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Abstract  

The free-living nematode Caenorhabditis elegans is one of the most studied models in a wide 

variety of research fields with applications in agro- or pharmaceutical industries. It has been 

used for the development of new anthelminthic drugs and was proven to yield key insights in 

neurodegenerative diseases and metabolic syndromes. Due to its suitability for high-

throughput genetic screens, efficiency for RNA interference approaches and the availability of 

thousands of mutants, most studies were carried out at the genetic level. However, 

determining the cellular function of each gene product remains an unfinished goal in this post-

genomic era. A systems biology approach focusing on the actual gene products (i.e. proteins) 

can help unraveling this puzzle. A fundamental pillar in this research is mass spectrometry-

based proteomics. We here provide an in-depth overview of proteomics-related studies in C. 

elegans research, with special emphasis on the methodologies and biological applications. 
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Introduction: C. elegans as a model system 

The soil nematode Caenorhabditis elegans affords many advantages for fundamental research 

in a wide variety of disciplines. It has a defined cell lineage, a completed genome sequence, a 

life cycle of about three days, a short life span of only 2-3 weeks and it contains 959 somatic 

cells including 302 neurons for which the connectivity map has been determined [1]. Also, it 

is easy and inexpensive to maintain in the lab and it has a very small body size so that in vivo 

assays can be conducted in 96-well plates. Moreover, human homologs have been identified 

for at least 50% of the more than 19.000 C. elegans genes [2], while this soil nematode can 

also be considered as a systems model for parasitic nematodes as to aid development of novel 

anthelmintic drugs. These advantages, together with the wealth of genetic methods, made C. 

elegans shift from a mere developmental model towards a model to study human-related 

diseases and to perform drug target screens. C. elegans is used in both mechanistic studies 

and high-throughput screening approaches in the areas of neurotoxicology, genetic toxicology 

and environmental toxicology [3]. These high-throughput screenings include genome-wide 

screenings for molecular targets of toxicity and rapid toxicity assessment for new chemicals. 

Compared to the mammalian models, more compounds can be tested while reducing expense 

and sacrificing fewer mammals. 

In general, C. elegans research mainly focused on genomic-based approaches, making use of 

forward or reversed genetic screens for which this model system is ideally suited. However, 

proteins that are in fact responsible for the biological action were largely ignored. Several 

technical innovations made in the last decade to allow comprehensive analysis of the 

proteome, peptidome and interactome, enormously contributed to the completion of the 

systems biology puzzle. In addition, C. elegans is often used as a reproducible source to 

obtain complex protein samples to be used to develop, optimize or validate technological 

hardware and software innovations in the field of proteomics. We here provide an overview 
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of technological innovations for which C. elegans has been used as biological starting 

material, and further discuss fundamental biological insights obtained by using proteomics 

approaches.  

 

1. Technological innovations 

1.1 Instrumentation and software 

Most studies focus on a spatiotemporal selection of the proteome that is important in a given 

biological context. The protein spectrum of the subjected proteome is then further limited by 

the performance of the analytical and technological tools used to assess quantitative and 

qualitative data. During the last years, there was a considerable progress in high-throughput 

proteomics analysis and data integration due to the continuous technological improvements 

on instrumentation. For example, the introduction of the dual-pressure linear ion trap mass 

spectrometer (Thermo Fisher Scientific LTQ Velos) features increased sensitivity and faster 

cycle times  and therefore resulted in a substantial increase in the detection and identification 

of both proteins and unique peptides from the complex C. elegans proteome [4]. In a 60 

minutes LC separation of 1 µg of C. elegans digest, more than 1500 proteins could be 

identified using the LTQ Velos, compared to +/- 800 proteins on an LTQ XL. C. elegans was 

also used as source material to develop and validate a novel plug and play LC-MS source [5], 

to evaluate of a front-end higher energy collision-induced dissociation (fHCD) on a benchtop 

dual-pressure linear ion trap instrument [6], to introduce a user-friendly web interface for 

predicting gene functions (GeneMANIA) [7] and to launch a web server (SteinerNet) for 

integrating “omics” data [8].  
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1.2 Quantitative proteomics 

1.2.1 Metabolic labeling 

For quantitative proteomics studies of cell cultures, the so-called “stable-isotope labeling by 

amino acids in cell culture (SILAC)” has been introduced by the Mann group in 2002 [9]. In 

line with this idea, Krijgsveld and coworkers from the Heck lab labeled Drosophila 

melanogaster and C. elegans with 15N in 2003 [10], by feeding them on 15N-labeled yeast or 

Escherichia coli, respectively. This labeling strategy was thus achieved in two steps: first, E. 

coli was grown in medium enriched in 15N to achieve >98% labeling. Next, labeled E. coli 

was spread over agar plates lacking nutrients and any other potential nitrogen source. A 

detailed methodology was recently described, in addition to bioinformatics methods for the 

analysis of generated MS spectra [11]. In 2011, two papers in the same issue of Nature 

Methods described the use of heavy isotope-labeled lysine and arginine to label Escherichia 

coli, to be used as a food source for the nematodes [12;13]. Protein perturbations as a result of 

RNAi-mediated knock down of the nuclear hormone receptor 49 was investigated by the 

Faergeman group [12], while the heat-shock response was studied in the Lamond lab [13]. 

 

1.2.2 Chemical labeling (in vitro) 

Obviously, classical chemical labeling approaches like iTRAQ, ICAT or TMT (which are not 

discussed here) can be used to label C. elegans peptides in vitro. Fluorogenic derivatization 

(FD) of protein mixtures is an alternative labeling method that has been used in C. elegans. 

First, chemical labeling is achieved by 7-chloro-4-(dimethylaminoethylaminosulfonyl)-2,1,3-

benzoxadiazole (DAABD-Cl), followed by HPLC isolation, enzymatic digestion and 

identification of the derivatized proteins by HPLC-ESI-MS/MS [14]. This method was used 

for the identification of negative markers at early stages of Parkinson’s disease [15].  
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1.2.3 Label-free methods for relative quantification 

The group of Yates improved the data acquisition strategy to a data-independent method that 

permits quantitative analysis directly from tandem mass spectra [16]. The method is based on 

the sequential isolation and fragmentation of relative large (10 m/z) precursor windows within 

the ion trap until a desired mass range has been covered. Validation of the method was 

performed by using different developmental stages of C. elegans. They also used this method 

to identify insulin signaling targets in C. elegans [17]. Of 1685 identified proteins, 86 were 

over- or under expressed in long-lived daf-2 mutants that lack the sole homolog of the 

vertebrate insulin-receptor or IGF-1 receptor, compared to wild-type worms.  

 

2. Biological applications 

Classical, non-LC-MS based proteomics studies in nematodes using 2D gel electrophoresis, 

Western Blots, immunoprecipitation, etc. led, for example, to the identification of new 

conserved components of the kinetochore [18;19], of the RNAi machinery and of the 

microRNA pathway [20]. Classical approaches were also used to identify all 

phosphorylcholine substituted proteins, called the PCome [21]. However, most other 

qualitative proteome studies in C. elegans are LC-MS based, as illustrated below. 

 

2.1 Shotgun proteomics to aid species comparisons and gene annotations 

The group of Merrihew used shotgun proteomics to identify 6779 proteins in C. elegans [22]. 

One year later, Schrimpf et al. made an inventory of the expressed proteome yielding 10 977 
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different proteins, which is more than half of all predicted C. elegans proteins [23]. It allowed 

them to confirm and extent genome annotations. In addition, they made a comparative 

functional analysis of the C. elegans and Drosophila proteomes.  

 

2.2 Subproteomes  

In some cases, a subset of proteins is defined by their intracellular location. The group of 

Yang published the proteomic analysis of C. elegans mitochondria [24] using a shotgun 

approach to identify 1117 proteins. In order to search for diagnostic fingerprints of 

mitochondrial diseases, differential proteomics analysis of mitochondria from mutants of the 

respiratory chain yielded 630 proteins in wild type N2, 525 in clk-1 (encoding for COQ7, 

which catalyzes the penultimate step of coenzyme Q synthesis), 487 in gas-1 (orthologue of 

NDUFS2, a 49kDa subunit of complex I of the mitochondrial respiratory chain), and 423 in 

mev-1 (orthologue of SDHC, a subunit of complex II) [25]. Cross-correlation with 

metabolomics profiling data and expression studies showed maintained patterns, which might 

aid further understanding of mitochondrial diseases.  

Lipid droplets (LDs) are neutral lipid storage organelles that are highly conserved. Over-

storage of neutral lipids in LDs can cause many metabolic syndromes. Purification and 

proteomic analysis of C. elegans LDs in the Liu group yielded 306 proteins, further 

facilitating functional and mechanistic studies of LDs [26]. Lipid rafts are microdomains 

(islands) of the phospholipid bilayer and most proteomics studies to reveal lipid raft 

composition have been carried out using mammalian cell lines or single cell organisms. Using 

geLC-MS/MS, a total of 44 proteins could be identified from the lipid raft fraction of C. 

elegans by the Keen lab and 21 proteins were predicted to contain a GPI anchor [27]. 

Conserved nematode-specific intestinal proteins may represent promising targets for the 
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development of anthelmintic drugs. The analysis of membrane associated proteins from 

parasitic nematodes was recently optimized using ivermectin resistant and ivermectin 

susceptible isolates of C. elegans and Haemonchus contortus [28] in the Hamilton lab. 

Recently, the Tirrell lab achieved spatiotemporal selectivity in the labeling of proteins as to 

yield cell-specific subproteomes, which was exemplified by profiling proteins expressed in 

the pharyngeal muscle [29].  

 

2.3 Reproduction and Development 

The extremely consistent developmental cycle of 3-4 days from fertilized egg to adult through 

four larval stages (L1 to L4) is well studied on the morphological level, as the complete cell 

lineage of the animal has been recorded. Under unfavorable conditions like starvation, an 

alternative "dauer" or diapause stage can be reached. This alternative, hibernated life form is 

adapted to harsh environments and remains viable for several months. However, when 

encountering a food source, they can re-enter the L4 stage and develop to reproductive adults. 

About ten years ago, the Glocker group used a gel-based approach to reveal dynamic 

cytoskeletal processes during ontogenesis by analyzing protein maps of different 

developmental stages [30]; effects of cultivation temperatures were also analyzed [31]. The 

Tsugita lab categorized proteins observed in different developmental stages in subgroups 

according to their stage-specific abundances [32]. A similar study quantifying proteomes at 

different time points during ontogenesis using N15-labeling and LC-MS/MS analysis 

confirmed observed changes for selected proteins [33]. Recently, a SILAC approach using 

13C6-Lys labeled E. coli as food source for the nematodes revealed that the rate of appearance 

of newly synthesized proteins over the adult life span was high during the first 5 days of 

adulthood, slowed down until the 11th day to increase again afterwards [34]. The McGhee lab 
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specifically focused on the subproteome from oocytes that were isolated from a temperature-

sensitive fertilization-defective fer-1 mutant [35]. When comparing this dataset with a 

previously determined oocyte transcriptome, striking differences could be noted, illustrating 

the need for biochemical analysis to complement genome and transcriptome-based omics data 

in a systems biology approach. The oocyte proteome seemed to be enriched for proteins that 

are presumably required immediately upon fertilization, whereas transcriptome data pointed 

to enriched molecules for later stages in embryogenesis [35]. In order to investigate molecular 

processes underlying oogenesis and spermatogenesis separately, the Krijgsveld group 

employed their initially reported N15 metabolic labeling strategy to compare two mutant lines 

that develop only male-like (fem-3(q20)) or female-like (fem-1(hc17)) animals [36]. From 

1040 identified proteins, ~200 and ~170 were upregulated in female-like and male-like 

animals, respectively; some of which could be clearly linked to spermatogenesis or oogenesis. 

For example, CAR-1 CGH-1 and CEY-2/3 are strikingly more abundant in female-like 

worms. These proteins associate in P granules that segregate asymmetrically into precursor 

cells yielding the germline. As also indicated above, comparing this dataset with a previously 

published microarray study [37] showed poor correlations. Effects of ionizing radiation on the 

germlines were investigated in the group of Thiede. Using stringent criteria, 48 proteins were 

significantly up or down regulated, most of which are (indirectly) involved in translational 

control. Interestingly, the before-mentioned CAR-1/CGH-1/CEY-3 complex was found to act 

as a negative regulator of DNA damage-induced apoptosis [38]. A 2D-DIGE study performed 

by the Shim lab revealed that IFE-1, a C. elegans homolog of eIF4E (which is the mRNA 5’ 

cap-binding component of the translation initiation complex eIF4F), regulates expression of 

sperm-specific proteins [39]. The same group also reported that cholesterol-responsive 

metabolic proteins are required for larval development in C. elegans [40]. The intestinal 

peptide transporter PEPT-1 seems to be important for development, growth, reproduction and 
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stress tolerance as revealed by the phenotype of respective mutants. A role of PEPT-1 in 

cellular amino acid homeostasis by affecting the TOR complex (target of rapamycine, the 

cellular sensor for free amino acids) and the XBP-1 pathway (the major mediator of the 

unfolded protein response) was found by quantitative proteome analysis combined with 

transcriptome profiling in the Spanier lab [41]. 

 

2.4 Aging and longevity 

C. elegans is a well-respected animal model to elucidate fundamental aspects of aging. The 

insulin-like growth factor-1 (IGF-1) signaling pathway is a key regulator of aging in the 

worm, and similar findings are documented for mice and flies. Reduced IGF-1 signaling via 

the DAF-2 receptor results in doubling of lifespan [42] and daf-2 mutants, together with dauer 

animals, are considered as important models to study longevity. Several differential 

proteomics studies were performed to unravel underlying mechanisms of aging. The Yates 

group aimed to identify (regulators of) insulin signaling targets by comparing daf-2 animals 

with wild type counterparts using N15-based proteomics analysis that yielded 86 differentially 

present proteins out of 1685 proteins identified. Validation of target molecules was performed 

by selected reaction monitoring (SRM) and Western blotting, followed by characterization of 

a subset of target molecules by RNAi [43]. When comparing the protein content of L3 larvae 

with dauers, a metabolic shift to anaerobic fermentative pathways was observed [44]. A few 

years later, the Hamilton group reported shared detoxification systems in dauer larvae and 

daf-2 mutants and supported a diversion of energy consumption away from anabolic 

processes in these two aging models [45]. Recently, a multidisciplinary approach involving 

quantitative proteomics, immunochemistry, metabolic quantification and life span analysis 

pointed to an enhanced energy metabolism contributing extended life span of calorie-
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restricted (CR) animals, for which they used eat-2 mutants [46]. The Braeckman group found 

that general translation mechanisms are inhibited by reduced IGF-1 signaling and dietary 

restriction, while the presence of many structural muscle components are preserved in long-

lived worms [47]. Furthermore, reduced protein metabolism [48] and faster transition to 

reducing conditions [49] were recently found in IGF-1-mediated long-living animals. To 

study the contribution of protein aggregation in aging and to identify modifiers of longevity, 

the SDS-insoluble protein fraction of young and aged animals were compared, followed by 

knockdown of genes encoding insoluble proteins observed in aged nematodes and subsequent 

testing in a lifespan assay [50]. The underlying mechanisms of tyrosol (one of the main 

phenols in olives) on increased resistance to thermal and oxidative stress and extension of 

lifespan in nematodes was recently assayed using a differential proteomics approach [51]. 

Similarly, proteins related to heat stress tolerance, energy metabolism and muscle structure 

seemed to be upregulated upon treatment of worms with Tasco, a commercial product 

originating from the alga Ascophyllum nodosum that was found to induce enhanced thermal 

stress tolerance and extended life span [52]. Finally, the lifespan-extending properties of 

metformin, the antiglycemic drug to treat type II diabetes, were found to act through 

mitohormesis via the peroxiredoxin PRDX-2 [53]. An overview of proteomics approaches to 

study oxidative stress in aging can be found in [54].  

 

2.5 Innate immunity 

Only few comprehensive proteomics studies were performed to understand underlying 

mechanisms of innate immunity to selected bacterial or fungal infections of C. elegans. Two 

gel-based approaches were performed in the Schoofs lab to study effects of Aeromonas 

hydrophila [55] and Staphylococcus aureus [56]. A similar 2D-DIGE approach revealed the 
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significance of unfolded protein response (UPR) pathway during bacterial infection with 

Vibrio alginolyticus in the Balamurugan group [57]. In addition, some of the upregulated 

proteins were involved in stress-response (PDI-2, HSP-6), immune-response (protein kinase -

18, GST-8) and energy-production (ATP-2) while proteins involved in structural maintenance 

(IFB-2) and lipid metabolism (SODH-1) were downregulated. Immune response pathways 

upon infection with the E. coli strain LF82, which is endogenous to patients suffering from 

Crohn’s disease or inflammatory bowel disease, was investigated in the Kallipolitis lab to 

identify ferritin (FTN-2) to be essential for a full protective response [58]. The Ewbank lab 

was able to characterize HSP-3 as the worm orthologue of mammalian BiP/GRP78 (a 

chaperone protein in the ER) to control antimicrobial peptide (AMP) expression in the 

epidermis upon infection to Drechmeria coniospora [59]. Recently, data from a differential 

proteomics approach using 2D-LC MS and iTRAQ labeling was combined with 

transcriptomic analysis by RNA-Seq in the Schulenburg group to reveal the involvement of 

C-type lectin domain-containing proteins and AMP-activated protein kinases in immune 

defense mechanisms against Bacillus thuringiensis [60]. A similar iTRAQ-based 2D-LC MS 

setup also revealed transthyretin-like proteins, lysozymes and galectins next to the C-type 

lectins to be differentially regulated upon exposure with the same pathogen, B. thuringiensis, 

as found in the Tholey group [61]. An overview of transcriptomics and proteomics 

approaches to study C. elegans innate immunity and host-pathogen interactions are described 

in [62].  

 

2.6 Glycoproteins and phosphoproteomics 

Other qualitative studies focus on a subset of proteins, like hydrophobic glycoproteins and 

phosphoproteins. Posttranslational modifications (PTMs) in general are of particular interest 
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because they can serve as regulatory switches. By doing so, they control several biological 

functions. Of the ~ 200 different known PTMs, glycosylation and phosphorylation are the 

most common PTMs in eukaryotes. In 2005, the group of Mahuran already made a first 

inventory of hydrophobic glycoproteins [63]. They developed a proteomics method that was 

able to identify 117 hydrophobic N-glycosylated proteins in C. elegans by analyzing 195 

glycopeptides containing 199 N-linked oligosaccharides. Most of the proteins identified were 

involved in cell adhesion, metabolism or the transport of small molecules. The N-glycans that 

are predominantly present in C. elegans are oligomannose and paucimannose, which are 

usually not present in vertebrates. Both N-glycans bind strongly to the lectin Concanavalin A 

(Con A), so that the capture of C. elegans N-glycans by Con A is predicted to be well over 

90%. The ability to use Con A to purify glycoproteins or glycopeptides was already described 

by Kaji et al. in 2003 [64]. The Paik lab evaluated O-GlcNAc modifications in dauer worms 

[65]. These PTMs are known to interact competitively or synergistically with protein 

phosphorylation and are of key importance to cells for their timely response to extracellular 

stimuli.  

The Mann group characterized the C. elegans phosphoproteome to detect 6780 

phosphorylation sites on 2373 proteins; results were integrated together with a new prediction 

application in PHOSIDA [66]. 

 

2.8 Peptidomics 

Using a variety of LC-MS-based approaches, endogenously occurring (on-tryptic) 

(neuro)peptides could be identified from C. elegans [67], C. briggsae [68] and Ascaris suum 

[69], as recently reviewed [70]. For a robust biochemical characterization of presumed 

processing enzymes, differential peptidomics approaches were undertaken to monitor the 
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peptide content of respective mutants by off line HPLC – MALDI TOF MS. This way, the 

Kex-2 like proprotein convertase 2 (KPC-2, also named EGL-3) [71], its chaperone protein 

7B2 (encoded by sbt-1) [72] and the carboxypeptidase E (EGL-21) [73] could be 

characterized.  

 

2.9 Interactomics 

The first map of the interactome network of C. elegans was published in 2004 by the research 

group of Vidal [74]. Starting with a selected set of 3024 worm predicted proteins, they 

obtained over 4000 interactions. This data was combined with literature, interologs and 

scaffold data sets in Worm Interactome version 5, containing 5534 interactions. The 

interactions connected 15% of the C. elegans proteome. Later-on, the same group improved 

the protein-protein interactions data by testing a matrix of 10.000 x 10.000 proteins using HT-

Y2H [75]. They also developed new standards to deliver high quality data sets. These involve 

a highly stringent, high throughput Y2H assay, strict methods for filtering and updating 

existing data sets, independent measurement of technical quality and evaluation of biological 

relevance. The Sternberg lab integrated available interactomics data, gene expression 

information, phenotype datasets and functional annotations in a statistical model to predict 

genetic interactions. The resulting 18.183 interactions not only include protein-protein 

interactions, but also protein-gene and gene-gene interactions and they provide a framework 

for systems biology-level understanding of gene functions [76].  

 

3. Wormbase 
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In the post-genomic era, the main goal of all technological innovations is to define the role 

and function of each gene product in the complex cellular context. This not only means that 

the function of a single gene product has to be revealed, but also that the signal transduction 

pathway of the protein of interest and all its interactions and modifications have to be 

characterized. This is an enormous challenge and to reach that goal, an overload of 

information has to be included in this systems biology puzzle. Not only genes and proteins, 

but also phenotypes resulting from RNAi screens or from genomic mutants, localization 

studies, etc., are indispensable for the “worm community”. In a first attempt to organize all 

available information, a freely accessible database (http://www.wormbase.org) was developed 

in 2001 [77]. Since then, this repository of all data related to C. elegans biology has been 

thoroughly restructured for stronger performance and included data has been significantly 

expanded. In 2012, a drastic makeover of the website was performed and even more 

functionalities were made available. As such, it should be considered as a complete 

knowledge-database fueling a systems biology understanding of the nematode C. elegans and 

beyond.  
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