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Ivermectin and moxidectin are the most widely administered anthelmintic macrocyclic lactones (MLs) to treat human and ani-
mal nematode infections. Their widespread and frequent use has led to a high level of resistance to these drugs. Although they
have the same mode of action, differences in terms of selection for drug resistance have been reported. Our objective was to
study and compare changes occurring upon ivermectin or moxidectin selection in the model nematode Caenorhabditis elegans.
C. elegans worms were submitted to stepwise exposure to increasing doses of moxidectin. The sensitivity of moxidectin-selected
worms to MLs was determined in a larval development assay and compared with those of wild-type and ivermectin-selected
strains. Selection with either ivermectin or moxidectin led to acquired tolerance to ivermectin, moxidectin, and eprinomectin.
Importantly, moxidectin was the most potent ML in both ivermectin- and moxidectin-selected strains. Interestingly, this order
of potency was also observed in a resistant Haemonchus contortus isolate. In addition, ivermectin- and moxidectin-selected
strains displayed constitutive overexpression of several genes involved in xenobiotic metabolism and transport. Moreover, vera-
pamil potentiated sensitivity to ivermectin and moxidectin, demonstrating that ABC transporters play a role in ML sensitivity in
ML-selected C. elegans strains. Finally, both ivermectin- and moxidectin-selected strains displayed a dye-filling-defective pheno-
type. Overall, this work demonstrated that selection with ivermectin or moxidectin led to cross-resistance to several MLs in nem-

atodes and that the induction of detoxification systems and defects in the integrity of amphidial neurons are two mechanisms
that appear to affect the responsiveness of worms to both ivermectin and moxidectin.

he broad-spectrum anthelmintic macrocyclic lactones (MLs)

are most commonly used in veterinary medicine to treat dis-
eases caused by gastrointestinal nematodes and external parasites
in livestock (1, 2). Ivermectin (IVM) was the first ML approved for
use in animals and remains today the sole ML registered for use
in humans, mainly to treat onchocerciasis through mass che-
motherapy. Another ML, moxidectin (MOX), was subsequently
commercialized for the veterinary market and is currently being
evaluated for possible use against human onchocerciasis (3). In-
evitably, the intensive use of these compounds hasled to the emer-
gence of resistance in small ruminant, cattle, and some human
nematode parasites (4—7). Discovering the mechanisms by which
resistance to MLs occurs remains an important challenge today.

There is consistent evidence that ATP-binding-cassette (ABC)
transporters such as P-glycoproteins (Pgps) play an important
role in multidrug resistance (MDR) in many organisms, including
several nematode species. Gene expression levels of ABC trans-
porters or allele frequencies were modified after ML selection
(8-13), and they are involved in the tolerance of Caenorhabditis
elegans (9, 14-16) and parasitic nematodes such as Haemonchus
contortus or Cooperia oncophora (13, 17-20) to MLs. In addition,
mutation of the dyf-7 gene was associated with an IVM resistance
phenotype in C. elegans and in H. contortus, leading to an abnor-
mal dendritic morphology of amphid sensory neurons, as revealed
by a dye-filling-defective phenotype (21).

Despite a common ML structure and similar modes of action
on glutamate-gated chloride channels (GluCls), there are signifi-
cant differences between IVM and MOX in terms of pharmacoki-
netics, pharmacodynamics, and toxicity to the host (see reference
2 for a review). In addition, many reports described differences in
the emergence of resistance (22, 23). Indeed, MOX seems to select
less strongly for resistance than IVM, and resistance to IVM in
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various species of strongyles is much more widespread than is
resistance to MOX (24-26). Moreover, while there is some degree
of cross-resistance between IVM and MOX, MOX remains more
effective than IVM against various resistant isolates of nematodes
in sheep, goats, cattle, horses, and dogs (2, 27-32). The molecular
basis for these differences between MOX and IVM in selection for
resistance and the mechanisms of cross-resistance still needs to be
determined.

In this context, the objective of this study was to perform a
comparative in vitro analysis of acquired tolerance to the macro-
cyclic lactones IVM and MOX, using C. elegans as model nema-
tode organism. For this, a MOX-selected strain of C. elegans was
generated by stepwise exposure. The MOX-selected strain was
then compared with the wild-type unselected Bristol N2 strain
and the previously described IVM-selected strain IVR10 (11) in
terms of (i) ML susceptibility and phenotype of cross-resistance
against other anthelmintics, (ii) the impact of verapamil (a com-
petitive inhibitor that blocks the function of mammalian ABC
transporters) on drug susceptibility, (iii) transcriptional profiles
of the detoxification system of C. elegans, and (iv) staining of am-
phid neurons. This study points out differences and similarities in
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the mechanisms of adaptation to IVM and MOX, which could
help in the design of optimal anthelmintic treatment when IVM
resistance is present.

MATERIALS AND METHODS

Materials. IVM, dimethyl sulfoxide (DMSO), sodium hypochlorite, cho-
lesterol, verapamil monohydrochloride monohydrate (VP), levamisole
(LEV), triclabendazole sulfoxide (TCBZ So), and albendazole sulfoxide
(ALB So) were purchased from Sigma-Aldrich (St Quentin Fallavier,
France). MOX and eprinomectin (EPR) were generous gifts from Fort
Dodge International (Fort Dodge, IA) and Merial France (Lyon, France),
respectively. DiIC,,(3) (1,1'-didodecyl-3,3,3",3"-tetramethylindocarbo-
cyanine perchlorate) was obtained from Invitrogen/Life Technology
(Cergy Pontoise, France). A 2-mg/ml stock solution of DilC,,(3) was
prepared in DMSO. Culture plates were supplied by Sarstedt (Orsay,
France). All other chemicals were obtained from Sigma-Aldrich, unless
otherwise stated. For all experiments, IVM and MOX were dissolved in
DMSO, and the maximal concentration of DMSO was 0.3% in all assays.

Ethics statement. All animal experiments were approved by the
French Ministry of Teaching and Research and the regional Val de Loire
ethics committee (no. 19) as a protocol registered under no. 00219.02 in
the experimental installations (agreement no. C371753).

C. elegans nematode strains and culturing. Wild-type C. elegans Bris-
tol strain N2 was obtained from the Caenorhabditis elegans Genetics Cen-
ter (CGC; University of Minnesota, Minneapolis, MN, USA). The IVR10
strain, selected from the wild-type strain with IVM and phenotypically
resistant to IVM, was kindly provided by C. E. James (11).

All strains were cultured and handled according to procedures de-
scribed previously (33). Briefly, nematodes were cultured at 21°C on nem-
atode growth medium (NGM) agar plates (1.7% Bacto agar, 0.2% Bacto
peptone, 50 mM NaCl, 5 mg/liter cholesterol, 1 mM CaCl,, 1 mM MgSO,,
and 25 mM KPO, buffer) seeded with Escherichia coli strain OP50 as a
food source. ML-containing NGM plates were prepared as follows: stock
solutions of IVM and MOX in DMSO were diluted in NGM at an ade-
quate concentration before plates were poured. IVM-selected strains
(IVR10 and IVM11R) were cultured on NGM plates containing 11.4 nM
(10 ng/ml) IVM, and the MOX-selected strain (MOX5R) was cultured on
NGM plates containing 4.6 nM (3 ng/ml) MOX.

Nematodes were synchronized through egg preparation with sodium
hypochlorite. Briefly, asynchronous populations with a majority of gravid
adults and eggs were collected by washing the bottom of the NGM plates
with M9 buffer (3 g KH,PO,, 6g Na,HPO,, 5 g NaCl, and 0.25 g
MgSO,-7H,0 in 1 liter of water) and centrifuged at 1,200 X g for 1 min.
All larval stages except eggs were lysed with a bleaching mixture (5 M
NaOH and 1% hypochloride). Three washes with M9 buffer were done to
retire the toxic bleaching mixture. C. elegans eggs were then hatched over-
night at 21°C in M9 solution without bacteria to obtain a synchronized
first-stage larval (L1) population.

Parasite isolates. The H. contortus isolate tested was Kokstad (HcR-
KOK), a line resistant against the three main anthelmintic classes, i.e.,
levamisole, MLs, and benzimidazole (34), originally obtained from a farm
in South Africa and maintained in the INRA laboratory since 2000. The
isolate was passaged every 2 months in a 3-month-old sheep (infected
with 6,000 infective larvae [L3]). Sheep carrying this resistant isolate of H.
contortus were treated with IVM (0.2 mg/kg of body weight) at 35 days
postinfection.

Development of acquired tolerance to IVM and MOX in C. elegans
Bristol strain N2. Culture conditions for the development of ML-resis-
tant C. elegans strains following stepwise exposure to MLs were adapted
from those described previously by James and Davey (11). Briefly, at week
0, a Bristol N2 worm population was transferred onto NGM plates con-
taining either 0.57 nM IVM or MOX, corresponding to 0.5 ng/ml and 0.37
ng/ml of IVM and MOX, respectively. These concentrations, determined
in a preliminary assay (data not shown), correspond to the highest con-
centrations allowing 100% development to the adult stage. Each week,
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worms were transferred onto new NGM plates. When worms survived
and reproduced, they were transferred onto plates containing higher
doses of MLs. The equimolar ML concentrations used to create both IVM-
and MOX-selected strains were 0.57, 1.14, 2.29, 3.43,4.57,5.71, 6.86, 8.00,
9.14,10.29, and 11.43 nM, corresponding to 1, 2, 3,4, 5,6, 7, 8,9, and 10
ng/ml of IVM and 0.37, 0.73, 1.46, 2.19, 2.92, 3.66, 4.39, 5.12, 5.85, 6.58,
and 7.31 ng/ml of MOX, respectively. After 40 weeks, worms were able to
survive on 11.4 nM (10 ng/ml) IVM and 5.7 nM (3.7 ng/ml) MOX.

Note that, unless otherwise stated, the IVM-selected strain used for
subsequent studies was the IVR10 strain, generated by C. E. James, which
was previously characterized (11, 16, 21), cultivated on 11.4 nM IVM,
while the MOX-selected strain (MOX5R), which was generated by step-
wise exposure in our laboratory, was cultivated on 4.6 nM MOX.

Larval development assay. The susceptibility of the C. elegans strains
and H. contortus isolates to MLs and other anthelmintics was determined
in a larval development assay (LDA) as described previously (35).

(i) LDA on C. elegans strains. The LDA on C. elegans strains measures
the potency of anthelmintics in inhibiting the development of C. elegans
nematodes from eggs to the young adult stage. Approximately 30 syn-
chronized L1 larvae were added in every well of a 12-well plate poured
with NGM containing increasing concentrations of the compound of in-
terest and seeded with OP50 bacteria. DMSO was used as a control at a
maximal concentration of 0.3%. At this concentration, no harmful effects
of the vehicle on C. elegans were observed. Plates were then incubated at
21°C in the dark during a time period of 52 to 55 h, in which L1 larvae of
the negative control were developed into late L4/young adult worms. L1,
L2, and L3 larvae were scored as being inhibited in their development, and
the late L4 and young adult worms were classified as being developed.
Development was calculated as a percentage of late L4 larvae and young
adults in the presence of compounds of interest normalized to the un-
treated control. Every concentration was set up in triplicates, and all ex-
periments were repeated at least three independent times. Curve fitting of
data from the larval development assay (sigmoidal dose-response curve
with a variable slope) was performed by using GraphPad Prism 6 software
(GraphPad, San Diego, CA, USA) and allowed calculation of the effective
concentration for a 50% effect (ECs,).

(ii) LDA on the H. contortus isolate. The LDA on the H. contortus
isolate measures the potency of anthelmintics in inhibiting the develop-
ment of trichostrongyle nematodes from eggs to infective L3 larvae. Nem-
atode eggs were recovered from fresh fecal matter by using a standard
procedure described previously (36). Briefly, eggs were incubated with 30
wg ofinactivated E. coli bacteria, and 10 pg of amphotericin B (Fungizone;
Squibb) was added per ml of egg suspension to avoid proliferation of fungi
during larval development. Tubes were incubated at 23°C for 48 h. By this
time, eggs had hatched and developed to the L1 or L2 stage. After 48 h,
larvae were supplemented with nutrient medium, Earle’s balanced salt
solution, yeast extract (1 g of yeast extract/90 ml of saline solution [pH 7]),
and anthelmintics and then incubated for 7 days at 23°C. The proportion
of developed L3 compared to the total number of larvae (L3 plus unde-
veloped stages [L1 plus L2]) present under each condition was calculated
and expressed as a percentage, with the mean number of developed larvae
under control conditions being fixed at 100.

C. elegans dye-filling assay (Dil staining of amphids). To visualize
the amphid dendrites of the C. elegans wild-type Bristol N2, IVM-selected,
and MOX-selected strains, worms were synchronized at late L4. The lar-
vae were then incubated in a dye solution containing 10 ng/ml of
DilC,,(3) in M9 broth with gentle shaking for 2 h at 21°C. After a recovery
period of 2 h on NGM plates, worms were paralyzed by using levamisole
(40 mM), and dye-filled L4 larvae were observed by using a Nikon Eclipse
50i microscope equipped with a Luca S camera and analyzed by using
Nikon ACT-1 software.

Total RNA isolation and qRT-PCR analysis. (i) Isolation of RNA and
cDNA synthesis. Changes in gene expression profiles of IVM-selected and
MOX-selected C. elegans strains were analyzed by using quantitative re-
verse transcription PCR (qRT-PCR) and compared to those of the wild-
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type Bristol N2 strain. Synchronized L1 larvae were added on control
NGM plates. After 55 h of incubation at 21°C, synchronized young adults
were collected by using M9 buffer. After five washes with M9 buffer,
sedimented worms were added to 1 ml TRIzol reagent (Invitrogen, Cergy
Pontoise, France), frozen in liquid nitrogen, and stored at —80°C. Frozen
samples were then homogenized twice for 10 s at 6 m/s in a FastPrep-24
instrument (MP-Biomedicals, NY, USA), and total RNA was extracted
according to the manufacturer’s instructions. Each independent replicate
was performed on a different day. Total RNA was quantified by using a
NanoDrop ND-1000 spectrophotometer (NanoDrop Technologies Inc.,
Wilmington, DE, USA). RNA purity was checked by measurement of the
A, g0l Asgp ratio, which was routinely in the range of 1.8 to 2.0, and RNA
quality control was carried out by using an Agilent 2100 Bioanalyzer (Agi-
lent Technologies, Waldbronn, Germany). cDNA was synthesized from 2
g of total RNA by using the High-Capacity cDNA reverse transcription
kit (Applied Biosystems, Life Technologies, Courtaboeuf, France).

(ii) Quantification of mRNA expression by qRT-PCR. qRT-PCR was
performed by using the ViiA7 sequence detection system instrument and
software (Applied Biosystems, Life Technologies, Courtaboeuf, France).
Gene-specific primers for SYBR green assays were designed according to
the genome sequence of C. elegans (http://www.wormbase.org/), using
Primer Express software version 2.0 (Applied Biosystems), and synthe-
sized by Invitrogen (Cergy Pontoise, France). All primers were entered
into the NCBI BLAST program to ensure specificity. Results were ex-
pressed by using the comparative threshold cycle (C;) method as de-
scribed in User Bulletin 2 (Applied Biosystems). Briefly, the AC;. values
were calculated for every sample for each gene of interest as Cryene of interest —
Cr reporter gene» With cell division cycle protein 42 (CDC42) as the reporter
gene. The relative expression levels of the target genes were calculated by
using the comparative 2 AACr method (37). A dissociation curve allowed
us to verify the specificity of amplification.

Statistical analysis. All experiments were conducted at least in tripli-
cate, and results are expressed as means = standard deviations (SD). Sta-
tistical analysis was performed by using the unpaired ¢ test (individual
comparisons between pairs of data) or one-way analysis of variance
(ANOVA) with a Tukey posttest (multiple comparisons) (GraphPad In-
stat, San Diego, CA, USA). Differences with P values of <0.05 were con-
sidered to be statistically significant.

RESULTS

C. elegans is able to acquire tolerance to MOX. In order to com-
pare the adaptations of the nematode C. elegans to IVM and MOX,
a MOX-selected strain was generated through stepwise exposure
to increasing MOX concentrations and compared to IVM-se-
lected strain IVR10 described previously by James and Davey (11).
After 40 weeks, worms were able to survive on a MOX concentra-
tion of 4.6 nM (data not shown). The establishment of this MOX-
selected strain allowed us to assess the adaptation of C. elegans
worms after selection pressure with either IVM or MOX by com-
paring the susceptibilities of IVM-selected and MOX-selected
populations to increasing concentrations of either IVM or MOX
to that of the nonexposed control Bristol N2 strain.

MOX is more potent than IVM in both IVM-selected (IVR10)
and MOX-selected C. elegans strains. Dose-response curves for
IVM and MOX toward development in the adult stage of the three
strains are presented in Fig. 1. ECys, i.e., the concentrations of
compound at which 50% of the animals fail to reach the adult
stage; resistance factor (RF) values, reflecting differences in the
ECs,s compared with those of the wild-type strain; as well as the
IVM/MOX ratio, reflecting differences in efficiencies between
IVM and MOX, are shown in Table 1.

In the wild-type strain (Fig. 1A), IVM and MOX displayed
similar potencies in affecting the development of C. elegans larvae,
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FIG 1 Profiles of susceptibility of the wild-type Bristol N2 (A), IVM-selected
(IVR10) (B), and MOX-selected (C) C. elegans strains to IVM and MOX in a
larval development assay. Values represent the percentages of L1 larvae reach-
ing the young adult stage after 55 h of incubation at 21°C in the presence of
increasing doses of VM or MOX. Data are means = SD from 7 to 15 indepen-
dent experiments.

with EC5ys 0f 1.69 £ 0.30 and 1.77 £ 0.25 nM for IVM and MOX,
respectively (Table 1). As expected, both ML-selected strains
showed a decrease in susceptibility to the drug used for the selec-
tion process, as revealed by a significant shift to the right (high
ECs,) of the dose-response curves for IVM in the IVM-selected
IVR10 subline (Fig. 1B) and for MOX in the MOX-selected sub-
line (Fig. 1C) compared with that for the wild-type unselected
strain. As a result, the IVM-selected IVR10 strain was 7.3-fold less
sensitive to IVM (ECg, of 12.43 £ 1.65 nM; P < 0.001 versus the
wild type) (Table 1) while the MOX-selected strain was 2.4-fold
less sensitive to MOX (ECs, of 4.24 = 0.58 nM; P < 0.001 versus
the wild type) (Table 1) than the parental unselected strain.
Interestingly, each of the ML-selected strains showed cross-
resistance to the other drug, which had not been used during the
selection process. The IVM-selected IVR10 subline was slightly
less susceptible to MOX (1.7-fold; ECs, of 3.06 = 0.51 nM; P <
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TABLE 1 Susceptibilities of wild-type, IVM-selected, and MOX-selected C. elegans strains to IVM and MOX?

IVM-selected strain (IVR10)

MOX-selected strain

Mean EC,, (nM) = SD for wild-type

Mean EC;, (nM) = SD

Mean EC, (nM) = SD

Treatment Bristol N2 (no. of expts) (no. of expts) RF (no. of expts) RF
VM 1.69 =+ 0.30 (9) 12.43 = 1.65 (7)° 7.34 12.46 = 0.96 (8)° 7.35
MOX 1.77 = 0.25 (9) 3.06 = 0.51 (11)~< 1.74 424 *+ 0.58 (9)~>< 2.39

@ P < 0.001 versus the wild type.
b P < 0.001 versus IVM.
€ P < 0.001 for IVM-selected versus MOX-selected strains.

4 The EC5, was calculated from LDA data. RF (resistance factor) is the fold resistance relative to Bristol N2, equal to the ECs, for ML-selected strains/ECs, for N2B. The ratios of
the ECs, of IVM to the ECs, of MOX were 0.96 for the Bristol N2 strain, 4.03 for the [IVM-selected strain, and 2.94 for the MOX-selected strain.

0.001 versus the wild type) (Table 1), while, more surprisingly, the
MOX-selected subline showed a highly significant decrease in
IVM susceptibility (7.4-fold; ECs, of 12.46 = 0.96 nM; P < 0.001
versus the wild type) (Table 1) compared with that of the wild-
type unselected strain. As a result, both strains were resistant to
both IVM and MOX and displayed highly similar profiles of sus-
ceptibility to IVM and MOX, with MOX having higher efficiency
in both IVM-selected (4-fold) and MOX-selected (3-fold) sub-
lines and IVM being less potent.

A Pgp inhibitor increases IVM and MOX susceptibility in
wild-type and ML-selected strains. Given the important role of
Pgps in effluxing IVM and MOX, thereby protecting the worm, we
coadministered the two drugs with the Pgp inhibitor verapamil.
Figure 2 shows that verapamil significantly increased IVM and
MOX susceptibilities of the wild-type, IVM-selected IVR10, and
MOX-selected strains, with the EC5,s of both drugs being reduced
by ~30% under each condition. These results suggest that C. el-
egans ABC transporters are similarly involved in IVM and MOX
tolerance in the wild-type and ML-selected strains. Nevertheless,
verapamil failed to totally restore wild-type susceptibility in ML-
selected strains, showing that the susceptibility of these strains to
the two MLs was only partially dependent on Pgp-mediated drug
efflux and that other mechanisms determined drug susceptibility
in ML-resistant worms.

IVM- and MOX-selected C. elegans strains display a high
level of cross-resistance to EPR. We then investigated the multi-
drug-resistant phenotype of the IVM-selected IVR10 and MOX-
selected strains against other anthelmintics. Figure 3 shows that
both ML-selected strains were highly resistant to another ML
(EPR) compared with the wild-type strain. The IVM- and MOX-
selected strains were 16.5-fold and 15.3-fold less sensitive to EPR
(ECs50s0f17.82 = 1.87 nM and 16.49 * 1.37 nM, respectively; P <
0.001 versus the wild type) (Table 2) than the parental unselected
strain. IVM- and MOX-selected strains did not display a resistant
phenotype against levamisole, triclabendazole sulfoxide, and al-
bendazole sulfoxide. In contrast, the IVM-selected strain dis-
played significantly higher sensitivity to levamisole (1.3-fold; P <
0.05 versus the wild type) and to triclabendazole sulfoxide (1.9-
fold; P < 0.001 versus the wild type), while the MOX-selected
strain was more susceptible to triclabendazole sulfoxide (1.8-fold;
P < 0.001 versus the wild type). Susceptibility to the benzimid-
azole anthelmintic albendazole sulfoxide was unchanged in both
ML-selected strains compared to the parental wild-type strain
(Fig. 3 and Table 2). This clearly shows that IVM- and MOX-
selected strains displayed similar phenotypes regarding drug sus-
ceptibility, with EPR being the least potent drug after either IVM
or MOX selection pressure.
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A resistant Haemonchus contortus isolate displays a profile
of susceptibility to MLs similar to those of ML-selected C. el-
egans strains. In order to compare the ML susceptibilities of C.
elegans with those of parasitic nematodes, we performed an LDA
on a resistant H. contortus isolate. The results of dose-response
experiments with IVM, MOX, and EPR against H. contortus larvae
are shown in Fig. 4 and Table 3. The results show that MOX was
the most potent drug against the resistant H. contortusisolate, with
ECsys that were 29-fold lower than those of IVM and 280-fold
lower than those of EPR. In addition, EPR was the least potent
compared with the two other drugs, while IVM displayed inter-
mediate potency. Overall, these results show similar patterns of
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FIG 2 Modulation of ML susceptibility by the transporter inhibitor vera-
pamil. Susceptibilities of the wild-type Bristol N2, IVM-selected (IVR10), and
MOX-selected strains to IVM and MOX were evaluated with or without the
addition of the ABC transporter inhibitor verapamil (VP) (50 wM) in a larval
development assay. EC,,s in the presence or absence of verapamil for IVM (A)
and MOX (B) were calculated as described in Materials and Methods. The bars
represent the means = SD from 3 experiments. *, P < 0.05; **, P < 0.01; ***,
P < 0.001 (versus the absence of verapamil).
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FIG 3 Cross-resistance of wild-type Bristol N2, IVM-selected (IVR10), and
MOX-selected C. elegans strains to other anthelmintics. A larval development
assay was performed on the wild-type Bristol N2, IVM-selected (IVR10), and
MOX-selected strains with increasing doses of IVM, MOX, eprinomectin
(EPR), levamisole (LEV), triclabendazole sulfoxide (TCBZ So), and albenda-
zole sulfoxide (ALB So). Fold resistances of IVM- and MOX-selected strains
relative to the Bristol N2 strain were calculated as ratios of EC5,s obtained from
the larval development dose-response curves. Data are means = SD from 3
independent experiments. *, P < 0.05; ***, P < 0.001 (versus the wild type).

susceptibility profiles between the resistant H. contortus isolate
and ML-selected C. elegans isolates.

The transcriptional profile of the xenobiotic metabolism sys-
tem is modulated in ML-selected C. elegans strains. The final
concentration of a drug in the parasite is a key determinant for its
efficacy and strongly depends on efflux by ABC transporters and
on its biotransformation by phase I and phase II enzymes such as
cytochrome P450 oxidases, y-glutamylcysteine synthetase (GCS),
and glutathione S-transferases (GSTs). We therefore assessed the
impact of IVM and MOX selection pressure on the transcriptional
profiles of genes typically involved in metabolism and transport of
xenobiotics (Table 4). Interestingly, similar inductions of mRNA
expression were observed in both the IVM-selected IVR10 and
MOX-selected strains for several ABC transporters, including
Pgpl, Pgp2, Pgp3, Pgp5, Pgp6, Pgp9, Pgpll, Pgpl2, Pgpl4, Mrp3,
Mrp6, Haf4, Haf9, Pmp4, and Pmp5; some phase I cytochromes
P450, including Cyp14A2 and CypI14A5; and some phase I detox-
ification enzymes, including gs#4 and gst5. The most substantial
changes were observed with Pgp1 (2.2- and 3.0-fold), Pgp6 (4.8-
and 3.2-fold), Pgp14 (4.3- and 2.1-fold), Cyp14A2 (3.3- and 2.3-
fold), and Cyp14A5 (3.1- and 2.0-fold) in IVM- and MOX-se-
lected strains, respectively. In parallel, the expression levels of
Pgp10, Mrp1, Mrp8, and Cyp37BI were increased only in the IVM-
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FIG 4 Susceptibility profiles of a resistant Haemonchus contortus isolate in a
larval development assay. Values represent the percentages of L1 larvae reach-
ing the L3 stage after 7 days of incubation at 23°C in the presence of increasing
concentrations of IVM, MOX, or EPR. Data are means * SD (n = 3).

selected strain, while the expressions of Pgp8 and Cyp35A1 were
upregulated only in the MOX-selected strain. Beside these
changes, expression levels of Pgp4, Pgp7, Pgpl3, Mrp2, Mrp4,
Mrp5, Mrp7, Hafl, Haf2, Haf3, Haf6, Haf7, Haf8, Pmpl, Pmp2,
Pmp3, gesl, gstl, gst2, gst7, gst10, Cypl3Al1, Cypl4Al, Cyp25A1,
Cyp25A2, Cyp25A3, Cyp35A2, Cyp35A5, and Cyp35CI1 were not
affected in either the IVM- or MOX-selected strain. Data from this
transcriptomic analysis suggest that the modulated genes in ML-
selected C. elegans strains are involved in the xenobiotic metabo-
lism of IVM and MOX and in the production of tolerance against
these drugs.

IVM- and MOX-selected C. elegans strains are both dye-fill-
ing defective. The dye-filling phenotype in nematodes relates to
the capacity of the worm to take up fluorescent dye that specifi-
cally labels the amphids, the principal chemosensory organs of
nematodes. The dye-filling-defective phenotype is known to be
associated with the IVM resistance phenotype (38, 39), which was
shown to be linked to a mutation on the dyf-7 gene in C. elegans
and resistant H. contortus worms (21). We therefore evaluated the
dye-filling phenotype of IVM- and MOX-selected strains.

We first confirmed that the wild-type Bristol N2 strain dis-
played a normal morphology of both amphid neurons, while IVM
selection in C. elegans led to a dye-filling-defective phenotype.
This was observed previously in IVM-selected strain IVR10 by
James and Davey (11) but also in another IVM-selected strain,
IVM11R, independently generated in our laboratory (Fig. 5).
More interestingly, our results show that drug pressure under
MOX exposure also selects for worms with a dye-filling-defective
phenotype (Fig. 5). Altogether, these results show that ML selec-
tion pressure in C. elegans with either IVM or MOX will select for
close mechanisms of acquired tolerance, with both involving a
defect in the integrity of chemosensory neurons.

TABLE 2 Susceptibilities of the wild-type Bristol N2, IVM-selected, and MOX-selected C. elegans strains to other anthelmintics”

Mean EC;, = SD

Strain EPR (nM) LEV (nM) TCBZ So (pM) ALB So (uM)
Wild-type Bristol N2 1.19 = 0.61 16.63 = 1.19 71.41 £ 1.57 6.72 = 1.10
IVM-selected (IVR10) 17.82 = 1.87%%* 12.47 = 1.12* 38.7 = 1.16%** 7.97 £ 1.13
MOX-selected 16.49 = 1.37%** 14.13 £ 1.23 39.87 £ 1.12%** 8.81 £ 1.10

@ ECs values were calculated from LDA data. *, P < 0.05; ***, P < 0.001 (versus the wild type) (n = 3).
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TABLE 3 Susceptibilities of the resistant Haemonchus contortus
(HcR-KOK) isolate to IVM, MOX, and EPR”

Mean EC;, (nM) = SD Fold change
Drug for HcR-KOK isolate relative to MOX
MOX 0.21 £ 0.02 1
VM 6.18 = 0.50 29.4
EPR 58.85 = 16.25 280.2

“ ECs values were calculated from LDA data. The fold change relative to MOX was
calculated as the ratio of the EC5, of IVM or EPR/EC5, of MOX.

DISCUSSION

Data from natural populations of nematodes, and from artificial
drug selection, suggest that MOX resistance generally develops
more slowly than IVM resistance and that MOX efficacy is main-
tained at higher levels than is IVM efficacy as ML resistance devel-
ops (24-28, 40-43). In order to compare the impacts of drug se-
lection with either IVM or MOX on the development of tolerance
in nematodes, we generated a MOX-selected strain of the model
nematode C. elegans, which was compared with an IVM-selected
C. elegans strain described previously (11).

Both IVM and MOX selection led to acquired tolerance to the
two drugs. Interestingly, MOX was significantly more potent than
IVM in both strains selected under IVM or MOX pressure. It was
surprising that the MOX-selected strain developed a relatively
high-resistance phenotype against IVM, despite the worms never
having been exposed to the drug. Similarly, despite the worms
never having been exposed to EPR, selection pressure with IVM
and MOX led to high levels of acquired tolerance to EPR (RF of
~15). Interestingly, EPR was far less potent against either IVM- or
MOX-selected strains. As a result, both IVM- and MOX-selected
strains displayed the same levels of tolerance against each ML,
showing that the relative potency of IVM, MOX, and EPR was
independent of the ML compound used for selection pressure.
This suggests that the mechanism(s) of acquired tolerance will be
similar whatever the ML used for selection and that it will alter
EPR to a greater extent than IVM and MOX. In addition, this is, to
our knowledge, the first study demonstrating that after selection
using subtherapeutic levels of MOX, the selected strain developed
a higher degree of tolerance to EPR and IVM than to MOX.

Importantly, in this study, the degree of resistance to MLs and
the order of potency of MLs observed for ML-selected C. elegans
strains were comparable to those observed for the resistant H.
contortus Kokstad isolate, with MOX being much more potent
than IVM and EPR. These results are in full agreement with data
from previous in vivo studies, which showed that MOX efficacy is
maintained at higher levels than is IVM efficacy as ML resistance
develops, as well as in vitro studies on drug-resistant parasitic
nematodes, where MOX was more potent than IVM, while EPR
was the least potent drug, displaying the highest resistance ratio
compared to IVM and MOX (35, 43—-51). These similarities with
the ML-selected C. elegans strains clearly show that the model of
drug selection pressure in C. elegans can be relevant to studies of
the adaptation of parasitic nematodes to ML treatment in the field.
Knowing that very few studies have been carried out on the exper-
imental evolution of ML resistance in parasitic nematodes, pri-
marily because of the difficulty in establishing a resistant subline
derived from a susceptible isolate by multiple passages in sheep
and challenge with drug treatment at each generation, our study
demonstrates that experimental evolution in replicate C. elegans
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worm populations exposed to MLs can contribute to the under-
standing of the evolutionary fate of sublethal effects caused by
these anthelmintics.

Our study therefore suggests that IVM resistance and, to a
greater extent, EPR resistance are easier to select, under either
IVM or MOX drug pressure, than is MOX resistance. In the con-
text where EPR is widely used in lactating animals and in a long-
acting formulation (52) and is suggested to be an alternative to
IVM for malaria parasite transmission control (53), these results
have several important implications. Indeed, EPR efficacy may be
limited in ML-resistant nematodes and could not be used as an
alternative to IVM or MOX when IVM or MOX resistance occurs.

Interestingly, both IVM- and MOX-selected worms displayed
higher susceptibility to levamisole and triclabendazole sulfoxide, a
benzimidazole routinely used for the treatment of trematode in-
fections such as fascioliasis. Negative cross-resistance between
IVM and levamisole in H. contortus was described previously (29,
35). Since levamisole and IVM bind different kinds of gated ion
channels, operating on excitatory and inhibitory circuits, respec-
tively, it is therefore possible that resistance to one of these drugs
will increase susceptibility to the other, entailing an environmen-
tal adaptation cost in the case of levamisole susceptibility.

Several studies have shown a correlation between ABC trans-
porter expression (25, 54, 55), drug metabolism (56), and ML
resistance in nematodes. In our study, C. elegans adapted to the
drug selection pressure by upregulating constitutively genes in-
volved in xenobiotic metabolism and transport. The gene expres-
sion levels of a number of P-glycoproteins were increased in both
IVM- and MOX-selected C. elegans strains, suggesting that the
efflux pumps contribute to the observed drug tolerance. Particu-
larly, Pgp14 and Pgp6 were the most highly overexpressed genes in
both IVM- and MOX-selected strains. Interestingly, Pgp14 is the
most important Pgp involved in IVM susceptibility in C. elegans
(14), while Pgp6 plays a great role in protecting C. elegans from
MOX toxicity (9, 57). Since PGP6 is expressed in the amphids, its
overexpression could help protect the nematodes from the effects
of ML on extrapharyngeal neurons associated with the amphids.
In addition, our results show the constitutive overexpression of
Pgp2, Pgp9, and Pgpll after both IVM and MOX selection, in
accordance with the association of their homologs in ML resis-
tance in H. contortus, Teladorsagia circumcincta, and Parascaris
equorum (13,43, 44, 58, 59). Generally, a similar pattern of expres-
sion of the regulated genes was found in the IVM-selected and the
MOX-selected strains, in agreement with the similar transcrip-
tional profiles of the multidrug resistance-associated proteins
(MRPs) in C. elegans (8) and ABC transporters in C. oncophora
(10) following exposure to IVM and MOX. Overall, the signifi-
cantly increased expression levels of Pgp genes after repeated se-
lection pressure with either IVM or MOX suggest that the in-
creased transporter activity in tolerant worms resulted in an
increased ability to transport MLs and therefore that these drugs
might be substrates for the Pgps of the worm. In addition, some
cytochrome P450 (CYP) and GST genes were also constitutively
overexpressed in ML-selected strains. Interestingly, cytochrome
P450 enzymes were previously implicated in the metabolism of
MLs in H. contortus (60), suggesting that their increased expres-
sion levels can reduce ML concentrations in the worm and,
consequently, ML efficacy. However, it is noteworthy that the ex-
pression levels of some genes were increased specifically in the
IVM-selected strain (Pgp10, Mrp1, Mrp8, gst4, gst5, and Cyp37BI)
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TABLE 4 Relative constitutive expression levels of genes associated with xenobiotic metabolism and transport in IVM-selected (IVR10) and
MOX-selected C. elegans strains compared with the wild-type Bristol N2 strain®

Mean fold change in constitutive gene expression relative to
wild-type Bristol N2 = SD

Category Gene IVM-selected strain (IVR10) MOX-selected strain
P-glycoproteins (ABCB subfamily) Cel-pgpl 2.16 = 0.15" 2.96 + 0.43""
Cel-pgp2 1.59 =+ 0.07* 1.25 = 0.11%°
Cel-pgp3 1.90 = 0.28" 1.90 = 0.15¢
Cel-pgp4 0.86 = 0.05 0.78 = 0.03
Cel-pgp5 1.74 = 0.20° 1.66 = 0.11¢
Cel-pgp6 4.77 * 0.69° 3.20 £ 0.41%°
Cel-pgp7 1.08 * 0.09 1.00 * 0.11
Cel-pgp8 1.26 *+ 0.14 1.51 % 0.25°
Cel-pgp9 2.13 £ 0.13° 2.06 * 0.21°
Cel-pgp10 1.37 = 0.13° 1.24 + 0.08
Cel-pgpl1 1.43 = 0.13° 1.40 = 0.08"
Cel-pgp12 1.76 = 0.31° 1.78 = 0.18°
Cel-pgp13 1.36 = 0.21 122 £ 0.11
Cel-pgp14 4.26 % 0.35° 2.06 % 0.23*"
Multidrug resistance-associated proteins (MRPs) Cel-mrpl 1.41 £ 0.13° 1.12 £ 0.17
(ABCC subfamily) Cel-mrp2 1.46 = 0.29 1.23 +0.13
Cel-mrp3 2.21 = 0.40° 1.77 £ 0.12°
Cel-mrp4 1.05 £ 0.14 1.00 = 0.01
Cel-mrp5 1.09 £ 0.13 1.06 = 0.07
Cel-mrp6 1.79 = 0.14" 1.48 = 0.03"
Cel-mrp7 1.18 £ 0.20 1.22 = 0.04
Cel-mrp8 1.41 £ 0.12° 1.17 = 0.04°
Mitochondrial half-molecular ABC transporters Cel-hafl 0.99 £ 0.05 1.01 = 0.08
Cel-haf2 1.08 £0.17 0.97 £ 0.05
Cel-haf3 1.22 £0.20 1.09 = 0.02
Cel-haf4 2.12 +0.29° 1.60 =+ 0.02*?
Cel-haf6 1.35 £ 0.20 1.14 £ 0.11
Cel-haf7 1.39 £ 0.26 1.36 £ 0.15
Cel-haf8 1.08 £ 0.12 0.91 £0.13
Cel-haf9 2.00 = 0.12° 1.70 = 0.10°
Peroxisomal membrane protein related (putative Cel-pmpl 1.10 £ 0.09 1.26 = 0.15
ABCD transporter subfamily) Cel-pmp2 1.07 = 0.04 1.14 £ 0.06
Cel-pmp3 0.89 £ 0.02 0.98 * 0.07
Cel-pmp4 1.57 *= 0.08" 1.34 = 0.20°
Cel-pmp5 1.73 £ 0.13° 1.73 = 0.09°
Detoxification enzymes (glutamate-cysteine Cel-gcs1 1.05 £0.23 0.81 £ 0.09
ligase and glutathione S-transferases) Cel-gst] 1.23 £ 0.21 0.92 = 0.11
Cel-gst2 1.52 £ 0.31 1.45 * 0.16
Cel-gst4 2.14 £ 0.27° 1.70 £ 0.57
Cel-gst5 2.03 = 0.36" 1.73 £ 0.52
Cel-gst7 1.07 £ 0.19 0.94 * 0.07
Cel-gst10 1.54 £ 0.25 1.70 * 0.47
Cytochromes P450 Cel-cyp13A1 2.60 * 1.00 2.10 = 0.61
Cel-cypl4Al 1.66 * 0.47 1.50 * 0.19
Cel-cyp14A2 3.26 + 0.42° 2.31 = 0.39%
Cel-cypl4A5 3.06 = 0.39° 1.96 =+ 0.38%"
Cel-cyp25A1 0.74 £ 0.23 0.98 * 0.38
Cel-cyp25A2 1.19 £ 0.20 1.29 * 0.07
Cel-cyp25A3 1.46 * 0.57 1.03 * 0.06
Cel-cyp35A1 1.77 * 0.49 4.78 + 0.26“"
Cel-cyp35A2 1.33 £ 0.34 1.49 * 0.42
Cel-cyp35A5 0.68 *0.12 1.02 £ 0.19
Cel-cyp35C1 0.78 £ 0.08 1.08 * 0.16
Cel-cyp37B1 5.69 % 0.75° 1.89 + 0.46"

“ Significantly different from the wild-type Bristol N2 strain (P < 0.05).

b Significantly different from the TVM-selected strain (P < 0.05).

¢ Data are expressed as fold changes relative to the wild-type Bristol N2 strain and are reported as the means * SD of data from two to four independent experiments. Boldface type
indicates upregulated genes.

or in the MOX-selected strain (Pgp8 and Cyp35A1). Our results  siticnematodes (11,17, 61). Accordingly, the contribution of Pgps
clearly demonstrate that ABC transporters influence, at least to the effects of IVM and MOX was supported by the potentiation
partly, worm susceptibility to MLs, in agreement with data from  of ML efficacy by verapamil in both IVM- and MOX-selected
other studies performed with susceptible or multiresistant para-  strains. This was also observed for the wild-type unselected strain,
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FIG 5 Dye filling of amphid neurons in the Bristol N2, IVM-selected, and MOX-selected strains. Young adult C. elegans worms from the wild-type Bristol N2,
IVM-selected (IVR10 [11] and IVMI11R [independently generated in our laboratory]), and MOX-selected strains were examined by fluorescence microscopy to
visualize the dye filling of the amphid dendrites after staining with the fluorescent dye DiIC,,(3) (Dil). Arrows indicate the amphid dendrites.

revealing that Pgps are factors determining the responsiveness of
susceptible C. elegans strains to MLs without any history of selec-
tion for resistance. Overall, the constitutive overexpression of sev-
eral ABC transporters, CYP, and GSTs occurring in response to
IVM and MOX drug selection pressure may contribute to metab-
olize and extrude the drugs more efficiently and to protect worms
against their pharmacological action, thus playing a role in ac-
quired tolerance development under ML selection.

The cross-resistance phenotype observed in ML-selected
strains is certainly based, at least partly, on the overexpression of
genes encoding multidrug ABC transporters. Given that the dif-
ferent MLs are structurally related and that they all interact with
Pgps of parasitic nematodes (62—65), it is expected that the over-
expression of Pgps in worms will lead to cross-resistance to IVM,
MOX, EPR, and eventually other MLs and drugs that are Pgp
substrates. Interestingly, MOX interacts weakly with nematode
Pgps (62—66), and this is in agreement with its higher level of
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toxicity in ML-resistant strains. Moreover, the cross-resistance
phenotype between ML compounds in parasitic nematodes was
associated with the overexpression of several Pgps (10, 13, 43, 44).
Given all the similarities between various different isolates with C.
elegans, this model nematode clearly represents a relevant tool to
study the mechanism of adaptation of parasitic nematodes to
drugs.

One important point that remains is the higher potency of
MOX than of IVM in ML-resistant worms, which could be ex-
plained in several ways. First, IVM and MOX have different phys-
icochemical properties, with MOX having higher lipophilicity
(100 times higher than that of IVM), resulting in different biodis-
positions in the host and certainly in the target body. This may be
responsible for differences in the interactions of MOX with the
nematode receptors and transporters compared with those of
IVM and could have implications for differences in resistance se-
lection. Moreover, the higher lipophilicity of MOX could allow
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the compound to enter differentially into the worm. However, a
recent study demonstrated a higher level of efficacy for MOX than
for IVM associated with lower MOX concentrations recovered
within adult H. contortus worms than IVM (43), suggesting that
the activity of an ML compound against resistant nematodes is not
strictly related to its ability to enter and accumulate in the target.
Second, differential patterns of interaction of IVM and MOX at
the GluCl receptors of nematodes (2, 22) but also at the mamma-
lian GABA receptors (67) were reported previously. Knowing that
there is a large diversity of ligand-gated chloride channels in nem-
atodes, it is possible that the two drugs may have different affini-
ties for different channels and that some ligand-gated chloride
channels may be affected to different extents and may be under
different selection by IVM and MOX. In addition, it has been
suggested that different subunits from GluCls were important for
the effects of IVM and MOX (22, 57). Third, IVM and MOX
differentially interact with Pgps and other multidrug resistance
(MDR) transporters. Indeed, it was clearly demonstrated that the
interaction of MOX with mammalian Pgp (68), but also with H.
contortus Pgp-2, Pgp-9, and Pgp-16 (62—64); Cylicocylus elongatus
Pgp-9 (65); and Dirofilaria immitis Pgp-11 (66), is much weaker
than that of IVM. Moreover, it was suggested that the MRPs may
play less of a role in protecting C. elegans from MOX toxicity than
they do in protecting the nematode from IVM toxicity (22). Since
Pgps were recently shown to be directly involved in ML sensitivity
in C. elegans (14, 15), it can be hypothesized that the same specific
transporters may not be involved to the same extent with each ML
and that IVM and MOX will be transported and removed differ-
entially from the site of action. Fourth, in addition to ABC trans-
porters, it cannot be ruled out that metabolism through the C.
elegans detoxification network will differ from IVM to MOX, lead-
ing to different drug concentrations at the site of action. Finally,
studies on T. circumcincta and H. contortus suggested a genetic
basis for differences between resistance to IVM and resistance to
MOX, with IVM resistance being dominant and MOX resistance
being incompletely dominant or recessive (23, 69), therefore sug-
gesting that different or additional genetic mechanisms are in-
volved in MOX resistance compared with IVM resistance.

In this study, we show that MOX selection pressure will select
for a dye-filling-defective phenotype, similarly to IVM selection
(21). Data from this study, combined with previously reported
results indicating that IVM resistance is a general feature of mu-
tants with dye-filling defects, constitute compelling evidence that
changes to the anatomy and/or function of amphid sensory end-
ings are associated with ML susceptibility in general. Knowing
that high levels of IVM resistance in C. elegans can be achieved
only by a triple mutation of avr-14, avr-15, and glc-1, encoding
GluCl a-type subunits (38), it is understandable that no drug-
target-specific changes have been observed in ML-resistant nem-
atodes in the field. In contrast, our results show that ML drug
pressure will select for a defect in amphid neuron integrity, leading
to a decrease in ML susceptibility.

In conclusion, by comparing the development of acquired tol-
erance to MLs under IVM and MOX selection pressure in C. el-
egans, we have highlighted the various degrees to which the resis-
tance mechanisms are able to act on the potency of different MLs.
Even if the mechanisms of acquired tolerance remain to be eluci-
dated, we hypothesize a biphasic pattern in adaptation to MLs,
involving (i) pharmacokinetic-mediated tolerance based on in-
creases in the activities of drug transporters and biotransforma-
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tion enzymes, leading to a decreased quantity of drug reaching the
target, conferring low levels of resistance, and allowing the more
tolerant individuals to survive the anthelmintic therapy, therefore
causing gradual selection which may end up in the development of
a resistant strain, and (ii) pharmacodynamic-mediated tolerance
based on an altered amphid neuronal structure after both IVM
and MOX selection. Since GluCls are located in extrapharyngeal
neurons, which connect to the amphids, a defect in neuron integ-
rity may reduce the GluCl receptor density and response to the
drug, leading to higher levels of resistance. However, one impor-
tant remaining point is that the impact on drug efficacy will be
similar whatever the ML used for selection, showing that altera-
tion of drug potency will depend intrinsically on the pharmaco-
chemical properties of each ML.

Overall, these findings can be regarded as a warning that step-
wise exposure to sublethal doses of IVM or MOX will lead to
acquired tolerance to the anthelmintic macrocyclic lactone family.
In addition, our study reveals two key mechanisms that affect the
responsiveness of worms to MLs: the induction of the detoxifica-
tion system and a defect in amphid neuron integrity. The similar-
ities with parasite nematodes are of concern and highlight the use
of drug-selected strains of C. elegans as a relevant model organism
for research on ML resistance in nematodes.
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