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Parasitic nematodes impose a debilitating health and economic burden across much of the world!. Nematode resistance to an-
thelmintic drugs threatens parasite control efforts in both human?3 and veterinary* medicine. Despite this threat, the genetic
landscape of potential resistance mechanisms to these critical drugs remains largely unexplored. Here, we exploit natural varia-
tion in the model nematode Caenorhabditis elegans to discover quantitative trait loci (QTL) that control benzimidazole sensitivity
and show that piwi-interacting RNAs (piRNAs) are capable of regulating benzimidazole resistance. We narrowed a major-effect
albendazole QTL to a small piRNA-enriched region of the C. elegans genome and demonstrate that the albendazole-resistance
phenotype results from strain-specific piRNA variation that is dependent on the function of the piRNA-associated argonaute prg-1.
We identified candidate piRNAs causal to the resistance phenotype and putative genes targeted for silencing by downstream 22G
RNAs. We further show that piRNAs may regulate benzimidazole susceptibility in the related model nematode C. briggsae. Our
results indicate that small RNAs require consideration in drug resistance mechanisms in nematodes, because the piRNA pathway
and related small RNA pathways are conserved in many medically and agriculturally important parasitic nematodes. This finding
has significant implications for parasite control and the management of drug resistance in other phyla and systems.

The sustainability of chemotherapy-based parasite control is jeopardized by our deficient knowledge of potential mech-
anisms of anthelmintic resistance and a paucity of molecular markers to detect and to slow the spread of resistance alleles
in parasite populations*. Traditional approaches to identify anthelmintic resistance markers rely on surveying candidate
genes for polymorphisms®. Known mechanisms of nematode benzimidazole resistance have been limited to alterations of the
drug target beta-tubulin®~'2. However, polymorphisms in beta-tubulin genes do not explain all interspecific and intraspecific
variation observed in benzimidazole efficacy'? or in responses to different benzimidazole derivatives'*!>. A more complete
understanding of potential pathways to parasite benzimidazole resistance is necessary to help discover loci that are predictive
of drug response. Although C. elegans has been historically indispensable to the discovery of mechanisms of action for
benzimidazoles and other anthelmintics'®, genetic variation within C. elegans has only recently been exploited to study

phenotypic variation in anthelmintic responses'”.

We examined natural variation in C. elegans responses to three widely used benzimidazoles (albendazole, fenbendazole, and
thiabendazole). Dose responses were performed on a set of genetically diverged strains using a high-throughput pipeline!® (see
Methods and Supplementary Methods) to quantify the effects of anthelmintics on animal fitness traits (size, feeding behavior,
and fecundity) relevant to anthelmintic mechanisms of action in parasitic nematodes'®??. Drug concentrations that exhibited
high broad-sense heritability (Supplementary Fig. 1) were chosen for quantitative genetic mappings. To assess the potential
effects of drug dose on the genetic architecture of drug sensitivity, two concentrations of fenbendazole and thiabendazole were
selected. We identified quantitative trait loci (QTL) that control for observed differences in benzimidazole susceptibility using a
linkage mapping approach. Benzimidazole-response phenotypes were measured for a collection of 292 C. elegans recombinant
inbred advanced intercross lines (RIAILs) created from a cross of the laboratory strain N2 and a Hawaiian strain CB4856'%.
Correlation of these control (no drug)-regressed phenotypic data with strain genotype data led to the discovery of 14 QTL that
each explain greater than 5% of trait variation for the tested drugs (Figure 1A, Supplementary Table 1), with many of these QTL
spanning multiple animal fitness traits (Supplementary Fig. 2). The primary trait groupings are confirmed by the correlation


https://doi.org/10.1101/116970
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116970; this version posted March 15, 2017. 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.

structure of measured parameters and robust across summary statistics for distributions of these parameters (Supplementary Fig.
3). Benzimidazole sensitivity involved the contribution of multiple loci for many drug-trait combinations. Within this complex
trait landscape, we identified QTL that are common but also some that are unique across drugs and doses.

We discovered a major QTL associated with the effects of albendazole on animal size traits. This QTL is localized to a 441
kb interval on chromosome IV (15.47 - 15.91 Mb) and explains 36% of albendazole-induced variation in animal length between
the parental strains (Figure 1B). Recombinant strains with the N2 genotype at this locus are more resistant to incubation in 12.5
UM albendazole than those strains with the CB4856 genotype, with CB4856 animals exhibiting a significantly greater decrease
in length (Figure 1C). This major-effect albendazole QTL extends to pharyngeal pumping and is also associated with small
differences in brood size (Supplementary Fig. 2). An overlapping QTL associated with animal size and pumping behavior was
identified for 30 uM fenbendazole as well. Subsequent analyses are presented for the albendazole QTL using the length trait
with the highest significance score. The difference in albendazole response between the parental strains is approximately 45%
of the difference between CB4856 and a ben-1 mutant in the N2 background (Supplementary Fig. 4). Mutations in the parasite
homologs of ben-1 are known to result in clinically significant benzimidazole resistance, and this comparison underscores the
potential importance of the amount of resistance explained by the major albendazole QTL on chromosome I'V.

The QTL interval contains 17 protein-coding genes with coding variants and falls within the large piwi-interacting RNA
(piRNA) cluster on chromosome IV (13.5 - 17.2 Mbs)?!'. To narrow this interval to a smaller region, we phenotyped near-
isogenic lines (NILs) with QTL regions from either the N2 or CB4856 strains introgressed into the opposite genetic background
(Figure 2A). NILs with the N2 genotype spanning the 15.57 - 15.65 Mb interval of chromosome IV exhibited resistance to
albendazole and, conversely, NILS with the CB4856 genotype in this region were albendazole-sensitive (Figure 2B). We expect
that the variant(s) of largest effect fall in this narrowed interval. Significant differences among NILs within the resistance and
sensitive groupings suggested that additional variants and epistatic interactions within the complete QTL interval could influence
albendazole susceptibility. In light of this complexity, we considered both the complete QTL interval and the NIL-narrowed
interval in subsequent analyses.

The NIL-narrowed interval was annotated with known variants distinguishing N2 and CB4856 and their estimated functional
consequences (Figure 2C, Supplementary Tables 2 and 3). We considered protein-coding and non-coding RNA (ncRNA)
variation as potentially causal to the albendazole-resistance phenotype. Only three proteins in the narrowed interval are
predicted to have altered functions as a result of single nucleotide variants (SNVs). However, the plausibility of these candidate
genes was dampened by a number of factors. Y/05C5A.508 is curated as a short and likely pseudogenic transcript, which shares
no homology with proteins in species with available sequence data. Additionally, we did not detect expression of this gene
using RNA-seq in either the N2 or CB4856 strains. The gene pgn-79 has a predicted coding variant (Thr194Ala) but belongs
to a highly redundant protein family that has > 99.5% sequence identity with at least three other homologs. None of these
homologs exhibits coding variation, but the possibility of a dominant-negative or gene dosage effect cannot be ruled out. The
gene Y105C5A.8 codes for a protein of unknown function that is predicted to contain a splice-donor variant, but we found no
differences in splice form abundance between N2 and CB4856 for this gene. We hypothesized that albendazole resistance is
more likely a function of variation in the non-coding RNA (ncRNA) complement, specifically the piRNA-encoding genes. No
variation was observed for other ncRNA biotypes.

To test the hypothesis that variation in piRNAs underlies benzimidazole resistance, we first examined the overall effect
of the broader primary C. elegans piRNA cluster on variation in albendazole response. Reciprocal N2 and CB4856 NILs
were generated via introgression of the 13.37 - 17.23 Mb region of chromosome IV from each strain into the opposite genetic
background. NIL strains that contained the N2 piRNA cluster in an otherwise CB4856 genetic background were equally as
resistant to albendazole as the N2 parent strain, and the CB4856 piRNA cluster completely conferred the CB4856-sensitivity
phenotype to the resistant N2 strain (Figure 3A). Next, we analyzed the responses of small RNA pathway mutants to albendazole
in an effort to perturb the large number of diverse piRNAs. 21U-RNAs/piRNAs are regulated by the Piwi Argonaute PRG-122.
Therefore, we hypothesized that albendazole sensitivity should be dependent on prg-1 function. We tested mutants in all three
Argonaute genes that encode proteins that interact with primary small RNAs immediately upstream of WAGO-associated 22G
RNA generation (ergo-1, alg-4; alg-3, and prg-1)>>. ERGO-1 and ALG-3/4 engage 26G RNAs, while PRG-1 coordinates the
processing of piRNAs. Among mutations in these genes, only loss of prg-1 conferred albendazole sensitivity in the resistant
N2 background (Figure 3B). These data indicate that the albendazole-sensitivity phenotype is specific to the piRNA pathway,
and that genetic variation in piRNA function, through loss or gain of specific piRNAs or through variants in shared piRNAs,
is a mechanism of benzimidazole resistance in nematodes. Furthermore, the direction of the prg-1 effect in the N2 genetic
background suggests that the CB4856 strain harbors a loss or reduction of piRNA function causing albendazole sensitivity.
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We employed a dual RNA and small RNA-seq approach to more comprehensively annotate variants within the primary
C. elegans piRNA cluster, focusing on the major-effect albendazole QTL contained within it. These data allowed us to more
precisely resolve differences in the piRNA complements of N2 and CB4856 (Supplementary Table 4) and to narrow the
candidate list of albendazole-resistance determinants to specific genes and the piRNAs that potentially target them. Our pipeline
combines piRNA, 22G RNA, and mRNA expression and variation data (see Methods and Supplementary Methods) to prioritize
candidate genes that fit the expected profile of anti-correlated mRINA expression and antisense 22G RNA expression. This
approach resulted in 283 genes that exhibit differential expression of both mRNA and 22G RNA between strains. Among these,
68 genes display higher levels of gene-specific CB4856 mRNA expression coupled to higher levels of gene-specific N2 22G
RNA expression (Figure 3C). The candidate list includes genes associated with drug metabolism and transport (e.g., cyp-29A2
and cyp-33A1), cuticular collagens (e.g., col-71), enzymes of interest (ugz-37), and large numbers of genes enriched in the
germline or that are regulated by various xenobiotic stimuli. Homology-based searches were used to identify prioritized genes
that contained predicted binding sites for putative piRNAs unique to either strain (Supplementary Table 5).

To compare benzimidazole-resistance loci across nematode species, we examined variation in the responses of Caenorhab-
ditis briggsae strains to the same set of benzimidazole compounds. Dose responses and heritability calculations (Supplementary
Fig. 5 and 6) were used to select concentrations for linkage mapping experiments. Linkage mapping was carried out with a
collection of 153 recombinant inbred lines (RILs) created using the parental strains AF16 and HK104%*, which led to the dis-
covery of four QTL for the tested drugs (Supplementary Fig. 7A, and Supplementary Table 6). The C. briggsae QTL of largest
effect is found on the left arm of chromosome IV (2.56 - 3.45 Mb) and explains approximately 18% of fenbendazole-induced
variation in fecundity between the parental strains (Supplementary Fig. 7B). Strikingly, this QTL falls within the primary C.
briggsae piRNA cluster (Chr IV: 0 - 6.9 Mb). Despite tens of millions of years of evolutionary distance?, the most significant C.
elegans and C. briggsae benzimdazole QTL were found to occur in piRNA-enriched genomic regions that are syntenic between
species?®. The C. briggsae fenbendazole QTL region contains 84 protein-coding genes with variants (Supplementary Table 7),
however, none of these genes are orthologous to variant-containing genes within the C. elegans albendazole and fenbedazole
QTL intervals. piRNA-encoding genes that densely cover this locus could potentially underlie the fenbendazole-resistance
phenotype in C. briggsae and provide basis for a common but independent mechanism of piRNA-mediated benzimidazole
resistance across species.

We report the discovery of a new mechanism of drug resistance caused by variation in regulatory piRNA genes of C. elegans.
Our data suggest that this phenomenon may also extend to C. briggsae. Although the possibility of small RNA-mediated
anthelmintic resistance has been speculated®’, this result represents the first demonstration of an experimental connection in
any nematode species. Small RNA involvement in resistance to antibiotics and drugs has been reported”®?°, but piRNAs have
not emerged as a mechanism of drug resistance. In relation to parasite disease control, the 21U-RNA/piRNA pathway is largely
conserved in clade V nematodes®’, which include major ruminant pathogens and human hookworms. Although nematodes
outside of clade V lack prg-1, many species express 22G RNAs and contain RNA-dependent RNA polymerases (RdRPs)
responsible for 22G RNA biogenesis and transgenerational amplification. Therefore, genetic variation in these pathways
should be considered as a potential basis for anthelmintic resistance in clade III and clade IV nematodes, which encompass the
etiological agents of ascariasis and lymphatic filariasis, as well as plant pathogenic nematodes. The involvement of piRNAs
in drug resistance presents a new source of potential molecular markers that can be deployed to monitor the development of
anthelmintic resistance in the field and clinic, and raises the possibility of transgenerational inheritance of drug resistance’!:32.
These findings put focus on a class of regulatory biomolecules that have been historically overlooked in our effort to understand
and model the development of anthelmintic resistance and drug resistance at large.

Methods

High-throughput phenotyping assay

Strains were propagated for four generations to reduce or remove transgenerational effects and bleach-synchronized before
transfer to 96-well growth plates (~ 1 embryo/ul in K medium). Hatched L1 larvae are fed HB101 bacterial lysate (5 mg/ml)
and incubated for 48 hours at 20°C. L4 larvae are sorted into 96-well drug plates (three animals/well) using the COPAS
BIOSORT large particle sorter (Union Biometrica). Drug plates contain anthelmintics dissolved in K medium at the desired
final concentrations along with 1% DMSO, 10 mg/ml HB101 bacterial lysate, and 31.25 uM kanamycin. These cultures are
incubated for 96 hours at 20°C to allow development to the adult stage and the maturation of deposited embryos. Animals
are fed a solution of 1 mg/ml bacterial lysate and 0.01 uM red fluorescent microspheres (Polysciences, cat. 19507-5) for five
minutes prior to scoring. Animals are immobilized with 50 mM sodium azide, and the COPAS BIOSORT large particle sorter
is used to measure a range of animal fitness traits including length, pharyngeal pumping (red fluorescence), and brood size.
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Trait generation for dose responses and linkage mapping

Raw phenotype data collected from the COPAS BIOSORT large particle sorter were processed with the R package easysorter>.
The function read_data () was used to distinguish animals from bubbles using a support vector machine (SVM). The
functions remove_contamination () and sumplate () were used to mask contaminated wells and to calculate sum-
mary statistics across measured parameters. Parameters included time-of-flight (animal length), extinction (optical density),
fluorescence (pharyngeal pumping), and total object count (brood size). Summary statistics included the mean and quantiles
(10th, 25th, 50th, 75th, and 90th) for each of these parameters. Brood size was normalized to the sorted number of animals per
well (n), while fluorescence was normalized to animal length (TOF). The regress (assay=TRUE) function was used to fit
a linear model to account for differences in assays carried out on different days. Outliers were defined as observations that fall
outside the IQR by at least twice the IQR and that do not group with at least 5% of the observations. Outliers were removed
using the bamf_prune () function and regress (assay=FALSE) was used to fit a linear model (phenotype ~ control
phenotype) to calculate drug effects with respect to control (DMSO solvent) conditions.

Dose responses and selection of heritable doses

The dose-dependent phenotypic effects of benzimidazoles were assayed in technical quadruplicate across four genetically
diverged C. elegans (N2, CB4856, DL238, and JU258) and C. briggsae (AF16, HK104, VT847, and ED3035) strains. Pheno-
types were measured using the high-throughput assay and trait generation pipeline described previously. Drug concentrations
for linkage mapping experiments were selected based on broad-sense heritability calculations for traits of interest and with the
goal of maximizing differences in sublethal drug effects between the parental strains used to generate recombinant lines (C.
elegans: N2 and CB4856; C. briggsae: AF16 and HK104).

Linkage mapping of fitness traits

Benzimidazole exposure phenotypes were amassed for a population of 292 unique C. elegans recombinant inbred advanced
intercross lines (RIAILSs) resulting from an advanced intercross of N2 and CB4856, as well as 153 unique C. briggsae
recombinant inbred lines (RILs) created using AF16 and HK104. These phenotypic data were gathered and processed as
described above. R/qt1** was used to carry out marker regression on 1454 C. elegans markers and 1031 C. briggsae markers.
QTL were detected by calculating logarithm of odds (LOD) scores for each marker and each trait as —n(In(1 —r?)/2In(10)),
where r is the Pearson correlation coefficient between RIAIL genotypes at the marker and phenotype trait values®. Significance
thresholds for QTL detection were calculated using 1000 permutations and a genome-wide error rate of 0.05. The marker with
the maximal LOD score exceeding significance was retained as the peak QTL marker for each of three mapping iterations.
QTL confidence intervals were defined by a 1.5 LOD drop from peak QTL markers. Broad-sense heritability was calculated
using repeat measures of parental and recombinant strain phenotypes, as described previously>°.

Generation of near-isogenic lines

NILs were generated by backcrossing N2xCB4856 RIAILSs to either parental strain for six generations, followed by six
generations of selfing to homozygose the genome. Primers were optimized to genotype N2xCB4856 insertion-deletion variants
immediately flanking introgression regions of interest. NIL reagents, primers, and PCR conditions are detailed in Supplemental
Methods. Whole-genome sequencing at 10x depth was used to confirm the NIL genotypes.

Mutant and NIL strain phenotyping assays

C. elegans mutants (alg-4(tm1184); alg-3(tm1155), ergo-1(tmi1860), prg-1(n4357)), and ben-1(tm234) were propagated
alongside N2 and CB4856 to assay albendazole-response phenotypes. The prg-I mutant strain was backcrossed to N2 for 10
generations. Primers and other reagents used to genotype backcross progeny are outlined in Supplementary Methods. NIL and
mutant phenotyping assays were carried out with the high-throughput pipeline described above, with at least two independent
biological replicates carried out for each strain panel.

RNA-Seq and Small RNA-Seq

C. elegans strains N2 and CB4856 were bleach-synchronized and grown at 20°C for isolation of total RNA from young adult
animals (60 hours post-embryo plating) using a liquid N2 freeze-cracking protocol with TRIzol (Life Technologies). RNA was
collected from four independent biological replicates per strain. RNA samples were treated with 20 U 5’ Polyphosphatase
(Epicentre) for 30 min at 37°C to convert 5’-triphosphorylated 22G-RNAs into 5’-monophosphorylated RNAs for 5 independent
library construction. Sample RNA concentration and quality were assessed via Agilent Bioanalyzer. Small RNA libraries
were constructed for phosphatase and non phosphatase-treated RNA samples using the TruSeq Small RNA Library Prep Kit
(Illumina). mRNA libraries were prepared for non-phosphatase-treated RNA samples using the TruSeq Stranded mRNA Library
Prep Kit with oligo-dT selection (Illumina). All samples were sequenced using the Illumina HiSeq 2500 platform with a
single-end 50 bp read setting (University of Chicago Genomics Facility) and demultiplexed for downstream analyses.
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Prediction of causal piRNAs and their target genes

Reads were adapter and quality trimmed using Trimmomatic®’. HiSAT2 and StringTie*® were used to produce raw and TPM
(transcripts per million) mRNA and 22G RNA read counts for annotated genes. DESeq2®” was used to identify differentially
expressed genes, as well as genes with differential 22G RNA counts. Separately, small RNA reads were used to identify
variation in the piRNA complements of N2 and CB4856. Blastn*® was used to predict targets for putative strain-unique piRNAs
(21mers). mRNA and 22G expression data for the predicted gene targets of strain-specific piRNAs were used to identify putative
piRNAs and gene targets causal to benzimidazole resistance. The N2 reference genome (WormBase.org*! release WS255) and
associated gene annotations, the independently assembled CB4856 genome*?, and known N2-CB4856 genome variants*> were
used in these pipelines, along with bwa**, samtools*®, bedtools*®, R and Python scripts, and other command-line tools. The
entire RNA and small RNA-seq pipeline (Supplementary Methods) was implemented with Nextflow* and is publicly available
through GitHub (github.com/AndersenLab/BZRNA-seq-nf, github.com/AndersenL.ab/BZsmRNA-seq-nf).

Statistical analyses

Data are shown as Tukey box plots or mean £ SD as indicated in figure legends. Analyses were performed using R by two-tailed
t-test (for two groups) or one-way ANOVA with Tukey’s multiple comparison test (for more than two groups). P-values less
than 0.05 were considered significant.

Gene interval annotation and parasite orthology analysis

C. elegans variants distinguishing N2 and CB4856* were used to annotate QTL intervals with respect to existing gene
annotations. C. briggsae variants distinguish AF16 and HK104 as well as their estimated functional consequences were
produced from genomic sequence and annotation data using SnpEff*®. For all C. elegans QTL not pursued in this study, parasite
orthologs of genes with variants predicted to be of 'moderate’ or "high’ impact were extracted with custom Python scripts.
Caenorhabditis orthologs from the clade V ruminant parasite Haemonchus contortus and the clade III human filarial parasite
Brugia malayi were extracted from WormBase*!. These data are presented in Supplementary Table 8.

Data Availability

RNA sequencing data are available in the NCBI SRA under accession number [NUMBER]. Linkage mapping and phenotype
data and all scripts used in the analyses of these and any other data are available through GitHub (github.com/AndersenLab/C.-
elegans-Benzimidazole-Resistance-Manuscript/).
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Figure 1. Discovery of benzimidazole response QTL in C. elegans. (A) Results of C. elegans linkage mapping experiments are shown
for the six drug-dose conditions tested. QTL peak markers (circles) and confidence intervals (lines) are depicted. Fill color corresponds to the
QTL LOD score. Overlapping QTL for a given condition are represented by the trait with the highest significance score. In total, 21
non-overlapping QTL were identified across conditions. (B) Linkage mapping plot for the QTL of highest significance depicts a major-effect
QTL for albendazole sensitivity. The plot shows genomic position along the x-axis and significance (LOD score) along the y-axis. The QTL
confidence interval (chromosome IV: 15.47 - 15.91 Mb) is shaded in gray and the red dashed line represents the genome-wide corrected
significance threshold for the first mapping iteration (LOD score for QTL peak marker = 19.93; LOD threshold = 2.99). This QTL explains
36% of trait variation. (C) Tukey box plots showing the phenotypic split of RIAILs that have either the N2 or CB4856 genotype at the peak
QTL marker position. N2 animals are significantly more resistant to albendazole exposure than CB4856 animals (P < 0.001).
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Figure 2. Narrowing of the albendazole QTL interval using near-isogenic lines. NIL genotypes (A) and corresponding Tukey box
plots of NIL phenotypes (B) are shown. NIL phenotypes can be clearly classified into albendazole-sensitive (LJ1203, LJ1206, and LJ1207)
and resistant groups (LJ1209, LJ1210, and LJ1212). This phenotypic separation allows for the narrowing of the QTL interval (chromosome
IV: 15.47 - 15.91 Mb) to a much smaller region (chromosome IV: 15.57 - 15.65 Mb). Solid and dashed-vertical lines are used to mark the
original QTL interval and the NIL-narrowed interval, respectively. (C) Variants distinguishing N2 and CB4856 within the NIL-narrowed
interval are highlighted with respect to gene annotations. Candidate albendazole resistance variants include nonsynonymous and splice-donor
variants in protein-coding genes (blue circles). No variants occur within genes encoding non-coding RNA biotypes (tRNAs, miRNAs, and
snoRNAs).
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Figure 3. C. elegans albendazole resistance is conferred by variation in the primary piRNA cluster and is prg-1 dependent. (A)
Reciprocal NILs covering the primary C. elegans piRNA cluster (chromosome IV: 13.5 - 17.2 Mb) were phenotyped in the presence of 12.5
UM albendazole. Introgression of the piRNA cluster from CB3856 into N2 (ECA240) produces an albendazole sensitivity phenotype
equivalent to the parental CB4856 strain (P < 0.001). Introgression of the piRNA cluster from N2 into CB4856 (ECA241) confers an
albendazole resistance phenotype equivalent to N2 (P < 0.001). (B) Argonaute mutants that converge on the WAGO 22G RNA pathway were
phenotyped in 12.5 uM albendazole (data are mean £ SD). ergo-1 and alg-3; alg-4 mutants, which interact with distinct classes of 26G
RNAs, do not alter the albendazole-resistance phenotype in the N2 genetic background. Loss of prg-1, the primary Argonaute associated with
21U-RNA/piRNA activity, confers albendazole sensitivity in the N2 background (prg-1(0)(orange) vs N2: p < 0.001). (C) Scatter plot of
mRNA and 22G RNA expression data for gene prioritization. Axes show log; fold-change of anti-sense 22G RNA and mRNA expression
levels for 238 genes that are expressed in both strains (TPM > 1 across all replicates) and that show differential expression of both mRNA

and 22G RNA expression (P < 0.05). Red points depict 68 genes that exhibit lower N2 mRNA expression coupled to higher N2 22G RNA
expression.
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Supplementary Figure 1. C. elegans benzimidazole dose responses and heritability calculations. Dose responses were carried
out with four genetically-diverged strains of C. elegans. Phenotypic responses to three drugs are shown with a representative
trait for each primary trait group (length, brood size, and pharyngeal pumping). Heritability values are shown for doses used in

subsequent linkage mapping experiments.

Albendazole

Fenbendazole

Thiabendazole

0.59 051  0.89 071 087 |
250 §
° - 3
-500 ° . S
{ ] Q |
» 'S o L3 .. E
.. .
750 . e |
- il
. — - 3
-1000 ~ . :
50 - 0.24 015 0 A 046 081
& 4 H
o ° |
2 |
© Q !
> 04 P \ w
° -
8- ° ] N 8 |
g : 1
c 507 ' N
g o . . @
o T 8
».
< 100+ J >
L ]
ol 0.87 052 086 059 086
®.
100+ . s
P L ]
»
200 - 3 ) L e 1 N .
.,
-300 - e
.. ° Y
-400 - <
\ ]
625 125 25 50 0 75 15 30 60 0 3125 625 125 250
Dose (uM)

Buidwng [esbufieyd e

*- CB4856
e DL238
Ju258

N2

11/21


https://doi.org/10.1101/116970
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116970; this version posted March 15, 2017. 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.

Supplementary Figure 2. C. elegans benzimidazole QTL grouped by drug and trait. Results of C. elegans linkage
mapping experiments are shown for the five drug-dose conditions tested and separated by correlated trait group. QTL peak
markers (circles) and confidence intervals (lines) are depicted. Fill color corresponds to the QTL LOD score. Overlapping QTL
for a given condition-trait group pair are represented by the trait with the highest significance score.
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Supplementary Figure 3. C. elegans summary statistic correlations for primary trait groupings. The correlation structure
(Pearson’s correlation coefficient) of summary statistics for measured parameters of animal size (time-of-flight (TOF) and
optical density (EXT)), pharyngeal pumping (red and yellow fluorescence), and brood size (norm.n) are shown for each drug
and dose combination used in linkage mapping.
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Supplementary Figure 4. Differences in C. elegans albendazole response between the N2 and CB4856 strains are
significant with respect to resistance mediated by ben- 1 loss-of-function. Tukey box plot showing the effect of 12.5 uM
albendazole on worm length (75th quantile shown) for N2, CB4856, and a ben-1 mutant in the N2 genetic background (all
pair-wise differences are statistically significant; P < 0.001). The differences in the means of the two parental strains are
approximately 45% of the difference between the means of N2 and the ben-I mutant.
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Supplementary Figure 5. C. briggsae benzimidazole dose responses and heritability calculations. Dose responses were carried
out with four genetically diverged strains of C. briggsae. Phenotypic responses to three drugs are shown with a representative
trait for each primary trait group (length, brood size, and pharyngeal pumping). Heritability values are shown for doses used in
subsequent linkage mapping experiments. For thiabendazole, we selected a linkage mapping dose (40 uM) that falls between
the concentrations where heritability is shown.
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Supplementary Figure 6. C. briggsae summary statistic correlations for primary trait groupings. The correlation structure
(Pearson’s correlation coefficient) of summary statistics for measured parameters of animal size (time-of-flight (TOF) and
optical density (EXT)), pharyngeal pumping (red and yellow fluorescence), and brood size (norm.n) are shown for each drug
tested.
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Supplementary Figure 7. Discovery of benzimidazole response QTL in C. briggsae. (A) Results of C. briggsae linkage
mapping experiments are shown for three tested drugs as grouped by trait category. QTL peak markers (circles) and confidence
intervals (lines) are depicted. Fill color corresponds to the QTL LOD score. In total, four non-overlapping QTL were identified
across conditions. (B) Linkage mapping plot for the QTL of highest significance depicts a major-effect QTL associated with the
effect of fenbendazole on brood size. The plot shows genomic position along the x-axis and significance (LOD score) along the
y-axis. The QTL confidence interval (chromosome IV: 2.56 - 3.45 Mb) is shaded in gray and the red dashed line represents the
genome-wide correction significance threshold for the first mapping iterationd (LOD score for QTL peak marker = 9.97; LOD
threshold = 2.75). This QTL explains 18% of trait variation (effect size = 0.70). (C) Tukey box plots showing the phenotypic
split of RILs that have either the AF16 or HK104 genotype at the peak QTL marker position. AF16 animals are significant
more resistant to fenbendazole exposure than HK104 animals (P < 0.001), exhibiting much larger brood sizes in the presence
of drug.
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Supplementary Methods 1. High-throughput sorter assay. Assay details described in main Methods section.
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Supplementary Methods 2. piRNA variant discovery and target gene prediction pipeline. (Top) N2 and CB4856 RNA and
small RNA was collected across drug-exposed life cycle time points and pooled into mixed-stage RNA samples for sequencing
as described in Methods. (Left) RNA (N2 and CB4856) and small RNA (N2-P and CB4856-P) reads were aligned to the N2
genome with bwa. Small RNA reads were filtered for 22-mers beginning with a G (22G reads). Bedtools was used to count
reads mapping to gene features extracted from the WS255 release canonical gene set. Only 22G reads in the opposite anti-sense
to gene features were retained. RNA and 22G-RNA counts were processed further in R. (Right) Non phosphatase-treated
RNA reads from N2 and CB4856 were aligned to their respective genomes using bwa (0 mismatches). Reads were filtered
with a length requirement of 21 and only reads that fell within the broad primary piRNA cluster were kept (ChrIV: 13.5 - 17.2
Mb). N2 surviving reads were aligned to the CB4856 genome, and conversely, CB4856 surviving reads were aligned to the N2
genome. Unmapped reads with read support >2 were retained as the pool of reads unique to each strain. 21-mers unique to N2
and CB4856 were considered putative piRNAs and their gene targets were predicted using Blast (blastn-short with 80% query
coverage). RNA and 22-G RNA expression data was extracted for all predicted targets of piRNAs unique to either strain and
used to prioritize candidate piRNAs and target genes causal to resistance.
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Predicted piRNA Targets

19/21


https://doi.org/10.1101/116970
http://creativecommons.org/licenses/by-nc/4.0/

bioRxiv preprint doi: https://doi.org/10.1101/116970; this version posted March 15, 2017. 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.

Supplementary Methods 3. Reagents related to NIL and mutant strain assays. (Top) Primers and starting RIAILs used in the
construction of whole piRNA-interval NILs. (Bottom) Mutant strain IDs, primers, and PCR conditions used to confirm and
propagate mutant alleles through back-crossing.

C. elegans whole piRNA interval NILs

o piRNA interval: Chr IV: 13.5 - 17.2 Mbs
o Left Primers (InDel Left: 13207120)

— oECA904: aacagatactcgeegttget
— oECA905: atttgtaccacgegtgacct
— N2 Size: 526, CB4856 Size: 942

e Right Primers (InDel Right: 17356993)

— o0ECA910: gacaacgcceactacgacaa
— oECA911: acccaaccagttgagcacat
— N2 Size: 443, CB4856 Size: 596

o CB4856>N2 NIL

— ECA240 / eanIR160 (IV, CB4856>N2)
— Starting RIAIL: QX349

o N2>CB4856 NIL

— ECA241 / eanlR161 (IV, N2>CB4856)
— Starting RIAIL: QX375

349

375

0 5 10 15
Genomic Position (Mb)

C. elegans mutants

o piRNA mutants confirmed and/or backcrossed in N2 background
— ECA270: alg-4(tm1184):alg-3(tm1155) [ALG-3/4 class 26G RNA]
— ECA271: WM158 / ergo-1(tm1860) [ERGO-1 class 26G RNA]
— ECA286: prg-1(n4357) [21-U RNAJ: SX922/ECA269 backcrossed to N2 (9x) and selfed (6x)
— FX234: ben-1

o Mutant confirmation PCR primers

— ergo-1(tm1860): oECA1033 AAGCGTACGAACCCGAGCTT / oECA1034 GAGCGGCTGCTCAGAAGACT
o prg-1(n4357) PCR primers for backcrossing
oECA1019: AGTCGTGGTACAGATCGTAG
oECA1020: GAGAGGCCGTGGTTCAGGAT
Wild-type size = 1972, prg-1(nd357) size = 1248 (724 bp deletion)
PCR parameters: Annealing T = 55.5C, Extention time = 2:30

|
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Supplementary Data

Supplementary Table 1. C. elegans QTL that explain > 5% of trait variation for all drug-dose combinations tested. Each
QTL that was discovered for defined trait groups is annotated with its peak position, confidence interval, estimated variance
explained, and effect size.

Supplementary Table 2. C. elegans protein-coding gene variants within the albendazole QTL interval. Previously defined
variants distinguishing N2 and CB4856 were annotated based on predicted effects on protein function or expression. Variants
of "moderate” or "high” effect are shown for the QTL and the NIL-narrowed interval.

Supplementary Table 3. C. elegans piRNA genes within the albendazole QTL interval. The genomic coordinates, gene IDs,
and feature IDs of annotated piRNA genes within the QTL and NIL-narrowed intervals are provided.

Supplementary Table 4. Putative strain-specific piRNAs detected through sequencing. Sequences are shown for 21mers that
map to the QTL region of the N2 genome but not the CB4856 genome ("N2-unique” in “’strain-specificity” column), as well
as 21mers that map to the corresponding QTL region of the CB4856 genome but not the N2 genome ("CB4856-unique” in
strain-specificity” column). N2-unique piRNA coordinates are provided based on the N2 genome, and CB4856-unique piRNA
coordinates are provided based on the separately assembled CB4856 genome.

Supplementary Table 5. Results of RNA and small RNA-seq expression and piRNA variant and target prediction pipeline.
Fold-change differences in mRNA and 22G RNA expression and associated adjusted p-values from DESeq?2 analysis is shown
(columns "Rlog2FC” through "Gpad;j”’). Normalized mRNA and 22G RNA expression values (TPM) are shown for individual
biological replicates (columns "N2_A_R_TPM” through "CB_D_G_TPM”). Gene annotations are provided, as well as other
parameters used to prioritize targets (column ”Anticorr”: anti-correlation of mRNA and 22G expression; column “Direction”:
direction of effect on mRNA expression). Predicted target sites of strain-unique piRNAs in cases of gene overlap (columns
”Query” through ”Tend”).

Supplementary Table 6. C. briggsae QTL that explain > 5% of trait variation for all drugs tested. Each QTL that was discov-
ered for defined trait groups is annotated with its peak position, confidence interval, estimated variance explained, and effect size.

Supplementary Table 7. C. briggsae protein-coding gene variants within the fenbendazole QTL interval. Variants distinguish-
ing AF16 and HK104 were annotated based on predicted effects on protein function or expression. Variants of “moderate” or

“high” effect are shown for the QTL and the NIL-narrowed interval.

Supplementary Table 8. Parasite (H. contortus and B. malayi) orthologs for all C. elegans QTL identified.
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