
1 

Natural variation in Caenorhabditis elegans responses to the anthelmintic 1 

emodepside  2 

Janneke Wita, Briana C. Rodrigueza, and Erik. C. Andersena,‡  3 

aMolecular Biosciences, Northwestern University, Evanston, IL 60208  4 

‡Corresponding Author:  5 

Erik C. Andersen, Ph.D. 6 

Department of Molecular Biosciences 7 

Northwestern University 8 

4619 Silverman Hall 9 

2205 Tech Drive 10 

Evanston, IL 60208 11 

847-467-4382 12 

erik.andersen@northwestern.edu  13 

Janneke: 0000-0002-3116-744X 14 
Briana: 0000-0002-5282-0815 15 
Erik: 0000-0003-0229-9651 16 

Journal: IJP DDR1 17 

Keywords: Emodepside, natural variation, C. elegans, anthelmintics, hormetic effect18 

                                                
1 Note: Supplementary data associated with this article. 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 19, 2021. ; https://doi.org/10.1101/2021.01.05.425329doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425329
http://creativecommons.org/licenses/by/4.0/


2 

Graphical abstract  19 

.CC-BY 4.0 International licenseperpetuity. It is made available under a
preprint (which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in 

The copyright holder for thisthis version posted January 19, 2021. ; https://doi.org/10.1101/2021.01.05.425329doi: bioRxiv preprint 

https://doi.org/10.1101/2021.01.05.425329
http://creativecommons.org/licenses/by/4.0/


3 

Highlights (3-5, max 85 characters each): 20 

● Emodepside responses vary across the C. elegans species. 21 

● Wild strains of C. elegans model natural differences in parasite emodepside 22 

responses. 23 

● Variation in the emodepside target slo-1 and other loci correlate with 24 

resistance. 25 

● Low doses of emodepside cause a hormetic effect on offspring production.  26 
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Abstract 27 

Treatment of parasitic nematode infections depends primarily on the use of 28 

anthelmintics. However, this drug arsenal is limited, and resistance against most 29 

anthelmintics is widespread. Emodepside is a new anthelmintic drug effective 30 

against gastrointestinal and filarial nematodes. Nematodes that are resistant to other 31 

anthelmintic drug classes are susceptible to emodepside, indicating that the 32 

emodepside mode of action is distinct from previous anthelmintics. The laboratory-33 

adapted Caenorhabditis elegans strain N2 is sensitive to emodepside, and genetic 34 

selection and in vitro experiments implicated slo-1, a BK potassium channel gene, in 35 

emodepside mode of action. In an effort to understand how natural populations will 36 

respond to emodepside, we measured brood sizes and developmental rates of wild 37 

C. elegans strains after exposure to the drug and found natural variation across the 38 

species. Some of the observed variation in C. elegans emodepside responses 39 

correlates with amino acid substitutions in slo-1, but genetic mechanisms other than 40 

slo-1 coding variants likely underlie emodepside resistance in wild C. elegans 41 

strains. Additionally, the assayed strains have higher offspring production in low 42 

concentrations of emodepside (a hormetic effect), which could impact treatment 43 

strategies when parasites are underdosed. We find that natural variation affects 44 

emodepside sensitivity, supporting the suitability of C. elegans as a model system to 45 

study emodepside responses across natural nematode populations.  46 
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1. Introduction 47 

Helminth infections are a major threat to animal and human health, and 48 

control measures depend heavily on a small arsenal of anthelmintic drugs. 49 

Resistance against most anthelmintic drug classes is widespread and documented 50 

for several species (Kotze and Prichard, 2016; McKellar and Jackson, 2004). New 51 

anthelmintics with a distinct mode of action can be used to treat populations resistant 52 

to multiple anthelmintics, but the introduction of new compounds is rare (Epe and 53 

Kaminsky, 2013). One of the newest anthelmintics, the cyclooctadepsipeptide 54 

(COPD) emodepside, has been commercially available since 2007 (Epe and 55 

Kaminsky, 2013). It is a semisynthetic derivative of a natural metabolite from the 56 

fungus Mycelia sterilia (Harder and von Samson-Himmelstjerna, 2001). As a broad 57 

spectrum anthelmintic, emodepside is efficacious against gastrointestinal nematodes 58 

and filarial nematodes (Harder et al., 2003; Zahner et al., 2001) and is currently 59 

approved for treatment of helminth infections of cats and dogs in combination with 60 

praziquantel (Altreuther et al., 2005). Field resistance has not been reported since its 61 

introduction (Prichard, 2017). Importantly, emodepside is effective against multi-drug 62 

resistant parasitic nematode strains, including ivermectin- and levamisole-resistant 63 

Haemonchus contortus (Harder et al., 2005; von Samson-Himmelstjerna et al., 64 

2005).  65 

Responses to COPD have been studied in both parasitic nematodes and the 66 

free-living nematode Caenorhabditis elegans. Initial in vitro studies using Ascaris 67 

suum suggested that the COPD PF1022A, the parent compound in emodepside 68 

synthesis (Jeschke et al., 2005), displaces GABAergic ligands from somatic muscle 69 

preparations (Harder et al., 2005). However, later work comparing the effect of 70 

GABA and emodepside on the rate of relaxation of contracted A. suum muscle 71 
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showed that emodepside does not act directly on the GABAergic pathway (Willson et 72 

al., 2003; Willson J, Holden-Dye L, Harder A, Walker RJ, 2001). Another promising 73 

lead was the identification of a putative target protein, HC110-R, from a H. contortus 74 

cDNA library (Saeger et al., 2001). Alignment revealed HC110-R had 48% identity 75 

and 76% similarity to the C. elegans latrophilin receptor LAT-1. Although predicted to 76 

be a heptahelical transmembrane protein, the exact function of HC110-R is unknown 77 

(Mühlfeld et al., 2009). Latrophilin is a G protein-coupled receptor in the secretin 78 

receptor family and a Ca2+-independent receptor of alpha-latrotoxin (WeIz et al., 79 

2005). C. elegans larvae express lat-1 in pharyngeal muscle, and adults express it in 80 

both pharyngeal and non-pharyngeal neurons (Willson et al., 2004). In the laboratory 81 

strain N2, emodepside inhibits pharyngeal pumping, egg-laying, as well as 82 

locomotion (Bull et al., 2007). Putative null mutations in lat-1 are less sensitive to 83 

emodepside-induced inhibition of pharyngeal pumping, but locomotor activity is 84 

inhibited (Guest et al., 2007; Willson et al., 2004). This inhibition of locomotion 85 

suggests that emodepside affects additional pathways independent of lat-1.  86 

A subsequent mutagenesis screen using C. elegans identified mutations in 87 

the Ca2+-activated K+ channel (BK-channel) gene slo-1 in nine emodepside resistant 88 

mutants (Guest et al., 2007). These mutants were identified as highly resistant to 89 

inhibition of both pharyngeal pumping and locomotor activity by emodepside. Gain-90 

of-function mutations in slo-1 show decreased locomotion and pharyngeal pumping 91 

similar to emodepside-treated nematodes (Davies et al., 2003), suggesting that 92 

emodepside activates SLO-1 signaling. Additionally, a putative slo-1 null allele, slo-93 

1(js379), responded to emodepside treatment like mutants from the screen (Guest et 94 

al., 2007). Tissue-specific rescue experiments in the putative slo-1 null background 95 

showed that emodepside inhibited locomotion by slo-1 expressed in both neurons 96 
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and body wall muscle (Guest et al., 2007). However, feeding was inhibited by 97 

emodepside effects on pharyngeal-specific neurons alone and not through muscle. 98 

Subsequently, emodepside was shown to open SLO-1 channels expressed in 99 

Xenopus laevis oocytes (Kulke et al., 2014). Taken together, these results suggest 100 

that emodepside acts mainly through a slo-1 dependent pathway, and that the drug 101 

opens SLO-1 channels to inhibit locomotion and pharyngeal pumping in C. elegans. 102 

The above studies on emodepside mode of action and resistance in C. 103 

elegans focused on the N2 laboratory strain and mutants in that genetic background. 104 

Although C. elegans is a great model organism for parasitic nematodes (Bürglin et 105 

al., 1998; Dilks et al., 2020; Hahnel et al., 2018), studies that use only a single strain 106 

can be biased by rare variation or genetic modifiers specific to a single genetic 107 

background (Sterken et al., 2015). The observation that emodepside affects multiple 108 

nematode species suggests that its mode of action is conserved throughout the 109 

phylum. It is unlikely that one C. elegans strain represents all possible genes and 110 

variants that contribute to emodepside sensitivity. The use of multiple isolates in drug 111 

response studies increases the likelihood of elucidating mechanisms of resistance 112 

and drug mode of action shared by multiple strains and species (Hahnel et al., 2020; 113 

Wit et al., 2020). Natural variation across the C. elegans species is archived in the C. 114 

elegans Natural Diversity Resource (CeNDR) (Cook et al., 2017) and offers a 115 

powerful approach to look for genetic variation that underlies the different responses 116 

to emodepside, as has been done for other drugs (Brady et al., 2019; Evans and 117 

Andersen, 2020; Hahnel et al., 2018; Zamanian et al., 2018; Zdraljevic et al., 2019, 118 

2017). 119 

Here, we measured emodepside responses in a set of C. elegans wild strains 120 

to demonstrate that the effect of this anthelmintic on development and brood size 121 
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depends on the genetic background. Across a set of nine wild strains and the 122 

laboratory strain N2, we show that natural coding variation in slo-1 is correlated with 123 

differences in response to emodepside, but that additional variation impacts 124 

emodepside responses. This result illustrates the need for broader comparisons of 125 

anthelmintic resistance within a species, as variation in genes other than slo-1 might 126 

affect emodepside susceptibility. Additionally, it highlights the power of using C. 127 

elegans natural variation for studies of emodepside mode of action and resistance 128 

because this variation might recapitulate diversity present in parasite populations. 129 

 130 

2. Materials and Methods 131 

 132 

2.1 Strains 133 

Animals were maintained at 20ºC on modified nematode growth medium 134 

(NGMA) containing 1% agar and 0.7% agarose seeded with the E. coli strain OP50 135 

(Andersen et al., 2014). The laboratory strain N2 and a set of nine wild strains from 136 

the C. elegans Natural Diversity Resource (CeNDR) were used to study the 137 

response to multiple doses of emodepside and to determine the EC50. Additionally, 138 

two slo-1 putative loss-of-function mutant strains, BZ142 and NM1968, were 139 

obtained from the Caenorhabditis Genetics Center. 140 

 141 

2.2 High-throughput fitness assays 142 

The high-throughput fitness assays (HTAs) were performed using the COPAS 143 

BIOSORT (Union Biometrica, Holliston MA) as described previously (Hahnel et al., 144 

2018; Zdraljevic et al., 2017). In summary, the strains were grown in uncrowded 145 

conditions to avoid the induction of dauer for four generations on NMGA plates at 146 
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20ºC prior to each assay. Gravid adults from the fifth generation were bleach-147 

synchronized, and embryos were titered at one embryo per microliter of K medium 148 

(Boyd et al., 2012) into 96-well microtiter plates and incubated overnight. Hatched L1 149 

larvae were fed with 5 mg/mL HB101 lysate (Pennsylvania State University Shared 150 

Fermentation Facility, State College, PA (García-González et al., 2017)) and cultured 151 

for 48 hours at 20ºC with constant shaking. Three L4 larvae were then sorted into 152 

new microtiter plates containing K medium, 10 mg/mL HB101 lysate, 50 µM 153 

kanamycin, and either 1% DMSO or emodepside dissolved in 1% DMSO.  154 

After sorting, animals were cultured and allowed to reproduce for 96 hours at 155 

20ºC with constant shaking. For accurate nematode length measurements, the 156 

samples were treated with sodium azide (50 mM in M9) to straighten their bodies 157 

before analysis using the COPAS BIOSORT. The COPAS BIOSORT is a large 158 

particle flow measurement device (Figure 1), which measures time-of-flight (TOF), 159 

extinction (EXT), and fluorescence of objects passing through the flow cell using 160 

laser beams. Animal length and optical density measure nematode development 161 

because animals get longer and more dense as they progress through development. 162 

If animals are negatively affected by emodepside, they are expected to be smaller, 163 

less optically dense, and have smaller brood sizes. Animal optical density is 164 

corrected for animal length (median.norm.EXT) for each object in each well. Object 165 

counts are used to calculate brood size (norm.n), which is the number of objects 166 

passing the laser corrected for the number of parent animals sorted into the well.  167 

To determine concentrations to measure differences in emodepside 168 

responses across wild strains, a dose response assay was performed using three 169 

genetically divergent C. elegans strains (N2, CB4856, and DL238) and four 170 

increasing concentrations of emodepside (19.6, 39.1, 78.1, and 156.3 nM). A second 171 
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dose response with 9.8, 19.6, 39.1, 78.1, 156.3, and 312.5 nM emodepside was 172 

performed using nine wild strains (JU751, WN2001, NIC258, NIC265, NIC271, 173 

JU782, DL238, CB4932, and JU2586), two putative slo-1 null mutants (BZ142 and 174 

NM1968), and the N2 strain. These 12 strains were assayed in six separate assays 175 

with four replicates in each assay. Raw phenotypic data were processed for outliers 176 

and analyzed using the R package easysorter (Shimko and Andersen, 2014) as 177 

described previously (Hahnel et al., 2018). For each strain, all phenotypic values 178 

were normalized by deducting the average trait value in control (DMSO) conditions. 179 

Figure 1 180 

Using a COPAS BIOSORT, three independent traits were used to measure nematode responses to 181 

emodepside: brood size, nematode length (µm), and optical density.  182 
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2.3 Half maximal effective concentration (EC50) calculations 183 

To test if emodepside had an effect on any of the three traits across the range 184 

of concentrations, extreme outliers per dose were identified and removed if values 185 

were greater or less than three times the interquartile range from the first or third 186 

quartile, respectively, using the identify_outliers from the R package Rstatix 187 

(Kassambara, 2020). A Kruskal-Wallis test was performed for each strain (phenotype 188 

~ dose) using the rstatix package (Kassambara, 2020). For strains where 189 

emodepside had a phenotypic effect, the concentration with the highest response 190 

was determined. To calculate the half maximal effective concentration (EC50), the 191 

concentration at which 50% of the drug effect is reached, we could not fit from the 192 

control condition because of the hormetic effect (explained below). Instead, we fitted 193 

a linear model (developmental trait or brood size ~ dose) to the data from the dose 194 

with the peak phenotypic value to the highest concentration (312.5 nM) assayed and 195 

calculated the concentration at the midpoint of the phenotypic effect. These EC50 196 

values were calculated for each strain in each of the six assays and then the mean 197 

and standard deviation of each EC50 were calculated. 198 

 199 

2.4 Data availability 200 

Supplementary File 1 contains the phenotypic values for N2 and two putative 201 

slo-1 null mutants in response to increasing concentrations of emodepside. 202 

Supplementary File 2 contains the phenotypic values for N2, CB4856, and DL238 203 

in response to increasing concentrations of emodepside. Supplementary File 3 204 

contains the raw extinction (EXT) and time of flight (TOF) measurements for N2 and 205 

two wild C. elegans strains (CB4856 and DL238) in control conditions and 78.1 nM 206 

emodepside. Supplementary File 4 contains the phenotypic values for the N2 strain 207 
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and nine wild C. elegans strains in response to increasing concentrations of 208 

emodepside. All data and scripts to generate figures can be found at 209 

https://github.com/AndersenLab/emodepside_manuscript. 210 

 211 

3. Results 212 

 213 

3.1 Putative slo-1 null mutants are resistant to emodepside in the high-214 

throughput reproduction and development assays 215 

We assayed emodepside resistance as a function of nematode reproduction 216 

and development. These traits were measured for thousands of animals using a 217 

previously developed high-throughput assay (HTA) (see Methods, Figure 1) 218 

(Andersen et al., 2015; Brady et al., 2019; Evans et al., 2020, 2018; Evans and 219 

Andersen, 2020; Hahnel et al., 2018; Zamanian et al., 2018; Zdraljevic et al., 2019, 220 

2017). In this assay, three L4 larvae were sorted into each well of a 96-well plate and 221 

allowed to grow and reproduce for 96 hours in the presence of DMSO or 222 

emodepside dissolved in DMSO. Each well contained these three parents and their 223 

offspring. After 96 hours, animal length and optical density, which are both proxies 224 

for nematode developmental stage (Andersen et al., 2015), were measured for all 225 

progeny in the well. Animals grow longer and more dense over time, and 226 

anthelmintics slow this development. Therefore, shorter and less optically dense 227 

animals after 96 hours show that emodepside had a detrimental effect on 228 

development. In addition to development, we also measured brood size as the 229 

average number of progeny produced within the 96-hour window. Although ultimate 230 

brood size and demography of the population influence statistical summaries of 231 

nematode development as measured by size (mean.TOF) or optical density 232 
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(median.norm.EXT), a smaller brood size shows emodepside sensitivity 233 

(Supplementary Figure 1). 234 

To confirm that our HTA could be used to quantitatively measure C. elegans 235 

emodepside resistance, we measured animal development and brood size for two 236 

putative slo-1 null mutant strains, BZ142 and NM1968, and the laboratory strain, N2, 237 

across a range of concentrations. The slo-1 mutants were shown previously to be 238 

resistant to emodepside based on locomotion and pharyngeal pumping assays 239 

(Guest et al., 2007), and the N2 strain is known to be sensitive to emodepside. 240 

Brood size and development were both inhibited in the N2 strain (Kruskal-Wallis, 241 

brood size: p = 1.49x10-42, animal length: p = 4.32x10-37, optical density: p = 1.25x10-242 

39), suggesting that the N2 strain is indeed sensitive to emodepside in the HTA. 243 

Although development was not affected by emodepside for either mutant strain 244 

(Kruskal-Wallis, BZ142 animal length: p = 0.27 and optical density: p = 0.15, and 245 

NM1968 animal length: p = 0.60 and optical density: p = 0.12, Figure 2, 246 

Supplementary File 1), the mutant strains both had higher brood sizes than the N2 247 

strain in emodepside (Kruskal-Wallis, BZ142: p = 4.87x10-11 and NM1968: p = 248 

6.97x10-3). Brood sizes of these putative null mutant strains were not affected even 249 

at high concentrations of emodepside (Kruskal-Wallis, brood size in increasing 250 

concentrations of emodepside: BZ142, p = 0.30 and NM1968, p = 0.26). This result 251 

confirms that the mutant strains are indeed resistant to emodepside. By contrast, 252 

both BZ142 and NM1968 had lower brood sizes than the N2 strain in control 253 

conditions, indicating that slo-1 plays a role in reproduction (Supplementary Figure 254 

2, Supplementary File 1). Both deletion strains also had smaller average animal 255 

lengths and lower optical densities than the N2 strain in control DMSO conditions 256 

(Supplementary Figure 2, Supplementary File 1), which again demonstrates that 257 
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the putative slo-1 null mutants are less fit than the N2 strain in control conditions. 258 

These results recapitulate previous studies and illustrate the applicability of the HTA 259 

to study emodepside responses in C. elegans. 260 

Figure 2  261 

Dose response curves for (A) brood size, (B) animal length, and (C) optical density of the N2 strain 262 

(orange) and two slo-1 putative null mutant strains (BZ142 = blue, NM1968 = green). Phenotypic 263 

response values on the y-axis are corrected for the average strain response in control DMSO 264 

conditions.  265 
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3.2 Natural differences in emodepside response are heritable 266 

 Previous studies of C. elegans resistance to emodepside have been 267 

conducted using the N2 strain or mutant strains in the N2 genetic background. 268 

Assaying natural variation in C. elegans was previously shown to be a powerful tool 269 

to identify genetic variation that correlates with differences in benzimidazole 270 

responses (Hahnel et al., 2018). To test if the response to emodepside varies by 271 

genetic background, we exposed a panel of three genetically divergent C. elegans 272 

wild strains (N2, CB4856, and DL238) to increasing concentrations of emodepside. 273 

At 78.1 nM emodepside, the phenotypic variation was maximized among strains and 274 

minimized within replicates of the same strain as shown by broad-sense heritabilities 275 

of 88% for brood size, 61% for animal length, and 60% for optical density 276 

(Supplementary Figure 3, Supplementary File 2). At this concentration, N2 277 

animals were both shorter and less optically dense in the presence of emodepside 278 

compared to animals grown in control (DMSO) conditions, showing that development 279 

was delayed (Figure 3A, Supplementary File 3). The CB4856 and DL238 strains 280 

were less affected by this emodepside concentration (Figure 3B, Supplementary 281 

File 3). These differential responses across the strains and the high heritabilities 282 

suggest that genetic factors underlie natural variation in emodepside responses. 283 
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Figure 3 284 

Plots of length and optical density values are shown for each nematode from (A) the sensitive 285 

laboratory-adapted strain N2 strain and (B) a more resistant wild strain from Hawaii, DL238. The gray 286 

points are nematodes grown in the presence of DMSO (control conditions), and the black points are 287 

nematodes grown in the presence of DMSO and 78.1 nM emodepside (emodepside conditions). C. 288 

elegans grows longer and more optically dense as it ages, and anthelmintic effects can be measured 289 

as changes in the demography of animals such that developmental delay is observed as smaller and 290 

less dense animals. Here, the DL238 strain was resistant to emodepside because it grew equally well 291 

in both control and emodepside conditions.  292 
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3.3 Emodepside affects brood size and development in a dose-dependent 293 

manner 294 

To describe the effects of genetic background on development and brood size 295 

in response to emodepside in more detail, we selected nine genetically diverse wild 296 

strains and the N2 strain for a second dose response assay to more highly replicate 297 

natural differences across the species. We detected significant variation in the dose-298 

dependent responses to emodepside among strains (broad-sense heritabilities at 299 

78.1 nM: 59.5% for brood size, 70.8% for animal length, and 70.8% for optical 300 

density). The sensitive laboratory strain N2 falls in the middle of this range, 301 

demonstrating that some wild strains are more susceptible to emodepside than the 302 

N2 strain and other strains are more resistant (Figure 4, Supplementary File 4). At 303 

the highest concentration of 312.5 nM emodepside, development and brood size 304 

were reduced for all strains. Although high concentrations of emodepside were 305 

shown to have detrimental effects on brood size and development, low 306 

concentrations of emodepside actually produced larger brood sizes compared to 307 

control conditions (Figure 5, Supplementary Figure 4, Supplementary File 4). 308 

This positive effect on fitness at low concentrations of the drug is called a hormetic 309 

effect (Bukowski and Lewis, 2000). For developmental traits the identification of a 310 

potential hormetic response is confounded by increased reproduction, because 311 

strains that develop further in low concentrations of emodepside start producing a 312 

second generation. This second generation increases the observed brood size, but 313 

also decreases the average length and optical density of the population because the 314 

next generation of early larval stage animals are short and not optically dense 315 

(Supplementary Figure 1). Regardless of the presence of a hormetic effect for 316 
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development, the increased brood size at low doses of emodepside suggests 317 

emodepside causes a hormetic effect on reproduction.  318 

We next calculated the concentration with half of the maximal drug effect 319 

(EC50) for each of the strains and all three traits (Figure 4 D-F, Supplementary File 320 

4). For all traits, the EC50 was significantly affected by genetic diversity across the 321 

strains that were assayed (Kruskal-Wallis, brood size: p = 0.0422, animal length: p = 322 

4.56x10-7, optical density: p = 1.21-6). Overall, these results demonstrate that natural 323 

variation in C. elegans affects the emodepside response, indicating that this model 324 

provides an excellent system to study the genetics of emodepside mode of action 325 

and resistance.  326 
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Figure 4 327 

Dose response curves of nine wild C. elegans strains and N2 of (A) brood size, (B) animal length, and 328 

(C) optical density are shown on the left. Phenotypic response values on the y-axis are corrected for 329 

the average strain response in control DMSO conditions. Average EC50 values per strain for (D) brood 330 

size, (E) animal length, and (F) optical density are shown on the right.   331 
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Figure 5  332 

Plot of median brood sizes at the control condition (DMSO) and at 9.8 nM emodepside for ten C. 333 

elegans strains. Statistical significance of the phenotypic response in DMSO compared to 9.8 nM 334 

emodepside was calculated using a pairwise Wilcoxon test. All strains, except NIC265, showed a 335 

significant (p < 0.05) hormetic effect. 336 

 337 

3.4 Natural variation in candidate gene slo-1 correlates with resistance in 338 

reproduction but not development in wild C. elegans strains 339 

Emodepside has been shown to directly interact with and open the C. elegans 340 

SLO-1 channel (Kulke et al., 2014), and putative slo-1 null mutants are resistant to 341 

emodepside treatment (Figure 2, Supplementary File 1 (Guest et al., 2007)). 342 

Because of these results, we expected that genetic variation in slo-1 with a predicted 343 

moderate or high deleterious effect on gene function would correlate with 344 

emodepside resistance. Of nine wild strains assayed here, four (NIC258, NIC265, 345 

NIC271, and JU782) have the same four predicted variations in SLO-1 (Arg134Trp, 346 

Leu327Phe, Cys328Leu, and Arg678Leu) that causes deleterious amino acid 347 
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substitutions with a summed BLOSUM score of -6 (Henikoff and Henikoff, 1992). 348 

This variation correlated with higher EC50 values for brood size but lower EC50 values 349 

for development (Kruskal-Wallis, brood size: p = 0.0221, animal length: p = 0.263, 350 

optical density: p = 3.35x10-5). 351 

We also investigated natural variation in another candidate gene for 352 

emodepside resistance, lat-1 (Saeger et al., 2001; Willson et al., 2004). All nine wild 353 

strains in the dose response assay harbor natural variants in lat-1. To investigate if 354 

that variation is predicted to affect lat-1 function, we summed BLOSUM scores for 355 

each of the wild strains. Only the DL238 strain had a negative BLOSUM score (-1), 356 

and this score was not correlated with resistance across all strains (Kruskal-Wallis, 357 

brood size: p = 0.223, animal length: p = 0.223, and optical density: p = 0.117). In 358 

this set of ten strains, variation in lat-1 does not underlie differences in emodepside 359 

responses. Because strains vary in emodepside responses, our results indicate that 360 

amino acid variation in slo-1 or lat-1 does not explain all differences in emodepside 361 

responses, suggesting that additional genetic mechanisms affect the response to 362 

emodepside. 363 

 364 

4. Discussion 365 

Emodepside is a broad range anthelmintic with a distinct mode of action 366 

compared to other anthelmintics (Epe and Kaminsky, 2013). Previous studies of 367 

emodepside sensitivity and phenotypic effects in C. elegans have focussed on the 368 

laboratory strain N2 (Bull et al., 2007; Guest et al., 2007; Willson et al., 2004). In this 369 

strain, emodepside inhibits egg-laying, pharyngeal pumping, development, and 370 

locomotion. In the present study, sensitivity to emodepside was measured across 371 

wild C. elegans strains, the N2 strain, and two putative slo-1 null mutants (BZ142 372 
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and NM1968) using a large-particle flow cytometer high-throughput assay (HTA) 373 

(Figure 1). Resistance to emodepside caused by the putative loss-of-function slo-1 374 

mutants was confirmed using the HTA. Additionally, the effects of emodepside on 375 

brood size and development varied across the wild strains (Figures 3 and 4, 376 

Supplementary Files 3 and 4) and was correlated with protein-coding variation in 377 

the resistance candidate gene slo-1. Importantly, we found that low doses of 378 

emodepside have a hormetic effect on brood size in C. elegans. Hormesis was 379 

observed in the N2 laboratory strain and eight out of nine wild strains, regardless of 380 

their susceptibility to emodepside (Figure 4, Supplementary File 4). This consistent 381 

hormetic effect across the wild C. elegans strains included in our study suggests that 382 

emodepside might also cause a hormetic effect in parasitic nematodes. This study 383 

shows the power of using natural variation in C. elegans to study emodepside 384 

responses. 385 

 386 

4.1 High-throughput assays across wild strains show the effects of 387 

emodepside on development and reproduction 388 

In the present study, development and reproductive success in the presence 389 

of emodepside was measured for the N2 strain and a set of wild C. elegans strains 390 

using a HTA. Previously, reproduction was measured on agar plates (Bull et al., 391 

2007), where both the timing and the quantity of egg laying was measured. Using the 392 

HTA, brood size is assayed as the overall reproductive success of three L4 larvae 393 

over a 96-hour period. Results from agar-based assays and HTA are highly 394 

correlated, and HTA intra- and inter-assay correlations are substantially greater 395 

compared to agar plate-based methods (Andersen et al., 2015). On agar plates, 396 

emodepside prevents egg laying, and the animals are bloated with embryos at 397 
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higher drug concentrations (20 nM - 500 nM) (Bull et al., 2007). In the HTA, 398 

reproduction was inhibited for the N2 strain as well as the wild strains at 399 

concentrations similar to previous studies (19.6 µM to 312.5 nM), confirming that 400 

brood size in response to emodepside can be measured reproducibly with both 401 

assays. Agar-based developmental rate, based on the percentage of eggs that hatch 402 

and reach different larval stages in increasing concentrations of emodepside, is 403 

delayed (Bull et al., 2007). The HTA measures animal length and optical density of a 404 

population established by three L4 larvae over a 96-hour period. The two lowest 405 

concentrations of emodepside, 9.8 nM and 19.8 nM, have either no effect on 406 

development or a hormetic effect. Higher concentrations (39.1 µM to 312.5 nM), 407 

which overlap with the effective concentrations from the agar-based development 408 

phenotypes, negatively affect animal length and optical density (Figure 4). The 409 

results from both the agar-based and HTA methods indicate that emodepside inhibits 410 

reproduction at lower concentrations than development. Emodepside inhibited 411 

reproduction from approximately 20 nM and up, compared to approximately 40 nM 412 

and up for development. The agar-based study did not find a hormetic effect, but our 413 

results suggest that such an effect is likely to be present at concentrations below the 414 

range tested on agar plates. Our results show that the HTA provides a platform to 415 

screen hundreds of strains efficiently and that the different measures of reproduction 416 

and development are similarly affected across assay platforms. 417 

 418 

4.2 Natural variation affects development and brood size in the presence of 419 

emodepside  420 

 The response of C. elegans to emodepside is affected by natural genetic 421 

variation (Figure 4, Supplementary File 4). Our results showed that all strains are 422 
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affected by emodepside, and that higher doses inhibit development, as measured by 423 

animal length and optical density, and reproduction, as measured by brood size 424 

(Figure 4, Supplementary File 4). For brood size, strain-specific differences were 425 

correlated with variation in slo-1 where strains with predicted deleterious variation 426 

were more resistant to emodepside treatments. However, strains with higher brood 427 

sizes at lower concentrations do not have variation in slo-1, suggesting that the 428 

hormetic effect is not mediated by slo-1. It will be informative to introduce slo-1 429 

variation in the wild strains with higher fitness using CRISPR-Cas9 genome editing 430 

to test if slo-1 variation reduces brood size in a more resistant background. Our 431 

results show that reproduction and development are inhibited by higher 432 

concentrations of emodepside, and that natural variation affects the extent of this 433 

response. Future measurements of emodepside responses across additional wild 434 

isolates will improve the power to detect candidate resistance genes across the 435 

species using genome-wide association studies. 436 

 437 

4.3 Hormetic effects of emodepside suggest a potential risk of treatment failure 438 

at suboptimal doses  439 

 Nine of ten strains showed a hormetic response in reproduction when treated 440 

with a low emodepside concentration (Figure 4 A-C, Figure 5, Supplementary File 441 

4). The presence of hormetic responses across strains illustrates that hormesis is a 442 

common response to low concentrations of emodepside across C. elegans strains. If 443 

this response is shared with parasitic nematodes, then experimental designs to 444 

calculate EC50 values in parasites need to account for this effect. A low EC50 445 

estimate caused by a hormetic effect can lead to recommended treatment doses that 446 

will be insufficient to treat parasitic nematode infections. Underdosing is a known risk 447 
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factor for the selection of resistance against all anthelmintics (Sangster et al., 2018; 448 

Silvestre et al., 2001; Smith et al., 1999). If hormetic doses are administered, either 449 

because of erroneous EC50 calculations or as a result of other treatment factors like 450 

ineffective drug delivery (Sangster et al., 2018), the infection might be intensified 451 

rather than treated. Our results also imply that low doses of emodepside are 452 

beneficial rather than detrimental for nematode growth. To prevent hormesis from 453 

rendering emodepside treatment ineffective, it is essential to investigate hormetic 454 

effects and adjust treatment recommendations accordingly.  455 

 456 

4.4 Natural variation in C. elegans can facilitate the study of anthelmintic 457 

resistance 458 

The free-living nematode C. elegans is a long standing model to study 459 

anthelmintic mode of action and resistance of parasitic nematodes (Geary and 460 

Thompson, 2001; Hahnel et al., 2020; Holden-Dye et al., 2014; Wit et al., 2020). The 461 

suitability of C. elegans as a model is the result of a range of attributes, including the 462 

phylogenetic relationship of C. elegans with many parasitic nematodes of human and 463 

veterinary importance, its short and direct life cycle, a wide range of genome-editing 464 

tools, and its high-quality reference genome and gene models. Additionally, larval 465 

stages of many parasitic nematodes occupy the same niches as C. elegans 466 

(Crombie et al., 2019; Frézal and Félix, 2015). Similar environmental stressors, 467 

including naturally occuring precursors of anthelmintics (Alivisatos et al., 1962; 468 

Campbell, 2012, 2005), can cause similar selective pressures for both species to 469 

evolve resistance.  470 

Previous studies on the emodepside resistance candidate gene lat-1, showed 471 

that putative lat-1 null mutants were resistant in reproduction and pharyngeal 472 
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pumping assays, but sensitive in locomotion assays (Guest et al., 2007), and that 473 

putative slo-1 null mutants are resistant in all assays. Here, we show that although 474 

putative slo-1 null mutants are resistant to emodepside treatment, slo-1 variation is 475 

not the only determinant of resistance across wild strains. These results imply that 476 

multiple genes likely affect the response to emodepside. To identify these genes, 477 

genetic variation across wild strains can be correlated with phenotypic responses to 478 

emodepside. Genes identified based on population-wide variation are more likely to 479 

translate to other species than genes identified based on one genetic background. 480 

After identification of candidate genes, genetic variation in these genes should be 481 

tested in a controlled genetic background by introducing specific mutations using 482 

CRISPR-Cas9 genome editing (Dilks et al., 2020).  483 
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