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ABSTRACT

Albendazole and ivermectin are the two most commonly co-administered anthelmintic drugs in
mass-drug administration programs worldwide. Despite emerging resistance, we do not fully
understand the mechanisms of resistance to these drugs nor the consequences of delivering them
in combination. Albendazole resistance has primarily been attributed to variation in the drug
target, a beta-tubulin gene. lvermectin targets glutamate-gated chloride channel (GIuCl) genes,
but it is unknown whether these genes are involved in ivermectin resistance in nature. Using
Caenorhabditis elegans, we defined the fithess costs associated with loss of the drug target genes
singly or in combinations of the genes that encode GIuCl subunits. We quantified the loss-of-
function effects on three traits: (i) multi-generational competitive fitness, (ii) fecundity, and (iii)
development. In competitive fithess and development assays, we found that a deletion of the
beta-tubulin gene ben-1 conferred albendazole resistance, but ivermectin resistance required loss
of two GluCl genes (avr-14 and avr-15) or loss of three GIuCl genes (avr-14, avr-15, and glc-1).
The fecundity assays revealed that loss of ben-1 did not provide any fitness benefit in albendazole
and that no GIuCl deletion mutants were resistant to ivermectin. Next, we searched for evidence
of multi-drug resistance across the three traits. Loss of ben-1 did not confer resistance to
ivermectin, nor did loss of any single GIuCl subunit or combination confer resistance to
albendazole. Finally, we assessed the development of 124 C. elegans wild strains across six
benzimidazoles and seven macrocyclic lactones to identify evidence of multi-drug resistance
between the two drug classes and found a strong phenotypic correlation within a drug class but
not across drug classes. Because each gene affects various aspects of nematode physiology,
these results suggest that it is necessary to assess multiple fitness traits to evaluate how each

gene contributes to anthelmintic resistance.
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AUTHOR SUMMARY

Control of parasitic nematodes often depends on mass-drug administration (MDA) programs,
where combinations of anthelmintics are distributed to at-risk populations. Two commonly co-
administered anthelmintic drugs in MDA programs are albendazole and ivermectin, and
resistance to both drugs has emerged. Although the mechanism of resistance (MoR) to
albendazole has been primarily attributed to variation in a beta-tubulin gene, the MoR to
ivermectin remains unknown. Ivermectin acts through pentameric glutamate-gated chloride
channels (GIuCls). However, it is unclear whether genes that encode GluCls are involved in
ivermectin resistance in parasitic nematodes. Using Caenorhabditis elegans, we quantified the
fithess costs associated with deletions of the beta-tubulin gene ben-1 and three genes encoding
GluClI subunits avr-14, avr-15, and glc-1 on three traits: (i) multi-generational competitive fitness,
(i) fecundity, and (iii) development. We found different anthelmintic responses across strains and
traits but no evidence of multi-drug resistance. Our results suggest that multiple traits should be
considered to understand resistance comprehensively and that the determination of whether a
gene plays a role in anthelmintic resistance depends on the trait measured. Understanding the
guantitative effects and fithess-associated costs of each GIuCl subunit in C. elegans can help

explain the costs of mutations in these subunits in parasites.
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84 INTRODUCTION

85 Parasitic nematodes are some of the most abundant, diverse, and destructive parasites
86  of humans that cause significant socio-economic and health impacts, including the collective loss
87  of over eight million disability-adjusted life years (DALYSs) [1-3]. Control of these parasites often
88 depends on mass-drug administration (MDA) programs, where anthelmintics are distributed in
89 combinations to at-risk populations. However, anthelmintic resistance has emerged with reports
90 of reduced drug efficacy against nematodes in humans, which threatens our ability to control
91 parasitic nematode infections [4-8]. In veterinary medicine, overuse of anthelmintics has placed
92  strong selective pressures on parasites, which has led to the evolution of resistance to all major
93 drug classes [9-11] and highlights the potential for a similar pattern of anthelmintic resistance to
94  spread throughout human parasitic nematode populations.
95 Simultaneous treatment with two or more drugs (i.e., co-administration) from different
96 anthelmintic classes is one method used to slow the development of resistance when a single
97 anthelmintic has reduced efficacy [12,13]. Anthelmintic rotation, another method to slow
98 resistance, uses the periodic switching of drug classes to alleviate selection pressures on one
99  drug class and prolong drug lifespan and efficacy [14]. Despite the successes of both strategies,
100 co-administration and anthelmintic rotation pose the risk of multi-drug resistance [15-17],
101 particularly if a shared mechanism confers resistance to both drugs (e.g., drug export) [18], a
102 phenomenon known as cross-resistance [17]. Although empirical evidence for cross-resistance
103 s lacking, its potential occurrence could increase the development of resistance to both drugs.
104  However, neither co-administration nor anthelmintic rotation alone are enough to slow the spread
105 ofresistance. To date, various accounts of multi-drug resistance have been reported in veterinary
106  medicine [9-11]. Therefore, it is critical to define and address the mechanisms of resistance
107 (MoR) for each drugin a treatment plan to ensure that drug efficacy can be reached and to prevent

108  multi-drug resistance.
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109 Two of the most commonly used anthelmintic drugs in MDA programs are albendazole, a
110 benzimidazole (BZ), and ivermectin, a macrocyclic lactone (ML) [19-22], where these two drugs
111  are regularly co-administered as a chemotherapeutic treatment for intestinal helminths and
112  Iymphatic filariasis [23]. Because albendazole and ivermectin are two drugs on the World Health
113  Organization (WHO) Model Lists of Essential Medicines [23—26], it is critical to identify the MoR
114  for both drugs to inform appropriate administration and slow the development of resistance.
115 However, anthelmintic resistance in parasites can be difficult to disentangle because of multiple
116 factors, including a lack of access to relevant life stages and in vitro culture systems, dependence
117  on vertebrate hosts, and a limited molecular toolkit (e.g., gene knockouts and induced mutations
118 cannot be used to study genes associated with resistance in parasites) [27]. With its ease of
119 growth, outstanding genetic tractability, and molecular toolkits, the free-living nematode
120 Caenorhabditis elegans has contributed to the identification and characterization of the MoA and
121  MoR of all major anthelmintic drug classes [27—34]. Additionally, wild C. elegans strains from the
122  Caenorhabditis Natural Diversity Resource (CaeNDR) [35] have been used to explore
123  anthelmintic resistance in natural populations and to uncover novel MoR [30,35-42].

124 Both the laboratory-adapted strain, N2, and C. elegans wild strains have facilitated the
125 identification and characterization of the beta-tubulin gene ben-1 as the primary target of
126  albendazole and other BZs [28,29,39,42,43]. Loss-of-function mutations in ben-1 have been
127 identified in C. elegans strains resistant to BZs [44]. Furthermore, resistance alleles
128 corresponding to point mutations in ben-1 homologs in parasitic nematode populations continue
129 to be identified [29,43,45,46]. Notably, the redundancy among the six beta-tubulin genes in
130 C. elegans allows strains with a non-functional ben-1 gene to develop normally [44]. To date,
131  beta-tubulins have been the most well characterized anthelmintic target across nematodes
132 [44,47-52].

133 Ivermectin acts as a positive allosteric modulator that selectively opens inhibitory

134  glutamate-gated chloride channels (GIuCls) in the membranes of pharyngeal muscles, motor
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135 neurons, female reproductive tracts, and the excretory/secretory pores [53-56]. However, the
136 relationship between GluCls and the MoR of ivermectin is poorly understood. In C. elegans,
137  GIuCls are thought to be homopentameric or heteropentameric transmembrane complexes where
138 six genes encode GIluCl subunits: avr-14, avr-15, glc-1, glc-2, glc-3, and glc-4 [57-60]. Although
139 itis established that GIuCl subunits are the main targets of ivermectin in C. elegans, null mutations
140 in avr-14, avr-15, or glc-1 individually do not cause ivermectin resistance [60]. However,
141  mutagenesis studies of C. elegans showed that a triple GluCI mutant strain (avr-14; avr-15 glc-1)
142  displayed greater than 4000-fold resistance and that a double GIuCl mutant strain (avr-14; avr-
143 15) had intermediate levels of resistance as compared to the wild-type strain [60]. This study
144  demonstrated that mutations in multiple GIuCl subunit genes can cause high-level ivermectin
145  resistance. Nevertheless, it is essential to note that the mutagenesis studies in C. elegans were
146  not performed in a controlled background and assessed only one trait, survival, as measured by
147  placing embryos on agar plates with ivermectin and observing the number of embryos that grew
148 to adulthood [58,60]. It is important to assess multiple traits to evaluate ivermectin resistance
149 because GluCls are widely expressed across several tissue types in the C. elegans nervous
150 system and pharynx [61,62]. To adequately evaluate the MoR to ivermectin, fithess, development,
151 and fecundity can be used to understand how GIluCl subunit genes interact and play a role in
152 resistance and, ultimately, assess how they could affect the spread of resistance alleles in
153 parasite populations.

154 Using C. elegans, we defined the fithess costs associated with the loss of ben-1, avr-14,
155 avr-15, and glc-1 and the loss of combinations of GIuCl subunits all in a controlled genetic
156  background on nematode resistance to albendazole and ivermectin. We measured three fitness
157 components: (i) multi-generational competitive fitness, (ii) fecundity, and (iii) development. First,
158 in the competitive fitness assay, we found that loss of ben-1 conferred albendazole resistance,
159 and loss of GluCl subunits did not confer albendazole resistance. We found that loss of avr-15

160 carried significant fitness consequences when not under drug selection pressure. Under constant
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161 ivermectin exposure, loss of both avr-14 and avr-15 and all three GluClI subunits (avr-14, avr-15,
162  and glc-1) caused strong selective advantages compared to the wild-type strain. Second, in the
163 fecundity assays, we found that loss of ben-1 did not confer any advantage in the presence of
164 albendazole and that all strains with an avr-15 deletion had reduced fecundity in all conditions
165 compared to the wild-type strain. Third, in our assessment of development, we found that loss of
166  ben-1 conferred resistance to albendazole, and loss of both avr-14 and avr-15 or all three GluCl
167  subunits conferred ivermectin resistance. Fourth, we sought to identify any evidence of cross-
168 resistance between albendazole and ivermectin by comparing the fithess costs of each deletion
169 mutant strain in both drugs. Across the three fitness traits we assessed, we found that the ben-1
170 deletion mutant strain did not confer resistance in the presence of ivermectin, nor did the GluCl
171  deletion mutant strains display resistance in the presence of albendazole. Fifth, we assessed the
172  development of 124 C. elegans wild strains across six BZs and seven MLs to identify evidence of
173  cross-resistance between the two drug classes in natural populations. We found a strong
174  correlation with phenotype within a drug class but not across drug classes, which indicates that
175 phenotypic responses to the two drug classes are distinct, likely because they target different
176  aspects of nematode development. Here, we present a comprehensive study that assessed the
177  quantitative effects that ben-1 and GIluCl mutations have on various aspects of nematode fithess
178 in the presence of albendazole or ivermectin. These results suggest that conclusions about a
179 gene's involvement in anthelmintic resistance depend on the trait assessed and that multiple
180 fitness traits must be considered to understand resistance comprehensively.

181

182 RESULTS

183  Multi-generational competitive fithess assays show how loss of beta-tubulin and GluCl
184  subunits are selected in control or anthelmintic conditions

185 CRISPR-Cas9 genome editing was performed to generate four deletion strains that each

186  cause loss of function. Each strain contains a single deletion in either the beta-tubulin gene, ben-
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187 1, orthe GluCl subunit genes avr-14, avr-15, or glc-1 (Fig 1, Table S1). Next, to comprehensively
188 assess the role that avr-14, avr-15, and glc-1 play in ivermectin resistance, we created double
189 mutants of each combination of GIuClI deletion alleles and a triple mutant (avr-14; avr-15 glc-1)
190 by crossing the single deletion strains (see Methods). We performed competitive fithess assays
191 to determine the selective advantages or disadvantages of alleles in control or drug treatment
192  conditions. Fitness involves the ability of an organism, or population, to survive and reproduce in
193 its environment [63,64]. In these assays, a query strain was competed against the barcoded wild-
194  type strain PTM229 (Table S1), which contains a synonymous change in the dpy-10 locus in the
195 N2 background and does not cause any fitness effects compared to the normal laboratory N2
196 strain [65] in the presence of dimethyl sulfoxide (DMSO), albendazole, or ivermectin (Fig S1).
197 Because all query strains contain the wild-type dpy-10 locus, allele frequencies of dpy-10 between

198 PTM229 and each query strain were measured for each generation to quantify relative fitness.

ben-1

avr-14

avr-15

glc-1

0 5 10
Transcript length (kb)
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199 Fig 1. Gene models of ben-1 and the three genes encoding for GIuCl subunits in C. elegans
200 Predicted gene models presented for ben-1, avr-14, avr-15, and glc-1 include exons (orange
201 rectangles) and introns (gray lines) in the C. elegans laboratory-adapted strain N2 background
202  (WS283). Black bars underneath each gene display the span of the deletion present in each gene
203  for the strains assayed (Table S1).

ggg The competitive fitness assays enabled us to focus on two key traits critical to nematode
206 fitness: time to reproduction and reproductive rate. These assays allow us to observe small effects
207  on nematode fitness over multiple generations. If an allele confers a deleterious fitness effect
208 compared to the wild-type allele, then that strain will decrease in frequency over the generations.
209 Conversely, if an allele confers a beneficial effect compared to the wild-type allele, then that strain
210 willincrease in frequency over the generations. Finally, if an allele has no difference in effect when
211  compared to the wild-type allele, then the two strains will be found at approximately equal
212  frequencies throughout the competitive fithness assay.

213 In control conditions, the wild-type strain, N2, showed no differences in competitive fitness
214  compared to the barcoded wild-type control strain, PTM229, as expected. The loss of ben-1, avr-
215 14, or glc-1 in single deletion mutants, along with the loss of both avr-14 and glc-1 in the double
216  mutant strain, did not have significant differences in competitive fithess as compared to the control
217  strain, which suggests that a deletion in these genes, in control conditions, did not cause fithess
218 consequences (Fig 2A, Fig 2B, Fig S2). Notably, all strains with a loss of avr-15, whether it be a
219  single, double, or triple GluCl mutant, were vastly unfit and ceased to exist in the population by
220 the third generation (Fig 2A). These results suggest that, when not under drug selection pressure,

221  loss of avr-15 is incredibly detrimental to animal fithess. Therefore, it is unlikely that individuals

222  with avr-15 loss-of-function alleles will be observed in natural populations.
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223

224  Fig 2. Competitive fithess assays across seven generations in DMSO, albendazole, and
225  ivermectin.

226  Abarcoded N2 wild-type strain, PTM229, was competed with strains that have deletions in either
227  one, two, or three genes that encode GIuCl channels or the beta-tubulin gene ben-1 in (A) DMSO,
228 (C) albendazole, and (E) ivermectin. Generation is shown on the x-axis, and the relative allele
229 frequencies of the nine strains with genome-edited alleles and N2 are shown on the y-axis. The
230 log.-transformed competitive fithess of each allele is plotted in (B) DMSO, (D) albendazole, and
231 (F) ivermectin. The gene tested is shown on the x-axis, and the competitive fitness is shown on
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232 the y-axis. Each point represents a biological replicate of that competition experiment. Data are
233 shown as Tukey box plots with the median as a solid horizontal line, and the top and bottom of
234  the box representing the 75th and 25th quartiles, respectively. The top whisker is extended to the
235 maximum point that is within the 1.5 interquartile range from the 75th quartile. The bottom whisker
236 is extended to the minimum point that is within the 1.5 interquartile range from the 25th quartile.
237  Significant differences between the wild-type N2 strain and all the other alleles are shown as
238  asterisks above the data from each strain (p > 0.05 = ns, p < 0.001 =*** p < 0.0001 = **** Tukey
239 HSD). Because two DMSO competitive fitness assays were performed, results from both DMSO
240  assays are reported (S2 Fig).

241

242 In drug conditions, we can assess whether loss of any of these genes causes resistance.
243 In albendazole conditions, the loss of ben-1 caused a strong fithess advantage over the control
244  strain and swept to fixation in the population by the third generation (Fig 2C, Fig 2D). Notably,
245  the loss of one, two, or all three GIuCl genes caused a reduction of fithess in albendazole
246  conditions, and each strain displayed a similar competitive fitness response in albendazole as
247  observed in control conditions (Fig 2C, Fig 2D). In ivermectin conditions, the loss of ben-1 or glc-
248 1 caused no significant differences in competitive fitness as compared to the control strain. The
249 loss of avr-14 or avr-15, the loss of both avr-14 and glc-1, or the loss of both avr-15 and glc-1
250 caused significantly reduced competitive fitness in ivermectin compared to the control strain (Fig
251  2E, Fig 2F). By contrast, the loss of both avr-14 and avr-15 and the loss of all three GIuCl genes
252  (avr-14, avr-15, and glc-1) caused strains to sweep to fixation in the presence of ivermectin by
253 the third generation, indicating that they had significantly improved fithess as compared to the
254  control strain (Fig 2E). Results from these competitive fithess assays suggest that ivermectin
255  resistance is only observed when both avr-14 and avr-15 functions are lost. The fitness
256 disadvantages of losing avr-14 or avr-15 alone outweigh any ivermectin resistance that could be
257  present. The loss of glc-1 in addition to loss of both avr-14 and avr-15 caused the triple mutant
258  strain to sweep to fixation faster than the avr-14; avr-15 double mutant strain. However, these two
259  strains did not significantly differ in competitive fitness.

260

261 Fecundity effects caused by loss of beta-tubulin or GIuCl subunits in control or

262 anthelmintic conditions
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263 To dissect the genetic basis of anthelmintic resistance, we must identify the roles of ben-
264 1 and the GluClI subunit genes in nematode fecundity and their potential influence on the spread
265 and persistence of resistance alleles in a population. As a measure of relative fitness, fecundity
266 refers to the number of offspring produced by an organism [63,64]. To compare the effects on
267  fecundity caused by the loss of ben-1 and the GIuCl subunit genes, we measured lifetime
268 fecundity, daily fecundity, and intrinsic growth rate of the nine C. elegans strains (see Methods).
269  Single L4 larval stage hermaphrodites were placed on NGMA plates under control (DMSO),
270 albendazole, or ivermectin conditions [66]. Hermaphrodites were transferred every 24 hours for
271 five days and maintained under standard laboratory conditions. After five days, hermaphrodites
272  were transferred for the final time to a new NGMA plate for 48 hours. We manually counted the
273  offspring from images of assay plates from single hermaphrodites. The results showed
274  considerable differences in lifetime fecundity among the nine strains across the three conditions

275  (Fig 3).
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276
277  Fig 3. Variation in lifetime fecundity of beta-tubulin and GluCl mutants in the presence of

278 DMSO, albendazole, or ivermectin.

279 Bar plots for lifetime fecundity, y-axis, for each deletion strain on the x-axis in (A) DMSO, (B)
280 albendazole, and (C) ivermectin are shown. Error bars show the standard deviation of lifetime
281 fecundity among 7 - 10 replicates. The laboratory reference strain, N2, is colored orange. Other
282  strains are colored by genotype. Comparisons of lifetime fecundity between the laboratory
283  reference strain, N2, and all deletion strains are shown. Statistical significance was calculated
284  using Tukey HSD. Significance of each comparison is shown above each comparison pair (p >
285 0.05=ns,p<0.05=*p<0.01=*p<0.001=**p<0.0001 =**** Tukey HSD).

286

287 Fecundity directly impacts population growth rate and survival. Measuring fecundity

288  provides insights into reproductive success, which is fundamental to the assessment of animal

289 fitness and resilience when exposed to environmental changes. Here, the fecundity assays
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290 enabled us to focus on offspring production both in control conditions and under constant drug
291  selection pressure. By assessing fecundity in control (DMSO) conditions, we can discern the
292  fitness effects caused by loss of ben-1 or by the loss of GluCI subunit genes when not under drug
293  selection pressure. The loss of ben-1 caused increased fecundity (Fig 3A), which suggests that
294  ben-1 limits fecundity in control conditions. The loss of avr-15 alone and loss of both avr-15 and
295 glc-1 did not affect lifetime fecundity as compared to the N2 strain. However, the loss of avr-15 in
296 combination with avr-14 or in combination with avr-14 and glc-1 caused significantly reduced
297 lifetime fecundities as compared to the N2 strain, which suggests that in combination avr-14 and
298 avr-15 or avr-14, avr-15, and glc-1 are necessary for normal fecundity in control conditions (Fig
299  3). By contrast, the loss of avr-14 or glc-1 and the loss of both genes caused significantly
300 increased lifetime fecundities as compared to the N2 strain, which suggests that avr-14 and glc-
301 1 limit fecundity in control conditions.

302 By evaluating fecundity under drug conditions, we can uncover the fitness effects caused
303 by mutations in ben-1 or the GluClI subunit genes and determine how these mutations under drug
304  pressure could affect the spread of potential resistance alleles in a population. In the presence of
305 albendazole, the loss of ben-1 did not cause a significant effect on lifetime or daily fecundity as
306 compared to the N2 strain, which suggests that ben-1 does not confer albendazole sensitivity by
307 alteration of nematode fecundity (Fig 3B, S4 Fig). However, in the presence of ivermectin, the
308 loss of ben-1 had a significant increase in lifetime fecundity compared to the control strain,
309 exhibiting the same pattern observed in control conditions (Fig 3C, S5 Fig). The loss of glc-1 and
310 the loss of both avr-14 and glc-1 did not cause significant differences in lifetime or daily fecundity
311 compared to the N2 strain in albendazole or ivermectin, which suggests that glc-1 alone or in
312  combination with avr-14 are necessary for normal fecundity production under drug pressure. By
313 contrast, a loss of avr-14 alone caused significantly reduced fecundity compared to the control
314 strain in ivermectin, which indicates that avr-14 is necessary for fecundity in ivermectin.

315 Additionally, the loss of avr-15 alone, the loss of both avr-14 and avr-15 or avr-15 and glc-1, or
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316 the loss of all three GIuCl subunits caused significantly reduced lifetime fecundity compared to
317  the control strain, a trend observed across all conditions, which suggests that avr-14 and avr-15
318 alone or in combination these GIuCl genes are necessary for normal fecundity. Although the loss
319 of avr-15 in the single, double, or triple mutant strains caused a reduction in fecundity across
320 conditions, the daily fecundity patterns varied across the three conditions (S3 Fig, S4 Fig, S5
321  Fig). In all three conditions, strains with a loss of avr-15 had a reduction in daily fecundity between
322 days two and three compared to the N2 strain. In DMSO and ivermectin, strains with a loss of
323 avr-15 had an increase in daily fecundity between days five and seven at the end of the assay
324  (S4 Fig). Because strains with a loss of both avr-14 and avr-15 and a loss of all three GluCl
325  subunits have significantly reduced fecundity across all conditions, it would be unlikely for animals
326 in nature to acquire loss-of-function mutations in these genes that cause detrimental fitness
327  consequences.

328

329 Loss of ben-1 conferred albendazole resistance, and loss of both avr-14 and avr-15 or all
330 three GluCl subunits conferred ivermectin resistance

331 We then performed high-throughput assays (HTAS) to measure nematode length, a proxy
332  for development, in strains with a loss of ben-1 or loss of GIuCI subunit genes (Table S2) in
333  response to drug treatment. The assay included 72 replicates per strain with 5-30 animals per
334  replicate in each drug or control condition. The reported nematode length of each strain is the
335 delta between animal lengths in control and drug conditions to obtain normalized animal length
336 and assess drug effects. Longer median animal length (i.e., larger animals) than the N2 strain
337  corresponds to increased resistance to the tested drugs, and shorter median animal length (i.e.,
338 smaller animals) than the N2 strain corresponds to increased sensitivity to the tested drugs.
339  Strains varied in length after growth for 48 hours in control conditions, but the loss of avr-14 and

340 avr-15 caused the most significant delays in development (S6 Fig). Despite substantial variation
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341 among strains in control (DMSO) conditions, animal measurements were categorized as the L4
342  larval stage by our custom CellProfiler worm models.

343 As previously reported, the N2 strain was developmentally delayed in albendazole, where
344  animals were shorter than in control conditions, demonstrating sensitivity to albendazole [29,39].
345 By contrast, the loss of ben-1 caused albendazole resistance as demonstrated by longer animal
346 length than observed in the N2 strain (Fig 4A). Although each GIluClI deletion mutant strain had
347  significantly longer animal lengths than the N2 strain, none of the seven GIuCl deletion mutant
348 strains conferred albendazole resistance as observed in the ben-1 deletion mutant (Fig 4A). In
349 ivermectin, the N2 strain had the greatest delay in development. Although, a loss of avr-14 or avr-
350 15 alone or aloss of avr-14 and glc-1 or avr-15 and glc-1 in combination had significantly longer
351 median animal lengths than the N2 strain in ivermectin (Fig 4B). However, the loss of avr-14 and
352 avr-15 or the loss of avr-14, avr-15, and glc-1 caused quantitative ivermectin resistance as
353 compared to the N2 strain. This ivermectin resistance confirms previous findings [60]. However,
354  we did not see a significant difference in median animal length between the double GluCl mutant
355 avr-14 and avr-15 or the triple GIuCIl mutant, as reported previously [60]. A higher concentration
356  of ivermectin (500 nM) was also measured and confirmed the same patterns described above
357  (S7Fig).

358
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359
360 Fig 4. High-throughput assays for each mutant strain in the presence of albendazole and

361 ivermectin.

362 The regressed median animal length values for populations of nematodes growth in either (A) 30
363 uM albendazole or (B) 250 nM ivermectin are shown on the y-axis. Each point represents the
364 normalized median animal length value of a well containing approximately 5-30 animals. Data are
365 shown as Tukey box plots with the median as a solid horizontal line, and the top and bottom of
366  the box representing the 75th and 25th quartiles, respectively. The top whisker is extended to the
367  maximum point that is within the 1.5 interquartile range from the 75th quartile. The bottom whisker
368 is extended to the minimum point that is within the 1.5 interquartile range from the 25th quatrtile.
369 Significant differences between the wild-type strain and all other deletions are shown as asterisks
370 above the data from each strain (p > 0.05 = ns, p < 0.001 = *** p < 0.0001 = *** Tukey HSD).

371  No evidence of cross-resistance or multi-drug resistance between BZs and MLs
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372 Because albendazole and ivermectin are routinely distributed together to at-risk
373  populations, it is critical to ensure that the two drugs do not have the same MoR to avoid the
374  possibility of cross-resistance. Because we compared the response of the ben-1 deletion mutant
375 strain in ivermectin and all GIuCl deletion mutant strains in albendazole for all fithess assays, we
376  obtained a comprehensive picture of how these genes interact in the presence of a drug that is
377  not designed to affect their given target. In the competitive fithness and HTASs, the loss of ben-1
378 did not cause ivermectin resistance. Additionally, none of the GIuCI deletion mutant strains
379 conferred resistance to albendazole across the competitive fithess and HTAs, as compared to a
380 loss of ben-1. However, it is important to note that a loss of ben-1 did confer a slight advantage
381 compared to the N2 strain in the ivermectin fecundity assay (Fig 3C). AllGIuCl deletion mutant
382  strains, except the glc-1 deletion mutant strain, conferred a slight advantage compared to the N2
383 strainin the albendazole HTA (Fig 4A). However, it is essential to note that the competitive fithess
384  assays did not display any evidence of cross-resistance (Fig 2).

385 Our fithess assays showed how ben-1, avr-14, avr-15, and glc-1 respond under drug
386  pressure, but we know that these genes do not account for all of the albendazole or ivermectin
387 resistance found across the C. elegans species [41,43]. Therefore, we performed an HTA (see
388  Methods) to assess the nematode development of 124 wild strains in the presence of six BZs and
389  seven MLs, which included albendazole and ivermectin. We used a Spearman’s Rank correlation
390 testto test any evidence of multi-drug resistance among the BZs and MLs. We find much stronger
391  phenotypic correlations of responses within the same drug class than we do between drug classes
392 (Fig 5), and no significant correlations exist across the two drug classes (Table S3), which

393  suggests that we did not detect evidence of multi-drug resistance between the two drug classes.
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395 Fig 5. Spearman-rank correlations between 124 wild isolates exposed to BZs and MLs.
396  Spearman-rank correlations and significance testing were performed between 124 wild isolates
397  exposed to six BZs and seven MLs. The dendrograms were constructed using Euclidean distance
398 and complete linkage metrics and then split into their two largest clusters to show the relationships
399 of similarities between the 124 wild strains exposed to the two major anthelmintic classes. A
400 correlation of 1 signifies the strongest phenotypic correlation (i.e., identical median animal
401 lengths) and a correlation of -0.2 signifies the weakest phenotypic correlation (i.e., dissimilar
402 median animal lengths). Significant correlations (p < 0.05) were recorded (Table S3).
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403 DISCUSSION

404 Here, we assessed multiple fitness traits to understand how ben-1 and genes that encode
405  GluCl subunits contribute to albendazole and ivermectin resistance. Additionally, the quantitative
406  assessment of avr-14, avr-15, and glc-1 in ivermectin response is critical to understand how GIuCl
407 subunits affect fitness in nematode populations. Because C. elegans shares the major
408 characteristics of the parasitic nematode body plan, such as the cuticle and organization of the
409 nervous system, along with a conserved neuromuscular system and neurotransmitters [27,67],
410 the traits that we assessed can help us better understand how resistance alleles could spread in
411  parasitic nematode populations.

412 Our competitive fitness and development assay results confirm previous findings, which
413 showed that a loss of ben-1 confers albendazole resistance and that loss of both avr-14 and avr-
414 15 or a loss of all three GIuCl subunits are necessary to confer ivermectin resistance
415 [39,43,44,49,58,60]. However, animals with the loss of both avr-14 and avr-15 or the loss of all
416  three GIUCl subunits did not significantly differ in ivermectin response as previously reported in
417  mutagenesis studies [60]. It is also critical to note that strains with a loss of both avr-14 and avr-
418 15 or a loss of all three GIuCl subunits have significant fitness consequences when not under
419 ivermectin exposure, rendering it unlikely that loss-of-function mutations will occur in these genes
420  and confer ivermectin resistance in nature.

421 Prior to this study, minimal research had been performed to assess the quantitative
422  contributions of GIuCl subunits on nematode fitness. To identify why GIuCls in parasites lack
423  variation, we tested the contributions of three genes that encode GIuCl subunits on C. elegans
424  fitness. We found that a loss of avr-14 alone or in combination with glc-1 has significant fitness
425  consequences in ivermectin but not when in albendazole or control conditions. Overall, a loss of
426  avr-15 has profoundly detrimental effects compared to the control strain across all conditions. An
427  animal with a loss of avr-15 in combination with avr-14 must remain under constant ivermectin

428  pressure to exhibit any fitness benefit compared to the control strain. Finally, a loss of glc-1 does
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429  not affect fitness across conditions, indicating perhaps why natural mutations of this gene are
430 found in C. elegans wild populations [41,68,69]. Our investigation did not reveal any indication
431 that glc-1 is responsible for conferring resistance to ivermectin, which contradicts earlier findings
432  [68,69]. Previous studies focused on different phenotypic traits such as body bends, paralysis,
433 and gene expression, used different genetic approaches to assess resistance, and measured
434  nematode response against different macrocyclic lactones than what was tested here. The
435  discrepancy between our findings and earlier research underscores the necessity of evaluating
436  multiple traits, as the response to anthelmintic treatment can vary depending on the trait
437  measured.

438 Several reasons might explain the infrequent detection of GIluCl subunits mutated in
439  parasitic nematode isolates that have ivermectin resistance, including variation in GluCl gene
440 family number, interactions between genes outside the GluCl family, poor nematode genome
441  quality, and the locations of GluCl tissue expression. First, we do not fully understand the
442  composition of GluCls. The GluCls are members of the pentameric ligand-gated ion channel
443  family and, similar to other members of this family, the functional channels formed in vivo could
444  be homomeric or heteromeric [62]. More research needs to be done to elucidate the subunit
445  composition of GluCls across parasitic nematode species. In addition, no auxiliary proteins,
446  analogous to the genes that influence the trafficking and assembly of nematode nicotinic
447  acetylcholine receptors, have been reported for the GluCls, and we do not know if any such
448  proteins exist [62]. Furthermore, although avr-14, avr-15, glc-1, glc-2, glc-3, and glc-4 are
449  predicted to be conserved widely across nematode species [70], avr-14 is currently the only GluCl
450 gene found to be highly conserved throughout Nematoda [55]. A polymorphism in an avr-14
451  ortholog has been identified in Cooperia oncophora, and polymorphisms in several genes (glc-3
452 and glc-5) have been identified in resistant isolates of Haemonchus contortus [22,71-73].
453  Importantly, these results are correlative and do not show a causal connection between ivermectin

454  resistance and GIuCl genes. Additionally, research in both C. elegans and parasitic nematodes
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455  has led to the suggestion that ivermectin resistance might be polygenic [62], so combinations of
456  genes must also be considered.

457 Second, a lack of variation in GIuCl genes in ivermectin-resistant parasites has led
458 researchers to search for additional genes outside this gene family involved in the MoR of
459  ivermedctin. It is unknown why, despite GluCls being understood as the MoA and confirmation of
460  association with resistance to ivermectin in C. elegans, the GluClI subunits have not been widely
461  associated with resistance in parasite populations. As illustrated here, the fitness disadvantages
462  of losing avr-14 or avr-15 alone or in combination outweigh any ivermectin resistance.
463  Additionally, the loss of glc-1 alone or in combination with avr-14 or avr-15 had no discernible
464  impact on fitness across conditions but also did not confer ivermectin resistance. Our findings
465  provide insights into why GIuCls have not been clearly associated with resistance in parasites.
466 To date, ivermectin resistance across Nematoda appears to involve various genes and
467  mechanisms [74]. Additional genes outside of those that encode for GluCl subunits are implicated
468 in the MoR of ivermectin, which includes Dyf genes and genes involved in neuronal development
469 and function, such as unc-7, unc-9, unc-38, and unc-63 [60,75]. Genes involved in ivermectin
470 metabolism, such as ATP-binding cassette (ABC) transporters, cytochrome P450 enzymes,
471  GABA receptors, and other signaling proteins, have been implicated in ivermectin resistance
472  though much more research needs to be done to determine their role in the MoR of ivermectin
473 [62,76,77]. Ivermectin also affects some nicotinic receptors and acts as a positive allosteric
474  modulator of the a7 neuronal nicotinic acetylcholine receptor [78]. Overall, additional genes
475 outside of the GIluCl family could be involved in the MoR of ivermectin, and more research is
476  needed to determine the role that each gene plays in ivermectin resistance.

477 Third, it is important to highlight that GIuCI subunits have been well characterized in only
478 afew nematode species, partly because of poor-quality genomes. Recent efforts have been made
479  to generate high-quality reference parasitic nematode genomes [79-82]. WormBase Parasite

480 [83,84] serves as the main repository for these data, which now hosts a collection of 240
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481 genomes, representing 181 species. Recently, 864 total GIuCl gene predictions were categorized
482  across 125 species into orthologous groups, which suggests that there are additional GIuCl
483  subunits across Nematoda that have yet to be discovered [70]. As our genome assemblies,
484  technologies, and analytical techniques improve, so will our ability to search for and identify GluCl
485 genes.

486 Fourth, although albendazole and ivermectin target different genes and have different
487  MOoR,itis conceivable that the genes targeted by both drugs can be expressed in the same tissues
488 or cells. To date, our understanding of the MoR and tissue-specific susceptibility for most
489  anthelmintic drugs across nematode species is not well known. Previous research has shown that
490 ben-1is highly expressed in cholinergic neurons, which causes BZ susceptibility [42]. However,
491  analogous experiments are imperative to ascertain in which tissues GIuCl subunit genes underlie
492  ivermectin susceptibility. Expression data from the Complete Gene Expression Map of the
493 C. elegans Nervous System (CeNGEN) [85] shows an overlap in ben-1 and GluCl subunit gene
494  expression in neurons (S8 Fig). In particular, a pronounced overlap between ben-1 and avr-14
495  expression in cholinergic neurons is observed, which suggests albendazole and ivermectin could
496 target the same tissues. The overlap in expression in the same neurotransmitters between ben-
497 1 and the GIuCl subunits could explain the small advantages that ben-1 conferred in ivermectin
498 and the GIluCls in albendazole in the HTA (Fig 4). The co-expression of two genes in the same
499  neurons implies a potential functional relationship between the genes, which could collaborate to
500 regulate specific neural functions associated with the neurotransmitter. A shared expression
501 between genes could lead to unexpected consequences, such as changes in sensitivity to other
502 drugs or alterations in neural processes beyond resistance to the targeted drug. Given that
503 multiple GluCls are present in C.elegans, a redundancy in function is conceivable. As
504  neurotransmitters play essential roles in physiological processes, including behavior, locomotion,
505 and sensory perception, it is imperative to delineate which neurons are implicated in GIuCl

506  expression and consequently influences ivermectin susceptibility. Fully understanding the MoR
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507 of each drug class is complicated by the implication that genes associated with drug resistance
508 overlap in expression within the same neuronal pathways. Finally, it is important to note that all
509 the expression data discussed here have been performed in C. elegans and not parasitic
510 nematode models, so differences among nematodes might not be captured entirely by research
511 on this free-living nematode species.

512 In summary, our experiments suggest that loss of ben-1 confers albendazole resistance
513 and that multiple mutations in GIuCl genes are required to obtain ivermectin resistance.
514  Nevertheless, our understanding of ivermectin’s MoR remains incomplete because we have not
515 identified all the genes involved in ivermectin resistance. To solve this problem, we need to
516  conduct additional experiments that quantitatively assess the fitness effects of all six GluCl
517  subunit genes singly and in combination, both in control and ivermectin conditions. Moreover, to
518 identify in which tissues GIuCl function underlies ivermectin susceptibility, transgenic strains that
519 express each GIuCl subunit genes in different tissues will determine the tissue-specific
520  susceptibility of ivermectin. Finally, when considering the opportunity for multi-drug resistance to
521  occur, either by cross-resistance or independent selection, our data suggest that cross-resistance
522  is unlikely because ben-1 and the GIuCl subunits do not appear to target the same MoR in C.
523 elegans.

524

525 MATERIALS AND METHODS

526  Generation of ben-1 and GluCl deletion strains

527 Nine Caenorhabditis elegans deletion strains generated from the N2 background were
528 used in this study (Table S1). The avr-14, avr-15, and glc-1 single deletion mutant strains were
529 generated in the PD1074 background using CRISPR-Cas9 genome editing by SunyBiotech
530 (Fujian, China). The PD1074 strain is a lineal descendent of the laboratory-adapted N2 Bristol
531 strain. The double and triple GluCl deletion mutant strains were generated by crossing the single

532 GluCl deletion strains.
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533 C. elegans strains and maintenance

534 In the competitive fitness assays, the barcoded wild-type strain PTM229 dpy-10 (kah81)
535 was used as a control strain. The PTM229 strain is an N2 strain that contains a synonymous
536 change in the dpy-10 locus that does not have any growth effects compared to the normal
537 laboratory N2 strain [65]. Animals were maintained at 20°C on 6 cm plates with modified
538 nematode growth medium (NGMA), which contains 1% agar and 0.7% agarose to prevent
539 animals from burrowing. The NGMA plates were seeded with the Escherichia coli strain OP50 as
540 anematode food source. All strains were grown for three generations without starvation on NGMA
541 plates before anthelmintic exposure to reduce the transgenerational effects of starvation stress.
542  The specific growth conditions for nematodes used in each assay are described below.

543 Nematode food preparation for NGMA assays

544 A batch of OP50 E. coli was grown and used as a nematode food source for each
545  competitive fitness and fecundity assay. A frozen stock of OP50 E. coli was streaked onto a 10
546 cm Luria-Bertani (LB) agar plate and incubated overnight at 37°C. The following day, a single
547  bacterial colony was transferred into two culture tubes that contained 5 ml of 1x LB. The starter
548 cultures and two negative controls (1X LB without E. coli) were incubated for 18 hours at 37°C
549 shaking at 210 rpm. The ODeoo value of the starter cultures were measured using a
550 spectrophotometer (BioRad, SmartSpec Plus) to calculate how much starter culture was needed
551  to inoculate a one-liter culture at an ODeoo value of 0.005. For each assay, one culture contained
552  one liter of pre-warmed 1X LB inoculated with the starter culture that grew for approximately 4 -
553 4.5 hours at 37°C at 210 rpm. Cultures were grown until they reached an ODgoo value between
554  0.45 and 0.6. Cultures were transferred to 4°C to suspend growth. OP50 was spotted on NGMA
555  test plates (two per culture) and grown at 37°C overnight to ensure a normal lawn was grown with
556  no contamination.

557 Nematode food preparation for liquid culture assays
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558 One batch of HB101 E. coli was used as a nematode food source for all HTAs. A frozen
559  stock of HB101 E. coli was streaked onto a 10 cm Luria-Bertani (LB) agar plate and incubated
560 overnight at 37°C. The following day, a single bacterial colony was transferred into three culture
561 tubes that contained 5 ml of 1x Horvitz Super Broth (HSB). The starter cultures and two negative
562 controls (1X HSB without E. coli) were incubated for 18 hours at 37°C shaking at 180 rpm. The
563 ODeoo value of the starter cultures were measured using a spectrophotometer (BioRad,
564  SmartSpec Plus) to calculate how much starter culture was needed to inoculate a one-liter culture
565 atan ODeo Value of 0.001. A total of 14 cultures each of which contained one liter of pre-warmed
566  1X HSB inoculated with the starter culture grew for 15 hours at 37°C while shaking at 180 rpm
567 until cultures were in the late log growth phase. After 15 hours, flasks were removed from the
568 incubator and transferred to 4°C to arrest growth. The 1X HSB was removed from the cultures
569 through three rounds of washing and centrifugation, where the supernatant was removed, and
570 the bacterial cells were pelleted. Bacterial cells were washed, resuspended in K medium, pooled,
571  and transferred to a 2 L glass beaker. The ODggo value of the bacterial suspension was measured
572  and diluted to a final concentration of ODgy0100 with K medium, aliquoted to 15 ml conicals, and
573  stored at -80°C for use in the HTAs.

574  Anthelmintic stock preparation

575 Albendazole and ivermectin stock solutions were prepared with dimethyl sulfoxide
576 (DMSO) (Fisher Scientific, Catalog # D1281). Albendazole (Sigma-Aldrich, Catalog # A4673-10G)
577  was used at a concentration of 1.25 uM in the competitive fitness and brood size assays and 30
578 uMin the HTA. Ivermectin (Sigma-Aldrich, Catalog # 18898-1G) was used at a concentration of
579 1.5 nM in the competitive fithess and brood size assays and 250 nM and 500 nM in the HTA.
580  Anthelmintic stock solutions were prepared, aliquoted, and stored at -20°C for use in the assays
581 (Table S4). Anthelmintic stock concentrations, companies, and details for the wild strain HTA are
582 documented in Methods, Wild Strain HTA and Spearman rank-order correlations.

583 Competitive fitness assays
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584 We used previously established pairwise competitive fitness assays to assess nematode
585  fitness [28,65]. The fitness of a strain was determined by comparing the allele frequency of a test
586 strain against the allele frequency of the wild-type control strain PTM229. Strains contain
587 molecular barcodes to distinguish between the two strains using oligonucleotide probes
588 complementary to each barcoded allele. Ten L4 larval individuals of each strain were placed onto
589 a single 6 cm NGMA plate along with ten L4 larval individuals of the PTM229 strain. Ten
590 independent NGMA plates of each competition were prepared for each strain in each condition:
591  control (DMSO), albendazole (1.25 uM), or ivermectin (1.5 nM). The N2 strain was included to
592  ensure that assays were reproducible and that all plates had effective albendazole and ivermectin
593  concentrations. Plates were grown for roughly one week to starvation. Animals were transferred
594  to a new NGMA plate of the same condition by the transfer of a 0.5 cm® NGMA piece from the
595 starved plate onto the new plate. The remaining individuals on the starved plate were washed into
596 a 15 mL Falcon™ tube with M9 buffer, concentrated by centrifugation, transferred to 1.5 mL
597  Eppendorf tubes, and stored at -80°C. Competitions were performed for seven generations, and
598 animals were collected after generations one, three, five, and seven. DNA was extracted in
599 randomized blocks using the DNeasy Blood & Tissue kit (Qiagen, Catalog # 69506), purified with
600 the Zymo DNA cleanup kit (Catalog # D4064), and diluted to approximately 1 ng/uL.

601 We quantified the relative allele frequency of each strain as previously described [28,65].
602 A droplet digital PCR (ddPCR) approach with TagMan probes (Applied Biosciences) was used.
603 Using TagMan probes, the ddPCR assay was performed with a Bio-Rad QX200 device with
604  standard probe absolute quantification settings. The TagMan probes selectively bind to wild-type
605 dpy-10 and the dpy-10 allele present in PTM229 [65]. Thresholds were manually selected and set
606 in QX Manager software (Version 2.1). Relative allele frequencies of each tested allele were
607 calculated using the QuantaSoft software. Calculations of relative fithess were calculated by linear
608 regression analysis to fit the data to a one-locus generic selection model [65] (Table S5, Table

609  S6).
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610 Brood size assays

611 Brood size assays were used to assess nematode fecundity for the laboratory-adapted
612 strain, N2, and the eight mutant strains. Prior to each assay, strains were grown for three
613 generations at 20°C to reduce cross-generational effects. For each C. elegans strain in the fourth
614  generation, single L4 larval stage hermaphrodites were picked to each of ten 6 cm NGMA plates
615 spotted with OP50 and were maintained at 20°C. Ten independent 6 cm NGMA plates seeded
616  with E. coli OP50 were prepared for each strain in each condition, control (DMSO), albendazole
617 (1.25 yM), and ivermectin (1.5 nM) and maintained at 20°C. For each assay plate, the original
618 hermaphrodite parent was transferred to a fresh plate every 24 hours for 96 hours. A custom-built
619 imaging platform (DMK 23GP031 camera; Imaging Source, Charlotte, NC, USA) was used to
620 collect images for each of the first four assay plates (0, 24, 48, and 72-hour assay plates) 48
621  hours after the removal of the parent from each NGMA plate. Images of the fifth assay plates
622  were collected 72 hours after the final transfer of the parents. The total offspring were counted
623 from each image by visual inspection using the use of the Multi-point tool in ImageJ (Version
624  1.54f) [86]. The original hermaphrodite parents were excluded from the counts. The number of
625  offspring in each of the first four assay plates corresponds to the daily fecundity (S3 Fig, S4 Fig,
626 S5 Fig) The number of offspring on the fifth assay plates contained offspring from three days
627 (days 5-7). For each biological replicate of each C. elegans strain, the lifetime fecundity was
628 calculated as the total number of offspring from the five plates (Fig 3). Replicates where the
629 original hermaphrodite parent died were excluded from the analysis of lifetime fecundity. Only
630 biological replicates with data from all five assay plates were used to calculate daily and total
631 fecundity (Table S7). Daily intrinsic growth rate (r) for each strain was calculated by r = In(mx)/x,
632  where x is animal age after hatching (2 + day of adulthood), and my is cumulative fecundity by
633 each age [66,87,88].

634  High-throughput assays (HTAS)
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635 Populations of each strain were amplified and bleach-synchronized for three independent
636 assays. Independent bleach synchronizations controlled for variation in embryo survival and
637  subsequent effects on developmental rates that could be attributed to bleach effects. After bleach
638  synchronization, approximately 30 embryos were dispensed into the wells of a 96-well microplate
639 in 50 pL of K medium. One 96-well plate was prepared per bleach for each strain. Each 96-well
640 microplate was prepared, labeled, and sealed using gas-permeable sealing films (Fisher
641  Scientific, Catalog # 14-222-043). Plates were placed in humidity chambers to incubate overnight
642  at 20°C while shaking at 170 rpm (INFORS HT Multitron shaker). The following morning, food
643 was prepared to feed the developmentally arrested first larval stage animals (L1s) using the
644  required number of ODgrl100 HB101 aliquots (see Nematode food preparation for liquid culture
645  assays). The aliquots were thawed at room temperature, combined into a single conical tube, and
646  diluted to an ODew30 with K medium. To inhibit further bacterial growth and prevent
647  contamination, 150 uM of kanamycin was added to the HB101. Working with a single drug at a
648 time, an aliquot of anthelmintic stock solution was thawed at room temperature (see Anthelmintic
649  stock preparation) and diluted to a working concentration. The anthelmintic working concentration
650 was set to the concentration that would give the highest desired dose when added to the 96-well
651 microplates at 1% of the total well volume. The dilution of the anthelmintic working solution was
652  prepared using the same diluent, DMSO, used to make the stock solution. The anthelmintic
653  dilution was then added to an aliquot of the ODgpo30 K medium at a 3% volume/volume ratio.
654  Next, 25 pl of the food and anthelmintic mixture was transferred into the appropriate wells of the
655  96-well microplates to feed the arrested L1s at a final HB101 concentration of ODgoo10 and expose
656 L1 larvae to the given anthelmintic. Immediately afterward, the 96-well microplates were sealed
657  using a new gas permeable sealing film, returned to the humidity chambers, and incubated for 48
658  hours at 20°C shaking at 170 rpm. The remaining 96-well microplates were fed and exposed to
659 anthelmintics in the same manner. After 48 hours of incubation in the presence of food and

660 anthelmintic, the 96-well microplates were removed from the incubator and treated with 50 mM

Page 29


https://doi.org/10.1101/2024.02.01.578300
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/2024.02.01.578300; this version posted February 6, 2024. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC 4.0 International license.

661 sodium azide in M9 for 10 minutes to paralyze and straighten nematodes. Images of nematodes
662 in the microplates were immediately captured using a Molecular Devices ImageXpress Nano
663  microscope (Molecular Devices, San Jose, CA) using a 2X objective. The ImageXpress Nano
664  microscope acquires brightfield images using a 4.7 megapixel CMOS camera and stores images
665 in a 16-bit TIFF format. The images were used to quantify the development of nematodes in the
666  presence of anthelmintics as described below (see High-throughput imager assay [HTA] data
667  collection and data cleaning).

668 High-throughput assay (HTA) data collection and data cleaning

669 The CellProfiler software program (Version 4.0.3) was used to characterize and quantify
670 biological data from the image-based assays. Custom software packages designed to extract
671 animal measurements from images collected on the Molecular Devices ImageXpress Nano
672 microscope were previously described [89]. CellProfiler modules and Worm Toolbox were
673 developed to extract morphological features of individual C. elegans animals from images from
674  the HTA [90]. Worm model estimates and custom CellProfiler pipelines were written using the
675 WormToolbox in the GUI-based instance of CellProfiler [91]. Next, a Nextflow pipeline (Version
676  20.01.0) was written to run command-line instances of CellProfiler in parallel on the Quest High-
677  Performance Computing Cluster (Northwestern University). The CellProfiler workflow can be

678 found at (https://github.com/AndersenLab/cellprofiler-nf). The custom CellProfiler pipeline

679 generates animal measurements by using four worm models: three worm models tailored to
680 capture animals at the L4 larval stage, in the L2 and L3 larval stages, and the L1 larval stage,
681 respectively, as well as a “multi-drug high dose” (MDHD) model, to capture animals with more
682 abnormal body sizes caused by extreme anthelmintic responses. These measurements
683 composed our raw dataset.

684 Data analysis steps have been modified from previous reports [37,92]. All analyses were
685 performed using the R statistical environment (version 4.2.1) unless stated otherwise. The HTA

686  produced hundreds of images per experimental block; thus, we implemented a systematic
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687 approach to assess the quality of animal measurement data in each well. Several steps were
688 implemented to clean the raw image data using metrics indicative of high-quality animal

689 measurements for downstream analysis.

690 1) Objects with a Worm_Length > 30 pixels, 100 microns, were removed from the
691 CellProfiler data to (A) retain L1 and MDHD-sized animals and (B) remove
692 unwanted particles [93]. By using the Worm_Length > 30 pixels threshold to retain
693 small sensitive animals, more small objects, such as debris, were also retained
694 [37].

695 2) R/easyXpress [89] was used to filter measurements from worm objects within
696 individual wells with statistical outliers and to parse measurements from multiple
697 worm models down to single measurements for single animals.

698 3) The data were visualized by drug, drug concentration, assay, strain, and worm
699 model for two purposes. First, to ensure that each drug, by assay, contained
700 control wells that had a mean_wormlength_um between 600 - 800 um, the size of
701 an L4 animal. If the mean_wormlength_um in the control wells was not between
702 the 600 - 800 um range, then that strain and/or assay were removed for the drug.
703 This filter ensured the control, DMSO, wells primarily contained L4 animals.
704 Second, we wanted to identify drugs that contained a high abundance of MDHD
705 model objects across all assays and drug concentrations. Drugs with an
706 abundance of objects classified by the MDHD model across assays and
707 concentrations likely contain debris. We then reduced the data to wells that
708 contained between five and thirty animals, under the null hypothesis that the
709 number of animals is an approximation of the expected number of embryos
710 originally titered into wells (approximately 30). Given that our analysis relied on
711 well median animal length measurements, we excluded wells with less than five
712 animals to reduce sampling error.
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713 4) Next, we removed measurements from each anthelmintic drug that were no longer
714 represented in at least 80% of the independent assays because of previous data
715 filtering steps or had fewer than five measurements per strain.

716 5) Finally, we normalized the data by (1) regressing variation attributable to assay
717 and technical replicate effects and (2) normalizing these extracted residual values
718 to the average control phenotype. For each anthelmintic drug, we estimated a
719 linear model using the raw phenotype measurement as the response variable and
720 both assay and technical replicate identity as explanatory variables following the
721 formula median_wormlength_um ~ Metadata_Experiment + bleach using the Im()
722 function in base R. We then extracted the residuals from the linear model for each
723 anthelmintic and subtracted normalized phenotype measurements in each
724 anthelmintic from the mean normalized phenotype in control conditions. These
725 normalized phenotype measurements were used in all downstream statistical
726 analyses.

727  Wild Strain HTA and Spearman rank-order correlations

728 Populations of 124 C. elegans wild strains were processed using the HTA as described
729 above (see High-throughput assays [HTAs]). Each wild strain was exposed to the following
730 benzimidazoles or macrocyclic lactones at the denoted concentrations: abamectin (2 nM)
731  (Millipore sigma, Catalog # 31732), albendazole (10.65 pM) (Fluka, Catalog # A4673-10G),
732  benomyl (20.66 uM) (Sigma Aldrich, Catalog # 45339-250MG), doramectin (5 nM) (Millipore
733  Sigma, Catalog # 33993), eprinomectin (44 nM) (Millipore Sigma, Catalog # 32526), ivermectin
734 (12 nM) (Sigma-Aldrich, Catalog # 18898-1G), fenbendazole (10.65 uM) (Sigma-Aldrich, Catalog
735  # F5396-5G), mebendazole (48 uM) (Sigma-Aldrich, Catalog # M2523-25G), milbemycin oxime
736 (120 nM) (Millipore Sigma, Catalog # 1443806), moxidectin (3 nM) (Millipore Sigma, Catalog #
737  113507-06-5), ricobendazole (25 uM) (Santa Cruz Biotechnology, Catalog # sc-205838),

738  selamectin (0.39 pM) (Sigma-Aldrich, Catalog # SML2663-25MG), and thiabendazole (62.99 uM)
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739  (Sigma-Aldrich, Catalog # T5535-50G) using the methods as described in High-throughput
740 assays (HTAs). After measuring nematode responses, phenotypic data were cleaned and
741  processed as described in High-throughput assay (HTA) data collection and data cleaning. Wild
742  strains that lacked phenotype measurements for one or more drugs were removed from the
743  dataset prior to statistical analysis.

744 Spearman rank-order correlation and significance testing were performed using the R
745  package Hmisc (version 4.1.1). Subsequently, hierarchical clustering was performed using the R
746  package pheatmap (version 1.0.12). Significant correlations (p < 0.05) were recorded (Table S3).
747  The resulting heat map and dendrogram (Fig 5) were constructed using Euclidean distance and
748  complete linkage metrics, and split into their two largest clusters.

749  Neuronal expression patterns of genes encoding GluCls and beta-tubulin

750 Single-cell RNA-sequencing data were obtained from the Complete Gene Expression Map
751 ofthe C. elegans Nervous System (CeNGEN) [85]. Using the CeNGEN scRNA-seq dataset, gene
752  expression for each of the genes of interest was extracted from the database with a threshold of
753 2 (Table S8). All expression values are in transcripts per million (TPM) [94]. All data collection,
754  processing, normalization, and analysis of the CeNGEN data can be found at

755 https://www.cengen.org/.

756  Gene models for ben-1 and the three genes encoding for GluCl subunits
757 Gene models of ben-1, avr-14, avr-15, and glc-1 were created with a modified script

758 retrieved from the Gene Model Visualization Kit (https://github.com/AndersenLab/GMVK). Gene

759 models physical positions were extracted from WormBase (WS283) [95]. The location of each
760  gene deletion is denoted beneath each gene model.

761  Data availability

762 All code and data used to replicate the data analysis and figures are available on GitHub

763 at https://github.com/AndersenLab/bzml manuscript. Table S1 contains the list of strains and

764  genotypes, along with primer and guide RNA sequences. Table S2 contains all the data used to
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765 analyze the HTAs. Table S3 contains the p-values from the correlation matrices. Table S4
766  contains all the anthelmintic drugs and concentrations used along with the manufacturer’s details.
767 Table S5 contains the competitive fithess assay data for DMSO and albendazole. Table S6
768 contains the competitive fithess assay data for DMSO and ivermectin. Table S7 contains the
769 results from the fecundity assays. Table S8 contains the list of cell types expressing beta-tubulin
770  and GluCl subunit genes from CeNGEN.

771

772 SUPPORTING INFORMATON

773 Table S1. A list of strains and genotypes, along with primer and guide RNA sequences
;;g Table S2. High-throughput assay (HTA) data

776  Table S3. p-values from correlation matrices

777  Table S4. Anthelmintic drugs, concentrations used, and manufacturer’s details

778 Table S5. Competitive fitness assay data for DMSO and albendazole

779  Table S6. Competitive fithess assay data for DMSO and ivermectin

780 Table S7. Fecundity data

781  Table S8. Cell types expressing beta-tubulin and GluCl subunit genes from CeNGEN
782
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1077

1078 S1 Fig. The competitive fitness assay allows for the assessment of allele frequency in the
1079 presence of DMSO, albendazole, or ivermectin.

1080 (A) Equal numbers of the control strain PTM229 were placed on each test plate along with an
1081 edited strain. (B) Strains were grown on 6 cm NGMA plates for approximately seven days. After
1082 seven days, a ~0.5 cm? plate chunk of NGMA with animals was transferred to a new 6 cm NGMA
1083 plate. Animals were washed off of NGMA plates at each odd generation. After animal collection,
1084 DNA extractions, DNA cleanup, and quantification were performed. Allele frequencies were
1085 quantified using ddPCR. See Methods, Competitive fitness assays for details. Modified from a
1086  previous version [65]. Created with Biorender.com.
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1088

1089 S2 Fig. Competitive fitness assays across seven generations in DMSO.

1090 (A) A barcoded N2 wild-type strain, PTM229, was competed with strains that have deletions in
1091 either one, two, or three genes that encode for GIluCl channels or in the beta-tubulin gene ben-1
1092 in DMSO. Generation is shown on the x-axis, and the relative allele frequencies of the nine strains
1093  with genome-edited alleles and N2 are shown on the y-axis. (B) The logz-transformed competitive
1094 fitness of each allele is plotted in DMSO. The gene tested is shown on the x-axis, and the
1095 competitive fitness is shown on the y-axis. Each point represents a biological replicate of that
1096 competition experiment. Data are shown as Tukey box plots with the median as a solid horizontal
1097 line, and the top and bottom of the box representing the 75th and 25th quartiles, respectively. The
1098 top whisker is extended to the maximum point that is within the 1.5 interquartile range from the
1099  75th quartile. The bottom whisker is extended to the minimum point that is within the 1.5
1100 interquartile range from the 25th quartile. Significant differences between the wild-type N2 strain
1101  and all the other alleles are shown as asterisks above the data from each strain (p > 0.05 =ns, p
1102 < 0.001 =*** p <0.0001 = **** Tukey HSD).
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1103
1104  S3 Fig. Variation in daily fecundity of C. elegans deletion strains in DMSO.

1105 Boxplots for daily fecundity when exposed to DMSO on the y-axis, for each deletion strain on the
1106  x-axis. Each point represents the daily fecundity count for one biological replicate. Error bars show
1107 the standard deviation of lifetime fecundity among 7 - 10 biological replicates. Data are shown
1108 as Tukey box plots with the median as a solid horizontal line, and the top and bottom of the box
1109 represent the 75th and 25th quartiles, respectively. Significant differences between the wild-type
1110 strain, N2, and all other deletions are shown as asterisks above the data from each strain (p >
1111  0.05=ns,p<0.05=* p<0.01 =* p<0.001 =** p<0.0001 = **** Tukey HSD).
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1112
1113  S4 Fig. Variation in daily fecundity of C. elegans deletion strains in albendazole.

1114  Boxplots for daily fecundity when exposed to albendazole on the y-axis, for each deletion strain
1115 on the x-axis. Each point represents the daily fecundity count for one biological replicate. Error
1116  bars show the standard deviation of lifetime fecundity among 7 - 10 biological replicates. Data are
1117  shown as Tukey box plots with the median as a solid horizontal line, and the top and bottom of
1118 the box represent the 75th and 25th quartiles, respectively. Significant differences between the
1119  wild-type strain, N2, and all other deletions are shown as asterisks above the data from each
1120 strain (p>0.05=ns,p<0.05=* p<0.01 =*,p<0.001 =** p<0.0001 =*** Tukey HSD).
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1121
1122 S5 Fig. Variation in daily fecundity of C. elegans deletion strains in ivermectin

1123  Boxplots for daily fecundity when exposed to ivermectin on the y-axis, for each deletion strain on
1124  the x-axis. Each point represents the daily fecundity count for one biological replicate. Error bars
1125 show the standard deviation of lifetime fecundity among 7 - 10 biological replicates. Data are
1126  shown as Tukey box plots with the median as a solid horizontal line, and the top and bottom of
1127  the box represent the 75th and 25th quartiles, respectively. Significant differences between the
1128  wild-type strain, N2, and all other deletions are shown as asterisks above the data from each
1129 strain (p>0.05=ns,p<0.05=* p<0.01 =*,p<0.001 =** p<0.0001 =*** Tukey HSD).
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1131  S6 Fig. High-throughput assays for each deletion strain in control conditions. Median
1132 animal length values from populations of nematodes grown in DMSO are shown on the y-axis.
1133 Each point represents the median animal length from a well containing approximately 5 - 30
1134  animals. Data are shown as Tukey box plots with the median as a solid horizontal line, the top
1135 and bottom of the box representing the 75th and 25th quartiles, respectively. The top whisker is
1136 extended to the maximum point that is within 1.5 interquartile range from the 75th quartile. The
1137  bottom whisker is extended to the minimum point that is within 1.5 interquartile range from the
1138  25th quartile. Significant differences between the wild-type strain and all other strains are shown
1139 as asterisks above the data from each strain (p > 0.05 =ns, p<0.05 =* p <0.001 = ** p <
1140  0.0001 = **** Tukey HSD).
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S7 Fig. High-throughput assays for each deletion strain in 500 nM of ivermectin. The
regressed median animal length values for populations of nematodes growth in 500 nM ivermectin
are shown on the y-axis. Each point represents the regressed median animal length value of a
well containing approximately 5-30 animals. Data are shown as Tukey box plots with the median
as a solid horizontal line, and the top and bottom of the box representing the 75th and 25th
guartiles, respectively. The top whisker is extended to the maximum point that is within the 1.5
interquartile range from the 75th quartile. The bottom whisker is extended to the minimum point
that is within the 1.5 interquartile range from the 25th quatrtile. Significant differences between the
wild-type strain and all other deletions are shown as asterisks above the data from each strain (p
>0.05=ns, p<0.001 =** p<0.0001 =**** Tukey HSD).
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1153
1154 S8 Fig. Upset plot of the neuronal expression patterns for ben-1, avr-14, avr-15, and glc-1.

1155  Upset plot of single-cell RNA-sequencing data obtained from CeNGEN. Horizontal bar plots sum
1156 the total number of neurons where the gene is expressed. Vertical bar plots sum overlap where
1157 genes are expressed in the neuronal cell subtypes. Black dots directly under vertical bar plots
1158  signify the gene(s) that overlap in the neuronal cell subtypes indicated in the vertical bar plot.
1159

1160
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