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A B S T R A C T   

For more than four decades, the free-living nematode Caenorhabditis elegans has been extensively used in 
anthelmintic research. Classic genetic screens and heterologous expression in the C. elegans model enormously 
contributed to the identification and characterization of molecular targets of all major anthelmintic drug classes. 
Although these findings provided substantial insights into common anthelmintic mechanisms, a breakthrough in 
the treatment and control of parasitic nematodes is still not in sight. Instead, we are facing increasing evidence 
that the enormous diversity within the phylum Nematoda cannot be recapitulated by any single free-living or 
parasitic species and the development of novel broad-spectrum anthelmintics is not be a simple goal. In the 
present review, we summarize certain milestones and challenges of the C. elegans model with focus on drug target 
identification, anthelmintic drug discovery and identification of resistance mechanisms. Furthermore, we present 
new perspectives and strategies on how current progress in C. elegans research will support future anthelmintic 
research.   

1. Caenorhabditis elegans - can a single species serve as surrogate 
for a whole phylum? 

Parasitic nematodes have a tremendous impact on global health and 
socio-economic development (Hotez et al., 2014). Several parasitic 
nematode species directly affect large portions of the human population. 
Soil-transmitted nematodes are the most common helminth infections of 
humans with more than one billion people infected worldwide (Prichard 
et al., 2012). Other severe nematode infections such as onchocerciasis or 
lymphatic filariasis have estimated global infection numbers of around 
40 million and 120 million people, respectively (Prichard et al., 2012; 
Turner et al., 2016). Most nematode infections, although rarely lethal, 
lead to chronic ailments, including physical disabilities and delayed 
development (Hotez et al., 2014; Lustigman et al., 2012). Yet, these 
direct implications on human health do not cover all aspects of the 
global nematode burden. For instance, parasitic nematodes are of vet
erinary importance because they are a major threat to the health of 
livestock and companion animals (Charlier et al., 2014; Kaplan, 2004; 
Whittaker et al., 2017). Although no reliable data for global estimates 
are available, infections of livestock cause dramatic economic losses 
each year (Charlier et al., 2014). In combination with plant parasitic 

nematodes, these parasites are a threat to global food security and cause 
substantial economic losses worldwide (Torto et al., 2018; Trudgill and 
Blok, 2001). 

Molecular phylogenetic analyses split the highly diverse phylum 
Nematoda into five major clades in which parasitism to animals and 
plants has arisen multiple times independently (Blaxter and Koutso
voulos, 2015; Blaxter, 2003; Dorris et al., 1999; Quist et al., 2015). 
Despite the enormous impacts of parasitic nematodes, their control re
lies only on an astonishingly small repertoire of chemical drug classes 
(Kotze et al., 2014). Unfortunately, extensive usage of these drugs has 
led to drug resistance, especially in veterinary medicine and agriculture 
(Kotze et al., 2014) Furthermore, the threat of resistance in human 
parasites is increasing as well (Diawara et al., 2013; Krücken et al., 2017; 
Schwab et al., 2005). Although these alarming trends highlight the 
pressing need for the introduction of new and innovative drugs, their 
development is hampered by multiple challenges. Compound evaluation 
against parasitic nematodes is limited by multiple factors, including 
insufficient access to relevant lifecycle stages, host-dependent and 
cost-intensive laboratory life cycles, often highly complex and fragile in 
vitro culture systems, and a limited molecular tool kit. To circumvent 
some of these limitations, the free-living nematode Caenorhabditis 
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elegans is an elegant system to study nematode-related scientific ques
tions. C. elegans is one of the best-characterized organisms in the world. 
Since its broad introduction as a genetic model system by Sydney 
Brenner (1974), discoveries using C. elegans have revolutionized various 
disciplines of biology, including genetics, gene regulation, development 
and cell fate, and neurobiology (Corsi et al., 2015). Some features of 
C. elegans are the simple and rapid life cycle, the well annotated genome, 
and the extensive number of molecular tools available. Its importance in 
scientific discovery is exemplified by multiple Nobel prizes awarded to 
S. Brenner, H. R. Horvitz, and J. Sulston (in 2002); A. Fire and C. C. 
Mello (in 2006); and M. Chalfie (in 2008) for their research using 
C. elegans. 

However, from a helminthologist’s point of view an important 
question remains: How well can a single species represent the overall 
biology of a whole phylum? Consequently, this question has been 
addressed in various review and opinion articles (Geary and Thompson, 
2001; Gilleard, 2004; Holden-Dye and Walker, 2014; Salinas and Risi, 
2018). Undeniably, C. elegans shares the main characteristics of the 
nematode body plan such as the cuticle and the organization of the 
nervous system along with other physiological aspects. The neuromus
cular system for example shows a high degree of conservation within the 
phylum Nematoda, allowing us to draw generally valid hypotheses and 
conclusions on motility, egg laying, and feeding. For instance, the highly 
conserved neurotransmitters acetylcholine, glutamate, and 
gamma-aminobutyric acid (GABA) were found to play central roles in 
most nematode species (Harder, 2016). However, besides “classical” 
neurotransmitters, several nematode-specific neuropeptide families 
(McVeigh et al., 2012) within the phylum were found to modulate 
muscular function when applied in vitro (Franks et al., 1994; Geary et al., 
1995; Maule et al., 1995). Finally, not only the intrinsic molecular 
control but also the common effects of multiple anthelmintics on the 
neuromuscular system reflect the similarities between C. elegans and 
major parasite members of the phylum. Moreover, other aspects include 
a significant genetic overlap with parasitic nematodes (International 
Helminth Genomes Consortium, 2019). For instance, Ascaris suum and 
Haemonchus contortus share around 67–69% of their predicted genes 
with C. elegans (Jex et al., 2011; Schwarz et al., 2013). Together, these 
similarities support the use of the C. elegans model in anthelmintic 
research. 

However, C. elegans has a much different evolutionary history than 
parasitic nematodes. Consequently, genes and gene families with func
tions linked to a parasitic life style, such as host infection or immune 
evasion, are completely absent or fulfill different biological roles in 
C. elegans (International Helminth Genomes Consortium, 2019; Viney, 
2018). Among these parasite-specific genes are different groups of 
proteases/peptidases and protease inhibitors (International Helminth 
Genomes Consortium, 2019; Viney, 2018) like astacins, a group of 
metallopeptidases especially found in clade IV and clade V parasitic 
nematodes (Hunt et al., 2016; Williamson et al., 2006) or cathepsins, 
linked to digestion of host tissues (Trap et al., 2006; Williamson et al., 
2003). Another group that shows a strong expansion in parasites is the 
apyrase family. Members of this family are postulated to fulfil immu
nomodulatory functions by hydrolyzing host ATP, which can act as a 
host immune-stimulatory “danger” signal (International Helminth Ge
nomes Consortium, 2019; Nisbet et al., 2011). If such parasite-specific 
proteins play key roles in the adaption of parasites to their hosts, then 
these proteins or processes might be the most promising targets for 
anthelmintics. 

Many helminthologists hoped that the increased availability of 
genome sequencing data from many species would enable the transfer of 
findings across different nematode species. However, robust strategies 
to process the genetic diversity in the nematode phylum and to mine 
genomic data sets for shared processes between different nematode 
species are still in development (International Helminth Genomes 
Consortium, 2019). Nevertheless, it seem to be apparent that the genetic 
diversity identified in the phylum not only applies to the comparison of 

free-living versus parasitic nematodes but might be the same when it 
comes to direct comparisons among different parasite species (Hol
den-Dye and Walker, 2014). Despite the diversity within the phylum 
Nematoda, C. elegans consistently finds its way onto the laboratory 
benches of parasitologists (Fig. 1). Approximately 500 publications have 
been published in peer-reviewed journals in which C. elegans was used as 
a model to study anthelmintic drugs and drug targets (Sup Table 1). 
These numbers reflect the crucial role of C. elegans in anthelmintic 
research and motivated us to reflect on the importance of the system to 
helminthology but also to present future perspectives for the most 
famous non-parasitic nematode in parasitological research. 

2. C. elegans in anthelmintic drug target identification and 
characterization 

For more than four decades, the C. elegans model contributed to the 
elucidation of the modes of action (MoA) of all major anthelmintic drug 
classes. C. elegans easily grows under laboratory conditions, and its 
outstanding genetic tractability and molecular toolkit makes it the 
model of choice to study anthelmintic MoA. The use of large-scale ge
netic screens led to the selection of mutants with high-levels of resis
tance against anthelmintic drugs and subsequently to the identification 
of the molecular drug targets (Table 1) (Dent et al., 2000; Driscoll et al., 
1989; Fleming et al., 1997; Kaminsky et al., 2008a; Lewis et al., 1980). 
Additionally, C. elegans elegantly and successfully served as a heterol
ogous expression system to characterize potential drug target genes from 
parasite species (Table 2) (Cook et al., 2006; Courtot et al., 2015; 
Glendinning et al., 2011; Kwa et al., 1995; Law et al., 2015; Sloan et al., 
2015; Welz et al., 2011). Retrospectively, the success of the C. elegans 
model in anthelmintic target characterization contributed to the hy
pothesis that highly conserved nematocidal drug targets exist and ulti
mately caused a shift from phenotypic screens towards target-based 
screening approaches (Woods et al., 2007) (see section 3). 

A striking example for the usefulness of C. elegans in anthelmintic 

Fig. 1. Overview on scientific publications using Caenorhabditis elegans 
for anthelmintic research. 
The bar plot presents an overview of scientific studies that used the free-living 
model nematode C. elegans for anthelmintic research, sorted by the year of 
publication (1975–2019). Abstracts of relevant publications were collected by 
an automated literature search using the bibliographic databases CAB Direct 
(www.cabdirect.org), provided by Centre for Agriculture and Bioscience In
ternational (CABI), and EMBASE (www.emabse.com). For initial abstract 
extraction, terms were used that combined “C. elegans” with relevant key words, 
including “anthelmintic drugs”, “nematode parasite species” or “anthelmintic 
resistance”. The data set was manually curated to obtain a final number of 475 
abstracts. For this final selection, publications were considered that included 
the experimental usage of C. elegans for anthelmintic drug discovery, target 
characterization, and mode of resistance elucidation. Moreover, selected review 
articles have a focus on different aspects of C. elegans in anthelmintic research. 
All selected abstracts are listed in Sup Table 1. 
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research is associated with the benzimidazole (BZ) anthelmintic drug 
class. Development of BZ compounds began in the early 1950s when the 
chemical core ring system was of major interest as a lead structure for 
the development of novel chemotherapeutic agents (Wright, 1951). 
During the following years, BZ derivatives were evaluated for a broad 
range of applications, including antiviral (Tamm et al., 1953), cancer 
therapy (Mizutani et al., 1960), and also for anthelmintic treatments 
(Brown et al, 1961). Subsequently, thiabendazole was developed in the 
early 1960s as the first BZ with broad anthelmintic activity (Gordon, 
1961; Brown et al, 1961). In the following years, parasitological in vivo 
screens identified several BZ derivatives, which facilitated treatment of 
nematode infections in a variety of hosts (Campbell, 1990). Neverthe
less, because of their intensive use in the livestock industry, resistance 
against BZ developed and spread quickly after their commercialization. 
Since the mid-1970s, multiple studies indicated that the major molec
ular mechanism of BZ activity involves altering microtubule formation 
through binding to beta-tubulins (Barrowman et al., 1984; Dawson 
et al., 1984; Lacey, 1988; Lubega and Prichard, 1990). This hypothesis 
was further supported by mutant screens that selected for BZ resistance 
in yeast (Thomas et al., 1985) and C. elegans (Driscoll et al., 1989), 
identifying multiple resistance alleles in beta-tubulin genes. These 
findings were subsequently translated to parasitic nematodes. In a 
gastrointestinal nematode of sheep, H. contortus, it was shown that 
BZ-resistant and BZ-susceptible populations differed in single amino 
acid being encoded in the β-tubulin isotype-1 (tbb-iso-1) gene. The pu
tative resistance allele is a substitution of a phenylalanine residue at 
position 200 to tyrosine (F200Y) (Kwa et al., 1994). Using C. elegans as 
heterologous expression system, wild-type alleles of tbb-iso-1 were able 
to rescue BZ susceptibility in BZ-resistant C. elegans mutants but the 
H. contortus tbb-iso-1 F200Y variant did not alter the resistance pheno
type (Kwa et al., 1995). This combination of genetic screens and func
tional confirmation of a target and/or resistance gene in C. elegans is a 
prime example for the relevance of the model to our current under
standing of anthelmintic drug MoA and their resistance development. 

Another major anthelmintic drug class is the macrocyclic lactones 

(ML). In the mid-1970s, the first ML, avermectin, was isolated from the 
soil bacterium Streptomyces avermitilis. Originally screened for antibac
terial activity, a mixture of eight closely related derivatives showed 
activity against parasitic nematodes and finally led to the development 
of the semi-synthetic derivative, ivermectin, as the first commercially 
available ML, marketed in the 1980s for several indications and host 
species (Campbell, 2012; Campbell et al., 1983). Following ivermectin, 
multiple derivatives joined the market including abamectin, dor
amectin, and selamectin (avermectin sub-class), as well as moxidectin 
and milbemycin oxime (milbemycin sub-class). The unique character
istics of ML are their high potency against a broad range of parasites, 
including nematodes and arthropods, combined with their efficacy 
against BZ-resistant parasites (Campbell, 2012). These advantages laid 
the foundation for the outstanding success of ML in human and animal 
health in the past 40 years, which was recently honored by the 2015 
Nobel prize for S. Omura and W. C. Campbell (Tambo et al., 2015). Like 
for the BZ, the MoA of ML remained unclear for a long time after their 
commercialization. From in vitro assays, it was shown that ML interfere 
with normal neuronal function by inducing whole-body paralysis 
(Campbell et al., 1983). These observations suggested a contribution of 
neuronal receptors like ligand-gated ion channels. Indeed, first findings 
pointed in the direction of GABAA receptors expressed in the nematode 
body-wall muscles (Campbell et al., 1983; Holden-Dye and Walker, 

Table 1 
Examples for major anthelmintic drug targets identified by mutant screens in 
C. elegans.  

Drug/drug class Major 
C. elegans 
target gene(s) 

Protein family Genetic screen 

Benzimidazole ben-1 beta-tubulin Driscoll et al. 
(1989) 

Macrocyclic lactones avr-14 GluCl subunit Dent et al. (2000) 
Macrocyclic lactones avr-15 GluCl subunit Dent et al. (2000) 
Macrocyclic lactones glc-1 GluCl subunit Dent et al. (2000) 
Imidazothiazoles lev-1 nAChR subunit Lewis et al. 

(1980), Fleming 
et al. (1997) 

Imidazothiazoles lev-8 nAChR subunit Lewis et al. 
(1980), Towers 
et al. (2005) 

Imidazothiazoles unc-29 nAChR subunit Brenner (1974),  
Fleming et al. 
(1997) 

Imidazothiazoles unc-38 nAChR subunit Brenner (1974),  
Fleming et al. 
(1997) 

Imidazothiazoles unc-63 nAChR subunit Brenner (1974),  
Culetto et al. 
(2004) 

AADs acr-23 nAChR subunit Kaminsky et al. 
(2008a) 

AADs acr-20 nAChR subunit Baur et al. (2015) 
Cyclooctadepsipeptides slo-1 voltage-gated 

potassium 
channel 

Guest et al. 
(2007) 

Abbreviations - GluCl: glutamate-gated chloride channel; nAChR: nicotinic 
acetylcholine receptor; AADs: amino-acetonitrile derivatives. 

Table 2 
Examples for anthelmintic drug target genes characterized in the C. elegans 
expression system.  

Expressed 
parasite target 
genes 

Drug/drug class Findings Reference 

tbb-iso-1 (H. 
contortus) 

Benzimidazoles Characterization of 
putative benzimidazole 
resistance alleles using 
C. elegans as a 
heterologous expression 
system. 

Kwa et al. 
(1995) 

Glucl_alpha3 
(H. contortus) 

Ivermectin Expression of glucl_alpha3 
restores motor movement 
in C. elegans avr-14 knock 
out when expressed 
under control of the avr- 
14 promoter 

Cook et al. 
(2006) 

avr-14b, glc-2, 
glc-5, glc-6 
(H. contortus) 

Ivermectin Expression of H. contortus 
GluCl subunits rescued 
ivermectin sensitivity in 
a highly resistant triple 
mutant C. elegans strain 
(DA1316) 

Glendinning 
et al. (2011) 

slo-1 
(A. caninum, 
C. oncophora) 

Emodepside Expression of A. caninum 
and C. oncophora slo-1 in 
the emodepside-resistant 
C. elegans slo-1 knock-out 
strain rescued 
emodepside sensitivity. 

Welz et al. 
(2011) 

acr-26, acr-27 
(H. contortus, 
P. equorum) 

Morantel, 
pyrantel 

Heterologous expression 
of the H. contortus and 
P. equorum receptors 
drastically increased 
C. elegans sensitivity to 
morantel and pyrantel 

Courtot et al. 
(2015) 

unc-29, unc-38 
(H. contortus), 

Levamisole H. contortus and A. suum 
unc-38 and unc-29 were 
able to (partially) rescue 
the levamisole-sensitivity 
and locomotion defects 
when expressed in 
C. elegans null mutant 
strains 

Sloan et al. 
(2015) 

unc-29 (A. suum) 

Acr-8 
(H. contortus) 

Levamisole, 
pyrantel 

Expression of H. contortus 
acr-8 in the C. elegans lev- 
8 null mutant rescued 
levamisole and pyrantel 
sensitivities 

Blanchard 
et al. (2018)  
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1990). Cully and colleagues provided first evidence for the involvement 
of glutamate-gated chloride channels (GluCls) in the MoA of ML by 
characterizing a C. elegans GluCl subunit in Xenopus laevis oocytes (Cully 
et al., 1994). Later, a genetic screen that selected for ML-resistant 
C. elegans mutants confirmed that GluCls are the major target proteins 
of this drug class (Dent et al., 2000). In total, three different GluCl genes, 
namely avr-14, avr-15, and glc-1, were identified to play a role in iver
mectin resistance. Remarkably, mutagenesis screens in different genetic 
backgrounds revealed that only simultaneous mutations in all three 
genes conferred high levels of ivermectin resistance, while strains with 
mutations in only two of the three receptor-subunit genes showed only 
modest or no differences in ML susceptibility (Dent et al., 2000). Clearly, 
the use of C. elegans genetics was fundamental for our understanding of 
the complex MoA of ML and highlighted again the value of the model. 

The largest and chemically most diverse group of anthelmintic drugs 
are summarized under the collective term modulators of nicotinic 
acetylcholine receptors (nAChRs). Expressed throughout the neuro
muscular system of nematodes, nAChRs are composed of five subunits 
that form a transmembrane ion channel. Over the previous decades, 
various agonists, antagonists, and allosteric modulators of nematode 
nAChRs were discovered (Aceves et al., 1970; Aubry et al., 1970; 
Kaminsky et al., 2008a; Shoop et al., 1990; Thomas, 1979; Xiao et al., 
2005; Zinser et al., 2002). Starting in the 1970s, levamisole (LEV) and 
pyrantel were shown to induce paralysis in the parasitic nematode 
Ascaris suum by opening nAChRs expressed in body wall muscles (Aceves 
et al., 1970; Aubry et al., 1970; Martin et al., 2005). Multiple indepen
dent genetic studies in C. elegans revealed a large set of genes that were 
associated with reduced sensitivity against LEV (Boulin et al., 2012; 
Brenner, 1974; Fleming et al., 1997; Gottschalk et al., 2005; Lewis et al., 
1980). C. elegans not only helped to identify multiple nAChR subunits as 
major drug targets but also provided novel insights into neurobiological 
processes associated with the neuromuscular junction in nematodes 
(Brown et al., 2006; Holden-Dye and Walker, 2014). 

Also targeting nematode nAChRs, the amino-acetonitril derivative 
(AADs) monepantel (MON) was developed and commercialized in 2009 
for the veterinary market (Lecova et al., 2014). In contrast to the pre
vious anthelmintic drug classes, functional assays in C. elegans played a 
central role in its development right from the beginning (Kaminsky 
et al., 2008a). Although H. contortus and Trichostrongylus colubriformis 
larval stages were treated in vitro with AADs to evaluate activity and 
derive structure-activity relationship (SAR), C. elegans was used for ge
netic screens during the discovery and early development phase, which 
led to the identification of the C. elegans nAChR subunits ACR-23 and 
ACR-20 as the most relevant molecular targets (Baur et al., 2015; 
Kaminsky et al., 2008a). Both, ACR-20 and ACR-23 were identified as 
novel anthelmintic drug targets that belong to the nematode-specific 
DEG-3 sub-group of nAChR subunits (Rufener et al., 2010). The spe
cific binding of MON and other AADs to this sub-group represents a 
novel MoA, explaining their activity against nematodes resistant to 
other nAChR modulators like LEV (Kaminsky et al., 2008b). Today, we 
know that several genes in nematodes encode nAChR subunits. Different 
gene duplications and alternative splicing events give rise to multiple 
homo- and heteromeric receptor combinations with different expression 
patterns, pharmacological properties, and sensitivities to specific drugs 
(Holden-Dye et al., 2013; Kotze et al., 2014). Despite their enormous 
target diversity, all nAChR modulators that made it to the market as 
anthelmintic drugs, show a concentration-dependent phenotypic effect 
on C. elegans. Thus, the model has turned out to be highly successful in 
the MoA identification and characterization of this group of 
anthelmintics. 

Finally, cyclooctadepsipeptides are a relatively recently developed 
class of anthelmintic compounds exhibiting broad-spectrum efficacy 
(Krücken et al., 2012). They were shown to be effective against isolates 
of multi-resistant (BZ, ML, LEV) parasites suggesting a novel MoA 
(Harder and von Samson-Himmelstjerna, 2002). The parental molecule 
of this chemical class is PF1022A, a fermentation product of the fungus 

Rosellinia spp. PF1022, which is associated with Camellia japonica 
(Harder and von Samson-Himmelstjerna, 2002). Its semi-synthetic de
rivative emodepside has been commercialized for anthelmintic treat
ments of cats and dogs (Altreuther et al., 2005). Emodepside acts on the 
neuromuscular system of nematodes by inhibiting pharyngeal pumping, 
motility, and egg laying (Krücken et al., 2012). Because C. elegans is 
highly susceptible to emodepside (Bull et al., 2007), it turned out to be a 
promising model to elucidate the MoA. In a genetic screen for mutants 
resistant to emodepside, the voltage-gated potassium channel SLO-1 was 
identified as essential for emodepside sensitivity (Guest et al., 2007). 
C. elegans strains harboring a SLO-1 loss-of-function mutation turned out 
to be highly resistant against emodepside and provided an excellent 
starting point for expression studies to rescue drug susceptibility. Both 
ectopic expression of C. elegans SLO-1 (Crisford et al., 2011; Guest et al., 
2007) and the heterologous expression of parasitic nematode orthologs 
(Welz et al., 2011) were able to restore emodepside sensitivity in the 
otherwise resistant SLO-1 null background. Expression of C. elegans 
SLO-1 in Xenopus laevis oocytes unequivocally confirmed the MoA of 
emodepside (Kulke et al., 2014). Again, the contribution of C. elegans to 
anthelmintic research was impressively demonstrated. 

3. Current challenges in anthelmintic drug discovery and 
resistance research 

As stated above, despite the tremendous burden of disease caused by 
nematodes, the number of anthelmintic drug classes is severely limited. 
Moreover, most of the available drugs have been used for many decades 
and only few new anthelmintics entered small and economically rele
vant markets within recent years. In parallel, extensive use led to wide- 
spread resistance that further limits efficacious treatment options. This 
alarming trend highlights the current challenges in anthelmintic 
research, which are the necessity to fill the drug discovery pipeline with 
novel and innovative drug classes (see section 3.1) as well as the need to 
identify reliable resistance markers to improve existing treatment stra
tegies and thereby the longevity of current and future drugs (see section 
3.2). After particularly highlighting pivotal contributions of C. elegans in 
anthelmintic research in the previous section, the following section fo
cuses on the changes and hurdles in anthelmintic drug discovery stra
tegies as well as resistance research over the last decades. 

3.1. Discovery of innovative broad-spectrum anthelmintics 

Because of highly profitable markets, most anthelmintic drug classes 
have their origins in the animal health industry. Thus, most large-scale 
anthelmintic drug discovery programs, using whole-organism or target- 
based high-throughput screening with several million proprietary 
compounds, are mainly the scope of the animal health industry. 

With the discovery of MLs in the 1980s, a new standard for a broad- 
spectrum antiparasitic was defined. Because of the outstanding phar
macology of ML, their broad-spectrum activity and safe use in a variety 
of hosts, the discovery of novel chemical classes that could provide a 
significant commercial benefit over this gold-standard became difficult 
to envision. Large drug discovery programs became more difficult to 
justify so that the discovery pipeline eventually drained. Interests in new 
anthelmintic drugs were rekindled only when increasing levels of ML 
resistance in major animal health markets became obvious (Geary et al., 
1999a; Woods et al., 2007). Nevertheless, ML are still among the most 
important and widely used anthelmintics on the market and as such they 
continue to shape the conception of novel discovery programs. Modern 
anthelmintic drug discovery is driven by the ambitious goal to identify 
compounds with a novel MoA, to ensure efficacy against parasites that 
are resistant to existing anthelmintics. Furthermore, those molecules 
need to be safe (if possible, in multiple hosts) and have broad-spectrum 
activity against as many parasite species as possible. In order to allow 
return on investment in a highly competitive market, these goals need to 
be achieved in relatively low, profitable doses and in a dosage form that 
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meets costumers’ convenience and compliance. 
Traditionally, novel chemical entities were not tested for anthel

mintic effects in the first place. Instead, after evaluating compounds for 
their effects against bacteria, fungi, or insects, they were also tested in 
small animal in vivo models for their activity against nematodes. How
ever, with the introduction and the general acceptance of “The Three Rs” 
to reduce, refine, and replace animal testing, the use of in vitro assays 
became the “new” starting point (Eckert, 1997; Flecknell, 2002). Those 
assays were generally performed with whole nematodes and in a higher 
throughput than previous in vivo assays, enabling the testing of several 
derivatives of a chemical lead structure and thereby deriving meaningful 
SAR. It was quite common that the MoA for those compounds was fully 
unknown when marketed and was elucidated only in subsequent genetic 
studies (see section 2). 

The majority of available anthelmintic drug classes was discovered 
in campaigns with a strong and early focus on in vivo effects. For 
example, the anthelmintic effects of LEV and PF1022A were identified in 
in vivo screens against gastrointestinal nematodes in chicken (Janssen, 
1976; Sasaki et al., 1992), and ML were discovered using a mouse model 
infected with Heligmosomoides polygyrus (Campbell et al., 1983). By 
contrast, thiabendazole and AADs were discovered in in vitro assays 
using larval stages of parasitic nematodes (Brown et al, 1961; Kaminsky 
et al., 2008a). Despite the initial low success rate, in vitro screens were 
considered economically attractive because more compounds were 
tested, lower amounts of compounds were required, and testing was 
perceived as less labor intense. C. elegans obviously provides multiple 
advantages making it highly useful for whole-organism screens, 
including an easy to maintain life cycle under laboratory conditions. 
Consequently, C. elegans was considered early as an anthelmintic 
screening model (Simpkin and Coles, 1981) and was used among other 
nematodes in industry-based screening campaigns (Geary et al., 1999b). 

However, despite significant efforts, no compound initially discov
ered in a C. elegans screen has reached the market as an anthelmintic, 
yet. This lack of success led to some controversy about whether 
C. elegans is a good model for anthelmintic drug discovery (Elfawal et al., 
2019; Geary and Thompson, 2001). Indeed, some studies provide evi
dence that C. elegans might be less sensitive to some anthelmintic drugs 
compared to parasitic nematode species (Hu et al., 2013; Ruiz-Lancheros 
et al., 2011), which could lead to false negative conclusions (Hu et al., 
2013). Hu et al. (2013) showed that C. elegans fourth-stage larvae (L4) 
were significantly less susceptible to albendazole or pyrantel than stages 
of Ancylostoma ceylanicum, Trichuris muris, and Ascaris suum in vitro. This 
discrepancy might be partially explained by the protective cuticle of 
C. elegans that is acting as a barrier for small molecules (Ruiz-Lancheros 
et al., 2011). Of note, C. elegans mutants with increased cuticle perme
ability and higher sensitivity to chemicals have been identified (Law 
et al., 2015; Xiong et al., 2017). 

A more recent study compared the clade V nematodes C. elegans and 
A. ceylanicum in a drug screening approach (Elfawal et al., 2019). A 
1280-compound library of approved drugs were screened against larval 
stages of both nematode species. Positives were further evaluated for 
their in vitro activity against evolutionarily distant T. muris adults (clade 
II) and finally in an A. ceylanicum hamster model. The authors results 
suggest that A. ceylanicum larval stages were superior to C. elegans based 
on both a reduced false negative rate and overall quality of hits, which 
was defined by lower overall toxicity (based on PubChem cytotoxicity 
assays) and a broader anthelmintic activity (Elfawal et al., 2019). 
However, the relevance of these findings for large-scale phenotype 
screens remains unclear. It is important to point out that C. elegans was 
not the only nematode species used for pharmaceutical in vitro 
whole-organism screens. With respect to the generally low success rate 
of this approach with thiabendazole and AADs as two of the few suc
cessful outcomes, the translation from in vitro to in vivo activity might be 
of higher impact than the selection of any single nematode species for in 
vitro screening. Encouragingly, in recent years different studies reem
phasized the power of C. elegans as valid anthelmintic screening model, 

especially with respect to throughput and its genetic tractability (see 
section 4). Therefore, it seems to be beneficial to integrate C. elegans into 
a screening platform with multiple, parasitic and phylogenetically 
diverse nematode species. A prime example for this strategy was pro
vided by Burns et al. (2015). They proved the value C. elegans in a 
well-designed high-throughput approach that included re-screening of 
promising drug candidates against two related parasite species, Cooperia 
oncophora and H. contortus, to confirm inter-species activity (Burns et al., 
2015). To further prove broad-spectrum activity for identified hits, an 
evaluation in phylogenetically more distant species like T. muris, as done 
by Elfawal et al. (2019), would be of help to define promising “species 
combinations” for future whole-organism screening approaches. 

More recently, following a general trend for the pharmaceutical in
dustry, animal health drug discovery also moved from whole-organism- 
based screenings towards more target-centralized approaches. This 
trend is motivated by the desire to choose pharmacologically relevant 
and validated drug targets as starting points of a drug discovery program 
but is also inspired by technical innovations such as miniaturizing 
(cellular-) assay systems. More than traditional whole-organism screens, 
which are often limited by the availability of specimens or larger 
amounts of compounds, cellular target-based approaches allow fast and 
efficient screening of large compound libraries for hit identification and 
optimization. Furthermore, this strategy provides the hope that the 
spectrum of activity can be characterized in a much earlier phase of the 
discovery project. However, the success of target-based approaches 
strongly depends on the selection of the right molecular target, which 
should be conserved and possess a key function in all species of interest 
(Woods et al., 2007). A suitable molecular target can be novel, which 
means it has not yet been pharmacologically evaluated, or it can be 
“precedented”, a term used by Woods and colleagues (Woods et al., 
2007). “Precedented” targets are described to be major targets of known 
anthelmintic drugs. Compared to novel targets, they are considered less 
risky because their relevance as a valid drug target has been already 
proven. However, choosing “precedented” targets has a higher risk that 
novel drug candidates are affected by the same target-based resistance 
mechanisms as the existing drug. MoA elucidation with the C. elegans 
laboratory model and the increasing amount of annotated nematode 
genome data laid the foundation for target-based approaches in 
anthelmintic drug discovery and provided the hope to select for targets 
conserved among all nematodes of interest. Nevertheless, even “pre
cedented” targets show species-specific characteristics that might in
fluence drug effects. For instance, genetic variation in the molecular 
drug target has the potential to affect drug-binding affinity and influence 
the targets’ ability to interact with compounds (called druggability of a 
target). In other cases, depending on the species, the drug target could 
consist of different gene isoforms (Kashyap et al., 2019), direct 
one-to-one orthologues of the molecular target might be absent (Rufener 
et al., 2010), or gene duplications could appear, as shown for the two 
slo-1 genes found in Trichuris muris (Yilmaz et al., 2015) and the four 
H. contortus unc-29 gene copies (Duguet et al., 2016). For the latter, 
Duguet et al. (2016) elegantly demonstrated that all four H. contortus 
unc-29 gene copies acquired unique functional characteristics based on 
phenotypic rescue of transgenic C. elegans and heterologous expression 
in Xenopus laevis oocytes. Another layer of complexity is added when the 
actual drug target is composed of multiple subunits. Again, the 
well-studied genetic diversity of the LEV-sensitive nAChR subunits in 
different nematode species can be used as an example. In C. elegans, the 
LEV-sensitive nAChR consists of the five subunits UNC-38, UNC-63, 
UNC-29, LEV-1, and LEV-8 (Boulin et al., 2008). However, several ge
nomes of closely related parasitic nematode species lack individual 
orthologs but still are sensitive to LEV (Duguet et al., 2016; Holden-Dye 
et al., 2013). Instead, different subunit compositions give rise to 
species-specific LEV-sensitive receptors with different pharmacological 
properties (Duguet et al., 2016; Holden-Dye et al., 2013). For 
H. contortus, a recent work by Blanchard and colleagues (Blanchard 
et al., 2018) provided functional evidence that the ACR-8 subunit is 

S.R. Hahnel et al.                                                                                                                                                                                                                               



International Journal for Parasitology: Drugs and Drug Resistance 14 (2020) 237–248

242

likely to replace LEV-8 in the LEV-sensitive receptor of this species. 
These findings make it difficult to assume that a common MoA applies to 
diverse nematode species. 

Moreover, multi-subunit targets harbor the risk of species-specific 
target composition with potential consequences on drug potency and 
might therefore be considered more challenging to address using target- 
based approaches. In addition to the variation in druggability and target 
composition, the physiological role of a distinct protein might differ 
between species and thereby also affect drug performance. For instance 
GluCls, the physiologically relevant molecular target of ML, regulate 
pharyngeal pumping and motor activity in gastrointestinal nematodes as 
well as in C. elegans (Dent et al., 2000; Geary et al., 1993). However, 
although highly potent against distinct stages of filarial nematodes, ML 
fail to induce paralysis of the body wall or pharyngeal muscle when 
applied to the parasites in vitro at physiologically relevant concentra
tions (Geary et al., 1993). Indeed, the expression pattern of GluCl sub
units shows co-localization with the excretory-secretory (E/S) apparatus 
of Brugia malayi (Moreno et al., 2010). This anatomical structure is 
considered as the main source of protein secretion in filarial nematodes, 
leading to the hypothesis that GluCls might play a role in the regulation 
of immunomodulatory processes (Moreno et al., 2010). 

All these examples show that even a molecular target that is gener
ally considered as validated can differ significantly between species and 
thereby reveal one of the major weaknesses of target-based screening 
approaches. 

The power of C. elegans and its constantly growing molecular tool kit 
will play a crucial role in pinpointing species-specific target character
istics (see section 4) and thus support the selection of promising future 
drug targets. However, the output of this strategy to the future anthel
mintic drug portfolio remains unknown. So far, no anthelmintic drug 
originating from target-based screening has made it to the market. 

In summary, independent of the initial screening approach, the 
enormous diversity of nematodes makes the development of novel and 
safe anthelmintics challenging. Rather than focussing research to find 
the best model, multi-dimensional approaches should be chosen that 
combine target-based and whole-organism assays as well as multiple 
species early in the discovery phase. And finally, promising drug can
didates will have to cross the boundaries from in vitro effects to deliver 
the proof of principle in an in vivo model, which is another significant 
hurdle. 

3.2. Identification of resistance markers to improve current treatment 
strategies 

As long as novel anthelmintic drug classes with resistance-breaking 
properties are missing, reliable resistance markers are urgently needed 
to improve current treatment strategies and to expand the lifetime of 
existing drugs. At least for some available drug classes, field-derived 
resistant parasite populations occurred before their MoA was fully un
derstood (see section 2) (Prichard, 1990; van Wyk and Malan, 1988). 
Findings from anthelmintic drug target identification in C. elegans lab
oratory research were frequently used to search for resistance alleles in 
natural parasitic nematode populations (Kwa et al., 1994; Njue et al., 
2004). Especially, molecular markers for BZ resistance, which are 
mainly based on single-nucleotide variants in beta-tubulin genes, are 
prime examples for the direct benefit of the C. elegans model (also see 
section 2). Another example for a direct translation of the C. elegans 
system to the field is the detection of MON resistance mutations in acr-23 
(Bagnall et al., 2017). Nevertheless, resistance in natural nematode 
populations against drug classes like ML or nAChRs modulators can, at 
best, only be partially explained by mutations in major target genes 
(Kotze et al., 2014). Instead, anthelmintic resistance in natural nema
tode populations seems to be a complex trait that underlies multiple 
genetic mechanisms (Andersen et al., 2015; Doyle and Cotton, 2019; 
Ghosh et al., 2012; Hahnel et al., 2018; Niciura et al., 2019; Zamanian 
et al., 2018). These mechanisms may include differences in target gene 

expression (El-Abdellati et al., 2011; Kopp et al., 2009), alternative 
composition of heteromers using paralogs (Sarai et al., 2013, 2014), 
and/or alternative splicing of genes (Boulin et al., 2011; Fauvin et al., 
2010; Kotze et al., 2014). Furthermore, increased drug efflux via 
transporters (Blackhall et al., 2008; James and Davey, 2009; Lespine 
et al., 2012; Peachey et al., 2017) or drug detoxification (Matouskova 
et al., 2016, 2018; Vokral et al., 2013; Yilmaz et al., 2017) might 
contribute to anthelmintic drug resistance. In general, it seems plausible 
that mutations that are tolerable under optimal lab conditions might be 
deleterious under natural selection, which could require more subtle 
adaptations (Geary and Thompson, 2001). Therefore, a focus on genetic 
variation in natural nematode populations appears to be more suitable 
to capture the complexity of resistance mechanisms in the field. With 
respect to C. elegans, new platforms and approaches facilitate the 
incorporation of natural genetic variation into anthelmintic research to 
elucidate resistance mechanisms (see section 4) (Hahnel et al., 2018; 
Zamanian et al., 2018). This trend is especially encouraging, as most 
classical C. elegans studies were performed on a single well-defined 
strain, N2, which represents not only a single genetic background but 
also one that has experienced adaptation to laboratory conditions for 
several decades (Sterken et al., 2015). 

4. New perspectives for the C. elegans model in anthelmintic 
research 

Encouragingly, one of the undeniable contributions of C. elegans as a 
model organism is to constantly push scientific innovations that have the 
potential to add new aspects to anthelmintic research and enlarge our 
repertoire of techniques. An outstanding example for this translation is 
RNA interference (RNAi) used to knock down the expression of specific 
genes, which was discovered in C. elegans (Fire et al., 1998) and has 
become a tool to characterize genes of interest in different parasite 
species (Dash et al., 2017; Maule et al., 2011; McCoy et al., 2015; Ward, 
2015), including B. malayi (Aboobaker and Blaxter, 2003; Verma et al., 
2017). Other aspects include the usage of the C. elegans genome as a 
reference for other nematode genome projects (International Helminth 
Genomes Consortium, 2019) and the large number of in silico resources 
and databases available (Antoshechkin and Sternberg, 2007; Cook et al., 
2017; Grove et al., 2018; Howe et al., 2016; Kumar et al., 2012). 
Therefore, in the following section, we would like to focus on novel 
technical advances and innovations in (i) high-throughput screens, (ii) 
more precise phenotype assays, (iii) recent progress in genome-editing 
approaches such as CRISPR-Cas9, and (iv) the exploitation of natural 
C. elegans variation to elucidate genetic mechanisms of anthelmintic 
resistance (Table 3). 

Whole-organism screens using parasitic nematodes are often limited 
by the amount of biological material that can be obtained, the limited 
access to relevant life-cycle stages, and the difficulty associated with 
laboratory culture of parasites. By contrast, C. elegans has an easy to 
maintain hermaphroditic life cycle and fast generation time, which 
allow cost- and time-efficient access to all stages in nearly unlimited 
quantities. Surprisingly, although included in pharmaceutical anthel
mintic drug discovery programs, the results from most C. elegans high- 
throughput anthelmintic screens have not been published (Geary 
et al., 1999b). Nevertheless, automated high-throughput phenotypic 
read-out systems for C. elegans are under constant development. Sig
nificant progress has been made on automated assay systems that reduce 
human input in assay preparation and evaluation to increase throughput 
and to reduce individual bias. Many of these assay systems focus on 
motility (Buckingham et al., 2014; Partridge et al., 2018; Spensley et al., 
2018) but also on fecundity (Andersen et al., 2015), animal growth 
(Andersen et al., 2015; Partridge et al., 2018; Zdraljevic et al., 2017), 
and survival (Lai et al., 2014). Applied assay systems range from large 
platforms like the COPAS BIOSORT (Union Biometrica) (Andersen et al., 
2015) to infrared-based motility reader wMicroTracker (InVivoSystems) 
(Risi et al., 2019). Additionally, some studies took advantage of the 
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genetic tool set of C. elegans by combining drug screens using wild-type 
and mutant strains (Burns et al., 2015; Mathew et al., 2016) or trans
genic lines (Law et al., 2015). Burns and colleagues showed the power of 
C. elegans by screening over 67,000 small molecule compounds (Burns 
et al., 2015). They were able to show that compounds active against 
C. elegans are significantly more likely to be active against other clade V 
nematodes, including the parasites Cooperia oncophora and H. contortus. 
The approach was complemented by counter-screening against two 
different vertebrate cell lines and a resistance screen against C. elegans 
mutants (Burns et al., 2015). Another strategy was used in a recent study 
investigating the suitability of transgenic C. elegans strains as an 
anthelmintic screening platform (Law et al., 2015). The authors heter
ologously expressed monoamine receptors of parasitic nematodes in 
C. elegans null mutants to allow the expression of potential drug targets 
under physiological conditions and in the presence of nematode-specific 
accessory proteins and the nematode cuticle as a natural physiologically 
relevant barrier (Law et al., 2015). Encouragingly, some of these assays 
were already successfully evaluated for life cycle stages of parasitic 
nematodes (Liu et al., 2019; Partridge et al., 2018). 

In addition to improvements in C. elegans high-throughput assays, 
current research has expanded to assay systems that allow measurement 
of more subtle drug effects. Compared to “classical” C. elegans assays 
that mostly focus on robust phenotypes like survival or motility inhibi
tion of groups of animals, a focus on more subtle drug phenotypes has 
the potential to provide additional information on specific drug char
acteristics and increased detection sensitivity of drug effects on indi
vidual animals. For instance, progress has been made on microfluidic 
chip technologies to study anthelmintic responses on chemosensation 
(Aubry and Lu, 2017), motility (Carr et al., 2011; Ding et al., 2017; Liu 
et al., 2013) or feeding via electrophysiological recordings of the nem
atode pharynx (Lockery et al., 2012; Weeks et al., 2018). In general, 

microfluidic chip-based platforms provide microenvironments that can 
be tightly controlled (e.g. temperature) and manipulated (e.g. controlled 
buffer perfusion or change of buffer composition), which allows pre- and 
post-exposure measurements to define (i) baseline, (ii) onset of the 
maximum drug effect, and (iii) the drug effect over time. These advan
tages facilitate not only the collection of reproducible data but also the 
detection of phenotypes down to the individual animal level. 
Motility-based microfluidic systems like the High-Sensitivity Real-Time 
(HSRT) worm chip (Carr et al., 2011) and a micro-electro-fluidic 
approach (Liu et al., 2013) were designed to increase sensitivity in the 
detection of changes in motility of single worms after drug exposure. The 
latter approach is based on a microelectrode array that enables detection 
of nematode movement by measurement of local changes in electrical 
resistance and thus provides an imaging-free but precise recording sys
tem. The sensitivity of microfluidic motility and migration assays is 
further highlighted by a recent study, where Ding et al. (2017) were able 
to define effective drug combinations via an automated feedback control 
system. Other motility-based microfluidic chip systems like the 
Stress-Chip (Banse et al., 2019) were developed to increase throughput 
by measuring behaviors of 600 animals in parallel. Beside motility and 
migration recordings, microfluidic systems provide the possibility to 
assay a variety of other phenotypes in specific sub-tissues. One example 
is the eight-channel system that enables the electrophysiological 
recording of the nematode pharyngeal pumping (Lockery et al., 2012; 
Weeks et al., 2018). Weeks and colleagues not only confirmed inhibitory 
effects of ML on the nematode pharynx but were also able to provide 
evidence that different drug classes modulate pharynx activity in a 
class-specific manner (Weeks et al., 2018). Besides C. elegans, first steps 
to translate this approach to parasitic nematodes were made successfully 
(Weeks et al., 2016). Other assays allow the observation of more specific 
phenotypes like the measurement of ion fluxes in the excretory pore of 

Table 3 
Examples of recent innovation in C. elegans with implications for anthelmintic research.  

Implication for Studies Approach/tool Evaluated in other nematodes 

Whole-organism 
phenotype screening 

Andersen et al. (2015) Improving COPAS BIOSORT (Union Biometrica) platform for high- 
throughput C. elegans development and fecundity assays 

– 

Law et al. (2015) Evaluation of C. elegans as heterologous expression platform of insect 
and nematode drug targets to screen for monoamineric agonists 

– 

Burns et al. (2015) Large anthelmintic screening approach using C. elegans. Promising 
candidates were validated in Cooperia onchophora and Haemonchus 
contortus. MoA elucidation in C. elegans mutant screens 

– 

Partridge et al. (2018) INVertebrate Automated Phenotyping Platform (INVAPP) - plate- 
based imager system for high-throughput screening for compounds 
with effect on motility and development of nematodes 

in the same study INVAPP was also evaluated 
for H. contortus (L3), T. circumcincta (L3), and 
adult Trichuris muris 

Spensley et al. (2018) Imager-based high-throughput assay system that captures acute drug 
effects and recovery over time 

– 

Risi et al. (2019) wMicroTracker (InVivo Biosystems) - Image-free, infrared-based 
motility assay device to evaluate time-dependent drug effects. 

Also, suitable e.g. for larval stages of Ostertagia 
ostertagi, C. oncophora, H. contortus, 
T. circumcincta (Liu et al., 2019) 

novel phenotype assays Lockery et al. (2012),  
Weeks et al. (2018) 

Electrophysiological microfluidic chip system for the recording of 
nematode electropharyngeograms (EPG) 

EPG recordings of A. ceylanicum L4 larval stages, 
A. suum L3 stages (Weeks et al., 2016) 

Liu et al. (2013) micro-electro-fluidic (MEF) approach for real-time monitoring of the 
locomotion of nematodes 

– 

Ding et al. (2017) Evaluation of a microfluidic feedback system control (FSC) to identify 
effective anthelmintic drug concentrations 

– 

Phiri et al. (2017) Dye-based detection of anthelmintic induced cuticle damage via a 
colorimetric read-out 

– 

Banse et al. (2019) Stress-Chip - Motility-based microfluidic chip assay measures 
behaviors of 600 animals in parallel 

– 

CRISPR-Cas9 mediated 
drug target 
characterization 

McDiarmid et al. (2018) Development of CRISPR-Cas9 strategy for whole-gene replacement of 
human genes in C. elegans in combination with subsequent phenotype 
analyses for drug screens 

– 

Hahnel et al. (2018),  
Kitchen et al. (2019),  
Dilks et al. (2020) 

Introduction and characterization of parasite resistance alleles in 
C. elegans using CRISPR-Cas9 

Successful CRISPR-Cas9 mediated gene knock 
out approaches in different Strongyloides species 
(Gang et al., 2017; Lok et al., 2017) 

Natural genetic variation Cook et al. (2017) C. elegans natural diversity resource (CeNDR) provides a large 
collection of C. elegans wild isolates as well as whole-genome 
sequence data. The CeNDR strain collection was successfully used to 
elucidate natural genetic variation in nematode anthelmintic drug 
responses (Zdraljevic et al., 2017; Hahnel et al., 2018) 

–  
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C. elegans (Adlimoghaddam et al., 2014) or the detection of cuticular 
damage in nematodes (Phiri et al., 2017). 

Indisputably, one of the success stories using C. elegans in anthel
mintic research was based on its potential to serve as heterologous 
expression system for target genes from parasitic nematode species 
(Table 2). Recent progress in genome-editing approaches like CRISPR- 
Cas9 promise more precise expression of parasite target genes in a 
physiological nematode environment but also a direct transfer to para
sitic species (Lok, 2019; Ward, 2015; Zamanian and Andersen, 2016). 
First developed in mammalian cells, CRISPR-Cas9 is well established in 
C. elegans and can be used to introduce specific mutations such as de
letions, insertions, or point mutations into genomic loci of candidate 
genes to elucidate function of specific genetic variants (Farboud, 2017; 
Nance and Frokjaer-Jensen, 2019). The variety of modifications in 
combination with stable- and site-direct editing provides great advan
tages, especially for drug target characterization in the experimentally 
tractable and physiologically relevant C. elegans system. To mention 
only a few examples, two studies (Baskoylu et al., 2018; Wong et al., 

2019) “humanized” the C. elegans orthologs of human neuronal 
expressed genes by introducing specific amino acid substitutions via 
CRISPR-Cas9 to investigate disease-related alleles in C. elegans mutants. 
Another recent study developed a CRISPR-Cas9 strategy for whole-gene 
replacement of human genes in C. elegans in combination with subse
quent phenotype analyses for drug screens (McDiarmid et al., 2018). 
Although these examples and several other studies point toward the 
future of this technology, direct translation to anthelmintic research is 
still at its beginning. Among others, CRISPR-Cas9-mediated gene knock 
out was used to dissect C. elegans neuropeptide signaling involved in 
regulation of the dauer stage entry, including meta-analysis to identify 
corresponding parasite neuropeptide orthologs (Lee et al., 2017). Two 
other studies evaluated BZ resistance alleles of gastrointestinal nema
todes in the C. elegans ben-1 gene via CRISPR-Cas9, to confirm that these 
alleles convey high levels of BZ resistance into the otherwise sensitive 
N2 strain (Hahnel et al., 2018; Kitchen et al., 2019). A more compre
hensive approach was performed recently by Dilks et al. (2020). Mul
tiple parasite BZ resistance alleles were introduced into the N2 

Fig. 2. The Caenorhabditis elegans natural diversity resource (CeNDR) provides insights into genetic and phenotypic variation of natural C. elegans 
population. 
(A) The map shows global origin of C. elegans strains that are available to the community through CeNDR. Overall, 249 genetically diverse strains were collected over 
the past 50 years by researchers and citizen-scientists from different regions and substrates all over the world. All isolated strains were cryopreserved and genome 
sequenced. (B) Genomic variation in anthelmintic drug targets can be queried with the CeNDR Variant Browser tool (https://www.elegansvariation.org/data/bro 
wser/). As an example, the genetic variation in the beta-tubulin gene ben-1, a major resistance gene for benzimidazoles, is shown. Genetic variants with pre
dicted moderate (e.g. missense variants) or high effects (e.g. frame shift variants) are displayed in yellow or red, respectively. (C) CeNDR strains vary in their 
phenotypic response to anthelmintic drugs. As an example, the relative resistance to albendazole (ABZ) is shown (Hahnel et al., 2018). Each bar represents a single 
CeNDR strain, included in an ABZ exposure assay, sorted by their relative ABZ resistance. Strains that have ben-1 variants with predicted moderate or high effects are 
colored in yellow and red, respectively. Strains similar to the N2 reference genome with respect to the ben-1 locus are shown in grey. Distribution of strains with a 
ben-1 variant indicate a correlation between ben-1 and ABZ resistance in C. elegans wild isolates. (D) Phenotype and genotype data of wild isolates can be used to 
identify genomic regions or genes that correlate with an observed resistance phenotype. The example shows the Manhattan plot of a genome-wide association study 
performed to identify genetic determinants of BZ resistance in CeNDR strains (Hahnel et al., 2018). (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 
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background and quantitatively assessed for their effects on BZ resistance 
and organismal fitness in the presence or absence of the drug (Dilks 
et al., 2020). In addition, the first successful steps have been made to 
transfer the CRISPR-Cas9 technology from C. elegans to different 
Strongyloides species (Gang et al., 2017; Lok et al., 2017). 

As mentioned previously, most anthelmintic research in C. elegans 
was performed with the laboratory strain N2, which represents a single 
genetic background. The applicability of C. elegans results to parasitic 
nematode species is limited by this lack of genetic diversity. For 
example, C. elegans wild strains differ significantly in responses to BZ 
(Hahnel et al., 2018). The tremendous progress, including the discovery 
of beta-tubulin as a target of BZ, would have been impossible if any of 
nearly a third of the other strains in the C. elegans species were chosen as 
the representative wild-type strain. Importantly, parasitic nematode 
species have some of the highest levels of diversity in the animal 
kingdom (De Ley, 2006), so investigators should take advantage of 
natural diversity in the free-living models as well. To meet this need, the 
laboratory strain does not reflect the natural genetic variation present in 
natural nematode populations. The C. elegans Natural Diversity Resource 
(CeNDR) provides tools and methods to leverage the natural variation 
for this species (Fig. 2) (Cook et al., 2017). First, wild C. elegans strains 
isolated by researchers and citizen-scientists are archived and sent to 
investigators upon request. These wild strains can be assayed for re
sponses to anthelmintic compounds. Second, whole-genome sequence 
data and identified variants are available to the community. These data 
can be queried to identify orthologous genes between C. elegans and 
parasites of interest. These orthologous genes might harbor variation in 
specific C. elegans strains, and these strains can be assayed for anthel
mintic responses. Third, if wild strains are measured for anthelmintic 
responses, genome-wide association studies can connect genomic vari
ation to drug response differences (Hahnel et al., 2018; Zamanian et al., 
2018). This unbiased approach enables future discoveries of drug 
resistance mechanisms. 

5. Conclusions 

The C. elegans laboratory model has made broad impacts in a variety 
of biological disciplines over more than four decades. Beside its 
groundbreaking contributions to our understanding of different aspects 
of general biology, the experimentally tractable C. elegans model was 
successfully used for identifying and characterizing molecular drug 
targets of all major anthelmintic classes and provided the first validation 
of selected resistance alleles. However, in order to face the global threat 
of parasitic nematodes, novel anthelmintic drugs need to be discovered 
and we need to understand how resistance arises in diverse parasitic 
nematode species to improve current treatment strategies. A growing 
number of studies provides insights into the enormous diversity within 
the phylum, suggesting that a focus on a single species alone is not 
sufficient to address these ambitious goals. 

With C. elegans a powerful system is in place being an enormous and 
constant source for both incremental as well as disruptive scientific 
innovation. Steady progress on assay platforms, heterologous expres
sion, or wild isolates will help to evaluate drug candidates, characterize 
drug targets and provide insights into the natural genetic variation in 
nematodes. To leverage these advantages in the most meaningful way, 
an essential task will be to integrate the power of the C. elegans model 
into cross-species approaches, including parasite species from different 
clades, to allow robust assumptions with broad implications for 
anthelmintic research. 
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