cloned into the pPD95.79 vector in 

frame to create a C terminal GFP fusion protein. The plasmid construct was microinjected 

into N2 worms and GFP positive worms were selected each generation to maintain the 

extrachromosomal array. Worms were viewed by confocal microscopy as described in 

section 2.6.

3. Results

3.1 Lipid composition of C. elegans lipid droplets

To investigate lipid droplet structure and function, we isolated lipid droplets from C. elegans 

and used mass spectrometry to determine their lipid and protein composition. For this 

analysis, we compared the lipid droplets isolated from large cultures of young adult stage 

wild type C. elegans with those isolated from daf-2 mutants. When grown at the restrictive 

temperature of 25°, daf-2 mutants arrest in the dauer larval stage. When grown at the semi-

permissive temperature of 20°, daf-2 worms develop into adults that are extremely long 

lived and contain excess triacylglycerol stores and large lipid droplets [16, 34]. 

Ultracentrifugation was used to isolate lipid droplets from three independent biological 

replicates of each genotype. Purified lipids droplets were subsequently used for proteomic 

analysis and lipid composition analysis.

We found that lipid droplets isolated from wild type worms contained similar lipids that 

made up the whole worm lipid composition, but were highly enriched in triacylglycerols 

(TAG). The major phospholipid (PL) components consist of phosphatidylcholine (PC) and 

phosphatidylethanolamine (PE) (Fig 1A and 1B). While wild type whole worm lipid extracts 

contain a TAG/PL ratio of 1.2 (+/− 0.2), lipid droplets contain a TAG/PL ratio of 21.3 (+/

−2.8). The daf-2 mutants showed an even higher enrichment of TAG stores, with the whole 

worm TAG/PL ratio of 1.8 (+/− 0.2) and a TAG/PL ratio in isolated daf-2 lipid droplets of 

38.0 (+/−2.7) (Fig 1B). Both wild type and daf-2 lipid droplets have higher PC to PE ratio 

than whole worm extracts, with a PC/PE ratio of 3.8 (+/− 0.6) in wild type lipid droplets 

compared to a 1.3 (+/−0.1) ratio in whole worm extracts (Fig 1C). These ratios were similar 

in daf-2 mutant worm and lipid droplet extracts (Fig 1C). Overall, the lipid composition in 

C. elegans lipid droplets is similar to that described in other systems, in which lipid droplets 

are enriched in TAGs and the surrounding phospholipid monolayer is enriched in PC [5, 35].

In addition to TAGs, the hydrophobic core of lipid droplets isolated from mammalian and 

yeast cells contain relatively high amounts of sterol esters [36, 37]. As indicated by 

cholesterol staining, C. elegans membranes contain relatively low levels of sterols [38]. Thin 

layer chromatography (TLC) separation of neutral lipids and quantification showed only 

trace amounts of cholesterol and cholesterol esters in lipid droplets, these compounds were 

present at concentrations at least 500 fold lower than TAG (Fig 1D). This demonstrates that 

cholesterol and cholesterol esters are very minor components of C. elegans lipid droplets.
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To determine the fatty acid composition of the various lipid fractions, the major 

phospholipid classes and TAGs were scraped from TLC plates and directly methylated to 

generate FAMES. MS analysis revealed the fatty acid composition of TAG in lipid droplets 

mirrors the composition of TAG in total worm lipid extracts (Table S1), the most abundant 

fatty acids were the bacterially derived cyclopropane fatty acids (17Δ and 19Δ) and cis-

vaccenic acid (18:1n-7). TAG, PC, and PE constituents of lipid droplets also contained 

18:DMA after derivatization, indicative of alkenyl glycerol ether lipids reported in lipid 

droplets of other species [36].

The fatty acid composition of daf-2 lipid droplets contained relatively higher amounts of 

monounsaturated fatty acids than wild type. The TAG component of lipid droplets from 

daf-2 mutants contained nearly twice as much palmitoleic acid (16:1) as wild type (6.0% in 

daf-2 mutant lipid droplets compared to 3.2% in wild type lipid droplets, p =0.005), and also 

contained increased cis-vaccenic acid (11.2% in daf-2 mutants compared to 8.7% in wild 

type, p=0.02). The only fatty acid showing a significantly lower relative abundance in daf-2 

mutant lipid droplets was the bacterially derived 17Δ cyclopropane fatty acid (9,10-

methylene hexadecanoic acid), which made up 20.2% of the fatty acids in TAG of daf-2 

mutant lipid droplets, and 27.5% of fatty acids in the TAG component of wild type lipid 

droplets, p=0.01. Thus, lipid droplets isolated from daf-2 mutants exhibit several differences 

from lipid droplets isolated from wild type C. elegans, including an increased ratio of TAGs 

to PL in the daf-2 mutants, and changes in the fatty acid composition of the TAGs.

3.2 Proteomics of wild type and daf-2 lipid droplets

Depending on the species examined, lipid droplets have been previously reported to contain 

from 40 to 300 different proteins [39–43]. We performed proteomic analysis on three 

biological replicates of N2 and daf-2. Our lipid droplet proteome analysis confidently 

identified 354 proteins belonging to various functional classes including lipid metabolism, 

other metabolism, transcription and translation, ribosome, trafficking and transport, 

cytoskeleton, chaperones, and signal transduction (Table 1, Table S2).

To estimate protein abundance we used a spectrum counting approach [44] in which the 

number of MS/MS spectrum identifications of the peptides belonging to a given protein 

were normalized (divided) by protein length (Supplemental Table 2 and Table 1). For 

further analysis, we focused on the top 100 most abundant proteins. The most abundant 

protein was MDT-28. Even though this protein shares sequence similarity to transcriptional 

mediator complex, it also contains an N-terminal domain similarity to pfam 03036, which is 

a conserved domain associated with the Perilipin family [10] (Supplemental Figure 1). 

Perilipins are conserved structural components of lipid droplets that regulate lipid storage 

and hydrolysis [10].

The most striking difference we found between the lipid droplet proteomes of wild type and 

the long-lived, high fat daf-2 mutants was in the abundance of MDT-28 protein. The daf-2 

lipid droplets, which are larger than wild type, contain relatively less MDT-28 protein, 

approximately 70% of wild type. This indicates that MDT-28 protein might be an important 

regulator of lipid droplet metabolism. Besides the difference in MDT-28 protein in wild type 

vs. daf-2, very few other proteins showed differential abundance in these strains, only 
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10/354 proteins (2.8%) showed significantly different abundance in daf-2 vs. wild type C. 

elegans, with 8/10 proteins showing reduced abundance in the lipid droplets of daf-2 

mutants (Table S2).

After we started our analysis, the proteome of lipid droplets isolated from two biological 

replicates from wild type C. elegans was reported [21]. Although worms were grown using 

different methods for each study, and slightly different purification methods were used, the 

same dietary E. coli strain was used as food and lipid droplets were isolated from similar life 

stages in both studies. We found similar overlap among lipid droplet proteins from two 

studies, with nearly two thirds (63%) of our top 100 proteins present in Zhang. et. al. 

proteome (Table 1).

3.3 Functional analysis of lipid droplet proteins

To determine the roles of lipid droplet proteins in C. elegans growth and fat accumulation, 

we performed RNAi knockdown using the feeding method, focusing on the top 100 most 

abundant C. elegans LD proteins (Table 1). Of the 37 non-ribosomal/translation factor 

proteins, we obtained 21 sequence-verified RNAi constructs. Nine out of 21 showed an 

RNAi phenotype of arrested growth or sterility. Of the 63 ribosome/translation factor genes, 

we knocked down a subset of 18 of them. Of this class, all 18 resulted in arrested growth. 

Thus, of the set of 37 genes knocked down using RNAi, we found an enrichment of essential 

genes (73%). This is a much higher proportion of essential genes than have been typically 

identified in whole genome RNAi screens, revealing approximately 10% essential genes 

[45] (Table 1).

We stained the RNAi treated nematodes with post-fix Nile red to assess fat accumulation at 

the young adult stage. Fat accumulation depends on growth stage, so we were careful to 

synchronize worms and stain all strains after the L4-YA molt, but before the formation of 

eggs. In the 21 non-ribosomal knockdowns, we stained the 12 normal growing strains and 

found six of them affect fat accumulation: acs-4, cey-2, and vit-6 RNAi resulted in increased 

fat accumulation, while tkt-1, ant-1.1, and mdt-28 showed reduced fat (Fig. 2). In the 

arrested treatments, including the ribosomal/translation class, we waited until L3 stage to 

shift wild type worms to RNAi treatment and stained for fat 24 hours later. Of the nine non-

ribosomal strains, five affected fat accumulation. Of the 18 ribosomal/translation factor 

strains, four affected fat accumulation (Fig. 2). Overall, 14/37 strains, 38% showed changes 

in fat accumulation, much higher than the percentage of fat regulatory genes in the overall 

genome. For example, in a recent study 37/1600 genes (2.3%) were identified that affected 

lipid accumulation [46]. Thus, our functional studies demonstrate that lipid droplet 

associated proteins are enriched for essential proteins as well as proteins that influence fat 

accumulation in C. elegans.

3.4 Lipid droplet abnormalities in the mdt-28 knockdown germ line

In early embryos, lipid droplets and yolk particles are abundant, providing precursors for 

membrane synthesis during rapid cell division as well as energy for cellular processes until 

hatching. Fixed Nile red staining showed abnormal lipid droplets in mdt-28(RNAi) oocytes 

and embryos compared to the empty vector control. Individual lipid droplets are easily 
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distinguishable in control oocytes and in the early stage embryo, however, lipid droplets in 

mdt-28(RNAi) oocytes and embryos clump together, giving the appearance of brighter lipid 

staining in the mdt-28(RNAi) germ line (Fig. 3). However, this abnormal lipid droplet 

appearance does not seem to affect embryonic development, as no abnormal late stage 

embryos were observed in the mdt-28(RNAi) worms. This observation implies that MDT-28 

might be especially important in the formation or stabilization of lipid droplets in the germ 

line.

3.5 ACS-4 localizes to C. elegans lipid droplets

One of the lipid droplet proteins identified in this study was ACS-4, a member of the acyl-

CoA synthetase family. ACS proteins catalyze the addition of coenzyme A to fatty acids, 

activating them for further lipid synthesis, fatty acid catabolism, and transport of fatty acids 

between subcellular compartments [47]. To determine if ACS-4 is a bonafide C. elegans 

lipid droplet protein, we created a transgenic strain expressing an extrachromosomal array 

consisting of acs-4 promoter and genomic sequences fused in frame to GFP. Live imaging 

of this transgenic strain revealed GFP expression in intestinal cells with a ring pattern 

consistent with lipid droplet surface localization, revealing hypodermal (epidermal) and 

intestinal droplets of approximately 1–1.5 µm size (Fig. 4A). In addition, we prepared the 

nematodes for post-fix Nile red staining, and found that the interior of the ACS-4::GFP rings 

stains with Nile red, indicating the presence of neutral lipid (Fig. 4B). We observed robust 

ACS-4::GFP expression throughout development in all larval stages and in adult worms. In 

addition to lipid droplet localization, we observed that ACS-4::GFP is expressed in a range 

of other tissues, including the pharynx, seam cells, dorsal and ventral nerve cords, and other 

cells, likely neurons, in the head and tail (Supplemental Figure 2). Thus, ACS-4 appears to 

be a resident lipid droplet protein, although it may function in other tissues in C. elegans as 

well.

4. Discussion

Lipid droplets play multiple important roles in cells. In this study, we isolated lipid droplets 

of the model organism C. elegans and report the lipid composition and protein composition 

of lipid droplets purified from wild type and from high-fat daf-2 mutant worms. We 

confirmed that one protein identified in the proteomic analysis, ACS-4, localizes to the 

surface of C. elegans lipid droplets.

As in other organisms, isolated C. elegans lipid droplets are composed of a monolayer of the 

phospholipids PC and PE, surrounding a core of neutral lipids consisting almost exclusively 

of TAGs. Unlike in mammals, we found that C. elegans lipid droplets contain very little 

cholesterol or cholesterol esters. There are similarities in the lipid composition of C. elegans 

lipid droplets and yolk particles, which are structurally similar to mammalian lipoproteins 

[48]. In C. elegans, both lipid droplets and yolk particles contain mainly PC and PE as major 

phospholipid species, and both contain TAGs, but very little cholesterol or cholesterol 

esters. Yolk and lipid droplets differ in that yolk contains large amounts of vitellogenins, 

which are apoliproteins that contain relatively higher ratios of phospholipids to TAGs [48]. 

The lipid droplet proteomes of our study and Zhang et al. both showed vitellogenin proteins 
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associated with lipid droplets, which might indicate an association of lipid droplets and yolk 

particles during yolk biogenesis.

The fatty acid composition of C. elegans TAG revealed a high content of dietary fatty acids 

in lipid droplets. This is consistent with a previous study showing that TAG fractions 

contained relatively smaller proportions of de novo synthesized fatty acids compared to 

phospholipid fractions [49]. Similarly, in yeast lipid droplets the cholesterol ester/TAG ratio 

depends on carbon source [37]. The low amounts of sterols in C. elegans lipid droplets is 

likely a reflection of dietary requirements, in which very low sterol levels are required for 

growth [49]. It has previously been shown that cholesterol levels are very low in C. elegans 

membranes [38, 50], and the main function of cholesterol is for the production of steroid 

hormones regulating growth and reproduction, rather than as structural components of 

cellular membranes [51].

Among the most abundant lipid droplet protein observed in our study and in Zhang et al [21] 

was the MDT-28 protein. This protein contains a conserved Perilipin domain in the N 

terminus, suggesting that MDT-28 is an important structural lipid droplet protein that may 

play similar structural roles to conserved perilipins. In mammals, perilipins regulate of the 

balance between lipid storage and lipid hydrolysis [10]. The region of homology of MDT-28 

to perilipin is in the relatively small region of the protein, identified as a perilipin domain. 

Interestingly, knockdown of MDT-28 by RNAi had several disparate effects on C. elegans 

lipid droplets. We found that intestinal lipid droplet were somewhat reduced in MDT-28 

knockdowns, but lipid droplets in oocytes and embryos appeared to be clustered and showed 

brighter Nile red staining. MDT-28 has been reported to be expressed in the proximal germ 

line [52], suggesting an important role for MDT-28 in reproductive tissues.

Many ribosomal proteins were identified in both C. elegans proteomes. Ribosomal proteins 

have been reported in many other lipid droplet proteomes [13, 39, 40]. The large number of 

ribosomal proteins identified in the C. elegans proteome could be a result of contamination 

of other cellular compartments. On the other hand, lipid droplets are synthesized on the 

endoplasmic reticulum, and a population of lipid droplets remain associated with the ER 

[53]. Furthermore, it is possible that ribosomal subunits could be sequestered in lipid 

droplets for use later in life, or for packaging into oocytes [54]. The presence of proteins 

predicted to be associated with mitochondria is also consistent with other reported lipid 

droplet proteomes, and may suggest a close association of lipid droplets and mitochondria 

[55, 56].

Our proteomic data reached beyond the wild type C. elegans strain to examine the long-

lived, high-fat daf-2(e1370) mutants. This strain carries a mutation in the sole insulin-like 

growth factor receptor in C. elegans. Strains carrying this mutation show increased stress 

resistance and extreme longevity [34, 57]. Because the daf-2 strain contains large lipid 

droplets and excess fat accumulation, we predicted that different proteins might be 

associated with lipid droplets in this strain [16]. Therefore, we were surprised to identify 

very similar proteomes in wild type and daf-2 mutants, indicating that the lipid droplet 

proteins are not a major driver of the striking longevity and metabolic differences in daf-2 

mutants.
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An important finding of our study was the enrichment of essential proteins as well as 

proteins that affect fat accumulation in C. elegans. Experiments in the fruit fly Drosophila 

melanogaster demonstrate that lipid droplet associated proteins are required to support early 

development [2]. It is important to note that the fat accumulation defects are not necessarily 

direct effect of lipid droplets, for example, act-5 (RNAi) worms likely have poor nutrient 

absorption due to defects in intestinal microvilli [58]. A limitation of our study was that we 

identified relatively few lipid metabolism proteins. For example, we did not identify 

DGAT2, which has been shown to associate with C. elegans lipid droplets at the ER 

interface during lipid droplet expansion [20]. Similarly, the atlastin GTPase [17], the lipase 

ATGL-1 [22], and the CGI-58 homolog co-activator LID-1 [22] did not appear in the 

proteome of isolated lipid droplets from wild type or daf-2 mutants. Perhaps these proteins 

are of relatively low abundance, or alternatively, our purification method may not have 

allowed for the retention of loosely associated lipid droplet proteins or of proteins that only 

associate with lipid droplets at the ER interface during lipid droplet expansion.

Our analysis identified new C. elegans lipid droplet proteins, including some that affect fat 

accumulation. One of the few proteins involved in lipid metabolism identified in our 

proteomic survey was the acyl-CoA synthetase ACS-4. A similar human protein, ACSL3, 

was shown to be localized to lipid droplets in cultured cells, where it functions to promote 

lipid droplet biogenesis at the ER [59, 60]. Future studies will be necessary to determine 

whether ACS-4 plays a role in lipid droplet biogenesis or catabolism in C. elegans, as well 

as to confirm the cellular localization and physiological functions of other proteins identified 

in our proteomic analysis.
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Highlights

• We analyzed the lipid and protein composition of C. elegans lipid droplets

• C. elegans lipid droplets contain TAGs and very little cholesterol

• The major lipid droplet protein, MDT-28, is less abundant in daf-2 mutants

• LD associated proteins are enriched for proteins that influence fat accumulation

• We created an ACS-4::GFP transgenic strain and show localization on lipid 

droplets
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Figure 1. Lipid analysis of isolated lipid droplets
A. Thin layer chromatography plate showing lipid fractions from isolated lipid droplets (LD, 

lane 1) or whole worm (lane 2), demonstrating enrichment of triacylglycerols (TAG) in the 

isolated lipid droplets. Other lipid classes in lipid droplets include phosphatidylethanolamine 

(PE) and phosphatidylcholine (PC).

B. The ratio of triacylglycerols/phospholipids (TAG/PL) is increased in daf-2 whole worms 

and daf-2 lipid droplets compared to wild type.

C. The ratio of phosphatidylcholine/phosphtidylethanolamine (PC/PE) is not different in 

daf-2 mutants compared to wild type.

D. Very little cholesterol (Chol) or cholesterol esters (Chol ester) are present in C. elegans 

lipid droplets. Standards are shown in lanes 1–3 and chloroform extracts of C. elegans lipid 

droplets are shown in lanes 4–5. Other lipid classes include triacylglycerols (TAG), free 

fatty acids (FFA) and phospholipids (PL).
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Figure 2. Post-fix Nile red staining of RNAi knockdown of genes encoding lipid droplet proteins
A. Young adult worms grown on RNAi feeding plates for entire lifetime. Nile red staining 

shows increased fat accumulation in vit-6 (RNAi) and acs-4 (RNAi) and decreased fat 

accumulation in mdt-28(RNAi), tkt-1(RNAi), and ant-1.1(RNAi) compared to the empty 

vector control (EV).

B. Young adult worms grown for 24 hours on RNAi feeding plates. Increased fat 

accumulation is apparent after RNAi treatments corresponding to eef-2, hsp-1, rpl-19, 

eef-1A.2, rps-15, ahcy-1, and rps-9 compared to empty vector control (EV). Decreased fat 

accumulation is observed in act-5(RNAi).
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Figure 3. Knockdown of mdt-28 leads to clumped lipid droplets in the germ line
Post-fix Nile red staining of empty vector (top worm) and mdt-28(RNAi) (bottom) 

visualizing lipid droplets in oocytes and early embryos. The worm uterus contains one 

embryo that is visible in the empty vector control, while two early embryos are visible in the 

mdt-28(RNAi) worm. Size bar is 25µm.
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Figure 4. ACS-4 localizes to hypodermal and intestinal lipid droplets
A. Live imaging of L4 stage ACS-4::GFP strain reveals lipid droplet surface localization 

throughout the intestine and in the hypodermis. The intestinal lumen is visible in the center 

of the intestine. B. Post-fix composite image of ACS-4::GFP and Nile red in intestinal 

tissue. Size bar is 10µm

Vrablik et al. Page 20

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.

A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vrablik et al. Page 21

T
ab

le
 1

Fu
nc

tio
na

l c
at

eg
or

ie
s 

an
d 

R
N

A
i p

he
no

ty
pe

s 
of

 th
e 

10
0 

m
os

t a
bu

nd
an

t l
ip

id
 d

ro
pl

et
 p

ro
te

in
s 

in
 C

. e
le

ga
ns

G
en

e
R

an
k 

of
ab

un
da

nc
e

in
 N

2

D
if

fe
re

nt
in

 d
af

-2
?

G
ro

w
th

F
ix

ed
N

ile
 R

ed
L

at
e

st
ar

t
N

ile
R

ed

F
un

ct
io

n
Z

ha
ng

et
. a

l

m
dt

-2
8

1
lo

w
er

no
rm

al
L

F,
cl

um
ps

 in
em

br
yo

s

st
ru

ct
ur

e?
ye

s

m
et

ab
ol

is
m

F2
2F

7.
1

21
no

rm
al

W
T

ox
id

or
ed

uc
ta

se
ye

s

dh
s-

3
36

no
 R

N
A

i
de

hy
dr

og
en

as
e

ye
s

F4
6H

5.
3

42
no

rm
al

W
T

ar
gi

ni
ne

 k
in

as
e

no

Y
7A

5A
.1

55
no

rm
al

W
T

ox
id

or
ed

uc
ta

se
ye

s

ah
cy

-1
59

lo
w

er
sl

ow
/s

te
ri

le
H

F
S-

ad
en

os
yl

ho
m

oc
ys

te
in

e
hy

dr
ol

as
e

no

Y
53

F4
B

.1
8

63
lo

w
er

no
 R

N
A

i
FA

A
H

 h
om

ol
og

ye
s

ac
s-

4
65

no
rm

al
H

F
ac

et
yl

-C
oA

 s
yn

th
et

as
e

ye
s

al
h-

4
77

no
 R

N
A

i
al

de
hy

de
 d

eh
yd

ro
ge

na
se

ye
s

tk
t-

1
92

no
rm

al
L

F
pe

nt
os

e 
ph

os
ph

at
e

pa
th

w
ay

no

m
it

oc
ho

nd
ri

a

an
t-

1.
1

17
sl

ow
/s

te
ri

le
L

F
ye

s

vd
ac

-1
22

no
rm

al
W

T
m

ito
ch

on
dr

ia
l o

ut
er

m
em

br
an

e 
ch

an
ne

l
ye

s

F4
5H

10
.2

45
sl

ow
/s

te
ri

le
L

F
cy

to
ch

ro
m

e 
b-

c1
co

m
pl

ex
 s

ub
un

it
ye

s

ph
b-

1
83

no
 R

N
A

i
m

ito
ch

on
dr

ia
l p

ro
hi

bi
tin

co
m

pl
ex

ye
s

F5
4A

3.
5

85
no

 R
N

A
i

m
ito

ch
on

dr
ia

l i
nn

er
m

em
br

an
e 

pr
ot

ei
n

ye
s

at
p-

2
96

ar
re

st
ed

W
T

A
T

P 
sy

nt
ha

se
 c

om
pl

ex
ye

s

m
is

ce
lla

ne
ou

s
cy

to
pl

as
m

ic

ra
b-

1
24

ar
re

st
ed

W
T

G
T

Pa
se

ye
s

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vrablik et al. Page 22

G
en

e
R

an
k 

of
ab

un
da

nc
e

in
 N

2

D
if

fe
re

nt
in

 d
af

-2
?

G
ro

w
th

F
ix

ed
N

ile
 R

ed
L

at
e

st
ar

t
N

ile
R

ed

F
un

ct
io

n
Z

ha
ng

et
. a

l

hs
p-

1
48

lo
w

er
ar

re
st

ed
H

F
ch

ap
er

on
e

ye
s

vh
a-

8
51

ar
re

st
ed

W
T

va
cu

ol
ar

 A
T

Pa
se

no

T
09

A
12

.5
57

no
 R

N
A

i
st

re
ss

-a
ss

oc
ia

te
d 

E
R

pr
ot

ei
n

ye
s

si
p-

1
62

hi
gh

er
no

rm
al

W
T

ch
ap

er
on

e
ye

s

pa
b-

1
74

lo
w

er
sl

ow
W

T
R

N
A

 b
in

di
ng

no

Y
38

F2
A

R
.9

75
no

 R
N

A
i

Se
c6

1 
E

R
 tr

an
sl

oc
at

io
n

no

ac
t-

5
81

ar
re

st
ed

L
F

cy
to

pl
as

m
ic

 a
ct

in
ye

s

nd
k-

1
86

no
rm

al
W

T
nu

cl
eo

si
de

 d
ip

ho
sp

ha
te

ki
na

se
no

ce
y-

2
88

lo
w

er
no

rm
al

H
F

R
N

A
 b

in
di

ng
no

Y
67

H
2A

.5
90

no
 R

N
A

i
K

A
SH

 d
om

ai
n 

pr
ot

ei
n

ye
s

cr
t-

1
97

no
 R

N
A

i
ye

s

fk
b-

2
99

no
rm

al
W

T
pr

ot
ei

n 
fo

ld
in

g
no

yo
lk

 p
ro

te
in

s

vi
t-

6
40

no
rm

al
H

F
vi

te
llo

ge
ni

n,
 y

ol
k 

pr
ot

ei
n

ye
s

vi
t-

2
91

no
 R

N
A

i
vi

te
llo

ge
ni

n,
 y

ol
k 

pr
ot

ei
n

ye
s

R
ib

os
om

e/
tr

an
sl

at
io

n

rp
l-

18
2

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
s-

13
3

ar
re

st
ed

W
T

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

13
4

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

4
5

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

16
6

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
s-

15
7

ar
re

st
ed

H
F

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

7
8

ve
ry

 s
lo

w
W

T
la

rg
e 

su
bu

ni
t r

ib
os

om
e

ye
s

rp
s-

8
9

ar
re

st
ed

W
T

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

26
10

ve
ry

 s
lo

w
W

T
sm

al
l s

ub
un

it 
ri

bo
so

m
e

no

rp
l-

19
11

ar
re

st
ed

H
F

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vrablik et al. Page 23

G
en

e
R

an
k 

of
ab

un
da

nc
e

in
 N

2

D
if

fe
re

nt
in

 d
af

-2
?

G
ro

w
th

F
ix

ed
N

ile
 R

ed
L

at
e

st
ar

t
N

ile
R

ed

F
un

ct
io

n
Z

ha
ng

et
. a

l

rp
l-

36
12

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

2
13

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

15
14

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

10
15

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

34
16

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

17
18

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

24
.1

19
ar

re
st

ed
W

T
la

rg
e 

su
bu

ni
t r

ib
os

om
e

no

Y
37

E
3.

8
20

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rl
a-

1
23

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
s-

9
25

ar
re

st
ed

H
F

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
l-

3
26

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

Y
73

B
3A

.1
8

27
la

rg
e 

su
bu

ni
t r

ib
os

om
e

no

rp
s-

11
28

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

22
29

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

21
30

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

5
31

ar
re

st
ed

W
T

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

1
32

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
s-

14
33

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
s-

27
34

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
s-

1
35

ar
re

st
ed

W
T

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

4
37

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

18
38

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
s-

6
39

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

2
41

ar
re

st
ed

W
T

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

32
43

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

35
44

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rl
a-

0
46

ve
ry

 s
lo

w
W

T
la

rg
e 

su
bu

ni
t r

ib
os

om
e

ye
s

rp
s-

20
47

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vrablik et al. Page 24

G
en

e
R

an
k 

of
ab

un
da

nc
e

in
 N

2

D
if

fe
re

nt
in

 d
af

-2
?

G
ro

w
th

F
ix

ed
N

ile
 R

ed
L

at
e

st
ar

t
N

ile
R

ed

F
un

ct
io

n
Z

ha
ng

et
. a

l

rp
l-

33
49

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

ee
f-

2
50

ar
re

st
ed

H
F

tr
an

sl
at

io
n 

el
on

ga
tio

n
fa

ct
or

ye
s

rp
l-

6
52

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
s-

7
53

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

24
54

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
s-

3
56

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

22
58

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

9
60

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

ee
f-

1A
.2

61
tr

an
sl

at
io

n 
el

on
ga

tio
n

fa
ct

or
ye

s

rp
l-

26
64

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
l-

31
66

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

ee
f-

1B
.1

67
tr

an
sl

at
io

n 
el

on
ga

tio
n

fa
ct

or
no

rp
l-

27
69

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

20
70

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
s-

16
71

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

10
72

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

19
73

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
s-

0
76

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

rp
l-

14
78

la
rg

e 
su

bu
ni

t r
ib

os
om

e
no

rp
s-

17
80

sm
al

l s
ub

un
it 

ri
bo

so
m

e
ye

s

ee
f-

1G
84

tr
an

sl
at

io
n 

el
on

ga
tio

n
fa

ct
or

no

rp
s-

23
87

sm
al

l s
ub

un
it 

ri
bo

so
m

e
no

rp
l-

23
93

la
rg

e 
su

bu
ni

t r
ib

os
om

e
ye

s

rp
l-

25
.2

94
la

rg
e 

su
bu

ni
t r

ib
os

om
e

no

rp
l-

25
.1

95
la

rg
e 

su
bu

ni
t r

ib
os

om
e

no

un
kn

ow
n 

fu
nc

ti
on

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.



A
uthor M

anuscript
A

uthor M
anuscript

A
uthor M

anuscript
A

uthor M
anuscript

Vrablik et al. Page 25

G
en

e
R

an
k 

of
ab

un
da

nc
e

in
 N

2

D
if

fe
re

nt
in

 d
af

-2
?

G
ro

w
th

F
ix

ed
N

ile
 R

ed
L

at
e

st
ar

t
N

ile
R

ed

F
un

ct
io

n
Z

ha
ng

et
. a

l

R
06

B
9.

5
68

no

tc
t-

1
79

no

F4
4E

5.
1

82
ye

s

ri
l-

1
89

no

C
32

E
8.

4
98

no

K
12

H
4.

5
10

0
no

A
bb

re
vi

at
io

ns
: H

F,
 h

ig
h 

fa
t; 

L
F,

 lo
w

 f
at

; W
T

, w
ild

 ty
pe

.

Biochim Biophys Acta. Author manuscript; available in PMC 2016 October 01.


