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Abstract 
Parascaris univalens, an equine roundworm, poses a significant threat to foals, 
potentially causing lethal intestinal ruptures in high infestations. Infection control 
relies on a limited arsenal of anthelmintic drugs like ivermectin (IVM). However, 
widespread resistance exacerbated by frequent treatments in foals, first year, 
challenges effective management. Research into the genetics of this resistance is 
vital, yet troubled by the parasite’s complex lifecycle, large size, cultivation issues, 
incomplete genome, and ethical and financial constraints. The free-living nematode 
Caenorhabditis elegans, known for its simple lifecycle and well-mapped genome, 
offers a promising alternative model. This thesis assessed C. elegans as a model for 
studying anthelmintic resistance (AR) in P. univalens and other ascarids, using 
transcriptomics and gene co-expression networks to bypass traditional method 
biases and identify novel genes referred to as “core genes”. The study exposed adult 
P. univalens and C. elegans to different IVM concentrations, revealing distinct 
genetic responses. Parascaris univalens showed core genes linked to transcriptional 
suppression, cell cycle inhibition, ribosomal activation, and cuticle/membrane 
integrity, while C. elegans exhibited diverse core gene involvement, especially 
upregulated heat shock proteins. Caenorhabditis elegans had more differentially 
expressed genes (DEGs) in xenobiotic metabolism, with Cytochrome P450s 
dominance compared to Short Chain Dehydrogenase/Reductases in P. univalens in 
Phase I. However, the response of Phase II metabolism genes was similar in both 
species. In addition, the P. univalens IVM response affected numerous ligand-gated 
ion channels compared to C. elegans, indicating species-specific differences. 
Despite no shared orthologous core genes and different IVM response functions, 
both species engaged similar gene families, highlighting C. elegans as a useful 
model for P. univalens AR studies. Yet, significant differences underline the 
necessity for supplementary, targeted research in specific parasitic nematodes, 
crucial for understanding AR mechanisms and developing more effective control 
strategies in equines. 
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Abstract 
Parascaris univalens, hästens spolmask, utgör ett betydande hot mot föl. I värsta fall 
kan en kraftig infektion fall leda tarmruptur. Förebyggande parasitbekämpning 
bygger på behandling med anthelmintiska läkemedel som till exempel ivermektin 
(IVM). Dock har frekventa behandlingar hos föl under det första levnadsåret 
resulterat i en utbredd läkemedelsresistens hos P. univalens. För att i framtiden 
kunna bekämpa resistens är det viktigt att förstå de genetiska bakomliggande 
orsakerna. Några av de stora utmaningarna är parasiters komplexa livscykler, stora 
storlek och brist på metoder som möjliggör odling på laboratorier, samt ofullständiga 
genom. En lovande modell är den frilevande nematoden Caenorhabditis elegans, 
känd för sin enkla livscykel och väl kartlagda genom. Syftet med denna avhandling 
var att bedöma om C. elegans kan utgöra en modell för att studera 
anthelmintikaresistens (AR) hos P. univalens. Den här avhandlingen har använt sig 
av transkriptomik och genuttrycksnätverk för att kunna  identifiera nya gener, så 
kallade "kärngener". Det vuxna stadiet av P. univalens och C. elegans exponerades 
för olika IVM-koncentrationer och därefter analyserades transkriptomet. Hos P. 
univalens hittades kärngener kopplade till transkriptionell reglering, 
cellcykelhämning, ribosomal aktivering och membranintegritet, medan hos C. 
elegans observerades en specifik uppreglering av heat shock proteiner. Vidare visade 
C. elegans fler differentiellt uttryckta gener involverade i xenobiotisk metabolism, 
och då framförallt Cytokrom P450s, jämfört med Short Chain 
Dehydrogenase/Reductases i P. univalens. Däremot hade båda arterna en likartad 
respons av Fas II-metabolismgener. Genuttrycket hos ligandstyrda jonkanaler visade 
på en tydlig artspecifik skillnad hos P. univalen och C. elegans. Sammanfattningsvis 
kunde inga gemensamma ortologa kärngener kopplade till IVM-exponering 
identifieras, men flera genfamiljer involverade i metabolism och transport svarade 
med ett likande mönster, vilket gör att C. elegans kan vara en användbar modell för 
P. univalens. Dock visar resultaten flera betydande skillnader och det är viktigt med 
fortsatt riktad forskning i specifika parasitiska nematoder, för att förstå de genetiska 
bakomliggande mekanismerna för AR.   
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Gastrointestinal nematodes (GINs) are a significant health concern, infecting 
both humans and animals and leading to chronic and debilitating illnesses 
(Veesenmeyer, 2022; Gilleard et al., 2021). In humans, GINs affect over one 
billion people, contributing to roughly five million disability-adjusted life 
years as reported in 2010 (Pullan et al., 2014). The control of GIN in both 
humans and domesticated or livestock animals heavily relies on the use of 
anthelmintic drugs. For animals, this method of control is costly, particularly 
in the European ruminant livestock industry, which spends approximately 
€320 million annually on these treatments (Charlier et al., 2020). 

Horses, like many domestic animals, are susceptible to GIN infections 
and commonly receive anthelmintic drugs throughout their lives. However, 
frequent use of these drugs fosters the development of drug-resistant 
nematodes, which survive treatment and pass on their resistance genes 
(Sangster, 1999). This has led to widespread anthelmintic resistance (AR) in 
various equine parasites, reviewed by (von Samson-Himmelstjerna, 2012; 
Nielsen et al., 2014a). 

One of the most important equine parasite is Parascaris spp., which 
primarily infects foals and yearlings, often causing not only mild flu-like 
symptoms but also severe infestations can be fatal due to intestinal rupture 
(Reinemeyer, 2009). Consequently, foals are typically dewormed several 
times in their first year. Parascaris spp. resistance was initially reported in 
the Netherlands in 2002 (Boersema et al., 2002). Since then, resistance to 
multiple drug classes has been reported globally, posing a serious threat to 
foal health and welfare (Nielsen, 2016). While resistance among other 
members of the Ascarididae family of roundworm parasites is uncommon, 
there are concerning instances of resistance in Ascaris lumbricoides, 

1. Introduction 
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affecting humans (Krucken et al. 2017), and in Ascaridia dissimilis, a 
roundworm that parasitizes turkeys (Collins et al. 2019), indicating an 
emerging threat. 

The mechanisms behind ascarid parasites’ resistance to different 
anthelmintic drugs remain unclear. Gaining insight into these mechanisms is 
vital for curbing the spread of resistance and for the development of early 
detection markers. The recent advent of omics technologies and the 
publication of the Parascaris univalens draft genome (Wang et al., 2017) 
mark significant strides in understanding resistance mechanisms. 
Conventional candidate gene approaches are often limited by their reliance 
on pre-existing knowledge, leading to potential biases. In contrast, modern 
data-driven analytical methods (Schiffthaler et al., 2023) enable a more 
objective and comprehensive exploration of gene functions and interactions. 
These methods are instrumental in uncovering the complex gene 
relationships that determine drug response and resistance, free from the 
constraints of conventional approaches. 

Research into AR in P. univalens is hampered by the parasite’s complex 
life cycle and the absence of a fully annotated genome, as well as cultivation 
difficulties. These challenges are compounded by ethical and financial 
limitations, often restricting studies to in vitro methods using parasites from 
euthanized horses. Moreover, variations in gene expression between the 
larval and adult stages of P. univalens limit using larvae stage as a model 
(Martin et al., 2021a). In this context, the free-living nematode 
Caenorhabditis elegans, with its simpler biology, rapid life cycle, well-
annotated genome, and ease of genetic manipulation (Salinas and Risi, 
2018), has become an invaluable model for studying AR (Wit et al., 2021). 
Although C. elegans belongs to a different taxonomic clade, it has proven to 
be a useful tool in the study of AR in P. univalens (Janssen et al., 2015; 
Janssen et al., 2013; Gerhard et al., 2021). A notable example is the 
transfection of the P. univalens intestinal efflux pump gene, pgp-9, into C. 
elegans, was shown to confer a protective effect against ivermectin (Gerhard 
et al., 2021). 

Given the severe health risks posed by Parascaris spp. and other ascarid 
infections, coupled with the lack of new anthelmintic drugs, the escalating 
resistance to existing drug classes is a major concern for both animal and 
human health. Consequently, identifying novel candidate genes and a 
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suitable model organism for ascarid research is essential to enhance our 
understanding and develop strategies to combat resistant parasite. 
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2.1 Parascaris spp. 
Parascaris spp., large nematodes of the Ascarididae family, represent the 
most pathogenic parasites in young horses (Nielsen, 2016). These helminths 
exhibit a cream color, with sexual dimorphism evident in size and 
morphology. Females typically measure 10-20 cm in length and 5 mm in 
diameter, while males are smaller, ranging from 10-15 cm in length with a 
3-mm diameter (Wells, 1924; Clayton and Duncan, 1979b). Sexual 
differentiation is further marked by a posterior curl in males and the absence 
of visible ovaries through the cuticle in females (Wells, 1924). Notably, their 
eggs are round with a thick brownish shell, measuring around 100 μm in 
diameter (Reinemeyer and Nielsen, 2013). 

Historically, the species Parascaris equorum was the sole agent identified 
in equine parasitism. However, it has been acknowledged that Parascaris 
univalens, a closely related species, also infects equines. Morphologically 
indistinguishable to the naked eye, these species can be differentiated by 
karyotyping: P. equorum possesses two chromosome pairs, whereas P. 
univalens has a singular pair (Goday and Pimpinelli, 1986). Contemporary 
research indicates a predominance of P. univalens in equine infections, 
challenging previous assumptions (Nielsen et al., 2014b; Martin et al., 2018; 
Martin et al., 2021c; Han et al., 2022). 

2. Background 
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Figure 1. Adult Parascaris univalens specimen displayed in a gloved hand, illustrating 
the species’ standard cream coloration, size, and morphological features. (Photo: Faruk 
Dube) 

2.1.1 Life-cycle and Diagnosis 
Sexual reproduction in Parascaris spp. occurs in the host’s small intestine, 
where females deposit eggs that are subsequently excreted into the 
environment via feces (Wells, 1924). Once in the external environment, 
particularly in pastures, these eggs develop embryonically, becoming 
infective larvae (Wells, 1924; Clayton and Duncan, 1979b). 

When a foal ingests these eggs, the larvae hatch and penetrate the 
intestinal lining, migrating first to the liver and then to the lungs via the 
bloodstream. This migration can cause flu-like symptoms in the foal as the 
larvae exit the lung arterioles and capillaries, are coughed up, and re-
ingested, returning to the small intestine (Clayton and Duncan, 1979b). In 
the intestine, Parascaris spp. larvae undergo rapid growth, increasing from 
2-4 mm to 70-80 times their original size within 4.5 months, maturing into 
adult worms (Clayton and Duncan, 1979b). A heavy infestation can cause 
intestinal rupture and be fatal. The time from initial egg ingestion to the 
detection of eggs in faecal matter, known as the prepatent period, is crucial 
in understanding the dynamics of infection and diagnosis  

During the prepatent period, adult worms are present and growing within 
the small intestine, yet their presence may not be detected by fecal egg counts 
(FECs). The detection of patent Parascaris spp. infection typically involves 
examining fecal samples; however, due to the long prepatent period, FECs 
can be negative even when worms are present. Egg output varies and may 
peak around four months post-infection, with a possible secondary peak 
around nine months (Clayton and Duncan, 1979b; Donoghue et al., 2015). 
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Notably, FECs do not always correlate with the actual number of 
roundworms present (Nielsen et al., 2010). However, transabdominal 
ultrasound emerges as an alternative diagnostic tool for ascarid presence in 
the small intestine (Nielsen et al., 2016), yet its specialized requirements 
limit its practicality for widespread diagnostic use.  

2.1.2 Host immunity 
Parascaris spp. infections are predominantly observed in young horses until 
around 6 to 8 months of age, at which point horses typically start to develop 
an age-linked immunity (Clayton and Duncan, 1979a; Fabiani et al., 2016). 
This trend is noted with some exceptions, notably in adult horses in tropical 
climates and in donkeys, where infection rates are influenced by factors such 
as inadequate nutrition and strenuous labor (Vercruysse et al., 1986; 
Getachew et al., 2008; Getachew et al., 2010; Lem et al., 2012; Hautala et 
al., 2019). As juvenile horses age, there is a decline in both the number of 
worms and the quantity of eggs shed in faces (Clayton and Duncan, 1979a; 
Fabiani et al., 2016; Donoghue et al., 2015). An experimental study 
involving eight foals and two yearlings indicated that while yearlings showed 
more severe respiratory symptoms, they retained their body condition. In 
contrast foals showed milder respiratory symptoms but experienced weight 
loss, hinting at an age-related difference in immune response, despite the 
small sample size (Clayton and Duncan, 1978). Antibody titers against whole 
worm antigens have been found to increase with foal age, correlating with a 
reduction in parasite prevalence (Bello, 1985), with immune responses also 
observed in lung and liver migrations (Nicholls et al., 1978; Brown and 
Clayton, 1979). However, there is no direct evidence of parasite mortality or 
fitness reduction due to the equine immune response, nor has there been 
molecular proof of such an immune response in horses. 

The secretory products of helminths, such as microRNAs and 
extracellular vesicles, are implicated in immune evasion and host immune 
response stimulation, potentially paving the way for vaccine or diagnostic 
test development (Lightowlers and Rickard, 1988; Sotillo et al., 2020; Zakeri 
et al., 2021). In Ascaris suum, these extracellular vesicles harbor 
immunomodulatory proteins (Hansen et al., 2019), and microRNAs seem to 
be critical for parasite growth (Xu et al., 2013). In vitro studies of larval 
Parascaris spp. have identified secretory products that provoke an antibody 
response in foals with prior infections (Burk et al., 2014). These antibodies 
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are transferred from mares to foals through colostrum, although their 
diagnostic or vaccination efficacy is questionable as infections still occur 
despite their presence (Burk et al., 2016). To date, no research has 
specifically examined the microRNAs or extracellular vesicles of Parascaris 
spp., and further investigation is essential to fully comprehend the nature of 
equine immunity against this parasite. 

2.2 Treatment and prevention 
Given the extended prepatent period and the high risk of Parascaris spp. 
infection in most stud farms, it is common practice to administer 
anthelmintic drugs to foals at set intervals, often without prior faecal testing. 
In Sweden, the prevailing guidelines advise treatment of foals at 8-10 weeks 
and again at 16-18 weeks, with any subsequent treatments guided by fecal 
examination results (SVA, 2022). The three primary classes of anthelmintics 
used to combat roundworm infections in horses are macrocyclic lactones, 
tetrahydropyrimidines, and benzimidazoles. 

2.2.1 Macrocyclic lactones 
Introduced in 1981, macrocyclic lactones (MLs), a class of antiparasitic 
drugs originating from Streptomyces bacterial compounds, are renowned for 
their broad-spectrum efficacy against both endoparasites and ectoparasites 
and are extensively used in veterinary medicine (Nolan and Lok, 2012; 
Lanusse et al., 2009). Prominent members of this class include ivermectin 
(IVM) and moxidectin, belonging to the avermectin and milbemycin 
subclasses, respectively (Nolan and Lok, 2012). 

Glutamate-gated chloride channels (GluCls) exhibit higher sensitivity to 
MLs at lower concentrations compared to gamma-aminobutyric acid 
(GABA) receptors, indicating they are the primary target for the drug (Beech 
et al., 2010b). These channels are mainly located on nerve and muscle cell 
membranes (Martin et al., 2002), and their drug binding affinity varies with 
the homo- or hetero-pentameric structure of their subunits (Wolstenholme 
and Neveu, 2022a). In C. elegans, four genes, avr-14, avr-15, glc-1, and glc-
3 are identified as encoding α-subunits sensitive to MLs, while two others, 
glc-2 and glc-4 are considered ML-insensitive (Glendinning et al., 2011). In 
P. univalens, at least four distinct GluCl subunits, avr-14, glc-2, glc-3, and 



27 

glc-4 have been identified and are reported to be phylogenetically conserved 
among nematodes (Lamassiaude et al., 2022). 

When MLs bind to these receptors, they induce an influx of chloride ions, 
leading to hyperpolarization of body wall muscles and depolarization of 
pharyngeal muscles(Pemberton et al., 2001). This results in flaccid muscle 
paralysis (Martin et al., 2002), impairing feeding through reduced 
pharyngeal pumping, hence starvation (Geary et al., 1993; Brownlee et al., 
1997). Additionally, MLs may affect parasite egg production, as GABA and 
GluCI receptors are integral to ovipositioning processes (Fellowes et al., 
2000). Beyond their primary targets, IVM also interacts with other ligand-
gated channels such as nicotinic and dopamine receptors, indicating a 
comprehensive antiparasitic action (Krause et al., 1998; Rao et al., 2009). 
Furthermore, an expanded range of targets for MLs has been extensively 
documented reviews (Laing et al., 2017; Martin et al., 2021d). Notably, the 
effective concentrations for influencing these additional targets are 
substantially higher than the doses needed for managing nematode 
infections. 

2.2.2 Benzimidazoles 
First introduced in 1961, the benzimidazole (BZ) drug class has been widely 
used to treat various nematode and trematode infections (Brown et al., 1961). 
This drug class functions by binding to β-tubulin, altering its shape and 
obstructing the assembly of microtubules and other critical cell structures, 
leading to cellular dysfunction, starvation, and subsequent parasite death 
(Lacey, 1990). Nematodes typically possess multiple β-tubulin genes, or 
isotypes. For instance, C. elegans has six β-tubulin genes (Gogonea et al., 
1999), but only the ben-1 gene is targeted by BZs (Driscoll et al., 1989). In 
the case of the sheep parasite Haemonchus contortus, out of its four β-tubulin 
genes, isotypes 1 and 2 are linked to BZ resistance (Saunders et al. 2013). 
However, none of the seven β-tubulin genes in P. univalens were linked to 
BZ resistance (Martin et al., 2021b). 

2.2.3 Tetrahydropyrimidines 
Introduced in 1966, tetrahydropyrimidines are a class of anthelmintic 
compounds available in various formulations (Aubry et al., 1970). They 
function as agonists to L-type nicotinic acetylcholine gated ion channels 
(nAChR) found in the neuromuscular junctions of somatic and pharyngeal 
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muscle cells in parasites. These nAChRs, consisting of five subunits with 
variable compositions, play a key role in determining the parasite's 
sensitivity to anthelmintic treatment (Williamson et al., 2009). The activation 
of these channels by tetrahydropyrimidines causes cation influx, leading to 
muscle cell depolarization and subsequent spastic paralysis of the worm, 
which is then expelled from the host through (Martin and Robertson, 2007) 

2.3 Anthelmintic Resistance  
Anthelmintic resistance, defined as the heritable and typically irreversible 
ability of parasites to withstand drug treatment at doses normally sufficient 
to kill them (Sangster, 1999), poses a major threat specifically in Parascaris 
spp. The first documented evidence of AR in Parascaris spp. was to MLs in 
2002 (Boersema et al., 2002), and such resistance has subsequently been 
documented globally and is now considered widespread (Reinemeyer, 2009). 
This drug resistance, together with the risk of fatal complications in infected 
foals, renders Parascaris spp. infection a serious challenge to the equine 
industry and horse health. 

2.3.1 Diagnosis of AR  
The Faecal Egg Count Reduction Test (FECRT) is currently the sole routine 
method for screening anthelmintic resistance in Parascaris spp. on equine 
farms (Nielsen et al., 2019). This method involves counting the number of 
Parascaris spp. eggs in paired fecal samples taken before and approximately 
14 days after anthelmintic treatment. The average reduction in egg count 
reflects the drug’s effectiveness (Coles et al., 1992; Nielsen et al., 2019). 

For other gastrointestinal nematodes with free-living larval stages, in 
vitro methods like egg hatch tests and larval development assays are 
available to assess drug efficacy (Coles et al., 2006). However, there are 
currently no validated in vitro methods for diagnosing AR in Parascaris spp., 
as ascarid larvae do not hatch outside their host. 

Molecular PCR-based methods, for screening mutations, have been 
developed to diagnose resistance in several gastrointestinal strongyles (Coles 
et al., 2006; Charlier et al., 2018). Yet, to apply similar methods for ascarids, 
a deeper understanding of the mechanisms behind AR is required. 
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2.3.2 Mechanisms of AR
While the precise mechanisms conferring ML resistance in Parascaris spp. 
remain unclear, our limited understanding originates primarily from studies 
in C. elegans and some other parasitic nematodes (Whittaker et al., 2017).
The proposed resistance mechanisms generally encompass mutations or 
differential expression of genes encoding drug targets, metabolic enzymes, 
transporters, and key transcription factors (Whittaker et al., 2017; Doyle et 
al., 2022; Laing et al., 2022; Ménez et al., 2019; Matoušková et al., 2016; 
Matoušková et al., 2018).

Figure 2. Proposed anthelmintic resistance mechanisms: 1) GluCls conformational 
changes, 2) increased ML drug metabolism, and 3) enhanced ML efflux via Pgps. 
Created by Faruk Dube in Inkscape.

Drug target
Mutation and differential expression of genes that encode drug targets are 
key factors in AR. For instance, concurrent mutations in the avr-14, avr-15,
and glc-1 genes in C. elegans resulted in a 4000-fold tolerance of IVM (Dent 
et al., 2000). Several strongylid parasitic nematodes share an avr-14
orthologue, and a specific L256F mutation in this gene was linked to IVM 
resistance in Cooperia oncophora and H. contortus (McCavera et al., 2009; 
Njue et al., 2004). However, these findings could not be recapitulated in field 
isolates of C. oncophora or the closely related Ostertagia ostertagi (El-
Abdellati et al., 2011). Moreover, mutations in the gene encoding the GABA 
receptor subunit, lgc-37, have been proposed to reduce susceptibility to MLs 
in H. contortus (Feng et al., 2002; Beech et al., 2010a). Downregulation of 
the avr-14 subunit has been reported in IVM-resistant strains of the C. 
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oncophora and O. ostertagi (El-Abdellati et al., 2011), while decreased 
expression of glc-3 and glc-5 have been implicated in ML resistance in H. 
contortus (Williamson et al., 2011). 

Metabolic enzymes 
Differential expression of genes encoding enzymes involved in metabolism 
of xenobiotics such as drugs has been implicated in AR. Drug metabolism 
involves two phases. Phase I typically converts drugs into reactive 
compounds through oxidation, reduction, or hydrolysis. These compounds 
are then conjugated in Phase II with molecules like glutathione or glucose, 
forming soluble, inactive products for cellular excretion (Lindblom and 
Dodd, 2006). 

Phase I enzymes, include Cytochrome P450s (CYPs), Short-chain 
Dehydrogenase/Reductases (SDRs), Flavin Monooxygenases (FMOs), 
Alcohol and Aldehyde Dehydrogenases (ALHs), Monoamine Oxidases 
(MAOs) and Hydrolases, but only a few of these super families have been 
implicated in AR so far. One such family is the CYPs, which carry out the 
majority of oxidative Phase I reactions (Guengerich, 2008; McDonnell and 
Dang, 2013). The C. elegans genome contains over 86 CYP genes, many of 
which are inducible by xenobiotics, including anthelmintic drugs (Menzel et 
al., 2001; Menzel et al., 2005b; Laing et al., 2010; Laing et al., 2015) (Stasiuk 
et al., 2019a). Constitutive overexpression of CYP14A5 in IVM-selected C. 
elegans strains has been reported (Menzel et al., 2001). Several CYP genes 
have also been identified in H. contortus (Laing et al. 2015), and elevation 
of the expression of a CYP gene, HCON_00022670 (CYP-3 family) was 
found in a highly BZ-resistant isolate of H. contortus in comparison to its 
susceptible counterparts (Yilmaz et al. 2017). Additionally, the expression 
of CYP genes in H. contortus is inducible by albendazole (Kellerová et al., 
2020), and in P. univalens by ivermectin and oxibendazole (Scare et al., 
2020), suggesting a potential role of Phase I enzymes in AR. The SDR 
superfamily, comprising enzymes that metabolize both internal and external 
substances, is also significant in the context of AR. The SDR genes have 
been reported to be upregulated in C. elegans following BZ exposure 
(Stasiuk et al., 2019a). More recently, increased expression of  four SDR was  
reported in BZ-resistant H. contortus isolates compared to susceptible 
counterparts (Štěrbová et al., 2023). Furthermore, FMOs were reported by to 
play a role in the metabolism of albendazole in the liver fluke Fasciola 
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hepatica, based on the observation of elevate activity following albendazole 
exposure (Alvarez et al., 2005). 

Phase II enzymes include the uridine 5’-
diphosphoglucuronosyltransferase-glucosyltransferases (UGTs) and 
glutathione S-transferases (GSTs). The C. elegans genome contains 66 UGT 
(Meech et al., 2019) and 56 GST genes (Hartman et al., 2021) and some of 
the enzymes encoded by these genes have been implicated in AR 
(Matoušková et al., 2016). In C. elegans, several UGTs and GSTs showed 
increased expression in response to exposure to BZs (Stasiuk et al., 2019a), 
and similar responses were observed in H. contortus exposed to albendazole 
(Kellerová et al., 2020). Notably, a UGT gene was found to be consistently 
upregulated in a BZ-resistant H. contortus strain compared to a susceptible 
one (Matoušková et al., 2018), highlighting the potential significance of 
Phase II enzymes in the development of AR. 

Membrane transporters 
Membrane transporters, often referred to as Phase III in xenobiotic 
metabolism and detoxification, play a crucial role in expelling drugs from 
cells (Lindblom and Dodd, 2006; Hartman et al., 2021). In this thesis, this 
classification is extended to include transporters involved in drug 
import/uptake. Notably, two primary transporter families interact directly 
with drugs: ATP-binding cassette transporters (ABCs) and solute carrier 
proteins (SLCs). The ABC transporters typically facilitate drug export, while 
SLCs are primarily involved in compound uptake, albeit with some 
exceptions (Girardi et al., 2020). Transporters contribute to drug resistance 
by either increasing drug efflux or decreasing drug import. 

The ABC family, mainly comprises of the P-glycoproteins (Pgps), the 
PGP-half transporter family (Hafs) and the Multidrug Resistance Protein 
family (Mrps) (Sheps et al., 2004), of which some have been implicated in 
drug resistance. Pgps, especially, have received considerable attention 
regarding AR, particularly for MLs (Xu et al., 1998; Dicker et al., 2011b; 
Raza et al., 2016b). In P. univalens, ten genes within the Pgp family have 
been identified, with pgp-2 and pgp-9 showing interaction with IVM 
(Gerhard et al., 2020). Despite higher constitutive expression in adult worms 
than larvae, no drug-induced expression was observed in P. univalens 
(Martin et al., 2021a). Conversely, other studies have reported different 
findings, such as increased expression of pgp-11.1 in Parascaris spp. being 
correlated with reduced IVM sensitivity (Janssen et al., 2013), and its 
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transgenic expression in C. elegans leading to decreased susceptibility to the 
drug (Janssen et al., 2015). Similarly, in multidrug-resistant Teladorsagia 
circumcincta, an increased constitutive expression of tci-pgp-9 has been 
noted (Dicker et al., 2011b). In C. elegans, inactivating of specific Pgps like 
pgp-2, pgp-5, pgp-6, pgp-7, pgp-12, and pgp-13 resulted in increased 
sensitivity to IVM (Ardelli and Prichard, 2013a). 

The SLC family includes the major facilitator superfamily (MFS), a large 
group of membrane transporters involved in transporting endogenous 
substances and drugs across membranes in both prokaryotes and eukaryotes 
(Höglund et al., 2011). The SLC transmembrane transporters have been 
implicated in resistance to cytotoxic drugs in humans (Girardi et al., 2020). 
In bacteria, upregulation of MFS transporter genes has been associated with 
drug efflux and resistance (Fluman and Bibi, 2009). However, the roles of 
these transporters in anthelmintic drug metabolism and resistance have not 
been extensively investigated to date. 

Key transcription factors 
Transcription factors (TFs) and regulatory mechanisms that activate specific 
detoxification responses to xenobiotics are broadly conserved across species. 
Key among these are nuclear hormone receptors (NHRs), the aryl 
hydrocarbon receptor (AHR), the basic leucine zipper (bZIP) protein, and 
nuclear factor erythroid 2-related factor 2 (NRF2). These regulators are 
central to an organism’s adaptive response to foreign compounds, 
modulating gene expression in detoxification pathways (Hartman et al., 
2021). 

In C. elegans, daf-12 is a well-studied NHR with roles in development, 
aging, and metabolism. However, a direct connection between daf-12 and 
the detoxification of organic xenobiotics remains unestablished, despite 
observations of reduced expression of some detoxification genes, such as 
CYPs, GSTs, and UGTs in long-lived daf-12 mutant strains (Hoffmann and 
Partridge, 2015). In contrast, nhr-8 has been identified as a critical regulator 
of xenobiotic detoxification, essential for activating genes in response to 
xenobiotic exposure and necessary for IVM resistance in C. elegans. In the 
same study, nhr-8 mutant worms showed decreased expression of several 
detoxification genes from Phase I, II, and III, including Pgps and CYPs, 
which are known to influence IVM tolerance, resulting in reduced ABC 
transporter-mediated drug efflux (Ménez et al., 2019). 
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Recently, the basic helix-loop-helix/Per-Arnt-Sim (bHLH/PAS) protein 
gene, cky-1 has been linked to IVM resistance in both C. elegans and H. 
contortus (Laing et al., 2022; Doyle et al., 2022). Contrasting with nhr-8, the 
downstream targets of cky-1 in the detoxification process or resistance are 
not yet clearly identified, indicating an area for further research. 

2.3.3 Challenges studying AR in P. univalens 
Studying AR in P. univalens is challenging due to the parasite's intricate life 
cycle, the difficulties associated with its culture, and the lack of a 
comprehensively annotated genome. Ethical considerations and financial 
limitations also add complexity to conducting in vivo studies. As a result, 
much of the current research on AR in P. univalens is performed in vitro, 
often utilizing parasites obtained from horses that have been slaughtered or 
euthanized (Scare et al., 2020; Martin et al., 2020; Janssen et al., 2013). 
Additionally, while studies have examined the larval stage of P. univalens, 
variations in gene expression between the larval and adult stages in response 
to drug treatments add another layer of complexity to the research (Martin et 
al., 2021a). As a de facto model for Clade V parasitic nematode research, C. 
elegans offers a viable alternative for AR studies in Clade III nematodes such 
as P. univalens. 

2.4 Caenorhabditis elegans as model of AR 
Caenorhabditis elegans, a minuscule free-living nematode approximately 1 
mm in length, comparable to a printed comma, is transparent, facilitating the 
observation of individual cells under a microscope. This nematode thrives in 
laboratory settings, either on agar plates or in liquid culture, feeding on E. 
coli bacteria. As a predominantly hermaphroditic organism, C. elegans can 
generate up to 300 offspring in just three to four days, making it 
exceptionally useful for genetic experiments and studies (Brenner, 1974). 
The occasional presence of males (less than 1% in lab strains) enables 
straightforward crossbreeding to produce new recombinant strains. 

With the shorter life cycle, C. elegans is conducive to rapid experimental 
turnaround. Researchers utilize targeted genome editing to create novel 
strains by altering specific genes (Paix et al., 2015). The ability to 
cryopreserve these nematodes without accumulating mutations ensures the 
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long-term preservation of genetic material for ongoing studies (Brenner, 
1974).

The C. elegans genome, approximately 100 Mb across six chromosomes, 
comprises around 20,000 protein-coding genes and presents a relatively 
complete chromosomal-level assembly (Harris et al., 2020). This detailed 
genomic structure, combined with its cryopreservation capabilities, renders 
C. elegans an invaluable model for sustained genetic research.

Crucially, the genome of C. elegans shares about 70% similarity with A.
suum (Jex et al., 2011), making it an appropriate model for studying, P.
univalens. Notably, P. univalens demonstrates a strong genomic synteny
with A. suum, with an 88% similarity (Wang et al., 2017) This notable 
genetic similarity enables researchers to apply insights from C. elegans to 
understand the genetics, biology, and particularly the mechanisms of AR in 
ascarid parasites like P. univalens. The model is especially valuable in 
contexts where direct research on P. univalens is limited by practical,
financial or ethical barriers. The shared drug target sites between C. elegans
and parasitic nematodes further enhance its relevance as a model organism 
for exploring AR strategies in ascarid parasites.
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The rise of anthelmintic resistance in Parascaris univalens, a parasitic 
nematode that imposes significant health burdens in horses, challenges the 
effectiveness of existing drugs. Investigating the genetic underpinnings of 
this resistance is crucial but is hindered by practical, financial, and ethical 
challenges inherent in working with parasitic nematodes. Consequently, 
there is a pressing need for an alternative research model. 

The overall aim of the thesis was evaluate C. elegans as a model for P.
univalens in drug resistance studies and identify candidate genes that 
underlie ivermectin response and possibly resistance.

The specific aims are:
Study I: Compare the expression of 15 selected candidate genes
in P. univalens and C. elegans post in vitro IVM exposure, to
draw parallels in their genetic responses.
Study II: Investigate gene expression in an adult C. elegans post
in vitro IVM exposure and compare findings to data from
Abamectin-QTL and IVM-resistant C. elegans DA1316 strain to
discern genes associated with ML resistance.
Study III: Leverage a data-driven gene network approach to
examine gene expression and identify core IVM responsive genes
in nerve-rich anterior region and the metabolically active
intestinal tissue of adult P. univalens worms post in vitro IVM
exposure.
Study IV: Critically evaluate C. elegans as a model for P.
univalens and other ascarids in AR studies.by comparing core
IVM-responsive genes and differentially expressed genes
involved in xenobiotic metabolism, transport, and as drug targets.

3. Aims of the thesis
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This chapter summarizes the materials and methods employed in this thesis. 
More thorough delineations can be found in the corresponding papers.

4.1 Study overview

Figure 3. Experimental setup for assessing the impact of IVM on gene expression in 
Parascaris univalens (A) and Caenorhabditis elegans (B). For P. univalens, adult 
worms were incubated with IVM at concentrations of 10-13, 10-11, and 10-9 M, and a 
control (media + DMSO) for 24 hours. In contrast, C. elegans populations—adults at 
maximum reproduction, were treated with 10-9, 10-8, 10-7 M IVM and a control for 4 
hours, followed by viability assessments. Post-treatment, RNA was extracted and 
sequenced from both species to perform differential gene expression analysis and gene 
co-expression network analysis.

4. Materials and Methods
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4.2 Study populations
The P. univalens worms used for the in vitro exposures in Study I, III, and 
IV were collected in partnership with the University of Iceland. They were 
retrieved from the intestines of approximately six-month-old foals 
slaughtered at an abattoir in Selfoss, Iceland in 2017 and 2019. The foals 
originated from three farms in southern Iceland and had no prior anthelmintic 
treatment.

The C. elegans nematodes utilized for the in vitro exposures in Study I,
II, and IV consisted of the wild-type N2 Bristol strain acquired from the 
Caenorhabditis Genetics Center (CGC).

4.3 In vitro worm exposure
To explore the response, P. univalens and C. elegans were exposed to
anthelmintic drug IVM in vitro. Subsequently, the changes in gene 
expression post-exposure were analyzed to assess the impact of the drug on 
these organisms.

Synchronized adult C. elegans nematodes at peak production were 
cultured in M9 media supplemented with 10-7, 10-8, 10-9 M IVM (Sigma-
Aldrich) or media containing DMSO (control). The IVM was dissolved in 
dimethyl sulfoxide (DMSO) to a final concentration of 0.025% in the culture
media. All treatments were prepared in quadruplicate supplemented with 1 
mg/ml OP50 E. coli bacteria and incubated for 4 hours at 20°C. After 
exposure, behavior assays including pharyngeal pumping, thrashing, and 
dispersal were performed based on the methodology of (Johnson et al., 2009)
with minor modifications (Study I). The worms were then pelleted and flash 
frozen in liquid nitrogen. Study I utilized 10-8 and 10-9 M IVM 
concentrations, Study II and Study IV only used 10-7 and 10-8 M IVM based 
on previous results.

Adult P. univalens were cultured in triplicate in tissue culture media 
supplemented with 10-9, 10-11, 10-13 M IVM or media containing DMSO 
(control) for 24 hours at 37°C. The IVM was dissolved in DMSO to a final 
concentration of 0.1% in the culture media. After exposure, adult worms 
were dissected and preserved in RNAlater (Invitrogen). Although Study I
used all concentrations, Study III and Study IV only utilized 10-9 and 10-11

M IVM based on preceding data.
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4.4 Molecular evaluation and bioinformatics

4.4.1 RNA extraction and library preparation
In all studies, the samples were first ground in Trizol reagent (Invitrogen, 
Carlsbad, USA). using a pestle and then suspended in Chloroform and the 
resulting aqueous phase was processed using the NucleoSpin® RNA Plus 
Kit (Macherey Nagel, Düren, Germany) following the manufacturer’s 
guidelines to extract the RNA. RNA quality and quantity checks were 
performed using the RNA ScreenTape kit on TapeStation 4150 (Agilent, 
Santa Clara, USA)

The TruSeq stranded mRNA library preparation kit (Illumina Inc., San 
Diego, USA) was utilized for polyA selection and preparation of sequencing 
libraries. One microgram of RNA from each sample was used as input for 
the kit protocol.

4.4.2 Quantitative RT-PCR
In Study I, the 10 most DEGs in P. univalens were identified at each IVM 
concentration. Genes shared across multiple concentrations were also 
considered. Using BiomaRt and WormBase ParaSite (Howe et al., 2017),
candidate genes were selected based on: 1) having a C. elegans orthologue, 
2) known as drug targets or involved in xenobiotic metabolism, transport, or
gene regulation.

4.4.3 RNA sequencing and differential gene expression
In all studies, libraries of the samples were paired-end sequenced for 150 
cycles on NovaSeq 6000 equipment (Illumina Inc., San Diego, USA).

Read quality was assessed and differentially expressed genes (DEGs) 
were identified using the DESeq2 R package (Love et al., 2014), applying 
criteria of an adjusted p-value < 0.05 and a Log2 fold change (Log2FC) ≥ 
0.5 or ≤ -0.5, as recommended by (Schurch et al., 2016).

4.4.4 Gene ontology enrichment analysis
Gene Ontology enrichment analysis was utilized to identify biological 
themes and processes that were over-represented among DEGs compared to 
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chance expectation. This pathway-level analysis provides biological context 
to interpret the lists of affected genes.

In all studies, over-representation analysis (ORA) of DEGs was 
performed using the Gene Ontology (GO) database via the gprofiler2 R 
package (Kolberg et al., 2020).The analysis utilized genes with non-zero read 
counts as the statistical background. P. univalens or C. elegans was set as the 
organism of interest. In Study III and IV, the highlight parameter was 
enabled to identify key driver GO terms by clustering semantically similar 
terms and selecting the most informative ones. While full results were 
tabulated, only driver terms were visualized for easier interpretation.

4.4.5 Network construction and core gene identification
To enable more robust gene co-expression network analysis, additional 
RNA-seq datasets were incorporated from other studies for a total of 28 P. 
univalens worms (Study III) and 25 C. elegans worm pools (Study IV). 

Using variance stabilized counts for genes with non-zero expression, 
consensus gene co-expression networks were built with Seidr (Schiffthaler 
et al., 2023) by aggregating outputs from 10 inference methods. Networks 
underwent refinement via gold-standard based backbone retention to reduce 
noise and improve interpretability. The optimal consensus network was 
selected based on the highest Area under the curve statistic. 

The Leiden algorithm (Traag et al., 2019) detected co-expression 
modules, which were tested for significance based on enrichment of DEGs. 
Within significant modules, centrality metrics identified core genes, 
prioritizing those overlapping DEGs in the top 5% for further examination.



41

This chapter summarizes the main findings from Study I-IV.
Descriptions that are more thorough can be found in the corresponding 
papers.

5.1 Study I: Comparative study of Ivermectin 
effect on gene expression in Adult P.
univalens and C. elegans

In Study I, we examined the transcriptional response of adult P. univalens,
particularly its nerve-rich anterior end, to IVM at concentrations of 10-9, 10-

11, and 10-13 M, alongside a control group. This led to the identification of 
1065 differentially expressed genes (DEGs). The study aimed to evaluate C. 
elegans as a model for understanding AR in P. univalens, focusing on 15 
orthologous genes encompassing a drug target, xenobiotic metabolism 
enzymes (Phase I and II), transporters, and a transcription factor (Table 1).
The methodology was based on quantitative PCR (qPCR), with RNA 
sequencing conducted exclusively for P. univalens.

Adjustments in IVM concentrations were necessary for C. elegans due to 
its higher tolerance, resulting in 10-7, 10-8, and 10-9 M. At 10-7 M, C. elegans
worms were immobile, leading to their exclusion from qPCR analysis 
focused on sub-lethal effects. 

In P. univalens, IVM significantly altered gene expression of candidate 
genes, in contrast to minimal changes in C. elegans, despite evident dose-
dependent behavioral effects (Figure 3). The lgc-37 gene, a GABA receptor 
subunit and potential IVM target, showed increased expression in P. 
univalens, aligning with prior findings (Martin et al., 2020) and mutations 

5. Main results and discussion
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associated to AR (Feng et al., 2002). This suggests lgc-37’s importance in 
IVM response, meriting further research.
Table 1. Relative gene expression in log2 fold change in Parascaris univalens after 
exposure to 10-13, 10-11, and 10-9 M ivermectin for 24 hours, and for Caenorhabditis 
elegans after exposure to 10-9 and 10-8 M IVM for 4 hours

P. univalens C. elegans

Group Gene 10-13 M 10-11 M 10-9 M 10-9 M 10-8 M
Target lgc-37 0.64 -0.57 3.44 0.01 0.09

pkc-1 -0.43 2.10 1.90 -0.26 0.04
Phase I dhs-2 0.42 1.43 1.14 -0.17 -0.06

dhs-4 -0.10 -0.07 0.00 -0.27 -0.11
dhs-27 1.25 1.99 1.59 -0.20 -0.11
F13D11.4 -1.20 -1.68 -1.61 -0.33 -0.52

Phase II C13A2.7 -0.01 -0.24 1.37 -0.26 -0.60
ugt-54 -1.43 -1.18 -1.41 0.04 0.01

TF nhr-3 1.31 2.00 2.36 -0.31 -0.20
Transporter cup-4 -2.44 -1.93 -2.34 -0.37 -0.23

F17C11.12 -0.67 4.44 -0.20 -0.22 -0.27
hmit-1.2 1.95 2.20 1.52 -0.08 0.11
hmit-1.3 1.95 2.20 1.52 -0.12 0.07
slc-17.2 -3.27 -0.22 -3.76 -0.19 0.02
Y71G12B.25 1.97 -1.42 1.01 -0.39 -0.07

Other F08F8.7 0.62 0.00 0.00 0.00 0.14

Post-IVM exposure in P. univalens, downregulation was noted in genes 
linked to MFS transport proteins, slc-17.2 and F17C11.12, and the ligand-
gated ion channel gene, cup-4. The role of MFS genes in parasitic worms 
remains to be elucidated, although their involvement in drug resistance is 
established in bacteria and yeast (Paulsen et al., 1996) and humans (Girardi 
et al., 2020). Beyond potential efflux functions, MFS transporters also 
mediate cellular uptake of glucose and other saccharides (Yan, 2013). Given 
that IVM causes pharyngeal paralysis and subsequent starvation in worms 
(Arena et al., 1995; Avery and Horvitz, 1990; Geary et al., 1993), we 
speculate the observed decreases in MFS expression could reflect reduced 
demand for glucose and nutrient transporters under starvation conditions 
triggered by IVM exposure. Further studies are required to elucidate the 
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mechanisms linking IVM induced starvation and MFS gene regulation in 
parasitic nematodes.

Despite prior implication in AR and drug response in parasitic nematodes 
(Dicker et al., 2011b; Raza et al., 2016a; Xu et al., 1998), no differential 
expression of Pgp efflux pumps was found in P. univalens, consistent with 
previous studies (Gerhard et al., 2020; Janssen et al., 2013; Scare et al., 2020; 
Martin et al., 2021a).

Figure 4. Behavioural assays for Caenorhabditis elegans. A) Pharyngeal pumps per 
minute, B) body thrashes per minute, and C) dispersal after IVM exposure, 10–9 10–8, 10–

7 M, and control (media+DMSO). Mean number (± standard error, SE) of viability scores in 
treatments were compared to those of the control in a one-way ANOVA (Dunnett’s 
multiple comparisons test) to elucidate significant differences

Differential expression of Phase I detoxification enzymes was observed 
in P. univalens after in vitro IVM exposure, with varied transcriptional 
responses across different genes. In contrast, C. elegans displayed a 
consistent minor decrease in expression of SDR genes dhs-2, dhs-4, dhs-27,
and F13D11.4 across IVM exposures. Although not yet fully characterized, 
SDRs are known to play a role in anthelmintic drug metabolism in helminths
(Cvilink et al., 2009a; Cvilink et al., 2009b; Prchal et al., 2015; Solana et al., 
2001; Stuchlíková et al., 2018). Specifically, increased expression of the C. 
elegans SDR gene dhs-23 has been reported in a benzimidazole (BZ) 
resistant strain after in vitro exposure to BZ derivatives (Stasiuk et al.,
2019b).This suggests SDR induction may contribute to anthelmintic 
resistance in nematodes.

Regarding Phase II enzymes, a decrease in ugt-54 expression was noted 
in P. univalens after IVM exposure, with no significant transcriptional 
response observed in C. elegans. This pattern mirrors previous findings on 
other UGT family members in P. univalens exposed to different anthelmintic 
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drug classes (Martin et al., 2020; Scare et al., 2020). These results highlight 
the potential importance of UGT enzymes in IVM metabolism and 
anthelmintic resistance in P. univalens, warranting further investigation.

Additionally, the transcription factor nhr-3 showed increased expression 
in P. univalens but a slight decrease in C. elegans post-IVM exposure. This 
aligns with studies demonstrating nhr-8's role in upregulating P-glycoprotein 
and Phase I enzyme genes in C. elegans and H. contortus (Ménez et al., 
2019). These insights point to the importance of NHRs’ transcriptional 
regulation in nematode responses to IVM exposure. 

5.2 Study II: Ivermectin-induced genes in wild-
type C. elegans map to abamectin QTL and 
ivermectin-resistant strain

The C. elegans samples from all IVM exposure conditions (10-7, 10-8, 10-9

M) and control in Study I, were RNA-sequenced in Study II. Despite
observable phenotypic effects at 10-9 M IVM in Study I, no significant DEGs
were detected at this exposure level. After dropping the 10-9 M samples and
reanalyzing, 615 DEGs were identified, 95% of which occurred at 10-7 M
IVM. Comparison to a previous study’s 152 DEGs in an IVM-resistant C.
elegans strain (DA1316) (Laing et al., 2012b) revealed 31 common DEGs.
Notably, 19 DEGs, including the folate transporter FOLT-2 (folt-2) and
transmembrane transporter T22F3.11, displayed opposite regulation patterns
between the sensitive and resistant strains. FOLT-2, exhibiting a 4-fold
average downregulation in DA1316 but 4-fold upregulation here, is involved
in active folate uptake (Balamurugan et al., 2007), a B-class vitamin central
in the synthesis of nucleotides and amino acids (Stokstad, 1990). As other
eukaryotes, C. elegans require dietary folate (Brzezińska et al., 2000), the
folt-2 induction potentially reflects compensatory uptake due to IVM-
impaired feeding (Wolstenholme and Rogers, 2005). The mechanisms and
implications of the divergent folt-2 expression between resistant and
sensitive strains warrant further elucidation. The transmembrane transporter
T22F3.11 was upregulated in DA1316 but downregulated here, implicating
a possible IVM efflux role. Additionally, DA1316-specific DEGs could
highlight other resistance candidates.
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Figure 5. Differentially expressed genes of IVM-exposed C. elegans N2 strain map 
to Abamectin-QTL on chromosome V. The DEGs are represented by green 
(upregulated) and red (downregulated) dots, with the size of the dot representing the -
log10 (adj. p-value) of expression, where the larger the dot, the more significantly 
expressed. The x-axis represents chromosome V and the y-axis represents the Log2 fold 
change. The karyoplot shows DEGs (labeled in green and red) mapped to abamectin-
QTL VL, VC, and VR represented by yellow, blue, and yellow boxes, respectively.

Mapping the 615, IVM-associated DEGs onto recently defined 
Abamectin quantitative trait loci (QTL) regions (Evans et al., 2021) revealed 
45 overlapping DEGs (Figure 4). Comparisons to the QTL study’s proposed 
candidates showed only three common genes: glc-1, folt-2, and dod-3. While 
dod-3’s relevance is unclear, the glutamate-gated ion channel glc-1
represents a known ML target (Ardelli and Prichard, 2013b; Ardelli et al., 
2009; Cook et al., 2006; Dent et al., 2000; Cully et al., 1994). The other the 
putative drug target lgc-26 encoding ion channel subunits were 
downregulated in the IVM 10-7 M concentration. The role of lgc-26 in ML 
response remains unknown in C. elegans, but other cys-loop GABA receptor 
members have been implicated in the ML response of parasitic nematodes. 
For example, lgc-37 was upregulated in the horse roundworm parasite, P. 
univalens after IVM exposure in Study I and the lgc-54 in the sheep parasite 
Teladorsagia circumcincta was reported as potential candidate in IVM 
resistance through genome-wide studies (Choi et al., 2017) although 
challenged by Evans et al. (2021). Other differentially expressed ion channel 
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genes were the calcium channel cca-1 and the potassium chloride 
cotransporter kcc-2, which were both downregulated after IVM exposure. 
The cca-1 gene regulates pharyngeal pumping in C. elegans by enabling 
action potential initiation via calcium influx (Shtonda and Avery, 2005; 
Steger et al., 2005). As IVM slows pumping by activating GluCls 
(Wolstenholme and Rogers, 2005), we expected potential cca-1 upregulation 
to compensate, however, the observed downregulation suggests alternate 
mechanisms may be involved. The kcc-2 cotransporter mediates inhibitory 
GABA signaling by controlling neuronal chloride gradients (Bellemer et al., 
2011). As IVM causes paralysis via similar GluCl activation, kcc-2’s specific 
role is unclear but merits further exploration, given the interconnections 
between chloride gradients, GABA signaling, and IVM activity. In summary, 
the differential regulation of channels like cca-1 and kcc-2 identifies 
additional molecular candidates potentially contributing to IVM resistance 
that warrant further characterization. 

5.3  Study III: Gene co-expression network 
analysis reveal core responsive genes in 
Parascaris univalens tissues following 
ivermectin exposure  

In this study, we employed gene co-expression network analysis 
(Schiffthaler et al., 2023), to identify the core genes associated with IVM 
response in P. univalens. This approach eliminates the need for biased pre-
selection of candidate genes, thus facilitating the discovery of novel genes. 
However, gene co-expression network inferences require larger sample sizes 
(Langfelder and Horvath, 2008; van Dam et al., 2018) to ensure statistical 
robustness and wider applicability. To achieve this, we compiled RNAseq 
data from worm tissues collected in both a Study I and additional RNAseq 
data from (Martin et al., 2021a), resulting in a comprehensive dataset of 28 
worms. Worms were subjected to 10-11 M and 10-9 M IVM concentrations in 
vitro for 24 hours. Gene count data from the worms were utilized to construct 
a comprehensive network. We then carried out an analysis of the 
transcriptional changes occurring in both the anterior end and the intestine 
of the worms. 

Differential expression analysis showed pronounced transcriptional 
differences between the anterior end and intestine. The intestine displayed 
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substantially more IVM-induced activity. With 10-11 M IVM exposure, the 
anterior end had no enriched biological processes compared to the intestinal 
tissue. The intestinal tissue response involved 58% downregulation of genes 
regulating cellular processes like transcription and signal transduction, 
potentially indicating a protective, resource-conserving stress response. 
Concurrently, upregulated intestinal genes suggested improved peptide 
metabolism, ribosomal function, and energy production. These processes 
have also been enriched in other IVM-exposed nematodes like H. contortus 
larvae (Liu et al., 2023) and adult Brugia malayi (Ballesteros et al., 2016), , 
implying a shared strategy across species. At 10-9 M IVM, the intestinal 
tissue showed a gene expression reversal, predominantly characterized by 
upregulation. This was notably evident in genes associated with ion 
transport, cuticle structural integrity, and protein tyrosine phosphatase 
activity. As the cuticle is critical against environmental threats, including 
anthelmintics (Thompson et al., 1993; Page and Johnstone, 2007) , its 
permeability adaptations (Njume et al., 2022) presumably mitigate IVM 
efficacy. Thus, upregulation in cuticle maintenance genes likely represents a 
strategic protective response. Moreover, marked upregulation of tyrosine 
phosphatase genes, vital in cellular regulation (Zhang, 1998) highlights a 
potential adaptive mechanism to preserve cellular function despite IVM 
exposure. 

Gene co-expression network analysis identified seven modules 
significantly associated with the response to IVM. Within these, 219 core 
genes were detected, largely expressed in the intestinal tissue and spanning 
diverse biological processes with unspecific patterns. After 10-11 M IVM, 
unlike the anterior end, the core genes in intestinal tissue exhibited clear 
patterns of transcriptional suppression, cell cycle inhibition, and protein 
synthesis and management of misfolded/unfolded proteins. The cell cycle 
inhibition is congruent observations with a previous a study of B. malayi, 
where gene expression changes related to meiosis were significantly 
downregulated 24 hours after IVM exposure (Ballesteros et al., 2016). This 
downregulation included genes whose RNAi phenotypes in C. elegans lead 
to developmental arrests (Ballesteros et al., 2016), suggesting a potentially 
conserved response mechanism across different nematode species to IVM 
exposure. Concurrently, were observed upregulation of core genes involved 
in protein synthesis and management of misfolded/unfolded proteins, are 
congruent with the ORA results in this study and other studies (Liu et al., 
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2023; Ballesteros et al., 2016; Dicker et al., 2011a; Ruiz-May et al., 2022). 
Increasing the IVM concentration to 10-9 M induced notable shifts in the 
expression patterns of core genes in both tissue types. In the intestinal tissue, 
this elevation resulted in the upregulation of core genes implicated in 
maintaining cellular integrity, signal transduction, metabolism, and cuticle 
integrity.  

We identified core genes using eigenvector centrality and betweenness 
metrics. Eigenvector centrality evaluates a gene’s influence based on its 
network connections, while betweenness measures its role as a vital “bridge” 
in the network, underscoring the importance of these genes in network 
function. Typically, transcriptomic studies post-drug exposure in nematodes, 
including ours, reveal genes associated with drug biotransformation, like 
cytochrome P450s, UDP-glucuronosyltransferases, and efflux P-
glycoproteins (Stasiuk et al., 2019a; Martin et al., 2020; Martin et al., 2021a; 
Dube et al., 2022; Dube et al., 2023; Khan et al., 2020; Scare et al., 2020; 
Hartman et al., 2021). Interestingly, only one core gene, PgR014X_g126 
(alh-7) was associated with drug metabolism, potentially indicating a shift 
from detoxification prioritization towards transcriptional control and cell 
cycling under IVM toxicity. Furthermore, three intestinal core genes changed 
from downregulated at lower IVM to upregulated at higher concentrations. 
This includes the gene PgR028_g047 (sorb-1), which plays a role in muscle 
organization and physiology in C. elegans (Loveless et al., 2017), possibly 
promoting IVM resilience. Similarly, cuticle genes, PgB01_g200 (gmap-1) 
and PgR046_g017 (col-37 & col-102) followed this trend. Given 
PgB01_g200 (gmap-1)’s role in cuticle permeability (Njume et al., 2022) 
emphasizes potential importance of these genes under IVM exposure. 
Considering the phylogenetic proximity of P. univalens and A. suum (2019), 
along with A. suum’s predominantly cuticular drug absorption (Thompson et 
al., 1993), IVM might be absorbed similarly through the  cuticle of P. 
univalens. However, the differential gene expression in the current study 
challenges this idea of conserved uptake. Critically, the anterior end showed 
fewer DEGs and core genes than the intestine, despite expected GluCls 
abundance (Hammarlund et al., 2018; Airs et al., 2022) and known for its 
dominant constitutive expression (Rosa et al., 2014). This discrepancy 
indicates that IVM absorption in P. univalens might not be as straightforward 
as previously thought. It suggests the possibility of a dual mechanism 
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involving both cuticular diffusion and ingestion, rather than a singular 
cuticular route.

Figure 6. Central role of non-module gene PgR047_g066 in connecting four gene 
modules. A gene network showing how PgR047_g066 serves as a pivotal link among 
three distinct modules. Rectangles denote individual genes, and edges signify 
interactions between them. Direct first-degree neighbors to PgR047_g066 are 
emphasized with red lines, while differentially expressed genes are colored yellow.

A notable 172 genes were identified as “non-modular”, as they did not
belong to any specific module. Among these, PgR047_g066 (gegf-1), known 
for its calcium ion binding function as per Gene Ontology (GO), stood out 
as a potential intermodular gene, establishing connections with four distinct 
gene modules (1, 3, 4 and 9) and interacting with 71 genes (Figure 5).
Overrepresentation analysis of the genes closely directly connect to
PgR047_g066 revealed its involvement in vital signalling processes, 
including molecular transducer, signalling receptor, and transmembrane 
signalling receptor activities. This is a significant discovery considering the 
key role of calcium signalling in nematode physiology, particularly in muscle 
function and neural communication (Alvarez et al., 2020), both of which are 
heavily influenced by IVM. Notably, a 12-fold increase in the expression of 
PgR047_g066 was observed at a 10-9 M IVM in the intestinal tissue. 
Therefore, PgR047_g066 (gegf-1) emerges as a notable gene for further 
exploration to elucidate its role in IVM response.
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5.4 Study IV: Comparative transcriptomic and 
gene network analysis in Caenorhabditis 
elegans and Parascaris univalens after
ivermectin exposure

In this study, we utilized transcriptomic data from Study III, which involved 
exposing P. univalens to 10-11 M and 10-9 M IVM concentrations in vitro for 
24 hours. Similarly, data from Study II was used for C. elegans, which were 
exposed to 10-8 M and 10-7 M IVM concentrations in vitro for 4 hours. For 
P. univalens, the analysis focused on DEGs and core genes identified from
the worms subjected to the specified IVM concentrations. In the case of C.
elegans, the study not only analysed DEGs but also utilized count data to
construct a network with Seidr (Schiffthaler et al., 2023), facilitating the
identification of core genes.

The overarching goal was to critically evaluate the applicability of C. 
elegans as a representative model for P. univalens and potentially other 
ascarids in the study of AR. This assessment entailed a comparative analysis 
of core genes in both C. elegans and P. univalens that respond to IVM, with 
an extended examination of DEGs involved in xenobiotic metabolism, 
transport, and drug targets. Through this comprehensive approach, our aim 
was to enhance the understanding of genetic responses to IVM in these 
nematode species and ascertain the efficacy of employing C. elegans as a 
model in AR research pertaining to ascarid nematodes.

The gene co-expression network analysis highlighted a marked contrast 
in core gene identification between C. elegans and P. univalens. In C. 
elegans, only 43 core genes were identified, compared to a significantly 
higher count of 219 core genes in P. univalens, as detailed in Study III. This 
discrepancy aligns with the differences in the number of DEGs observed 
post-IVM exposure, where C. elegans had 615 DEGs (Study II) and P.
univalens had 2730 DEGs (Study III). The process of identifying core genes 
is reliant on the intersection between network module genes and DEGs, 
which suggests that the higher count of DEGs in P. univalens contributed to 
its increased detection of core genes. Interestingly, both species exhibit a 
similar ratio of core genes to DEGs, approximately 8% in P. univalens and 
7% in C. elegans. A key observation in C. elegans was the upregulation of 
five heat shock protein (HSP) genes F44E5.4, hsp-16.11, hsp-16.2, hsp-
16.41 and hsp-70, which occurred in both IVM concentrations. The HSPs, 
widely recognized as highly conserved chaperone proteins, are typically 
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induced by environmental changes and stress across various organisms. 
(Wieten et al., 2007; Li and Srivastava, 2003). Despite limited understanding 
of HSPs’ roles in anthelmintic drug responses and resistance in nematodes 
and other parasitic worms, there have been notable developments. For 
example, in H. contortus, albendazole exposure led to the upregulation of 
hsp-15 and hsp-17 (Stasiuk et al., 2019a), while a study on IVM-resistant C. 
elegans reported downregulation of hsp-16.1, hsp-16.49, and hsp-17
following IVM exposure (Laing et al., 2012a). Furthermore, hsp-70 was 
found to be upregulated in adult trematode, Schistosoma mansoni with 
decreased sensitivity to praziquantel (Abou-El-Naga, 2020). Contrastingly,
no HSPs occurred as core genes in P. univalens, but IVM exposure resulted 
in the upregulation of PgR024_g045 (hsp-17) and PgB19_g032 (hsp-43), 
and downregulation of PgB01_g096 (hsp-12.3) and PgR118_g017 (hsp-
110). This imply that HSP response to anthelmintic exposure extends beyond 
C. elegans. Interestingly, core genes in P. univalens’ involved in the stress
response were more associated with cuticle integrity and response to external
stimuli (Study III). This disparity suggests that both C. elegans and P.
univalens prioritize stress response, but in divergent ways.

Compared to P. univalens, C. elegans exhibited a greater number of 
DEGs involved in xenobiotic metabolism in response to IVM (Figure 7).
This aligns with the hypothesis that gastrointestinal nematode parasites may 
possess a reduced requirement for reactive xenobiotic response pathways 
relative to free-living species such as C. elegans in facing varied 
environments (Zarowiecki and Berriman, 2015). Furthermore, while CYPs 
dominated Phase I metabolism in C. elegans, the SDRs were predominant in 
P. univalens. The distinct enzyme distribution mirrors baseline genetic
differences, with C. elegans possessing over 86 CYPs and 68 SDRs
(Lindblom and Dodd, 2006), contrasting typical parasites like H. contortus
having approximately 42 CYPs and 70 SDRs (Laing et al., 2013). Such
variation in background CYP and SDR numbers could drive the differing
Phase I response patterns between the nematodes. Here, cyp-35A2 uniquely
showed IVM-induced downregulation, contrasting the BZ drug-induced
upregulation of cyp-35A3 previously observed in several studies (Gu et al.,
2020; Menzel et al., 2001; Menzel et al., 2005a; Reichert and Menzel, 2005;
Stasiuk et al., 2019a). Notably, in our study, the cyp-35A2 gene was
downregulated after IVM exposure, which contrasts with previous studies
(Jones et al., 2013; Stasiuk et al., 2019a). This exemplifies differential CYP
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modulation even within the same family towards different anthelmintics in 
C. elegans.

Figure 7. Comparative analysis of Phase I gene expression responses to IVM in C.
elegans and P. univalens. Panel A) Depicts the log2 fold changes of gene expression at 
a lower IVM concentration for C. elegans (10-8 M) and P. univalens (10-11 M). Panel B)
Displays the log2 fold changes at a higher IVM concentration for C. elegans (10-7 M)
and P. univalens (10-9 M). Color coding denotes various gene families/superfamilies, 
including Cytochrome P450 (CYP), Flavin Monooxygenase (FMO), Short Chain 
Dehydrogenase/Reductase (SDR), Alcohol and Aldehyde Dehydrogenase (ALH), 
Hydrolase (CEEH), and Others, illustrating the differential gene expression patterns 
between the two species at varying IVM concentrations. Panels C) and D) Show boxplots 
summarizing the median distribution of log2 fold changes for C. elegans and P. univalens
at the corresponding lower and higher IVM concentrations, respectively, with individual 
genes represented as points colored according to their gene family/superfamily 
classification.

Further distinctions existed in Phase II metabolism, dominated by UGTs in 
both species but with more DEGs in C. elegans, increasing with IVM
concentration unlike P. univalens (Figure 8). This likely stems from the 
higher baseline UGTs (66) and GSTs (56) encoded in the C. elegans genome
(Lindblom and Dodd, 2006) compared to parasites like H. contortus (34 
UGTs and 28 GSTs) (Laing et al., 2013).
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Figure 8. Comparative analysis of Phase II gene expression responses to IVM in C. 
elegans and P. univalens. Panel A) Depicts the log2 fold changes of gene expression at 
a lower IVM concentration for C. elegans (10-8 M) and P. univalens (10-11 M). Panel B)
Displays the log2 fold changes at a higher IVM concentration for C. elegans (10-7 M)
and P. univalens (10-9 M). Color coding denotes various gene families/superfamilies, 
including Uridine 5’-diphospho-glucuronosyltransferase (UGT) and Glutathione S-
transferase (GST), illustrating the differential gene expression patterns between the two 
species at varying IVM concentrations. Panels C) and D) Show boxplots summarizing 
the median distribution of log2 fold changes for C. elegans and P. univalens at the
corresponding lower and higher IVM concentrations, respectively, with individual genes 
represented as points colored according to their gene family/superfamily classification

Parascaris univalens demonstrated a marked increase in differentially 
expressed ion channels compared to C. elegans, especially at high IVM
concentrations (Figure 9). Glutamate-gated chloride channels are established 
IVM targets (Feng et al., 2002; Wolstenholme and Neveu, 2022b; 
Wolstenholme and Rogers, 2005), yet species-specific genetic variation 
exists as C. elegans has six GluCls (Glendinning et al., 2011) while P. 
univalens at least four (Lamassiaude et al., 2022). Here, P. univalens’ 
PgB06_g029 (glc-4) was upregulated at low IVM while PgR005X_g138
(glc-2) and PgB05_g069 (glc-3) were upregulated at the high IVM 
concentration, possibly suggesting co-activation is needed to form functional 
homomeric/heteromeric channels in the presence of IVM (Lamassiaude et 
al., 2022).
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Figure 9. Comparative analysis of gene expression responses of putative IVM targets 
to IVM in C. elegans and P. univalens. Panel A) Depicts the log2 fold changes of gene 
expression at a lower IVM concentration for C. elegans (10-8 M) and P. univalens (10-11

M). Panel B) Displays the log2 fold changes at a higher IVM concentration for C. elegans
(10-7 M) and P. univalens (10-9 M). Color coding denotes various gene 
families/superfamilies, including: Glutamate-gated ion channel (GluCl), Gamma 
aminobutyric acid receptor (GABA) and Nicotinic acetylcholine receptor (nAChR) and 
other ion channels (Others), illustrating the differential gene expression patterns between 
the two species at varying IVM concentrations. Panels C) and D) Show boxplots 
summarizing the median distribution of log2 fold changes for C. elegans and P. univalens
at the corresponding lower and higher IVM concentrations, respectively, with individual 
genes represented as points colored according to their gene family/superfamily 
classification

Beyond GluCls, GABA receptors are also established IVM targets (Feng et 
al., 2002; Beech et al., 2010b). A striking 50-fold upregulation of the 
predicted GABA receptor PgB13_g015 was observed in P. univalens, though 
its specific role requires further investigation. Additionally, four out of five 
nAChRs were upregulated in P. univalens but not C. elegans, indicating 
species-specific ion channel responses. This difference, alongside evidence 
of nAChRs and dopamine receptors as additional IVM targets (Krause et al., 
1998; Rao et al., 2009), highlights the potential involvement of diverse ion 
channels in nematode xenobiotic responses.
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Both nematodes showed significantly increased of differentially 
expressed membrane transporters at high IVM concentrations. Interestingly, 
the folate transporter, gene folt-2 was upregulated in C. elegans at the high 
IVM concentration, but in contrast, its P. univalens orthologue 
PgR036_g072 was downregulated. However, a prior study reported folt-2
downregulation in an IVM-resistant C. elegans strain (Laing et al., 2012a).
Notably, folt-2 falls within a QTL associated with abamectin resistance, 
linking it to ML drug response (Evans et al., 2021). Gene folt-2 is required 
in mediating active uptake of folate (Balamurugan et al., 2007), a B-vitamin 
essential for nucleotide and amino acid synthesis (Stokstad, 1990). Like 
other eukaryotes, C. elegans requires dietary folate (Brzezińska et al., 2000),
thus folt-2 induction may reflect compensatory absorption due to impaired 
feeding from IVM effects (Wolstenholme and Rogers, 2005). The 
mechanisms and implications of this divergent folt-2 expression between 
IVM-sensitive versus resistant C. elegans strains, as well as difference from 
the P. univalens response, warrant further investigation. Elucidation of folate 
pathway modulation may reveal species-specific adaptations affecting IVM
efficacy and resistance development.
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This thesis has advanced our understanding of IVM response in P. univalens
and C. elegans through transcriptomics and gene co-expression network 
analysis. This network methodology avoids the bias inherent in pre-selecting 
candidate genes, enabling the discovery of novel genes, referred to as “core 
genes”. The thesis also extends to genes involved in xenobiotic metabolism, 
transport, and drug targets. A comparative analysis has assessed the 
suitability of using C. elegans as a model for AR research in ascarid 
nematodes. The key conclusions are as follows:

Sensitivity to IVM: P. univalens exhibits greater sensitivity to
IVM compared to C. elegans. This is inferred from the
observation that concentrations of IVM lethal to P. univalens are
only sublethal to C. elegans. Additionally, P. univalens displays
over three times the number of differentially expressed genes and
four times more core genes than C. elegans post-IVM exposure.
Core genes in P. univalens and C. elegans: P. univalens genes
show patterns of transcriptional suppression, cell cycle
inhibition, ribosomal activation, and induced expression related
to cuticle and membrane integrity, while core genes in C. elegans
show unclear patterns
Significant core genes in P. univalens: The GABA ligand-gated
ion channel gene PgR047_g061 (lgc-37) is identified as a core
gene. Other genes such as PgR028_g047 (sorb-1), PgB01_g200
(gmap-1), and PgR046_g017 (col-37 & col-102) exhibit
expression changes from downregulation at lower IVM
concentrations to upregulation at higher concentrations, making
them notable candidates for further study.

6. Concluding remarks
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Significant core genes in C. elegans: Five consistently
upregulated heat shock protein genes F44E5.4, hsp-16.11, hsp-
16.2, hsp-16.41 and hsp-70, appeared in both IVM concentrations
making them notable candidates for further study.
Shift in biological prioritization: Only one core gene in P.
univalens is associated with xenobiotic metabolism, suggesting a
shift from the conventional focus on xenobiotic detoxification
under toxic stress to transcription arrest, energy production, and
cell cycle inhibition.
Non-modular calcium-signalling gene: PgR047_g066 (gegf-1)
in P. univalens, which uniquely interconnects 71 genes across
four modules, is a noteworthy candidate for further exploration.
Differential IVM response in xenobiotic metabolism,
transport, and drug targets:

o C. elegans showed a greater number of DEGs involved
in xenobiotic metabolism compared to P. univalens, with
differences in key Phase I metabolism enzymes.
Cytochrome P450s were predominant in C. elegans,
while Short Chain Dehydrogenase/Reductases were
more significant in P. univalens. However, Phase II
genes were largely similar between the two species.

o The response to IVM in P. univalens affected numerous
ligand-gated ion channels, a pattern not observed in C.
elegans, indicating pronounced species-specific
differences.

o There was an opposite expression pattern of the folate
transporter gene (folt-2) in N2 and DA1316 strains of C.
elegans compared to P. univalens. This gene,
downregulated in P. univalens and previously identified
within the abamectin-QTL, emerges as a potential
candidate gene of interest.

In summary, despite no shared core gene, differential gene expression 
analysis revealed that similar gene families were engaged in IVM response 
in both P. univalens and C. elegans. This suggests that while the C. elegans
model can provide insights into the IVM response in P. univalens and other 
ascarids, significant differences underscore the importance of 
complementing studies with targeted investigations in the relevant parasitic 



59

species. This approach can lead to a more comprehensive understanding of 
anthelmintic resistance mechanisms.
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This thesis enhances our understanding of IVM responses in P. univalens 
and C. elegans, paving the way for further investigation. It highlights core 
genes, including their differential IVM responses, and uses C. elegans as a 
comparative model, laying a foundational framework for examining AR in 
P. univalens and extending AR research in ascarid nematodes. Future 
research should focus on: 

 Functional analysis of core genes: Delve deeper into the function 
of identified core genes in P. univalens, such as PgR028_g047 (sorb-
1), PgB01_g200 (gmap-1), PgR046_g017 (col-37 & col-102), and 
Investigate their roles in IVM sensitivity through gene silencing 
studies in C. elegans. 

 Investigate calcium signalling in AR: Explore the role of the non-
modular calcium-signalling gene PgR047_g066 (gegf-1) in IVM 
response. Studies could focus on its impact on calcium-mediated 
signalling pathways and their influence on nematode muscle 
function and neurotransmission under IVM exposure. 

 Comparative ion channel studies: Given the distinct response of 
ligand-gated ion channels in P. univalens to IVM, conduct 
comparative studies with C. elegans and other ascarids to understand 
the species-specific ion channel adaptations that contribute to IVM 
sensitivity or resistance. 

 Heat shock protein functionality: Investigate the role of 
upregulated heat shock proteins in C. elegans under IVM exposure 
and assess if similar mechanisms are present in P. univalens. This 
could provide insights into stress response mechanisms associated 
with anthelmintic exposure. 

7. Future perspective 
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Study of Folate transporter genes: Further explore the role of
folate transporter genes like folt-2 in IVM response. Investigate their
expression patterns in P. univalens and their potential involvement
in resistance mechanisms.
Model system refinement: Given the differences between P.
univalens and C. elegans in IVM response, refine the nematode
model systems for AR research. This could involve developing more
representative in vitro and in vivo models for P. univalens, such as
the recently reported turkey ascarid, Ascaridia dissimilis (Collins
and Andersen, 2023)
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Parascaris univalens, a species of roundworm that infects horses, 
particularly foals, is a major veterinary concern due to its potential to cause 
severe intestinal issues, sometimes with fatal consequences. The primary 
strategy for controlling this parasite has been the use of anthelmintic drugs 
like ivermectin. However, a significant challenge has emerged because these 
roundworms are increasingly developing resistance to these drugs. This 
resistance is especially problematic due to the frequent use of these 
treatments in foals during their first year of life. 

Addressing this issue necessitates a deeper understanding of the genetic 
mechanisms behind this resistance. Directly studying P. univalens is 
complex, given the parasite’s intricate lifecycle, substantial size, cultivation 
challenges in the laboratory, incomplete genome, and various ethical and 
financial constraints. 

In this context, the study turns to the Caenorhabditis elegans, a much 
simpler non-parasitic nematode, as a model organism. The rationale behind 
this choice lies in C. elegans’ straightforward lifecycle and well-
characterized genetic profile, making it a potentially valuable proxy for 
studying anthelmintic resistance mechanisms in P. univalens. 

Through advanced genetic analysis techniques like transcriptomics and 
gene co-expression networks, this research bypasses traditional limitations 
in studying P. univalens directly. It focuses on identifying core genes, 
essential to understanding response and possibly resistance. 

When exposed to different concentrations of ivermectin, P. univalens and 
C. elegans exhibited distinct genetic responses Parascaris univalens showed 
alterations in genes linked to cellular control mechanisms, protein synthesis, 
and maintaining structural integrity. In contrast, C. elegans demonstrated 

Popular science summary 
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changes primarily in genes associated with stress responses, particularly heat 
shock proteins.

Notably, the study observed divergent patterns in how each species 
metabolized the drug. While C. elegans predominantly utilized Cytochrome 
P450 enzymes, P. univalens showed a preference for a different set of 
enzymes in its metabolic response. Despite these variations, similarities in 
the engagement of certain gene families across both species were observed, 
underscoring the utility of C. elegans as a model for studying anthelmintic 
resistance in P. univalens.

However, the research also underscores the significant differences in the 
response of the two species to ivermectin, highlighting the importance of 
complementing C. elegans-based models with targeted studies on P.
univalens. Understanding these details is vital for developing effective 
strategies to manage anthelmintic resistance, thereby enhancing the health 
and well-being of equines.
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Hästens spolmask, Parascaris univalens, är en art av rundmask som 
infekterar föl. Arten är viktig ur en veterinärmedicinsk synvinkel eftersom 
den har potential att orsaka allvarlig förstoppning, ibland med dödlig utgång. 
Den huvudsakliga strategin för att kontrollera spolmask hos häst är genom 
behandling med avmaskningsmedel. På grund av en överanvändning av 
avmaskningsmedel har spolmasken under de senaste 20 åren utvecklat 
resistens mot flera substanser som används för att behandla hästar, och då 
framförallt ivermektin.  

För att lösa problematiken med resistens och resistensutveckling hos 
parasiterna krävs en förståelse av de bakomliggande genetiska 
mekanismerna. Att direkt studera P. univalens är komplicerat, eftersom 
parasiten har en komplex livscykel och en betydande storlek, vilket leder till 
utmaningar vid odling i laboratorium. Parasitens genom är dessutom 
ofullständigt och att studera P. univalens hos sin naturliga värd hästen 
involverar även etiska och ekonomiska begränsningar. 

På grund av dessa orsaker använder sig studierna i denna avhandling av 
Caenorhabditis elegans, en icke-parasitisk nematod, som modellorganism. 
Anledningen till detta val ligger i C. elegans enkla livscykel och väl 
karakteriserade genetiska profil, vilket gör den till en potentiellt värdefull 
ersättare för att studera mekanismer för resistens i P. univalens. 

Genom avancerade genetiska analysmetoder som undersöker skillnader i 
uttryck av gener och nätverk av gener, kringgår denna forskning traditionella 
begränsningar i direktstudier av P. univalens. De ingående studierna 
fokuserar på att identifiera så kallade kärngener, som kan hjälpa oss att förstå 
hur P. univalens svarar på behandling med avmaskningsmedel och utvecklar 
resistens. 

Populärvetenskaplig sammanfattning 
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När P. univalens och C. elegans utsattes för olika koncentrationer av 
ivermektin svarade de två arterna med distinkt olika förändringar i 
genuttryck.  Spolmasken uppvisade förändringar i gener kopplade till 
cellulära kontrollmekanismer, proteinsyntes och bibehållande av cellens 
struktur. I kontrast visade C. elegans främst förändringar i gener kopplade 
till stressrespons.

Under studierna observerades också olika mönster i hur de två arterna 
bröt ner läkemedlet, något som kan påverka överlevnad vid behandling. 
Resultaten visade att C. elegans och P. univalens använde olika enzymer för 
att göra sig av med främmande ämnen som avmaskningsmedel. Trots dessa 
variationer observerades även likheter i användandet av vissa genfamiljer 
hos båda arterna, vilket understryker användbarheten av C. elegans som
modell för att studera resistens mot avmaskningsmedel hos P. univalens.

Resultaten från den här avhandlingen betonar dock även att det finns 
betydande skillnader mellan de två arternas svar på behandling med 
substansen ivermektin. Detta understryker vikten av att komplettera 
eventuell forskning utförd på C. elegans med studier av P. univalens. Att 
förstå dessa detaljer i parasitens svar på avmaskning är av yttersta vikt för att 
utveckla effektiva strategier för att hantera den allt mer vanligt 
förekommande resistensen mot avmaskningsmedel hos hästens spolmask, 
och därmed förbättra hälsan och välbefinnandet hos hästar.
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Abstract 

Background: The nematode Parascaris univalens is one of the most prevalent parasitic pathogens infecting horses 
but anthelmintic resistance undermines treatment approaches. The molecular mechanisms underlying drug activity 
and resistance remain poorly understood in this parasite since experimental in vitro models are lacking. The aim of 
this study was to evaluate the use of Caenorhabditis elegans as a model for P. univalens drug metabolism/resistance 
studies by a comparative gene expression approach after in vitro exposure to the anthelmintic drug ivermectin (IVM).

Methods: Twelve adult P. univalens worms in groups of three were exposed to ivermectin (IVM,  10–13 M,  10–11 M, 
 10–9 M) or left unexposed for 24 h at 37 °C, and total RNA, extracted from the anterior end of the worms, was 
sequenced using Illumina NovaSeq. Differentially expressed genes (DEGs) involved in metabolism, transportation, 
or gene expression with annotated Caernorhabditis elegans orthologues were identified as candidate genes to be 
involved in IVM metabolism/resistance. Similarly, groups of 300 adult C. elegans worms were exposed to IVM  (10–9 M, 
 10–8 M and  10–7 M) or left unexposed for 4 h at 20 °C. Quantitative RT-PCR of RNA extracted from the C. elegans worm 
pools was used to compare against the expression of selected P. univalens candidate genes after drug treatment.

Results: After IVM exposure, 1085 DEGs were found in adult P. univalens worms but the relative gene expression 
changes were small and large variabilities were found between different worms. Fifteen of the DEGs were chosen 
for further characterization in C. elegans after comparative bioinformatics analyses. Candidate genes, including the 
putative drug target lgc-37, responded to IVM in P. univalens, but marginal to no responses were observed in C. elegans 
despite dose-dependent behavioral effects observed in C. elegans after IVM exposure. Thus, the overlap in IVM-
induced gene expression in this small set of genes was minor in adult worms of the two nematode species.

Conclusion: This is the first time to our knowledge that a comparative gene expression approach has evaluated 
C. elegans as a model to understand IVM metabolism/resistance in P. univalens. Genes in P. univalens adults that 
responded to IVM treatment were identified. However, identifying conserved genes in P. univalens and C. elegans 
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Introduction
The equine roundworm, Parascaris univalens, is one of 
the most important pathogenic parasites infecting foals, 
with a prevalence of 31–58% on stud farms [1–4]. Clini-
cal manifestations of infection include stunted growth, 
respiratory symptoms, and in severe cases lethal obstruc-
tion and rupture of the small intestines [5]. In addition, 
P. univalens are known shedders of high numbers of eggs 
[6], and larvated eggs can remain viable on grazing fields 
for many years [7]. This asserts a high infection pressure 
on farms, resulting in foals requiring several treatments 
with deworming drugs during their first year [8].

Three main classes of anthelmintic drugs, benzimind-
zoles (BZ), tetrahydropyrimidines (THP), and macro-
cyclic lactones (MLs), are registered for use in horses to 
combat parasitic infections, including Parascaris spp. 
Macrocyclic lactones are the most commonly used drug 
class in veterinary medicine due to their high efficacy, 
low toxicity, and broad spectrum of target parasites [9]. 
The primary target of MLs in parasitic nematodes are 
glutamate-gated ion channels (GluCls), where for exam-
ple the ML drug ivermectin (IVM) binds irreversibly to 
cause hyperpolarization of the pharynx and flaccid paral-
ysis of muscles in the worm [10]. Development of anthel-
mintic resistance (AR) in Parascaris spp. has evolved as a 
result of extensive drug usage [11], and resistance to MLs 
is now widespread [3, 4, 11–14].

Several ML drug resistance mechanisms have been 
proposed, e.g. polymorphisms or changes in expression 
of the GluCls target and transport protein genes (see [15] 
for review). In addition, increased expression of genes 
encoding drug-metabolizing enzymes has been shown 
to be involved in resistance [16]. Polymorphisms cause 
conformational changes and alter drug-binding sites in 
the GluCl targets in the pathogenic nematodes Cooperia 
oncophora [17] and Haemonchus contortus [18]. In addi-
tion, decreased expression of drug target genes may lead 
to a reduction of drug-binding sites and thus reduced 
drug effectiveness [19, 20]. Transport protein genes, par-
ticularly encoding P-glycoproteins (Pgps) and other ATP-
binding-cassette family members, have been implicated 
in anthelmintic drug resistance through the elimination 
of xenobiotic substances from the cell, thus prevent-
ing the drugs from reaching their target sites [21–24]. 
Multiple studies have also reported higher constitutive 

expressions of Pgps in resistant parasite strains compared 
to their susceptible counterparts [20, 21]. The metabo-
lism of drugs is biphasic. In the first phase (Phase I), the 
drug is converted by oxidation, reduction, or hydrolysis 
to a more reactive compound that can be conjugated with 
an endogenous molecule such as glutathione or glucose 
in the second phase (Phase II). As a result, a soluble, inac-
tive drug is generated that can be expelled from the cell 
[25]. Increased constitutive expression of Phase I [26] and 
Phase II metabolic genes [27] was reported in resistant H. 
contortus isolates after in vitro exposure with BZs. How-
ever, the exact roles of Phase I and II enzymes in devel-
opment of ML resistance in parasitic nematodes remain 
unknown.

The genetic mechanisms underlying ML resistance in 
P. univalens are inadequately understood, and further 
research is hampered by the complex host-dependent 
life cycle. Moreover, in vivo studies using the parasite 
host would be more comprehensive, but are challenged 
by both ethical and financial constraints. Previous 
studies have only been conducted in an in  vitro set-
ting using live adult worms isolated from slaugh-
tered horses or euthanized foals from research herds 
[28–30]. However, not only is this approach laborious 
and costly, but it is also inefficient because slaugh-
ter of foals is rare and the number of research herds 
is limited. In addition, the unnatural in  vitro culture 
environment has been reported to have undesirable 
effect on gene expression of P. univalens [29]. There-
fore, there is a need for the development of in  vitro 
experimental models for P. univalens. Recently, the lar-
val stage of P. univalens has been explored as a pos-
sible in vitro model, but authors reported variation in 
gene expression between larvae and adult P. univalens 
[31]. The free-living nematode Caenorhabditis elegans 
has been used as an in vitro model for parasitic nema-
todes, particularly those belonging to the same taxo-
nomic clade, V, such as H. contortus [32–35]. Although 
P. univalens belongs to a different clade, III, previous 
studies have employed transgenic lines of C. elegans as 
models for interpretation of ML-resistance in P. uni-
valens [28, 36, 37]. Factors that support C. elegans as 
a viable model for parasitic nematodes include posses-
sion of similar drug targets [38, 39] and being cheap 
and easy to maintain in the laboratory. In addition, C. 

involved in IVM metabolism/resistance by comparing gene expression of candidate genes proved challenging. The 
approach appears promising but was limited by the number of genes studied (n = 15). Future studies comparing a 
larger number of genes between the two species may result in identification of additional candidate genes involved 
in drug metabolism and/or resistance.

Keywords: Equine roundworm, Gene expression, Anthelmintic resistance, RNA sequencing
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elegans has a short life cycle of 3.5 days and a plethora 
of powerful genetic tools for manipulation are readily 
available [40]. To improve the likelihood of deriving 
conclusions from P. univalens research that uses C. ele-
gans as a model organism, it is necessary to assess its 
applicability, at the very least in terms of gene expres-
sion following xenobiotic exposure.

In the current study, we investigated differentially 
expressed genes (DEGs), which encode drug targets, 
transporters, transcription regulators, or enzymes 
involved in drug metabolism in adult P. univalens after 
in  vitro exposure to the ML substance, IVM. We fur-
ther investigated the expression profile of the C. ele-
gans orthologues of the above genes in adult C. elegans 
after in  vitro exposure to IVM. Our objective was to 
evaluate whether C. elegans is a suitable model for P. 
univalens by studying and comparing gene expression 
of selected candidate genes in P. univalens and C. ele-
gans after in vitro IVM exposure. Our findings showed 
that candidate genes, including the putative drug tar-
get gene, lgc-37, responded to IVM in P. univalens, but 
marginal to no response was observed in C. elegans 
despite dose-dependent behavioral effects observed in 
C. elegans after IVM exposure.

Materials and methods
Parascaris univalens
Adult P. univalens worms collected from two anthelmin-
tic-naïve Icelandic foals at an abattoir in Selfoss, Iceland, 
were exposed to IVM in vitro. A detailed account of the 
experimental setup has been described in Martin et  al. 
[29]. Care was taken to choose only the largest worms 
(i.e. females) for the study. Briefly, worms were incubated 
for 24  h in cell culture media containing 0.1% DMSO 
supplemented with  10–13,  10–11 or  10–9 M IVM. In addi-
tion, a control group  (media+DMSO) of unexposed worms 
receiving cell culture media containing 0.1% DMSO was 
used (Fig.  1a). The experiment was performed in three 
biological replicates with at least three worms in each 
group. One worm from each subgroup was dissected. 
The anterior end (pharynx, nerve cell bodies (‘ganglia’), 
nerve ring, and part of the intestine) of the worm was cut 
into fine pieces and suspended in 1 ml Trizol (Invitrogen, 
Carlsbad, USA). After homogenization with a glass tissue 
grinder, chloroform was added and the aqueous phase 
of the homogenized suspension was isolated. The aque-
ous phase was advanced into NucleoSpin® RNA Plus 
Kit (Macherey Nagel, Düren, Germany) for RNA extrac-
tion according to the manufacturer’s instruction. Before 
preparing sequencing libraries from 500  ng total RNA, 
Fragment Analyzer (Agilent, Santa Clara, USA) was used 

Fig. 1 Illustration of the study design. Section a depicts experimental setup of Parascaris univalens. Adult worms were exposed to IVM drug 
concentrations,  10–13,  10–11,  10–9 M, and  media+DMSO (control). After viability scoring, RNA was sequenced, candidate genes selected, and 
quantitative RT-qPCR  performed on the selected candidate genes. Section b depicts experimental setup of Caenorhabditis elegans. Worm pools 
of adults at maximum reproduction were exposed to IVM drug concentrations,  10–9,  10–8,  10–7 M, and  media+DMSO (control). Quantitative RT-PCR 
was performed on the P. univalens orthologues of selected candidate genes. Relative gene expression of the candidates was compared between 
nematode species
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to determine RNA concentration and quality. Illumina 
NovaSeq S1 flow cells and 100-bp paired end v1 sequenc-
ing chemicals were used to sequence three biological rep-
licates per condition (Fig. 1a).

RNA sequencing analysis
Reads were quality assessed using blastp [41] in a pipeline 
available at https:// github. com/ SLUBi oinfo rmati csInf 
rastr ucture/ RNAseq_ nf. Mapping and quantification of 
reads against the predicted reference P. univalens tran-
scriptome (https:// paras ite. wormb ase. org/ Paras caris_ 
univa lens_ prjna 386823/ Info/ Index/) were performed 
using Salmon v.0.11.3 [42]. Salmon output was matrix-
summarized using R package tximport [43] for DESeq2 
v.1.22.2 R package to determine DEGs as  log2foldchange). 
Wald test derived P-values from DESeq2 were modi-
fied for multiple testing using the Benjamini-Hochberg 
approach-based p.adjust function in R base [44]. Differ-
entially expressed genes were defined as those with an 
adjusted P-value < 0.05. Functional annotations of DEGs 
were identified by a BlastP search (e-value ≤  10−5) of 
their respective protein sequences against the Swiss-Prot 
database.

To determine the number of genes shared by different 
drug concentrations, gene IDs were used to build com-
parative Venn diagrams in R v.3.6.1 using the venn.dia-
gram function of the VennDiagram package [45]. The get.
venn.partition function was used to retrieve gene IDs 
corresponding to each Venn diagram partition.

Principal component analysis
To analyze differences in the response to IVM exposure 
among individual worms, principal component analysis 
(PCA) was employed using scaled read counts > 0 for 
10,830 genes from each worm (n = 12). The prcomp func-
tion in R was used on the scaled read count to perform 
PCA. To determine how much variation each principal 
component (PC) accounts for in the data, standard devia-
tions generated by PCA were used to compute variances. 
The percentage variances were visualized in a scree plot 
using barplot function in R. The top two PCs, which 
account for most variation in the data, were used to build 
a PCA plot using ggplot2 R package.

Selection of candidate genes
The ten most DEGs in P. univalens were identified for 
each IVM concentration and considered as potential can-
didate genes. In addition, genes shared by two or more 
IVM concentrations were considered as potential can-
didates. Using the BiomaRt package in R, the potential 
candidate gene IDs were used to retrieve their respective 
ontologies and C. elegans orthologues from WormBase 
ParaSite (https:// paras ite. wormb ase. org). From the pool 

of potential candidates, the selection of candidate genes 
was based on the presence of an orthologue gene in C. 
elegans and that they were functionally characterized as 
drug targets or involved in at least one of the following 
processes: xenobiotic metabolism, metabolite transporta-
tion, and gene expression regulation.

The similarity of P. univalens and corresponding C. 
elegans orthologues from WormBase were verified on the 
I-TASSER web-server [46] using their respective amino 
acid sequences.

Caenorhabditis elegans
Caenorhabditis elegans culture and maintenance
Wild-type N2 Bristol strain of C. elegans obtained from 
Caenorhabditis Genetics Center (CGC) was used in this 
study.

Worms were grown and maintained on OP50 Escheri-
chia coli seeded Nematode Growth Media (NGM) at 
20 °C as per standard methods [47].

Worm synchronization
Unless otherwise stated all M9 buffer [48] used was 
supplemented with 0.005% Tween20 to avoid worms/
embryos adhesion to plastic ware.

Caenorhabditis elegans of different life stages were 
cultured on 10-cm-diameter NGM agar plates for 
72  h to gravid adults. Worms were harvested with ice-
cold M9 buffer into 15-ml Falcon tubes and synchro-
nized by bleaching with 1.3% NaOCl and 0.5  M KOH, 
according to methods described by Porta-de-la-Riva 
et  al. [49]. Embryo floatation was performed with 60% 
sucrose-0.1 M NaCl mixture (ratio: 1:1) and subsequently 
re-suspended in M9 buffer. Hatching into L1 larvae was 
done on NGM agar plates without bacteria for ~ 20 h to 
obtain a synchronous L1 population.

Approximately 860 synchronized L1 larvae per 10-cm-
diameter OP50 E. coli seeded NGM plate were incubated 
at 20  °C for 76  h to an adult population at maximum 
reproduction stage (Fig. 1b).

Caenorhabditis elegans ivermectin exposure
Synchronized N2 adults at maximum reproduction 
(~ 300 worms/ml) were initially incubated in S-complete 
media supplemented with  10–9,  10–11,  10–13  M IVM 
(+ 0.025% DMSO final concentration), and  media+DMSO 
(control). However, because the above-mentioned IVM 
concentrations had no discernible effect on the worms’ 
behavior, the concentrations were increased to  10–7,  10–8, 
 10–9  M IVM (+ 0.025% DMSO final concentration). All 
treatments were set up in biological quadruplets supple-
mented with 1 mg/ml OP50 E. coli and incubated for 4 h 
at 20 °C (Fig. 1b).
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Behavioral assays
After 4 h incubation at 20  °C, worms were phenotypi-
cally scored for each IVM concentration and control at 
room temperature. Scoring was based on three assays 
and performed with minor modifications as previously 
described by Johnson et al. [50].

The pharyngeal pumping assay was performed on 
three randomly selected worms per biological repli-
cate. Worms were placed on 6-cm-diameter NGM plate 
containing a lawn of OP50 E. coli. Under an 80× mag-
nification stereomicroscope (Nikon, Amstelveen, The 
Netherlands), the number of pharyngeal pumps per 
minute for each worm was counted.

The thrashing assay was performed on 12 worms, 3 
randomly selected from a pool of at least 6 worms per 
biological replicate. Scoring was performed within their 
respective treatment solutions. Worms were video 
recorded for at least a minute. For scoring, a photo-
graphic image of the pool was taken at 0 s. Worms were 
randomly assigned numbers between one and n, where 
n is the total number of worms in the pool. Assigned 
numbers were randomized thrice, and three numbers 
were drawn. Worms with the drawn number were used 
for the scoring. The number of thrashings per minute 
was recorded. A thrash was defined as a complete sinu-
soidal motion from maximum to minimum amplitude 
and back.

In the dispersal assay, three to five worms from each 
treatment group were placed on the opposite edge of 
an OP50 lawn on a 6-cm-diameter NGM plate. Plates 
were scored after ~ 35 min based on the percentage of 
worms that left the inoculation spot and reached the 
OP50 lawn.

Caenorhabditis elegans RNA extraction, quality check, 
and cDNA synthesis
The remaining approximately 300 C. elegans worms were 
retrieved from the wells, washed twice in ice-cold M9 
buffer, and centrifuged to pellet. The pellet was frozen 
in liquid nitrogen, ground with a pestle, and suspended 
in 900 μl Trizol (Invitrogen, Carlsbad, CA, USA) during 
continuous grinding. The aqueous phase of the homoge-
nized suspension was isolated using chloroform and then 
advanced into the NucleoSpin® RNA Plus Kit (Macherey 
Nagel, Düren, Germany) for RNA extraction according to 
the manufacturer’s instructions. RNA quality and quan-
tity checks were performed on TapeStation 4150 (Agi-
lent, Santa Clara, CA, USA) according to manufacturer’s 
instructions. Two micrograms of total RNA was reverse 
transcribed using SuperScript™ III First-Strand Synthe-
sis System (Invitrogen, Carlsbad, CA, USA) to generate 
cDNA, which was then used in the qPCR assays.

Primer design and optimization
Coding sequences (CDS) for the candidate genes were 
retrieved from the P. univalens genome (accession no. 
PRJNA386823) in the WormBase ParaSite database [51]. 
Primers were designed on an open-source online applica-
tion, primer3 version 0.4.0, available at http:// bioin fo. ut. 
ee/ prime r3-0. 4.0/, aiming for an amplicon size of approx-
imately 500 bp, spanning at least two exons (Additional 
file 4: Table S1). For genes with multiple transcripts, only 
CDSs for transcripts with the highest read counts in the 
RNA sequencing (RNAseq) data were chosen. Coding 
sequences were aligned in CodonCode Aligner program 
(version 9.0.1, CodonCode Corporation) and unique or 
homologous regions selected for the design of primers. 
Polymerase chain reaction (PCR) was performed on a 
thermocycler (Applied Biosystems, Waltham, MA, USA) 
in a reaction mix consisting of 12.5 μl ToughMix (Quant-
aBio, Beverly, USA), 1 μl each 10-μM primer, 9.5 μl water, 
and 1  μl cDNA as a template, synthesized from 1 µg P. 
univalens RNA extract. The PCR program was as follows: 
initial denaturation at 95 °C for 5 min, 40 cycles of dena-
turation at 95 °C for 45 s, 55 °C annealing temperature for 
45 s, elongation at 72  °C for 1 min, and final elongation 
at 72 °C for 5 min. Amplicons were submitted for Sanger 
sequencing at Macrogen (Amsterdam, The Netherlands). 
Resulting sequences were quality assessed and aligned to 
obtain consensus sequences in CodonCode Aligner. As a 
validation step, BLAST searches of consensus sequences 
against their corresponding CDS were performed using 
WormBase ParaSite. Thereafter, consensus sequences 
were used to design Reverse Transcriptase-qPCR (RT-
qPCR) primers (Additional file  4: Table  S1) using the 
same online platform as above, aiming for an amplicon 
size of 75–150 bp.

Similarly, CDS of C. elegans orthologues were retrieved 
from WormBase [52] using respective gene IDs. For 
orthologues with splice variants, primers were designed 
for CDS regions that were homologous to all variants. 
Likewise, amplicons were Sanger sequenced at Macrogen 
(Amsterdam, The Netherlands) and validated by BLAST 
searches against their corresponding CDS in the Worm-
Base database. Reverse Transcriptase-qPCR assays were 
optimized for primer concentration, annealing tempera-
ture, and efficiency (Additional file 4: Table S1).

Relative gene expression of candidate genes using reverse 
transcriptase qPCR
Samples and non-template controls were run in dupli-
cate reactions of 25  μl, composed of 12.5  μl Quantitect 
SYBR Green PCR mix (Qiagen, Hilden, Germany), 1 μl of 
each 10-μM primer, 8.5 μl water, and 2 μl (dilution factor: 
5) cDNA as template on a CFX96 Touch PCR machine 
(Bio-Rad, Solna, Sweden). The RT-qPCR program was as 
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follows: initial denaturation at 95 °C for 15 min, 40 cycles 
of denaturation at 95  °C for 15  s, assay specific anneal-
ing temperature for 30 s, and elongation at 72 °C for 30 s. 
For amplicon verification, a subsequent melt curve analy-
sis was performed by temperature elevation from 60 to 
95 °C, with increments of 0.5 °C for 5 s.

The Livak method [53] was used to determine the 
relative expression of the candidate genes. The gene 
expression was normalized to the geometric mean of 
two references genes for each species, i.e. actin, act-5 
(PgR070_g023) and flyceraldehyde-3-phosphate dehydro-
genase, gpd-1 (PgB20_g009) for P. univalens, and tba-1 
(tubulin, alpha) and eif-3.C (eukaryotic initiation factor) 
for C. elegans and related to  media+DMSO controls (Addi-
tional file  5: Table  S2 and Additional file  6: Table  S3). 
Gene expression was presented as  log2 fold change. As a 
validation step, the  log2 fold change values of candidate 
genes from RNAseq DEG analysis and RT-qPCR assays 
were imported into R and graphically compared in ggl-
pot2’s scatterplot.

Statistical analysis
The average counts of behavioral assays were calculated 
in Microsoft Excel (Additional file 7: Table S4) and then 
imported into GraphPad Prism [Version 9.1.0 (221)] 
for statistical analysis and visualization. In a one-way 
ANOVA with Dunnett’s multiple comparisons test, aver-
age counts for the drug-treated worms were compared to 
 media+DMSO controls and graphically represented.

Log2 fold changes of gene expression in the IVM 
exposed biological replicates were imported into Graph-
Pad Prism [version 9.1.0 (221)] for each candidate gene 
and graphically represented. Graphical data are pre-
sented as mean values with a standard error of the mean 
(SEM) where applicable.

Results
Parascaris univalens RNAseq and differential gene 
expression
Adult P. univalens worms, collected from Icelandic 
horses, were treated with sublethal doses of IVM in vitro 
 (10–13,  10–11,  10–9  M IVM for 24  h), and non-treated 
worms served as controls (see “Materials and methods”). 
Total RNA with RIN values ranging from 6.6 to 8.7 was 
sequenced on an Illumina Nova Seq. After read qual-
ity control with fastp, the number of reads per sample 
ranged between 63 and 132 million. Read sequences are 
available at https:// www. ebi. ac. uk/ ena [European Nucle-
otide Archive (ENA), accession no. PRJEB37010]. Read 
mapping against the reference transcriptome (https:// 
paras ite. wormb ase. org/ Paras caris_ univa lens_ prjna 
386823/ Info/ Index/) yielded an average rate of 80–90% 

mapped reads, indicative of a high similarity between this 
transcriptomic data and reference transcriptome.

After PCA, 12 PCs were revealed of which PC1 and 
PC2 accounted for the most variation in the data, 35.5% 
and 14.1%, respectively (Fig. 2 and Additional file 1: Fig. 
S1). PC1 grouped worms into IVM treated and IVM 
untreated, except for worm 12. However, PC2 revealed 
variation in response within biological replicates but 
worms 1, 4 and 12 appeared away from their treatment 
groups (Fig. 2). Although effort was taken to select only 
females for the experiment, individual 2 in  10–11 M lacked 
an egg-containing uterus upon dissection. However, 
because this individual did not appear to be an outlier in 
the PCA plot (Fig. 2), it was included in the analysis.

Following DESeq2 analysis of the 1085 genes (> 0.5-
fold, adj. P-value < 0.05) differentially expressed across 
the three drug concentrations, 65% (703 genes) had 
known functions according to Swiss-Prot annotations. 
Twenty-one percent of the DEGs were found in  10–13 M, 
17% in  10–11 M, and 62% in  10–9 M (Additional file 2: Fig. 
S2). The overall amplitude of gene expression changes 
after IVM treatment was small; 84 genes were upregu-
lated more than twofold and 147 genes were downregu-
lated more than twofold. There was also a quite high level 
of variability in gene expression between the different 
worms.

Selection of candidate genes for further characteriza-
tion was based on the presence of an orthologue in C. ele-
gans, level of differential gene expression and functional 
characterization as drug target or involvement in at least 
one of the following processes: xenobiotic metabolism, 
metabolite transportation, or gene expression regula-
tion. Fifteen candidate genes were selected (11 up- and 4 
downregulated) and further categorized into six groups: 
drug target, phase I metabolic enzyme, phase II meta-
bolic enzyme, transporter, transcription regulator, and 
others (Table  1). The I-TASSER web server was used to 
verify P. univalens–C. elegans similarity for 80% and 87% 
of the candidate genes based on molecular function and 
biological process, respectively (Table 1).

Caenorhabditis elegans behavior assays after IVM exposure
Synchronized C. elegans N2 adults were initially exposed 
to similar IVM concentrations as adult P. univalens  (10–9, 
 10–11,  10–13  M). However, as there were no observable 
phenotypic or gene expression effects on C. elegans with 
such low IVM concentrations (data not shown), the drug 
concentrations were increased to  10–9,  10–8,  10–7  M, 
respectively.

Increased IVM concentration showed an observable 
effect on the worms in all behavioral assays (Fig. 3). Iver-
mectin exposure also showed a significant dose-depend-
ent reduction of the number of pharyngeal pumps per 
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minute (Fig. 3a). In the thrashing assay, IVM concentra-
tions  (10–8 and  10–7  M) significantly reduced thrashes, 
with even immobile worms in the  10–7  M concentra-
tion demonstrated by the very low adjusted P-value 
(P ≤ 0.001) (Fig. 3b). The dispersal assay showed a similar 
dose-dependent trend, but was significant only in  10–7 M 
IVM (Fig. 3c). Worms incubated in  media+DMSO (control) 
showed no observable effects and no significant behav-
ioral differences (Fig.  3). The  10–7  M concentration was 
excluded from the qPCR assays, as we aimed for mecha-
nisms at play only in sub-lethal conditions.

Expression of candidate genes in P. univalens and C. 
elegans after IVM exposure
Log2 fold change of candidate genes from RNAseq DEG 
analysis appeared consistent to those from RT-qPCR, 

with very few exceptions (Fig.  4). To verify differen-
tial gene expression in IVM-treated P. univalens and C. 
elegans, RNA with RIN values ranging from 6.6 to 9.8 
were used in RT-qPCR assays, and all gene expressions 
described below are based on these assays. For simplicity, 
only C. elegans gene names are used for both P. univalens 
and C. elegans. Corresponding P. univalens gene names 
can be referenced in Table 11.

In general, although IVM appears to have an effect 
on the expression levels of candidate genes in P. univa-
lens, this effect appears to vary among individual worms, 
agreeing with the observations seen in the RNAseq-based 
PCA plot (Fig. 2). In C. elegans, however, even if there is 
a strong phenotypic effect of IVM, it has marginal to no 
effect on the change in expression levels of any of the 15 
selected candidate genes (Figs. 5, 6, 7, 8).

Fig. 2 Principal component analysis plot of Parascaris univalens based on scaled read counts of 10,830 genes showing variance among individual 
worms after exposure to three IVM drug concentrations  (10−13 M,  10−11 M and  10−9 M) and  media+DMSO (control). PC1 and PC2 represent the 
largest variances in the data, further portrayed by red and black dotted ellipses, respectively
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The GABA receptor subunit gene, lgc-37, a putative 
drug target for IVM, showed a generally increased trend 
in change in expression in P. univalens after IVM expo-
sure (Fig.  5a); however, increments in C. elegans were 
marginal (Fig. 5b).

The change in expression profiles of the Phase I meta-
bolic genes in P. univalens showed non-uniform pat-
terns. The short chain dehydrogenases (SDR) dhs-2 and 
dhs-27 showed an increased change in expression while 

F13D11.4 was decreased in P. univalens (Fig.  6a). The 
expression change of Phase II metabolic genes varied. 
The glucuronosyltransferase gene ugt-54 was decreased 
in P. univalens, while transferase C13A2.7 showed a trend 
of increased change in expression (Fig. 6c). However, in 
C. elegans, all genes generally appear not to be affected by 
the IVM exposure (Fig. 6b, d).

All investigated transport protein genes were enriched 
with major facilitator superfamily (MFS) members, 

Table 1 I-TASSER web server comparison of selected candidate genes’ orthologues in Caenorhabditis elegans and Parascaris univalens 
(geneIDs begin with “Pg”)

a GO term: molecular function
b GO term: biological process
c Average weight assigned to the GO term, where the weights are determined using a combined measure of global and local similarity between the query and 
template proteins. It is a numeric value between 0 and 1, with higher values indicating more certain predictions

GeneID GO:MFa GO-scorec GO:BPb GO-score P. univalens RNAseq  log2 fold 
change

10–13 M 10–11 M 10–9 M

Drug target lgc-37 GO:0004889 0.34 GO:0006811 0.73 8.20

PgR047_g061 0.33 0.60

Phase I enzyme dhs-2 GO:0005488 0.83 GO:0055114 0.83 1.40 1.50 1.50

PgR127_g021 GO:0004303 0.36 0.87

dhs-4 GO:0004316 0.73 GO:0055114 0.81 1.90

PgR004_g112 GO:0005488 0.83 0.83

dhs-27 GO:0004316 0.81 GO:0055114 0.81 1.80 1.70 1.90

PgR007_g080 0.59 0.77

F13D11.4 GO:0050662 0.98 GO:0055114 0.80 − 1.50 − 1.60 − 1.10

PgB01_g106 0.97 0.76

Phase II enzyme C13A2.7 GO:0008171 0.52 GO:0032259 0.35 1.20 1.90

PgR018_g071 GO:0008376 0.53 GO:0043413 0.56

ugt-54 GO:0016758 0.70 GO:0030259 0.52 − 0.80 − 1.20

PgB20_g050 0.72 0.62

Transport cup-4 GO:0004889 0.45 GO:0006811 0.65 − 2.80 − 2.10

PgR075_g041 0.48 0.67

hmit-1.2 GO:0015168 0.36 GO:0055085 0.40 2.40 2.10 2.30

PgR015_g078 GO:0042900 0.32 0.38

hmit-1.3 GO:0042900 0.36 GO:0055085 0.41 2.40 2.10 2.30

PgR015_g078 0.32 0.38

slc-17.2 GO:0042900 0.57 GO:0055085 0.57 − 1.00 − 1.10

PgR047_g023 0.57 0.61

Y71G12B.25 GO:0015168 0.55 GO:0055085 0.69 1.60 1.50

PgR005X_g127 0.54 0.64

F17C11.12 GO:0042900 0.34 GO:0055085 0.51 − 1.00 0.70

PgR003_g012 0.51 0.39

Transcription regulator nhr-3 GO:0003700 0.65 GO:0006355 0.65 1.2 0.90

PgR005X_g204 0.50 0.50

Others F08F8.7 GO:0004750 1.00 GO:0006098 0.94 8.90

PgR013_g129 0.99 0.67

pkc-1 GO:0005524 0.60 GO:0014059 0.32 1.00 0.90

PgB05_g097 0.64 0.31
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except cup-4, which belongs to the ligand-gated ion chan-
nel family. Overall change in expression of transport pro-
tein genes showed a decreased trend in P. univalens and 
minor to no change in C. elegans (Fig. 7). Genes hmit-1.2/
hmit-1.3 and Y17G128B.25 showed an increased change 
in expression in P. univalens (Fig. 7a).

Finally, in response to IVM, transcriptional regulator, 
nhr-3, showed an increased change in gene expression 
trend in P. univalens (Fig. 8a) but marginal to no change 
in expression was observed in C. elegans (Fig. 8b).

The neural signaling protein, pkc-1, showed an 
increased change in gene expression in P. univalens 
exposed to  10–11 and  10–9 M IVM (Additional file 3: Fig. 
S3A), but showed little to no change was observed in C. 
elegans (Additional file  3: Fig. S3B). Only the  10–13  M 
IVM showed marginal increased change in expression 
of ribulose-phosphate 3-epimerase gene F08F8.7 in P. 
univalens, and little to no change in C. elegans across all 
IVM concentration was observed in both species (Addi-
tional file 3: Fig. S3).

Discussion
Recent studies show that the equine roundworm P. 
univalens has developed resistance to the three major 
classes of anthelmintic drugs used and that the emer-
gence of multidrug-resistant variants is apparent [4, 12, 
54]. While the cause of drug resistance drug in parasites 
is poorly understood, the primary resistance mechanism 
to benzimidazoles has been better explored than those 
of other drug classes, particularly in clade V nematodes 
(see [15] for review). Consequently, most of the proposed 

Fig. 3 Behavioral assays for Caenorhabditis elegans. a Pharyngeal pumps per minute, b body thrashes per minute, and c dispersal after IVM 
exposure,  10–9  10–8,  10–7 M, and control  (media+DMSO). Mean number (± standard error, SE) of viability scores in treatments were compared to those 
of the control in a one-way ANOVA (Dunnett’s multiple comparisons test) to elucidate significant differences

Fig. 4 Scatter plot comparing relative gene expression  (log2 fold 
change) of Parascaris univalens candidate genes between two 
methods [ RNAseq (orange) and  RT-qPCR (blue)] after exposure to 
 10–13,  10–11, and  10–9 M IVM for 24 h
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resistance mechanisms have been derived from clade V 
nematodes and may therefore differ in Clade III nema-
todes such as P. univalens. It is critical to have a thorough 
understanding of P. univalens resistance mechanisms 
to potentiate species-specific interventions for resist-
ance control and/or alleviation. This, however, is largely 

constrained by the complexity of its host-dependent life 
cycle and a lack of in vitro experimental models.

In this study, we evaluated the usage of C. elegans as 
a model for P. univalens by a comparative gene expres-
sion approach. Of the 1085 DEGs in P. univalens after 
IVM exposure, 231 DEGs had a fold change above 

Fig. 5 Relative gene expression  (log2 fold change) of the GABA receptor subunit lgc-37 in a Parascaris univalens after exposure to  10–13,  10–11, and 
 10–9 M IVM for 24 h and b Caenorhabditis elegans after exposure to  10–9 and  10–8 M IVM for 4 h

Fig. 6 Relative gene expression  (log2 fold change) of Phase I and II metabolic genes in Parascaris univalens (a, c) after exposure to  10–13,  10–11, and 
 10–9 M IVM for 24 h. Relative gene expression  (log2 fold change) of Phase I and II metabolic genes in Caenorhabditis elegans (b, d) after exposure to 
 10–9 and  10–8 M IVM for 4 h
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twofold. This is however not unique to P. univalens as 
another clade III member, Brugia malayi, exposed to 
 10–7 M IVM for 24 h, demonstrated similar modest gene 

expression changes (14 genes upregulated and 8 genes 
downregulated more than twofold) [55]. While changes 
in gene expression greater than twofold are generally 

Fig. 7 Relative gene expression  (log2 fold change) of transport protein genes in Parascaris univalens a after exposure to  10–13,  10–11, and  10–9 M IVM 
for 24 h. Relative gene expression  (log2 fold change) of transport protein genes in Caenorhabditis elegans b after exposure to  10–9 and  10–8 M IVM for 
4 h

Fig. 8 Relative gene expression  (log2 fold change) of nhr-3 transcription regulator in Parascaris univalens a after exposure to  10–13,  10–11, and  10–9 M 
IVM for 24 h. Relative gene expression  (log2 fold change) of nhr-3 transcription regulator in Caenorhabditis elegans b after exposure to  10–9 and 
 10–8 M IVM for 4 h
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considered more important, expression changes of up to 
0.5-fold have been proposed to be as equally meaning-
ful in RNAseq assays if the false discovery rate is < 5% 
(adj. P-value 0.05), with at least three biological replicates 
used and data analyzed using the Deseq2 R program [56]. 
All DEGs in the current study followed the above recom-
mendation and were therefore treated equally. Fifteen 
DEGs were selected as candidate genes and were further 
evaluated and compared with orthologous genes in C. 
elegans exposed to IVM.

Although IVM affected gene expression in P. univa-
lens, there was little to no response in expression of the 
candidate genes in C. elegans, despite the significant 
dose-dependent behavioral effect of IVM on adult C. 
elegans worms. The premises for C. elegans as a model 
for research in parasitic nematodes have been thoroughly 
described in other studies [40, 57–59]. For example, 
Ascaris suum and C. elegans share 68.9% predicted genes 
[60], which supports C. elegans as a suitable model for 
the Ascarididae family. However, despite all the above, 
our results show differences in expression of the selected 
genes between C. elegans and Parascaris univalens after 
exposure to IVM. This observation can be attributed to 
a variety of factors. C. elegans and P. univalens are mem-
bers of different clades, V and III, respectively, and they 
also have different life cycles and evolutionary histories 
[61]. As a result, genes and gene families associated with 
parasitism are either absent or have different functions 
in C. elegans [62–64]. The chosen candidate genes in this 
study are a small subset (1.4%) of all the genes respond-
ing to IVM exposure in P. univalens. Therefore, a global 
transcriptomic approach comparing whole worm tran-
scriptomes of both C. elegans and P. univalens after IVM 
exposure may be a better method to evaluate whether C. 
elegans can be an accurate in vitro model for P. univalens.

The putative IVM target, lgc-37 (GABA receptor sub-
unit), showed an increased expression in P. univalens, 
and Martin et  al. [29] reported a similar observation. 
Increased expression of lgc-37 has not been correlated 
to AR; however, an amino acid substitution (K169R) in 
H. contortus lgc-37 transfected in C. elegans has been 
reported to exhibit reduced sensitivity to ML [65]. Taken 
together, these findings indicate that lgc-37 is important 
and that additional research is necessary to fully under-
stand its role in P. univalens’ response to IVM.

In P. univalens, decreased expression was observed 
for the genes belonging to MFS-transport proteins slc-
17.2 and F17C11.12 and the ligand-gated ion channel 
cup-4 after exposure to IVM. The role of MFS genes 
in parasitic worms has yet to be determined, but their 
involvement in drug resistance in bacteria and yeast 
has been reported [66]. Other than the efflux role, 
MFSs mediate cellular uptake of glucose and other 

saccharides [67]. Because IVM causes worm starvation 
through pharyngeal paralysis [68–70], we speculate that 
the decreased glucose concentration, a consequence 
of starvation, may trigger decreased gene expression 
of MFS responsible for glucose or other saccharide 
uptake. The ATP-binding cassette transporters, primar-
ily Pgp efflux pumps, have been implicated in resist-
ance in parasitic nematodes [21, 22, 24]. Interestingly, 
we found no DEGs of Pgps in our RNAseq dataset, 
which is consistent with previous studies in P. univalens 
[28, 30, 31, 71]. However, other studies have reported 
induced gene expression of Pgps in IVM-resistant lar-
vae of Cooperia oncophora [72] and multi-drug resist-
ant larvae of H. contortus exposed to IVM [22].

Differential expression of several Phase I enzymes 
was observed in P. univalens after IVM exposure. 
Expressions of dhs-2 and dhs-27 were increased 
whereas the reverse was seen for dhs-4 and F13D11.4. 
However, in C. elegans, all SDR genes showed a con-
sistent minor decrease in expression levels. The role 
of SDRs in anthelmintic resistance is not well known. 
However, in several helminths, SDR genes have been 
shown to be involved in metabolic activities of BZs 
[73–77]. Even though we did not observe any major 
expressional response of SDR genes in C. elegans after 
IVM exposure, an increase in expression of dhs-23 in a 
BZ-resistant strain of C. elegans after in vitro exposure 
to BZ derivatives has been reported [35].

Expression of the Phase II enzyme, ugt-54, was 
decreased in P. univalens after IVM exposure, but no 
response was observed in C. elegans. Similarly, decreased 
expression of other members of the UGT family, ugt-3, 
ugt3a1, ugt-47, and ugt-48, have been observed in P. uni-
valens in vitro exposed to pyrantel citrate, thiabendazole, 
and oxibendazole [29, 30]. Although we did not observe 
any response of ugt-54 in C. elegans, other studies have 
shown differential gene expression of UGTs in IVM-tol-
erant strain of C. elegans after exposure to  10–6 M IVM 
[78] and in the BZ-resistant strain of C. elegans after 
exposure to BZs [35, 79, 80]. Together, it is clear that 
UGTs are important in drug metabolism in both nema-
tode species, and their role in anthelmintic resistance in 
P. univalens needs to be further elucidated.

The transcriptional regulator, nhr-3, showed increased 
change in expression in P. univalens after IVM exposure 
but a slightly decreased change in C. elegans. Increased 
expression of nhr-8 has reported to upregulate expres-
sion of Pgps and Phase I enzyme genes in C. elegans and 
resulted in a decreased efficacy of IVM [81]. A similar 
effect of IVM has also been observed in C. elegans car-
rying a transgenic construct expressing H. contortus-
nhr-8 [81], suggesting that the function of nhr-8 could 
be similar in different nematode species. Even though 
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nhr-3 does not respond in a similar way in C. elegans and 
P. univalens, the NHR family may play a role in AR.

Conclusion
In summary, this is the first time C. elegans has been 
evaluated as a model for P. univalens using a com-
parative gene expression approach. However, the 
genes selected showed dissimilar expression patterns 
between the two nematode species. This difference in 
expression could be due to caveats in the experimen-
tal design or simply the differences in life cycles of P. 
univalens and C. elegans. For example, due to the dif-
ficulties in obtaining live adult P. univalens, only three 
individuals were used per biological replicate in the 
study, compared to 300 worms for C. elegans. In addi-
tion, the unnatural in  vitro culture environment may 
influence undesired behavioral changes or gene expres-
sion in P. univalens worms [29]. Furthermore, only 1.4% 
of RNAseq-derived DEGs from P. univalens were used 
as candidate genes in this study, of which some tran-
scripts (splice variants) also showed varying expression 
patterns. Together, this limits the ability to draw firm 
conclusions regarding comparability between these two 
nematode species. However, with comparative genom-
ics, using RNAseq data from IVM exposed C. elegans 
and P. univalens, it is plausible to find potential drug 
targets with similar expression in both nematodes. This 
could provide a better understanding of drug response 
mechanisms to further investigate and combat drug 
resistance.
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Abstract

Parasitic nematodes pose a significant threat to human and animal health, as well as cause

economic losses in the agricultural sector. The use of anthelmintic drugs, such as Ivermectin

(IVM), to control these parasites has led to widespread drug resistance. Identifying genetic

markers of resistance in parasitic nematodes can be challenging, but the free-living nema-

tode Caenorhabditis elegans provides a suitable model. In this study, we aimed to analyze

the transcriptomes of adult C. elegans worms of the N2 strain exposed to the anthelmintic

drug Ivermectin (IVM), and compare them to those of the resistant strain DA1316 and the

recently identified Abamectin Quantitative Trait Loci (QTL) on chromosome V. We exposed

pools of 300 adult N2 worms to IVM (10−7 and 10−8 M) for 4 hours at 20˚C, extracted total

RNA and sequenced it on the Illumina NovaSeq6000 platform. Differentially expressed

genes (DEGs) were determined using an in-house pipeline. The DEGs were compared to

genes from a previous microarray study on IVM-resistant C. elegans and Abamectin-QTL.

Our results revealed 615 DEGs (183 up-regulated and 432 down-regulated genes) from

diverse gene families in the N2 C. elegans strain. Of these DEGs, 31 overlapped with genes

from IVM-exposed adult worms of the DA1316 strain. We identified 19 genes, including the

folate transporter (folt-2) and the transmembrane transporter (T22F3.11), which exhibited

an opposite expression in N2 and the DA1316 strain and were deemed potential candidates.

Additionally, we compiled a list of potential candidates for further research including T-type

calcium channel (cca-1), potassium chloride cotransporter (kcc-2), as well as other genes

such as glutamate-gated channel (glc-1) that mapped to the Abamectin-QTL.
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1 Introduction

Parasitic nematodes cause chronic and debilitating illnesses in humans and animals, as well as

economic losses in livestock and agriculture [1–3]. For example, soil-transmitted helminths,

infect more than one billion people and cost roughly five million disability-adjusted life years

reported in 2010 [4] and plant-parasitic nematodes affecting crops cause annual economic

losses of>$80 billion globally [5]. Control strategies for parasitic nematodes in domesticated

or livestock animals rely on anthelmintic drugs, which cost the European ruminant livestock

industry an estimated €320 million per year [6]. The three major classes of anthelmintic drugs

are benzimidazoles, tetrahydropyrimidines, and macrocyclic lactones (MLs). The MLs, such

as Ivermectin (IVM) and Abamectin, are the most commonly used drug class in veterinary/

human medicine and agriculture due to their high efficacy, low toxicity, and broad-spectrum

nature [7]. Glutamine-gated chloride ion channels (GluCls) are the primary target of MLs in

nematodes. This consequently leads to the depolarization of pharyngeal muscles and hyperpo-

larization of body wall muscles [8]. As a result, feeding becomes impaired, and the worm expe-

riences flaccid muscle paralysis [9, 10]. In addition, γ-aminobutyric acid (GABA) receptors

have been reported as secondary targets of IVM at concentrations [11] considered therapeuti-

cally insignificant.

However, due to the widespread use of anthelmintic drugs, extensive anthelmintic drug

resistance has developed in many parasitic nematode species of livestock [12]. Anthelmintic

resistance has been reported inHaemonchus contortus, Cooperia spp., and Ostertagia ostertagi
infecting sheep in Europe [13]. In addition, anthelmintic-resistant parasitic nematodes in

sheep, cattle and goats have been reported in a number of countries, including Brazil, Argen-

tina, the United States, Australia, New Zealand, and South Africa (reviewed [12]). Further-

more, there are growing concerns that mass drug administration (MDA) programs are

selecting for anthelmintic resistance among helminths that infect humans [14, 15]. In recent

years, there have been emerging reports of IVM resistance in human parasite Onchocerca vol-
vulus in Ghana [16] and Cameroon [17]. Evidently, understanding and identifying the genetic

markers underlying resistance in parasitic nematodes is necessary.

However, identification of candidate genes or gene variants that drive anthelmintic resis-

tance in parasitic nematodes can be challenging. This is partly due to the fact that parasitic

nematodes have a host-dependent life cycle, are difficult to cultivate, maintain, manipulate,

and study at scale, and often lack well-annotated genomes in full chromosomes. Until now,

only a few parasitic nematodes, have relatively complete chromosomal-level genomes [18–21],

allowing genetic and comparative genome analyses. In comparison, the free-living nematode

Caenorhabditis elegans is biologically simple, has a rapid 3.5-day life cycle, genetically amena-

ble, and molecular tools for manipulation are readily available [22]. In addition, the evolution-

ary relationship between C. elegans with parasitic nematodes [23], has led to the adoption of

this free-living nematode as a model for parasitic nematodes [22, 24] because it allows for com-

parative studies and translatable results [25].

Studies in C. elegans have begun to uncover IVM resistance mechanisms. For example,

simultaneous mutations in glc-1, avr-14, and avr-15 result in a ~4000-fold resistance to IVM

in C. elegans [26]. These genes, together with glc-2, glc-3, and glc-4, code for the GluCls sub-

units, which are capable of forming diverse homomeric and heteromeric chloride channels

[9, 10]. However, the discovery of IVM-resistant populations of the small-ruminant parasite

H. contortus lacking mutations in the glc-1, avr-14, and avr-15 genes [19, 27] suggests the

existence of alternative mechanisms of resistance to MLs. Several resistance mechanisms to

MLs have been proposed, including changes in gene expression in GluCl and transport pro-

tein genes [28]. For example, as previously postulated, decreased expression of drug target
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genes may result in fewer drug receptors and thus reduced drug efficacy [29, 30]. Gene

expression changes of transporter genes of the ATP-binding cassette family, particularly P-

glycoproteins (Pgps), also known as efflux pumps, have been linked to anthelmintic drug

resistance [31, 32]. This is because efflux pumps eliminate drugs from the cell, preventing

them from reaching their target sites. Furthermore, increased expression of genes encoding

drug metabolic enzymes, postulated to increase conversion of drugs into inactive metabo-

lites, has been associated with resistance [33]. Collectively, this highlights the multigenic

nature and multiple mechanisms of anthelmintic resistance. Although a previous microar-

ray-based study [34] examined the effect of IVM on gene expression in C. elegans, the strain

used was DA1316, which is highly resistant to IVM due to simultaneous mutations in three

genes (glc-1, avr-14, and avr-15). As a result, the current study is premised on the lack of a

previous transcriptomic study assessing the effect of IVM on gene expression in wild-type

(N2) C. elegans.
In this study, we investigated gene expression in an adult C. elegansN2 strain exposed to

IVM using an RNAseq transcriptomic approach in order to identify the underlying processes

and genes involved in the response to IVM in a wild type strain. In addition, we compared our

transcriptomic data with microarray data from the IVM-exposed C. elegansDA1316 strain

[34] in order to identify genes that may be uniquely associated with IVM response in IVM-

resistant strains. Additionally, we investigated the recently discovered Abamectin Quantitative

Trait Loci (QTL) on chromosome V in C. elegans [35] to determine any potential associations

between the identified genes and the QTL.

2 Materials and methods

2.1 Caenorhabditis elegans exposure and RNA extraction

Adult C. elegansN2 Bristol strains obtained from the Caenorhabditis Genetics Center were

exposed in vitro to Ivermectin (IVM). We utilized IVM concentrations of 10−7 M and 10−8 M,

which are within the ranges (10−9 M- 10−6 M) employed in previous studies [34, 36–40] and

the 4 h exposure time was adapted from Laing et al. [34].

A detailed description of the experimental setup is described in [41]. Briefly, synchronized

worms at maximum reproduction stage (76 h post L1) were incubated at 20˚ C in S-complete

media supplemented with IVM in concentrations of 10−7 and 10−8 M (+ 0.025% DMSO final

concentration) and 0.025% DMSO (control) for 4 h. The experiment was performed in qua-

druplicates (~300 worms /replicate). After exposure worms were pelleted by centrifugation,

frozen in liquid nitrogen, ground with a pestle and subsequently suspended in Trizol (Invitro-

gen, Carlsbad, USA). Chloroform was added and the aqueous phase was advanced to NucleoS-

pin1 RNA Plus Kit (Macherey Nagel, Düren, Germany) for RNA extraction. RNA quality and

quantity checks were performed using the RNA ScreenTape kit on TapeStation 4150 (Agilent,

Santa Clara, USA).

2.2 Library preparation and RNA sequencing

The SNP -& SEQ Platform, SciLifeLab Uppsala, Sweden, did the library preparation and

sequencing. Using the TruSeq stranded mRNA library preparation kit with polyA selec-

tion (Illumina Inc, San Diego, USA); one microgram of RNA from each sample (biological

replicate) was used to prepare sequencing libraries. From the libraries, clusters were

made, and 150 cycles of paired-end sequencing were done in a single-end SP flowcell

using NovaSeq 6000 equipment and v1.5 sequencing chemicals (Illumina Inc., San Diego,

USA).
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2.3 Read processing, mapping and quantification

Ribosomal RNA reads were assessed and filtered out using SortMeRNA (v4.3.6) [42] and

rRNA databases from SILVA SSU, LSU (v111) [43] and the RFAM 5/5.8S (v11.0) [44]. Quality

trimming and adapter removal was performed using Trimmomatic (v0.39) [45] with the fol-

lowing non-default parameters: sliding window of length four; minimum quality 20; and mini-

mum length of 36. FastQC (v0.11.9) [46] was utilized to evaluate the quality of the resulting

reads.

Expression quantification against the C. elegans transcriptome was performed with Salmon

(v1.9.0) [47] using the entire genome (PRJNA13758, release WS283) as the decoy sequence.

The transcriptome used was a concatenation of mRNA, ncRNA, and pseudogene files of

PRJNA13758, release WS283 available at WormBase [48]. We have made the RNA sequencing

raw files available at the ENA database, accessible through the link https://www.ebi.ac.uk/ena/

browser/view/ (accession number: PRJEB59331). Additionally, we have uploaded the pipeline

for analysis and the necessary files for read processing, mapping, and quantification to the fol-

lowing GitHub repository: https://github.com/ruqse/N2IVM.

R version 4.1.2 was utilized for all R-based analyses. Salmon output was matrix-summarized

with tximport R package (v1.22.0) [49] utilizing the TxDb.Celegans.UCSC.ce11.ensGene

annotation R package (v3.12.0) [50], for downstream transcript/ gene-level analysis. As a qual-

ity control measure, exploratory analysis and visualization was performed on count data.

2.4 Principal component analysis

Principal component analysis (PCA) was utilized to investigate sample variation. The variance

stabilizing transformation function from the DESeq2 R package (v1.34.0) [51] was applied to

count data of genes across all samples (n = 12). Since IVM exposure was performed in batches

based on concentration, any batch effects were removed by removeBatchEffect function from

the limma R package (v3.50.3) [52]. Using R base prcomp function, principal component anal-

ysis was performed on the variance-stabilized transformed (VST) read counts. The top two

PCs that account for the most variation in the data were visualized in PCA plot for genes with

non-zero read counts using the ggplot2 R package(v3.3.5) [53]. Sample clustering was deter-

mined by the enclosing ellipses implemented by the geom_mark_ellipse function in the

ggforce R package (https://github.com/thomasp85/ggforce/).

2.5 Differential gene expression

Differential gene expression was determined on raw count data by DEseq function in the

DESeq2 R package using the following model design, ~batch + IVM concentration. The batch

variable was to compensate for any biases caused by the batch effect. Differentially expressed

genes (DEGs) were defined as those with an adjusted P-value< 0.05 and Log2foldchange

(Log2FC)� 0.5 or� -0.5 (1.4-fold change). These cut-offs are based on recommendations

by Schurch et al. [54]. Differentially expressed genes with average expression level (baseMean) of

<20 across all samples were discarded based on the independent filtering results from DESeq2.

The metadata of DEGs such as concise description, gene ontology association, interacting

gene, tissue expression and RNAi/allele phenotype observed were retrieved from WormBase

using the SimpleMine tool taking DEGs gene IDs as input. To assess genes shared by each

drug concentration, comparative Venn diagrams were constructed using gene IDs and the

venn.diagram function of the VennDiagram R package [55]. The get.venn.partition function

was utilized to acquire the gene IDs associated with each Venn diagram partition. The hyper-

geometric test was used to test the significance of the overlapping genes between concentra-

tions using the R base function, phyper.
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2.6 Over-representation analysis (ORA)

Over-representation analysis was performed on DEGs using all genes (19565) with a non-zero

total read count as a background based on Gene Ontology (GO: Release 2021-12-15), Kyoto

Encyclopedia of Genes and Genomes (KEGG: Release 2021-12-27) and TRANSFAC (Release

2021.3 classes: v2) databases. The analysis was carried out using the gost function from the

gprofiler2 R package (v0.2.1) [56], with default parameters and C. elegans as the set organism.

The output files were processed, and data visualized using ggplot2. Differentially expressed

genes from enriched terms putatively involved in drug metabolism/resistance, apoptosis and

transcription of regulation were retrieved, categorized, and characterized.

2.7 Comparative analysis gene expression between C. elegans strains N2

and DA1316 after IVM exposure

A comparative analysis of the obtained DEGs with those from a previous study [34] was per-

formed. In that study, C. elegans strain (DA1316), a triple mutant of the glutamate-gated chlo-

ride channel (GluCI) subunits avr-14, avr-15, and glc-1 was exposed to IVM 10−6 and 10−7 M

for 4 h. Differential gene expression was determined by microarray assays. To reduce ambigu-

ity prior to comparison, gene names and IDs of DEGs from the previous study were evaluated

to determine if they had been renamed, merged, or divided, using the WormBase Gene Name

Sanitizer tool. Only DEGs with a fold change of at least 1.4 were included in the comparison

and visualized in upsetR plot using the UpSetR R package (v1.4.0) [57]. The hypergeometric

test was used to test the significance of the overlapping genes between DA1316 and N2 strain

using the R base function, phyper.

2.8 Analysis of IVM-induced gene expression within Abamectin-QTL on

chromosome V

A recent study described quantitative trait loci (QTL) regions on chromosome V of C. elegans
after exposure to the macrocyclic drug, Abamectin [35]. Based on genome wide association

mapping, two regions were detected, left arm (VL) and right arm (VR) located at nucleotides

1,757,246–4,333,001 and 15,983,112–16,599,066, respectively. Linkage mapping approach

identified three regions, VL, VR and central (VC) located at 2,629,324–3,076,312, 15,933,659–

16,336,743 and 6,118,360–7,374,129, respectively. In our comparative analysis, VL and VR

from the genome wide association mapping and VC from the linkage mapping were used. The

BSgenome.Celegans.UCSC.ce11genome object from the BSgenome.Celegans.UCSC.ce11 R

package (v1.4.2) [58] was used in this analysis. All genes in the VL, VC and VR regions were

extracted using the GRanges function and subset based on our DEGs using subsetByOverlaps

function. Both functions are derived from GenomicRanges R package (v1.46.1) [59]. To elimi-

nate any chromosome length biases, the distribution/ enrichment of DEGs across all chromo-

somes was estimated using the Fisher’s Exact Test for Count Data in R. Differentially

expressed genes mapping to the QTL were subsequently identified and visualized on a karyo-

plot from karyoploteR R package (v1.20.3) [60].

3 Results

3.1 Transcriptomic variation amongst adult C. elegans worms exposed to

Ivermectin

Total RNA (RIN > 8) was sequenced from C. elegans adults at maximum reproduction

exposed to IVM 10−7 and 10−8 M yielding sequencing data of 21–60 million read-pairs/sample.

The used concentrations of IVM treatment were selected according to [41]. However, due to
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the very low number of differentially expressed genes in IVM 10−9 M, only data from IVM

10−7 and 10−8 M was used in the current study. Following quality control and evaluation with

SortMeRNA and Trimmomatic, 16–42 million read-pairs/sample were obtained with a mean

phred score above 33, indicating high quality reads. The read-mapping rate to the custom-

built PRJNA13758 C. elegans transcriptome (see Methods) and the C. elegans genome

(PRJNA13758, release WS283) as a decoy, was 97% using Salmon.

According to principal component analysis of the VST read counts, worm pools (n = 300

worms per pool), both PC1 and PC2 explained the separation by treatment condition (Fig 1).

3.2 Differential gene expression

Following DESeq2 analysis, 615 genes were differentially expressed after IVM 10−7 M and/or

10−8 M exposure (S1 Table). Of these, 76% (468 genes) had known functional annotations

including GO annotations according to WormBase (release WS283). Ninety five percent (582

genes) of DEGs were exclusively detected in 10−7 M, 1% (8 genes) in 10−8 M and 4% (25 genes)

showed significant (p-value = 0.00001) overlap between the two concentrations (Fig 2 & S2

Table). About 33% (201 genes) of DEGs were altered more than 2-fold, with 85 genes upregu-

lated and 116 genes downregulated. The top ten up- and downregulated DEGs consisted of a

Fig 1. Variation in gene expression among worms exposed to IVM. A PCA plot of C. elegansN2 strain based on variance stabilized read counts from

worm pools (n = 300) after exposure to IVM 10−7 M, 10−8 M or control +DMSO. Pools are separated by both PC1 and PC2, which represent the largest

variances in the data and are ellipsed by concentration/treatment.

https://doi.org/10.1371/journal.pone.0285262.g001
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diverse set of genes or gene families including transmembrane transporters, and heat shock

proteins (S3 Table).

To gain insights into the biological pathways underlying the differentially expressed genes,

we conducted over-representation analysis on both the upregulated (Fig 3A & S4 Table) and

downregulated genes (Fig 3B & S4 Table). We found that the downregulated DEGs exhibited

more enrichment terms (42) compared to the upregulated genes (17). The ORA on the upre-

gulated DEGs revealed enrichment of terms related to response to external stimulus, ABC-

transport activity, and Factor: elt-3; motif: TCTTATCA (TF: M07154) based on GO, KEGG

pathway, and TRANSFAC databases, respectively (Fig 3A & S4 Table). In contrast, ORA on

the downregulated genes showed enrichment of terms related to metabolism of glycans, amino

acids, and organic compounds, Factor: elt-3; motif: TCTTATCA (TF: M07154) among others,

based on the same databases (Fig 3B & S4 Table). Differentially expressed genes from ORA

terms with putative involvement in drug metabolism were explored further.

3.2.1 Differentially expressed genes encoding drug receptors. After exposure of N2

worms to IVM 10−7 M, the putative drug target glc-1, an alpha subunit of the GluCI receptor,

glc-1 was downregulated 1.4-fold. In addition, the putative drug target, lgc-26, a possible

Fig 2. Differentially expressed in IVM-exposed C. elegans N2 strain. Venn diagrams showing the number of DEGs in C. elegansN2

strain between IVM concentrations 10−7 and 10−8 M based recommendations by Schurch et al. [54]. The number of genes

differentially expressed above 2-fold are labelled in white.

https://doi.org/10.1371/journal.pone.0285262.g002
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Fig 3. A. Biological processes underpinned by upregulated genes. An over-representation plot showing significantly enriched for terms among

upregulated DEGs based on Gene ontology (molecular function, biological process and cellular component), Kyoto Encyclopedia of Genes and

Genomes (KEGG), and TRANSFAC databases. The dots represent an enriched term. B. Biological processes underpinned by downregulated genes. An

over-representation plot showing significantly enriched for terms among downregulated DEGs based on Gene ontology (molecular function, biological

process and cellular component), Kyoto Encyclopedia of Genes and Genomes (KEGG), and TRANSFAC databases.

https://doi.org/10.1371/journal.pone.0285262.g003
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nicotinic acetylcholine receptor was downregulated 1.6-fold after exposure to IVM 10−7 M

(Table 1). However, in IVM 10−8 M concentration, differential expression of the putative drug

receptors was not observed.

3.2.2 Differentially expressed genes involved in Phase I and II xenobiotic metabolism.

There were 11 DEGs putatively classified to be involved in Phase I metabolism, of which eight

were downregulated (Table 2) and three were upregulated in IVM 10−7 M concentration

(Table 1). Eight genes were attributed to the cytochrome P450 family, of which three genes,

cyp-33C8, cyp-34A8 and cyp-13B2 were on average upregulated 1.8-fold while the rest, cyp-
33E1, cyp-13A5, cyp-25A1, cyp-35A2 and cyp-34A9 were downregulated between 1.5 and

2.2-fold. Other genes involved in drug metabolism with differential expression included Fla-

vin-containing monoxygenase, fmo-2, short chain dehydrogenase, dhs-7 and aldehyde dehy-

drogenase adh-5, which were downregulated between 1.5 and 6-fold.

Table 1. Upregulated genes putatively involved in IVM response in C. elegans N2 strain.

Category Gene LFC:N2:10−7

Ma
-Log10 Adjusted p-

value

LFC:N2:10−8

Mb
-Log10 Adjusted p-

value

Descriptionc

Phase I metabolism cyp-13B2 0.56 1.88 cytochrome P450

cyp-
33C8

1.29 7.43 cytochrome P450

cyp-
34A8

0.73 2.11 cytochrome P450

Phase II metabolism ugt-62 0.81 1.55 UDP-glycosyltransferase

Ion channels atp-6 1.88 34.40 2.06 46.06 ATP synthase subunit a

best-21 0.69 1.75 chloride channel activity

F58G6.9 1.62 1.62 copper ion transmembrane transporter

activity

kvs-5 1.10 2.84 potassium ion transmembrane transport

Solute transporters pgp-5 1.83 1.38 P-glycoprotein ATP-dependent efflux pump

pgp-6 1.15 1.93 P-glycoprotein ATP-dependent efflux pump

pgp-9 1.52 4.61 P-glycoprotein ATP-dependent efflux pump

folt-2 1.92 1.94 folate transporter

pmp-4 1.05 2.11 long-chain fatty acid transporter

Transcription
factors

fkh-3 0.52 1.71 forkhead transcription factor

fkh-4 0.58 1.50 forkhead transcription factor

mdl-1 0.50 2.99 basic helix-loop-helix (bHLH) protein

nhr-17 0.55 1.75 nuclear receptor super family

nhr-57 0.58 1.54 nuclear receptor super family

nhr-115 1.69 1.42 nuclear receptor super family

nhr-137 0.53 1.30 nuclear receptor super family

tbx-33 0.58 1.83 T-box transcription factor

tbx-38 0.99 1.33 T-box transcription factor

zip-3 0.86 2.53 bZip transcription factor

Involved in
apoptosis

pal-1 0.65 8.25 0.54 5.23 homeodomain protein

Alphabetically sorted upregulated genes putatively characterized as drug targets or involved in metabolite transport, xenobiotic metabolism, gene expression regulation,

and apoptosis processes
aLog2Foldchange for Ivermectin drug concentration 10−7 M
bLog2Foldchange for Ivermectin drug concentration 10−8 M
cFull description can be found in S1 Table

https://doi.org/10.1371/journal.pone.0285262.t001
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Table 2. Downregulated genes putatively involved in IVM response in C. elegans N2 strain.

Category Gene LFC:N2:10−7 Ma -Log10 Adj. p-value LFC:N2:10−8 Mb -Log10 Adj. p-value Descriptionc

Drug target glc-1 -0.50 2.18 alpha subunit of a glutamate-gated chloride channel

lgc-26 -0.71 1.55 nicotinic acetylcholine receptor-like LGIC

Phase I metabolism alh-5 -0.90 2.17 aldehyde dehydrogenase (NAD+) activity

cyp-13A5 -0.74 1.85 cytochrome P450

cyp-25A1 -0.87 1.43 cytochrome P450

cyp-33E1 -0.54 2.35 cytochrome P450

cyp-34A9 -1.12 6.73 cytochrome P450

cyp-35A2 -0.99 9.22 cytochrome P450

dhs-7 -2.60 6.50 regulation of reactive oxygen species metabolic process

fmo-2 -1.25 6.57 flavin-containing monoxygenase

Phase II metabolism gst-20 -1.02 3.67 glutathione transferase

gst-4 -0.56 1.33 glutathione transferase

gst-42 -0.60 4.21 glutathione transferase

gst-6 -0.86 1.62 glutathione transferase

gstk-2 -0.63 1.68 kappa class glutathione transferase

ugt-11 -0.71 1.62 UDP-glycosyltransferase

ugt-12 -0.64 1.34 UDP-glycosyltransferase

ugt-22 -0.91 3.56 UDP-glycosyltransferase

ugt-43 -1.61 4.48 UDP-glycosyltransferase

ugt-44 -1.20 8.77 UDP-glycosyltransferase

Ion channels atp-6 1.88 34.40 2.06 46.06 ATP synthase subunit a

best-1 -1.29 4.21 chloride channel activity

best-5 -1.06 2.37 chloride channel activity

catp-1 -0.51 2.06 alpha subunit of the Na+/K+- and H+/K+-pump P-type ATPase family

cca-1 -0.53 1.54 calcium channel alpha subunit

F47E1.4 -0.89 1.97 sodium-independent organic anion transmembrane transporter activity

kcc-2 -0.53 3.46 potassium chloride cotransporter

ncx-2 -0.62 1.43 3Na[+]/1Ca[2+] exchanger

nlr-1 -0.63 1.71 Neurexin Like receptor

tmc-2 -0.92 1.42 mechanosensitive ion channel activity

Y70G10A.3 -0.55 5.24 sodium-independent organic anion transmembrane transporter activity

ZK185.5 -0.60 2.71 cation transmembrane transporter activity

Solute transporters aat-3 -0.50 3.33 amino acid transporter catalytic subunit

amt-4 -0.91 3.73 ammonium transporter protein family

aqp-1 -1.07 3.43 aquaglyceroporin

C13C4.6 -1.20 4.82 transmembrane transporter activity

F11A5.9 -0.52 1.62 transmembrane transporter activity

F17C11.12 -0.52 3.28 transmembrane transporter activity

F23F12.13 -1.63 2.10 transmembrane transporter activity

gem-1 -0.65 2.26 monocarboxylic acid transmembrane transporter activity

glt-5 -0.93 4.85 glutamate/aspartate and neutral amino acid transporter

haf-9 -0.65 2.04 half-type ATP-binding cassette (ABC) transporter

hmit-1.3 -0.73 2.36 (H+)-dependent myo-inositol transporter

K09C4.1 -0.92 1.33 hexose transmembrane transporter activity

M162.5 -0.77 2.72 transmembrane transporter activity

pept-1 -0.87 2.05 low affinity/high capacity oligopeptide transporter

pmp-1 -0.77 1.57 ATP-binding cassette (ABC) transporter

slc-25A29 -0.78 2.57 high-affinity L-arginine transmembrane transporter activity

slc-28.1 -1.19 4.21 nucleoside:sodium symporter activity

slc-36.5 -0.62 2.31 amino acid transmembrane transporter activity

spp-1 -0.55 10.83 saposin (B) domain-containing caenopore

swt-1 -0.50 13.61 sugar transmembrane transporter activity

T07G12.5 -2.89 3.19 L-ascorbic acid transmembrane transporter activity

T22F3.11 -2.81 2.22 transmembrane transporter activity

wht-7 -1.03 4.12 -0.74 2.68 ABC-type transporter activity

Y4C6B.3 -0.59 2.30 transmembrane transporter activity

ZK550.2 -0.96 1.77 transmembrane transporter activity

(Continued)
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Twelve DEGs putatively identified as UDP-glycosyltransferases and glutathione S-transfer-

ases involved in Phase II metabolism were enriched exclusively in IVM 10−7 M (Tables 1 & 2).

UDP-glycosyltransferases, ugt-62 was upregulated (Table 1) above 1.8-fold while ugt-11, ugt-
12, ugt-22, ugt-43 and ugt-44 were downregulated between 1.4 and 3-fold (Table 2). In addi-

tion, glutathione S-transferases, gst-4, gst-6, gst-20, gst-42 and gstk-2 were downregulated

between 1.5 and 2-fold. Only one gene, ugt-22, appeared in 10−8 M, and was downregulated

1.5-fold.

3.2.3 Differentially expressed genes involved in ion transporter activity. There were 15

DEGs putatively identified or confirmed as ion channels (Tables 1 & 2). Genes best-1, best-5,
catp-1, cca-1, F47E1.4, kcc-2, ncx-2, nlr-1, tmc-2, Y70G10A.3, and ZK185.5, were downregu-

lated between 1.4- and 2.4- fold (Table 2). Conversely, genes atp-6, best-21, F58G6.9 and kvs-5
were upregulated on average 2-fold (Table 1).

3.2.4 Differentially expressed genes involved in other solute transmembrane trans-

porter activity. There were 30 DEGs involved in transmembrane transport and comprised

of various genes and gene families (Tables 1 & 2). The DEGs consisted predominantly of P-gly-

coprotein efflux pumps (3 genes), other solute transporters (27 genes). Efflux pumps included,

Table 2. (Continued)

Category Gene LFC:N2:10−7 Ma -Log10 Adj. p-value LFC:N2:10−8 Mb -Log10 Adj. p-value Descriptionc

Transcription factors bar-1 -0.75 1.87 beta-catenin transcription coactivator

ceh-31 -1.11 3.11 homeobox domain protein

egl-43 -1.28 2.09 zinc finger protein

elt-2 -0.69 6.04 GATA-type transcription factor

fkh-6 -0.84 1.93 forkhead transcription factor

ham-2 -0.95 1.52 C2H2 zinc finger-containing protein

let-381 -0.95 2.15 forkhead transcription factor

lin-22 -1.09 1.99 basic helix-loop-helix (bHLH)-containing protein

M03D4.4 -0.79 6.49 DNA-binding transcription factor activity

myrf-2 -0.84 4.20 -0.78 1.42 glutamine/asparagine-rich domain protein

nhr-21 -0.77 1.52 nuclear receptor super family

nhr-55 -1.46 3.84 nuclear receptor super family

nhr-99 -1.04 2.21 nuclear receptor super family

nhr-119 -0.69 1.80 nuclear receptor super family

nhr-173 -0.89 1.51 nuclear receptor super family

odd-2 -0.66 3.78 ODD-SKIPPED family

pros-1 -0.97 2.24 homeodomain protein

sta-1 -0.70 3.17 STAT family transcription factor

tbx-2 -0.51 4.91 T-box transcription factor

ttx-1 -0.90 1.84 OTD/OTX hoemeodomain protein

unc-62 -0.80 1.54 Meis-class homeodomain protein

unc-98 -0.76 2.56 C2H2 zinc finger protein

unc-120 -0.62 3.87 MADS-box transcription factor

unc-130 -0.64 1.82 forkhead domain transcription factor

Involved in apoptosis ces-1 -1.22 8.81 C2H2-type zinc finger transcription factor

ces-2 -0.67 2.65 basic region leucine-zipper (bZIP) transcription factor

lec-6 -0.56 2.18 ’proto’ type galectin (beta-galactosyl-binding lectin)

T05C3.6 -1.00 1.55 paralog of T05C3.2

Alphabetically sorted downregulated genes putatively characterized as drug targets or involved in metabolite transport, xenobiotic metabolism, gene expression

regulation, and apoptosis processes
aLog2Foldchange for Ivermectin drug concentration 10−7 M
bLog2Foldchange for Ivermectin drug concentration 10−8 M
cFull description can be found in S1 Table

https://doi.org/10.1371/journal.pone.0285262.t002
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pgp-5, pgp-6, and pgp-9, appeared exclusively in IVM 10−7 M and, were all upregulated above

2-fold (Table 1). Other solute transporters included folate transporter (folt-2), long-chain fatty

acid transporter (pmp-1 and pmp-4), amino acid transporter (aat-3, slc-25A29, slc-36.5, pept-1,
glt-5, and slc-28.1), myo-inositol transport (hmit-1.3), sugar transmembrane transporter (swt-
1, K09C4.1) etc. Of these, only folt-2 and pmp-4 were upregulated (Table 1).

3.2.5 Differentially expressed genes involved in transcriptional regulation of xenobiotic

metabolism. The differential screening identified 35 transcriptional factors (Tables 1 & 2), of

these, nine were nuclear hormone receptors (NHRs) and one was a GATA-type transcription

factor. These ten have been postulated to be involved in xenobiotic metabolism (see review

[61]). The NHRs, nhr-17, nhr-57 and nhr-115, nhr-137 were upregulated between 1.4 and

3.2-fold (Table 1) whereas nhr-21, nhr-55, nhr-99, nhr-119, nhr-121 and nhr-173 were downre-

gulated between 1.6 and 2.8-fold. The GATA transcription factor, elt-2 was downregulated

1.6-fold (Table 2).

3.2.6 Differentially expressed genes involved in apoptosis. The Ivermectin concentra-

tion of 10−7 M was found to exhibit a greater number of differentially expressed genes (ces-1,
ces-2, lec-6, T05C3.6, and pal-1) involved in apoptosis compared to the concentration of 10−8

M (pal-1) (Tables 1 & 2). Four of these DEGs (ces-1, ces-2, lec-6, and T05C3.6) were observed

to be downregulated between 1.4 and 2.3-fold at IVM 10−7 M (Table 2). C2H2-type zinc finger

transcription factor ces-1 and basic region leucine-zipper (bZIP) transcription factor ces-2
have been previously reported as repressors of the gene egl-1, a key activator of apoptosis in C.

elegans [62]. The presence of caudal-type homeodomain transcription factor pal-1, an activator

of the apoptotic gene ced-3 (Fig 4), was detected in both IVM 10−7 M and 10−8 M and was

found to be equally upregulated (~ 1.5-fold) in both concentrations (Table 1). This suggests

that IVM (at 10−7 M and 10−8 M) partially activates the apoptotic machinery in the N2 C. ele-
gans strain.

3.3 Comparative analysis of gene expression in the C. elegans strains N2

and DA1316 following exposure to IVM

We compared our transcriptomic data from the C. elegans strain N2 to microarray data

obtained from the IVM-resistant C. elegans strain DA1316 in a previous study [34]. Based on

our preset criteria (see Methods), 152 genes were differentially expressed in the DA1316 strain

after IVM exposure for 4 h. Ninety-one percent (139 genes) of DEGs were exclusively detected

in 10−6 M, 7% (11 genes) in10-7 M and 1% (2 genes) occurred in both concentrations (S1 Fig).

Fig 4. Adapted illustration of the genetic pathway of apoptosis from Conradt and Xue [62]. The boxes symbolize genes, where red and green boxes

represent apoptotic genes that in the current study were downregulated or upregulated, respectively according to our thresholds (see Methods). Solid

and dashed T-shaped lines represent repression of gene expression, whereas solid and dashed black arrows represent the opposite. Hypothetically, the

green and red arrows represent the respective gene’s upregulation and downregulation consequent of T-lines and black arrows.

https://doi.org/10.1371/journal.pone.0285262.g004
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Overall, irrespective of IVM concentration, comparison of DEGs between DA1316 and

N2 strains revealed that the N2 strain showed four times more differentially expressed

genes. Thirty-one genes showed significant overlap (p-value < 0.00001) between the two

strains (Fig 5 & Table 3). Of these, 61% (19 genes) showed an opposite expression i.e., upre-

gulation in one strain and downregulation in another, notably folate transporter gene, folt-2
and putative transmembrane transporter, T22F3.11 (Table 3 & S5 Table). Gene folt-2 was

downregulated 6-fold and 2-fold in DA1316: 10−6 and DA1316: 10−7, respectively, and

upregulated 4-fold in N2:10−7 M concentration (S5 Table). Similarly, T22F3.11 was upregu-

lated 3-fold in DA1316: 10−7 M and downregulated 7-fold in N2:10−7 M concentration.

Eighteen of the 31 genes were enriched for Phase II metabolic, transmembrane transport

and stress response processes. Twelve of the shared genes (acox-1.5, cpt-5, drd-5, F42A10.7,
gst-4, pud-1.2, pud-2.1, pud-3, pud-4, sams-1, ugt-12 and ugt-22) were downregulated in

both strains. The majority of the shared DEGs (22 genes) occurred in DA1316: 10−6 M

and N2:10−7 M concentrations, whereas six genes (mtl-1, C23G10.11, scl-2, F21C10.10,
T22F3.11 and adh-1) occurred in DA1316: 10−7 M and N2:10−7 M concentrations (Fig 5 &

S5 Table).

Fig 5. Differentially expressed genes in IVM-exposed C. elegans N2 and DA1316 strains. An UpSetR plot and Venn diagrams displaying the number

of differentially expressed genes that overlap within and between C. elegans strains N2 and DA1316 [34] exposed to IVM 10−7 M, 10−8 M and 10−6 M,

10−7 M, respectively. The black boxes indicate the number of genes contained within each partition.

https://doi.org/10.1371/journal.pone.0285262.g005
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3.4 Ivermectin-induced DEGs are mapped within the Abamectin QTL on

chromosome V

Evans et al. [35] identified three major QTL (VL, VR and VC) correlated to natural variation

in Abamectin response, on chromosome V in C. elegans. We decided to use this information

to see if any of the DEGs induced by IVM, map in the QTL regions. There was significant

(adjusted p = 0.01) enrichment for DEGs in chromosomes X and V (S6 Table). A comparison

of the DEGs of IVM-exposed C. elegansN2 adult worms to the QTL revealed that 45 DEGs

Table 3. Overlapping differentially expressed genes between IVM-exposed C. elegans N2 and DA1316 strain.

Gene LFC:N2:10−7 Ma LFC:N2:10−8 Mb LFC:DA1316:10−6 Mc LFC:DA1316:10−7 Md Description

acox-1.5 -0.89 -0.72 acyl-CoA oxidase

adh-1 -1.30 1.07 alcohol dehydrogenase

C09B8.4 0.59 -1.20 integral component of membrane

C23G10.11 -3.60 1.23 N.A.

C35A5.3 1.29 -1.83 transmembrane transporter

cpt-5 -1.05 -0.71 acyltransferase

dod-19 0.50 -0.99 innate immune response

drd-5 -0.63 -0.84 oxidoreductase activity

F19B2.5 2.18 -1.39 ATP-dependent chromatin remodeler

F21C10.10 -0.88 1.10 N.A

F42A10.7 -0.78 -0.73 N.A.

F58G6.9 1.62 -1.72 copper ion transmembrane transport

folt-2 1.92 -2.55 -1.17 folate transporter

gst-4 -0.56 -1.41 glutathione transferase

hsp-17 2.04 -0.79 heat shock protein

msra-1 0.85 -1.08 methionine sulfoxide-S-reductase

mtl-1 -0.63 1.59 metallothioneins, small, cysteine-rich, metal-binding protein

pud-1.2 -0.96 -0.58 N.A.

pud-2.1 -0.83 -0.59 N.A.

pud-3 -2.13 -1.13 N.A.

pud-4 -0.73 -0.66 N.A.

rips-1 0.87 -1.04 S-adenosyl-L-methionine-dependent methyltransferase

sams-1 -0.84 -1.02 S-adenosyl methionine synthetase

scl-2 -0.96 1.31 sperm coating protein

T05E12.6 0.86 -1.23 N.A.

T13F3.6 1.13 -0.81 N.A.

T22F3.11 -2.81 1.44 transmembrane transport"

ugt-12 -0.64 -0.79 UDP-glycosyltransferase

ugt-22 -0.91 -0.61 -0.77 UDP-glycosyltransferase

Y94H6A.10 1.31 0.64 -1.27 N.A.

ZK228.4 2.58 -1.01 N-acetyltransferase

Alphabetically sorted differentially genes that overlap between IVM-exposed C. elegans N2 and DA1316 strain. Genes in bold showed an opposite expression i.e.,

upregulation in one strain and downregulation in another.
aLog2Foldchange for Ivermectin drug concentration 10−7 M in the N2 strain
bLog2Foldchange for Ivermectin drug concentration 10−8 M in the N2 strain
cLog2Foldchange for Ivermectin drug concentration 10−7 M in the DA1316 strain
dLog2Foldchange for Ivermectin drug concentration 10−8 M in DA1316 strain

https://doi.org/10.1371/journal.pone.0285262.t003
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mapped to the three QTL, 51% (23 genes) were upregulated, and the majority (71%) mapped

to the VL locus (Fig 6 & S7 Table). Of the 45 DEGs, nine (folt-2,mtl-1, pud-1.2, pud-2.1, pud-3,
pud-4, rips-1, T13F3.6 and T22F3.11) overlap with microarray data from IVM-resistant strain

(DA1316) [34]. In addition, eight other DEGs from the DA1316 strain mapped to the QTL (S8

Table). The VL locus contained 32 DEGs (S7 Table) from N2 strain, which included seven

metabolic genes (cyp-33C8, cyp-34A9, acs-3, T06A1.5, dach-1, alh-5, cyp-34A8), six transport-

related genes (dod-3, T22F3.11, Y39H10B.2, folt-2, Y32G9B.1, slc-28.1), six stress response

genes (hsp-16.2, irg-1, hsp-16.41, Y73C8C.3, irg-2, Y73C8C.8), two transcription factors (nhr-
57, nhr-115), a muscle contraction regulator (tnt-4) and 11 others, including pud-genes (S7

Table). Genes cyp-33C8, cyp-34A9, dod-3, F40C5.2, hsp-16.2, hsp-16.41, pud-1.2, pud-2.1, pud-
3, and pud-4 were the ten most significantly (adjusted p<0.001) expressed at the VL locus. Of

the 10 genes, seven (cyp-34A9, dod-3, F40C5.2, pud-1.2, pud-2.1, pud-3 and pud-4) were down-

regulated between 1.6 and 4.4-fold while the rest were upregulated on average 2.3-fold (Fig 6).

Six DEGs mapped to the VC locus (Fig 6), which comprised of three stress response genes

(F31F7.1,mtl-1, clec-7), a transport-related gene (col-143), a metabolic gene (lipl-4), and an

unknown gene (S7 Table). Genes F31F7.1,mtl-1, clec-7, lipl-4, and spp-27 were downregulated

between 1.5 and 3.6-fold, with the exception of col-143, which was upregulated 2.4-fold (Fig 6

& S7 Table). Seven DEGs mapped to the VR locus (Fig 6) composed of a GluCl subunit (glc-1),

Fig 6. Differentially expressed genes of IVM-exposed C. elegans N2 strain map to Abamectin-QTL on chromosome V. The DEGs are represented

by green (upregulated) and red (downregulated) dots, with the size of the dot representing the -log10 (adj. p-value) of expression, where the larger the

dot, the more significantly expressed. The x-axis represents chromosome V and the y-axis represents the Log2 fold change. The karyoplot shows DEGs

(labeled in green and red) mapped to abamectin-QTL VL, VC, and VR represented by yellow, blue, and yellow boxes, respectively.

https://doi.org/10.1371/journal.pone.0285262.g006

PLOS ONE Transcriptomics of Ivermectin response in C. elegans: Integrating abamectin QTLs and DA1316 strain

PLOS ONE | https://doi.org/10.1371/journal.pone.0285262 May 4, 2023 15 / 24



a transporter (F11A5.9) and five unknown genes (S7 Table). The expression of the genes glc-1,
F11A5.9, and oac-18 was decreased by 1.4-fold, 1.4-fold, and 2.6-fold, respectively. The

remaining genes had 1.54- to 10-fold higher expression levels (Fig 6).

A list of candidate genes for further study (S9 Table) has been created, including genes

with an opposite expression between N2 and DA1316 C. elegans strain, genes within Abamec-

tin-QTL, exclusive genes in DA1316 strain, and other putative drug-responsive genes.

4 Discussion

Parasitic nematodes pose a threat to human and animal health [2, 3], while the development of

resistance against MLs such as IVM exacerbates the problem [16, 17, 63]. Therefore, it is cru-

cial to understand the molecular mechanisms underlying ML resistance. In this study, we

investigated gene expression in wild-type (N2) IVM-exposed C. elegans adults at maximum

reproduction to understand the transcriptomic response to IVM exposure. Furthermore, the

transcriptomic data was compared to microarray data from the IVM-resistant C. elegans
(DA1316) strain [34], and the recently identified Abamectin-QTL [35]. We identified 615 dif-

ferentially expressed genes in the wild-type C. elegans (N2) strain following exposure to IVM,

of which 95% occurred in the IVM 10−7 M concentration. Only 31 N2 strain DEGs overlapped

with the IVM-resistant C. elegans (DA1316) strain, 19 of which, including folate transporter

FOLT-2 (folt-2) and transmembrane transporter T22F3.11 (T22F3.11), displayed an opposite

expression in either strain. Eighteen of the overlapping genes were enriched for metabolic

Phase II enzymes, transmembrane transport, and stress response processes. In addition, we

identified 45 differentially expressed genes that mapped within the Abamectin-QTL on C. ele-
gans chromosome V, nine of which overlapped with DEGs from the IVM-resistant C. elegans
(DA1316) strain. Following comprehensive analysis we identified potential candidate genes,

T-type calcium channel CCA-1 (cca-1), potassium chloride cotransporter KCC2 (kcc-2), folate

transporter FOLT-2 (folt-2) and alpha subunit of glutamate-gated channel GluCl-1 (glc-1) for

further investigation with possible involvement in IVM resistance.

The ML drug target glc-1 and the putative drug target lgc-26 encoding ion channel subunits

were downregulated in the IVM 10−7 M concentration. The significance of glc-1 in ML

response is evident through RNAi knockdown and loss-of-function-mutations [26, 36, 64, 65].

Heterologous expression of C. elegans glc-1 and formation of a functional chloride channel has

been reported in Xenopus oocytes [66]. The role of lgc-26 in ML response remains unknown

in C. elegans, but other cys-loop GABA receptor members have been implicated in the ML

response of parasitic nematodes. For example, lgc-37 was upregulated in the horse roundworm

parasite, Parascaris univalens after IVM exposure [41] and the lgc-54 in the sheep parasite Tel-
adorsagia circumcincta was reported as potential candidate in IVM resistance through

genome-wide studies [67]. However, Evans, Wit [35] recently challenged this claim, as they

observed that lgc-54mutants did not display a competitive advantage over wild-type in control

conditions.

We observed a downregulation of the calcium channel alpha subunit (cca-1) and potassium

chloride cotransporter (kcc-2) genes after IVM exposure. Gene cca-1 regulates pharyngeal

pumping by facilitating the effective start of action potentials by influx of calcium ions in

response to marginal cell motor neuron stimulation in C. elegans [68, 69]. A loss of function in

cca-1 has been reported to significantly reduce pharyngeal pumping [69]. Furthermore it is

established that IVM reduces pharyngeal pumping in C. elegans by allosterically modulating

GluCl hence increased influx of chloride ions [9]. Hypothetically, a pharyngeal pump regulator

such as cca-1 would be upregulated in response to decreased pharyngeal pumping rate, how-

ever, our results showed the opposite trend. Alternatively, the downregulation of cca-1 could
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be a downstream effect, a consequence of the negative membrane potential induced by the

chloride ion influx, or a defense/ protective mechanism aimed at reducing the adverse effects

of IVM. Nonetheless, this highlights the importance of cca-1 in IVM response in C. elegans.
The kcc-2 gene encodes a potassium chloride cotransporter, which, in conjunction with the

sodium-driven chloride-bicarbonate transporter abts-1, mediates inhibitory GABA signaling.

Mediation involves control of cellular chloride gradient to maintain membrane potential in

neurons that control locomotion [70]. In addition, kcc-2 and abts-1mutant of C. elegans were

reported to exhibit paralysis after exposure to a GABA receptor agonist, muscimol [70]. Con-

sidering that IVM agonistically mediates GABA signaling through the inflow of chloride ions

to cause paralysis [9], the role of kcc-2 in IVM response is unknown and warrants exploration.

Overall, these findings shed light on additional channels, such as cca-1 and kcc-2, which could

be investigated further as potential candidates for involvement in IVM resistance.

Seven of the 11 differentially expressed Transcription factors were downregulated and pre-

dominantly enriched for NHRs, which included nhr-17, nhr-21, nhr-55, nhr-57, nhr-99, nhr-
115, nhr-119, nhr-121, nhr-137 and nhr-173. Although NHRs have generally been suggested to

regulate expression of detoxification genes (phase I, II and III), only a handful have experimen-

tal evidence (see review [61]). To our knowledge, none of the NHRs in the current study has

been implicated in xenobiotic detoxification regulation. However, a notable example, nhr-8
upregulation has been reported to increase expression of detoxification genes cyp14A2,
cyp14A5 and cyp37B1, and Pgp genes (pgp-1,-3,-6,-9 and -13) resulting in the reduced IVM

efficacy [71]. Recent work by Guerrero et al. [72] emphasized this phenomenon, demonstrat-

ing nhr-8 role in upregulation of Pgp genes (pgp-3, -5, -11 and -13) in the presence of the drug

tunicamycin. The GATA-type transcription factor, elt-2 was downregulated in the current

study. The proposed genes regulated by elt-2 in C. elegans include those involved in protection

against xenobiotic compounds: CYPs, GSTs, and UGTs such as ugt-22 [73]. While it is con-

ceivable that this downregulation of elt-2might explain the previously described downregula-

tion of ugt-22, it is unclear why elt-2 is downregulated in the presence of a xenobiotic such as

IVM.

In this study, an analysis of putative apoptotic genes showed that four out of the five genes

identified were downregulated, including C2H2-type zinc finger transcription factor ces-1 and

basic region leucine-zipper (bZIP) transcription factor ces-2. These genes have been previously

shown to act as repressors of the key apoptotic activator egl-1 under anti-apoptotic conditions.

Under pro-apoptotic conditions, egl-1 represses ced-9, thereby activating the pro-apoptotic

genes ced-3 and ced-4, hence apoptosis. The downregulation of ces-1 and ces-2 in this study is

indicative of egl-1 being liberated and subsequently able to repress ced-9, thereby activating the

pro-apoptotic genes ced-3 and ced-4, leading to apoptosis [62]. Additionally, caudal-type

homeodomain transcription factor pal-1, a reported activator of ced-3 [74], was found to be

upregulated. To further support the pro-apoptotic response hypothesis, genes ces-1, ces-2, and

pal-1 were predominantly present in the highest IVM concentration (10−7 M), in which all

worms were previously reported to be immobile [41]. While these findings suggest that IVM

at concentrations of 10−7 M and 10−8 M partially activates the apoptotic machinery in the N2

C. elegans strain, it is important to note that other mechanisms involving above genes may also

be at play as not all relevant apoptotic genes were detected in the data.

Our second objective was to compare C. elegans strains N2 (wild-type) and DA1316 (IVM-

resistant) following IVM exposure. Comparing the RNAseq and microarray data from the N2

and DA1316 strains, respectively, revealed that the N2 strain had four times the number of dif-

ferentially expressed genes with only a 4% (31 genes) overlap between the two strains. Nine-

teen of these overlapped genes displayed an opposite expression and may have a role in IVM

metabolism or resistance. For example, the folate transporter folt-2, whose expression was
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reduced 6-fold and 2-fold in the resistant DA1316 strain, but increased 4-fold in the sensitive

N2 strain, may be involved in the import of IVM. Another potential candidate is the trans-

membrane transporter T22F3.11, whose expression increased by 3-fold in the resistant strain,

but decreased 7-fold in the sensitive N2 strain, suggesting a role in IVM efflux. In addition,

genes are that are exclusively expressed in the resistant strain could also be an important group

for further exploration. Overall, further studies are needed to confirm the role of these genes

in IVM response. Twelve of the 31 overlapping genes were downregulated, including four

pud-genes, pud-2.1, pud-3, and pud-4. Pud-genes are unique to Caenorhabditis spp. without

known orthologues in other nematodes and their function remains elusive. In spite of that,

Cui et al. [75] reported slow growth and hypersensitivity to cadmium of C. elegans after pud-4
(F15E11.12) RNAi knockdown. Another study reported downregulation of pud-1.2 and pud-4
following viral infection of C. elegans [76]. Other overlapping genes such as hsp-17 encoding a

heat shock protein, exhibited inverted regulation in either strain. Gene hsp-17, a stress

responder, was downregulated 1.7-fold in DA1316 and upregulated 4-fold in N2 strain. This

re-emphasizes the inherent sensitivity of the N2 strain to IVM than its resistant or tolerant

counterpart. The discrepancy in gene expression between the two studies could be attributable

to strain, technique, life-stage, or IVM concentration. Strain differences may account for most

of the difference in DEGs, since N2 is more sensitive to IVM than resistant or tolerant strains

[34, 77]. Thus, the N2 strain may have more elevated cellular and biological processes, which

could account for the increase in DEGs. Overall, we speculate that pud-genes may be universal

stress responders exclusively in C. elegans.
As a final objective, we mapped the 615 DEGs derived from the IVM-exposed C. elegans

to the recently identified Abamectin-QTL [35]. We identified 45 DEGs that corresponded to

the QTL regions and compared them to the proposed list of candidate genes from the QTL

[35], but only two genes, putative folate transporter (folt-2) and dod-3, between the two data

sets overlapped. Gene folt-2 supposedly participates in the active uptake of folate [78], a B-

class vitamin central in the synthesis of nucleotides and amino acids [79]. Like other eukary-

otes, C. elegans are intrinsically deficient in folate [80], and therefore rely on dietary sources

such as OP50 E. coli. In our data, folt-2 was upregulated, which may be caused by restriction

in dietary intake due IVM-induced decreased pharyngeal pumping [9]. This could lead to

folate deficiency in the worm. Whether this folate deficiency triggers upregulation of folt-2
remains unclear and therefore entails further study. In contrast, the function dod-3 and its

role ML response is unknown. Overall, the role of folt-2, dod-3 and other 43 genes that

corresponded to the Abamectin-QTL in ML response is unknown and prompts further

investigation.

In conclusion, we have profiled the transcriptomes of adult wild-type (N2) C. elegans after

exposure to different IVM concentrations and revealed predominantly downregulated

diverse sets of genes. Some genes overlapped with a previous microarray study on IVM-resis-

tant C. elegans while others mapped to recently described abamectin-QTL. Based on this, we

have a compiled a list of potential candidate genes for further investigation. Although Aba-

mectin and Ivermectin (IVM) belong to the same subgroup of avermectins, it is important to

exercise caution when making comparisons between the two drugs. While Abamectin serves

as a precursor drug for IVM, the pharmacokinetics of these drugs have been reported to be

considerably different [81, 82]. These differences have been attributed, in part, to variations

in the drugs’ lipophilicity [83]. Future studies employing quantitative genetics approaches,

such as identifying IVM-QTL and corresponding candidate genes, validated through the use

of near-isogenic lines, mutant strains, and transcriptomic profiling, would provide more

detailed information.
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