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Genome-wide Approaches to Investigate

Anthelmintic Resistance

Stephen R. Doyle ®'* and James A. Cotton'

The rapid evolution of anthelmintic resistance in a number of parasites of
livestock and domesticated animals has occurred in response to widespread
use of anthelmintics for parasite control, and threatens the success of parasite
control of species that infect humans. The genetic basis of resistance to most
anthelmintics remains poorly resolved. Genome-wide approaches are now
accessible due to recent advances in high-throughput sequencing, and are
increasingly applied to characterize traits including drug resistance. Here, we
discuss why traditional candidate gene studies have largely failed to define the
genetics of resistance, and why — and in what circumstances — we expect
genome-wide approaches to shed new light on the modes of action and the
evolution of resistance to anthelmintic compounds.

Anthelmintic Resistance Is a Problem, and New Approaches Are Needed to
Understand It

Control of both animal and human worm infections depends almost exclusively on anthelmintic
drugs. Most livestock in industrialized countries are routinely treated, and while we are not
aware of exact figures, at least hundreds of millions of sheep, goats, and cattle are given
anthelmintic treatments to control or prevent infection every year. Human helminthiases are the
target of extensive mass drug administration (MDA) campaigns, in many cases aimed at
eliminating these diseases as public health problems in the coming decade. For example,
the soil-transmitted helminths infect around 1.5 billion people worldwide [1] and are currently
targeted with the world’s largest drug administration program, with over 500 million children
receiving mebendazole or albendazole (related benzimidazole drugs) in 2016 [2]. While other
drug classes are available, most veterinary and human treatment relies on just three classes of
drugs: macrocyclic lactones (such as ivermectin and moxidectin) and benzimidazoles for
nematode infections, and praziquantel for schistosomiasis and other platyhelminth infections.
The widespread use of anthelmintics to control helminths has come at a significant cost: since
the first report of drug resistance in livestock helminths over 50 years ago, resistance has
become far more widespread in most species of hosts and parasites [3], and in some veterinary
parasites resistance to all major classes of anthelmintics has now been observed [4]. In the case
of MDA campaigns, such large-scale treatment with single drug classes seems likely to
promote the appearance of resistance, and there is increasing evidence for reduced efficacy
of some anthelmintic classes in worms infecting humans [5-10].

The appearance of anthelmintic resistance has driven an increasing interest in characterizing
the genetic mechanisms by which resistance evolves. Understanding this evolution should
provide greater insight into novel approaches to control these parasites, opening the doors to
molecular diagnostics for tracking drug resistance, the design of treatment strategies to avoid
the appearance of resistance, and the development resistance-breaking derivatives of existing
compounds [11]. This effort has largely relied on genotyping isolates of helminths with different
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Highlights

Helminth control depends on the
large-scale use of a limited range of
anthelmintic drugs. For many species,
this is predominantly a single class of
drugs, which is likely to impose a
strong selection pressure for drug-
resistance alleles to evolve and spread.

Drug resistance is established in many
veterinary helminths. Although the
mode of action of some drugs is
understood, the genetic basis of resis-
tance is less well understood, despite
extensive interest and research effort.

Genome-wide approaches are
becoming more affordable, and well-
annotated genome resources are
available for many helminth species.

Genomic approaches are rapidly being
implemented to characterize resis-
tance, and they offer many advantages
over traditional candidate-gene stu-
dies. However, careful consideration
to experimental design is required to
ensure that genetic differences discov-
ered in these genome-wide analyses
are correctly attributed to resistance.
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drug-response phenotypes at candidate genes (see Glossary), chosen based on a hypothe-
sis about the mechanism of action of the drug [12]. The success of candidate gene approaches
to date has, however, been limited: many candidate genes have been proposed to be
associated with different drug classes, but few have been conclusively associated with resis-
tance [12,13]. Although many parasites are treated with one or a few of a limited number of drug
classes, high population genetic diversity, combined with their broad diversity of life history
traits [14], makes it likely that different parasite species may not respond in the same way to the
same drug class, and in turn, are likely to evolve unique mechanisms to tolerate exposure to
anthelmintics.

The increasing interest in genetic characterization of anthelmintic resistance has coincided with
remarkable increases in the throughput and decreases in the cost of genotyping technologies
(see Box 1 for a summary of technologies used to assay genome variation), and particularly with
high-throughput DNA sequencing [15]. Large-scale whole-genome sequencing is now acces-
sible and is being rapidly adopted for the study of nonmodel organisms, including disease-
causing pathogens, and the characterization of traits such as drug resistance [16-23]. Similarly,
genome-wide approaches have begun to be adopted by helminth parasitologists to investigate
traits including anthelmintic resistance [24-29]. These studies have coincided with a rapid
increase in draft and reference genome sequences for helminths [14], as well as publicly
available resources to support researchers in making best use of these data [30,31]. The
increasing accessibility of genome-wide data highlight that the interpretation and significance of
single candidate gene studies need to be carefully considered. At the same time, viewing
genome-wide studies through the lens of single candidate gene studies also brings a new
perspective on why careful interpretation of their results is warranted. In this Opinion article, we
discuss some of the opportunities and considerations for the use of genome-wide approaches
to investigate anthelmintic resistance.

How Informative Have Candidate Genes Been, Really?

Much of what is known about the genetics of anthelmintic resistance is based on candidate
gene studies. The textbook example is B-tubulin and its association with benzimidazole
anthelmintics: resistance-causing mutations were first characterized in Aspergillus nidulans
[32,33], and then identified in Caenorhabditis elegans [34]. One or more of three specific
nonsynonymous substitutions in B-tubulin isotype 1 have subsequently been shown to be
associated with treatment failure in most nematodes targeted with benzimidazole-related
anthelmintics [35,36]. The validation of B-tubulin mutations and their impact on resistance
in parasitic helminths that are targeted by benzimidazoles is undeniably important, but this
single example can hardly be held up as general support for ab initio candidate gene studies
identifying resistance-associated loci in parasitic nematodes.

Candidate gene approaches have been less successful in deciphering the resistance mecha-
nism(s) for other anthelmintics. Many reports describe variation in gene expression or allele
frequencies between phenotypically susceptible and resistant populations, often concluding
that selection has occurred at the examined candidate gene. For example, at least 30 loci have
been proposed as potentially involved in ivermectin resistance (see Supplementary Table 2 in
[27]). However, the association between candidate genes and resistance often does not
replicate between different species or even in independent studies of the same species
[24,26,27,37-39]. These include, for example, experimentally defined major effect loci for
ivermectin resistance in C. elegans such as avr-14, avr-15, and glc-1 [40], yet there is little
if any evidence for positive selection associated with resistance in these genes in any parasitic
nematode. To date, none of the current candidate genes are used for diagnosis of resistance in
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Glossary

Bulk-segregant analysis: a genetic
mapping approach to identify
markers that are associated with a
phenotype, by comparing genetic
variation between pools of samples
that show extremes of the phenotype
of interest.

Candidate gene: a gene proposed
to be associated with a given trait.
Candidate genes are typically chosen
based on known or a priori
assumption of function.

Genetic architecture: describes the
underlying genome-wide distribution
of genetic variation in individuals and/
or populations, and the contribution
of these variants to phenotypic
variation.

Linkage disequilibrium (LD):
describes combinations of alleles that
occur more frequently than expected
from the frequency of the individual
alleles alone. LD can be very
informative about processes
maintaining genetic structure in a
population.

Linkage mapping: a technique
used to identify regions of the
genome that segregate with a
phenotype of interest in the progeny
of a genetic cross between two
phenotypically distinct parental
isolates.

Manhattan plot: a type of scatter
plot typically used to present
genome-wide data. Each point on
the plot represents a position
(typically a variant position or window
region) in the genome on the x axis,
and test statistic of a comparison
between two or more groups on the
on the y axis.

Population structure: describes the
nonrandom distribution of genetic
variation between two or more
subgroups of individuals.

Principal component analysis: a
dimension reduction approach that
can be used to convert large and/or
multivariate datasets into ranked
simplified components that describe
variability in the data. Useful for
detecting population structure and
other variables that may influence the
structure of genomics data.
Quantitative trait locus (QTL): a
region of the genome containing one
or more genes that are linked to a
trait of interest in a population. QTLs
are identified by the correlation of
particular genotypes with a



the field. One key problem is that few studies take into account the broader genomic landscape
beyond a single (or few) gene(s): as we will discuss, the focus on single candidate genes in
isolation can be misleading without knowledge of the surrounding genomic context, and
therefore it is difficult to conclusively discriminate between selection and confounding biases
(Box 2) that may arise when comparing genetically distinct strains [13,41]. Importantly, the
focus on individual candidate genes prevents the discovery of novel genes and mechanisms
that might be at play. The association between specific mutations of B-tubulin isotype 1 and
benzimidazoles is a case in point: although much of the literature is focused on this specific
association alone, recent genome-wide analyses using C. elegans laboratory strains and wild
isolates revealed B-tubulin isotype 1 (ben-7)-independent quantitative trait loci (QTLs) that
differentiated benzimidazole analogues [28] and multiple novel ben-7 specific alleles [42]
associated with resistance, respectively. The impact of noncanonical B-tubulin mutations
on benzimidazole resistance in parasitic species is unknown, but clearly deserves further
attention. Importantly, a healthy dose of scepticism is warranted in the interpretation of
candidate genes and their role in anthelmintic resistance, and unbiased approaches that
account for the impact of selection on the broader genetic architecture are needed to
properly understand the genetics of anthelmintic resistance.

Defining the Observed and Expected Genetic Architecture Associated with
Anthelmintic Resistance

What should the genetic architecture of anthelmintic resistance look like in a genome? Heritable
resistance relies on the presence of specific alleles of genes that alter how susceptible individuals,
carrying those alleles, respond to drug treatment. The spread of these alleles depends on
individuals that contain one or more resistant alleles having a fitness advantage upon drug
exposure over those that do not. In populations composed of both susceptible and resistant
individuals, the expected pattern of genetic variation throughout the genome after drug treatment
depends on the frequency of the resistance-conferring alleles before treatment, the number of
different alleles that can generate a resistance phenotype, and the strength of selection on those
alleles. Resistance-conferring alleles are conventionally thought to arise de novo in a population
and be selected for from a very low starting allele frequency in response to drug treatment. If
resistance alleles have a large ‘effect size’, that is, if individuals with these alleles survive and
reproduce while those without them die or do not reproduce, then drug treatment will exert a
strong selective pressure, resulting in a rapid loss of susceptible alleles and an increase in
frequency of the novel resistance alleles in the population as susceptible individuals are replaced
by resistant ones. In this context, often termed a ‘hard sweep’, the genetic diversity surrounding
the resistant allele would be significantly reduced, and due to the rare starting allele frequency of
the resistant mutation, the genome-wide diversity would also be significantly reduced to reflect the
limited genetic diversity in the few individuals that harboured the mutation (Figure 1A-C).

In contrast, resistance alleles may coexist on diverse genetic backgrounds in the population as
a result of older or pre-existing variation (i.e., prior to drug pressure), or via the recurrence of
resistance mutations in the same population. In this case, a ‘soft sweep’ occurs, associated
with a reduction in the genetic diversity around the causative locus after drug treatment, but
unlike a hard sweep, the background genetic variation is likely to be maintained to some degree
(Figure 1A,D,E). A similar pattern will occur if there is selection acting on multiple, genetically
distinct mutations that each confer resistance. Where multiple genes are driving resistance
directly, each allele may have an additive effect towards resistance (e.g., the combined effect of
two alleles is equivalent to the sum of effects from individual alleles), or show synergistic
interactions, whereby the effect of combinations of alleles is greater than the sum of their
individual effects. Considering the large population sizes and extensive genetic diversity of
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phenotype. As QTLs are often
associated with continuous traits, the
number and shape of QTLs inform
the genetic architecture of the trait.
Recombination: the process by
which DNA is rearranged between
homologous chromosomes during
meiosis. Recombination can produce
novel combinations of alleles in the
gamete relative to either parental
chromosome, the result of which is
to generate phenotypic variation in
the offspring.

Statistical power: describes the
probability that a statistical test will
correctly reject a null hypothesis
when the alternate hypothesis is true.
Power ranges from O to 1: the higher
the value, the less likely type Il or
false-negative errors will be made,
whereas power values closer to 0
are associated with higher type | or
false-positive errors.

Type | and Type Il errors: describe
when the null hypothesis is rejected
when it is true (a type | error is a
‘false positive’, for example, an SNP
that has achieved genome-wide
significance, but is not associated
with the trait), and accepting the null
hypothesis when it should in fact be
rejected (a type Il error is a ‘false
negative’, for example, an SNP that
has not reached genome-wide
significance, but is associated with
the trait), respectively.
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Box 1. Approaches to Assaying Genome-wide Genetic Diversity

The resolution to detect genetic changes associated with traits such as anthelmintic resistance is largely dependent on the assay or technology used. From sequencing whole genomes to targeted
sequencing of individual genes, we outline some of the benefits and limitations of a number of approaches that could be used to assay variation in Table I.

¢ Whole-genome sequencing of individuals is increasingly being employed for genetic association analyses; although this approach provides maximal information at single-nucleotide resolution, allowing
correlation between genotype and phenotype, this approach may require significant economic and analytical/computational resources, particularly as the genome and sample size increase.
Pooled whole-genome sequencing provides a compromise — DNA from multiple individuals is pooled and sequenced, and so while individual genotype information is lost, allele frequency estimates of
the pool can be determined and compared between pools. Note that significant technical variation can occur between pools, and therefore, achieving sufficient sequencing depth per pool to sample
the allelic diversity and replication of pools is important [70].

RNAseq and exome-based approaches aim to sample a proportion of the coding regions of the genome, with the former sampling actively transcribed mRNA at the time of sample collection, whereas
the latter aims to sample genomic DNA by using ‘baits’ to capture targeted regions of the genome. Capture-based approaches are not limited to the exome, and can be designed to target small to large
regions of the genome [Helminth exomes: range = 7 (Parascaris equorum) to 96 Mbp (Macrostomum lignano), median = 19 Mbp]; however, such an approach requires initial investment in the capture
design and bait synthesis.

Restriction site-associated DNA sequencing (RADseq) is increasingly being used to sample genome-wide variation that occurs near restriction sites throughout the genome in a number of nonmodel
organisms. However, as the distribution of restriction sites is not random, and therefore not evenly distributed throughout the genome, this approach may not detect association if a comparable
restriction fragment is not within a linked region to a causative allele. In silico prediction of restriction sites to estimate coverage, particularly when a contiguous genome sequence is available, is
recommended.

The use of SNP genotyping platforms, such as Sequenom, microsatellites, or sequencing amplicons from single or small numbers of genes, are best utilized to fine-map regions, and are not particularly
suitable for discovery. Each assay requires knowledge of genomic coordinates in the experimental design, and therefore are generally impractical to apply on broad region(s) of the genome while
maintaining sensitivity to detect associations. In combination with a genome-wide approach to define the broader context of variation, these approaches allow confirmatory experiments and a wider-
scale investigation of geographical distribution of a specific signature of selection in the genome.

Table |. Consideration of Approaches to Assay Genetic Variation Associated with Resistance®

Genotyping Whole-gen- Pooled WGS Exome/cap- RNAseq RADseq Sequenom RFLP Amplicons Single genes
approach ome ture arrays genotyping/
sequencing RT-gPCR
Assay approach DNA > WGS of  DNA > WGS of DNA > probe- RNA > cDNA > HT DNA > restriction DNA > primer PCR > DNA/ DNA > PCR >
summary individuals pools of based DNA sequencing digest > HT extension Electrophoresis RNA > PCR > HT  Sanger
individuals sequence sequencing PCR > MALDI- or Sanger sequencing
capture > HT TOF Mass sequencing
sequencing spectroscopy OR
RNA > RT-gPCR
Throughput Low/moderate Low pools, high  Low/moderate Low/moderate Low > High Low/moderate Low/moderate Low > High Low > High
samples
Cost per individual High Low Moderate Moderate Low Moderate Low Low Low
Number of variants High High Moderate Moderate Moderate Low/moderate Low Low Low
Cost per variant Low Low Low Low/moderate Low/moderate Moderate High High High
Resolution for High Moderate/high High Moderate Moderate Low/moderate Low Low Low

assaying genetic
variation linked to
resistance

Helminth references [29,58] [24-27] [71] [72,73] [25,74,75] [24,26] [11,66] [76-79] Many

AWGS, whole-genome sequencing; HT, high throughput; RADseq, restriction site-associated DNA sequencing; RFLP, restriction fragment length polymorphism.
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Box 2. Challenges with Helminth Genomes

The transition from assaying single genes to whole-genome analyses for helminths does present some biological and
technical challenges.

Genome Size and Gene Density Variation

Helminths typically have genome sizes ranging from 43 Mbp (Parastrongyloides trichosuri) to 1.2 Gbp (Spirometra
erinaceieuropaei) (median = 122 Mb), and are predicted to contain anywhere between 8140 (Onchocerca flexuosa) and
101 269 (Meloidogyne arenaria) coding sequences (median = 17 498). While helminth genomes are considerably
smaller than mammalian genomes, the gene density is higher (7 to 507 genes per Mbp; median = 142; compared
with human of 12 to 15 genes per Mbp), which will increase the number of genes linked to any given association signal.

Extensive Genetic Diversity

Helminth populations can be genetically diverse. The presence of extensive genetic diversity increases the likelihood of
identifying regions of the genome that differ between isolates, for example, a genome-wide scan of differentiation
between resistant and sensitive isolates demonstrates broad differentiation in Haemonchus contortus [27], and focus
on an individual locus could have been easily mistaken for positive selection without taking into account the genome-
wide context. Although increased genetic diversity can potentially provide better resolution for QTL analyses due to a
higher marker density, such diversity does make it harder to identify causal variants.

Choosing a Reference Genome

The use of a reference genome sequence is a key component to most genome-wide studies. However, such analyses
ultimately can only study what is known in the reference, and sequences present in the sample that are missing from the
reference will not be assayed. Significant genetic diversity exists within and between helminth populations, and while
single nucleotide substitutions and insertion/deletions are generally reliably assayed, more complex genomic rearran-
gements and copy-number variants that are likely to be present are typically much harder to characterize. Such variation
may, in fact, play a role in resistance; for example, a copy number variation (CNV) expansion of pgp-9 is suspected to be
involved in ivermectin resistance in Teladorsagia circumcincta [25]. A single reference sequence is unlikely to be able to
account for large-scale rearrangements, and therefore, the de novo assembly of multiple genetically distinct reference
genomes may be required to correctly characterize such variation.

Genome Contiguity and Completeness

From a technical perspective, the contiguity of the genome assembly will play a major role in detecting associations.
Although there are now a number of helminth species with chromosomal-scale genome assemblies (i.e., Brugia malayi,
Haemonchus contortus, Onchocerca volvulus, Schistosoma mansoni, and Trichuris muris; www.parasite.wormbase.
org), the genome assemblies for most helminths remain highly fragmented. Poorly assembled genomes aimost certainly
contain artefacts that do not reflect the actual genome of the organism, for example regions of the genome inaccessible
to sequencing, multiple haplotypes, collapsed paralogs, contaminants, and poorly resolved repetitive regions. All of
these artefacts will impact the utility of the genome for genome-wide studies. The increasing use of long-read
sequencing technologies to assemble helminth genomes is an important step towards resolving some of these issues;
however, even with long-read sequencing technologies, high-quality chromosomal-level assemblies will remain chal-
lenging to produce (and need investment) for the foreseeable future.

many helminths targeted by anthelmintics, there are likely to be many alleles of some effect that
influence the response to anthelmintics segregating in populations. These include alleles that
confer complete insensitivity to the drug, but also alleles that influence the pharmacokinetics
and therefore exposure of the individual to the drug. The extent of these interactions is
dependent on the frequency of each resistance allele which, if different between populations,
will produce distinct signatures of selection that further complicates the detection and inter-
pretation of resistance.

In this context, the genetic architecture of anthelmintic resistance can be complex, and is likely
to be shaped by a combination of both hard and soft selection. Interpreting these signatures of
selection at a candidate gene can be challenging without first understanding and accounting for
the surrounding genomic variation. Genome-wide approaches seem to be the most sensible
way to do this; however, genome-wide data can be misled by biological and technical variation
or poor experimental design, leading to confounding and/or lack of statistical power to
confidently detect an association. Some of these issues are discussed below.
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(A) Figure 1. Defining the Expected
Genetic Architecture of Resistance.

— Genome The distribution of genetic variation across

e Genetic variant the genome after selectionis dependenton

* Variant: strong effect the number and frequency of causative

®ee Variant: weak / resistance variants present in a population

moderate effect (QTL) (A). In the classic example of selection for

drug resistance, a rare allele of large effect

will appear in a population (B), and upon

/ selection, will rapidly increase in frequency

(B) (D) and may become fixed in the population.
o Termed a ‘hard sweep’, any variant linked

to the resistant allele will also increase in
frequency, reducing the genome-wide var-
iation of the population (C). In contrast,
large effect resistance-associated alleles
present on multiple genetic backgrounds,
multiple alleles of smaller effect, or perhaps
J l alleles associated with tolerance of drug

© (E) exposure (D), will each increase in fre-
quency after drug exposure. (E) A ‘soft
sweep’, unlike a hard sweep, will retain a
larger proportion of the pretreatment
genetic variation maintained in the popula-
tion. Abbreviation: QTL, quantitative trait
locus. Figure adapted from Doyle et al. [24].
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Defining Robust Associations between Genetic Variation and Anthelmintic
Resistance

Characterizing the genetic basis of resistance involves the statistical differentiation of genotype
and/or allele frequencies between groups of resistant and susceptible individuals, or proxies
such as treated and untreated worm populations. Whether assaying a single gene or whole
genomes, often simple statistical approaches such as chi-square tests or regression
approaches are used, although more complex approaches have been employed; the exact
statistical approach differs in whether the phenotype is quantitative (e.g., EC50 values) or
qualitative (e.g., survival vs death), and whether individual worms or pools of worms have been
assayed (e.g., Bulk-segregant analyses). However, moving from detecting an association at
a single gene to testing all variants in the genome requires more robust statistical testing [43].
The most obvious requirement is to determine a genome-wide threshold for which a statistical
test is deemed statistically significant: such a threshold needs to account for the increase in the
number of statistical tests used, and for the likelihood that a proportion of tests will appear to be
significant by chance alone. For example, a P value threshold of 0.05 for independent tests of 1
million variants is expected to identify 20 000 variants, reaching that significance value even if
the null hypothesis is true in every case, representing many type | ‘false-positive’ errors. In
human association studies, the threshold P value for an individual test is typically taken as
P =5 x 1078, For other organisms, the data itself, and the number of tests used, should
influence the choice of threshold: formal multiple-testing correction can be calculated using a
variety of approaches including, but not limited to, using a Bonferroni correction or similar to
control the chance of a single type 1 error among all the tests (family-wise error rate; note that
this approach is typically conservative and may lead to type Il ‘false-negative’ errors), or
instead controlling the proportion of tests with significant P values that are false rejections of the
null hypothesis (the false discovery rate), which may be more realistic when many hypothesis
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tests are performed [44]. These thresholds are typically calculated using the total number of
variants in the genome, and each variant is considered independently; however, as recombi-
nation, and therefore linkage disequilibrium, are not evenly distributed throughout the
genome (Box 3), these thresholds can also be calculated from linked haplotype blocks of
multiple variants, reducing the total number of statistical tests that need to be accounted for.
Statistical approaches for sequence data from pooled individuals are less well defined, and
often not based on an explicit null hypothesis but instead rely on choosing a more-or-less
arbitrary cut-off based on either the distribution of the test statistic (e.g., P value, Fg7) to define
the genome-wide significance, that is, a fixed quantile or standard deviation from the genome-
wide mean, or a fixed number of SNPs, that is, the top 100 SNPs.

Box 3. Genome-wide Scans for Diagnostic Markers

Considering the challenges of identifying and subsequently validating causative mutations for complex traits, an initial step might be to identify alleles that can act as a
marker for the trait. Such a marker might be used as a diagnostic tool to predict the appearance or frequency of a trait, and inform, for example, treatment practices. A
diagnostic marker need not be the causative variant, but does need to sufficiently correlate with the trait, that is, the frequency of the marker is high in individuals with
the trait, which may occur via linkage between the diagnostic marker and the causative variant due to it being physically located nearby to the causative variant. One
example is the microsatellite ms8a20 and its association with ivermectin resistance in Haemonchus contortus: the association was originally identified in a genetic
cross [66], and has been subsequently validated in independent field studies (John Gilleard and Andrew Rezansoff, personal communication).

The extent of linkage surrounding a causative mutation is influenced by mechanisms that break down linkage, that is, recombination, and forces that maintain linkage
disequilibrium, which describes the nonrandom association of alleles. Because recombination typically occurs little more than once per chromosome per meiosis
during the production of gametes, the frequency of recombination events between two loci is largely dependent on the distance between them, that is, markers far
apart will have a higher chance of a recombination event disconnecting them than markers that are close to each other. The frequency of recombination events, and
in turn the pattern of linkage disequilibrium, are however not randomly distributed throughout the genome, and therefore, the diagnostic potential of a marker not only
relies on the distance but also on the precise location of the marker and causative variant in the genome.

The genetic diversity of a population is ultimately shaped by processes that include recombination and linkage disequilibrium. This is relevant for the broader
diagnostic utility of a marker beyond the population in which it was identified, and is particularly true for many studies that characterize variation in candidate genes
between isolates that differ not only in their resistance phenotype but also spatial or temporal sampling; if the linkage structure is sufficiently different between
populations (Figure IA), a diagnostic marker may vary in its linkage with the trait, to the degree in which it becomes unlinked due to sufficient recombination (Figure IB).
It is therefore important that proposed diagnostic variants should be validated in independent populations; additional validation will either (i) increase support for a
marker, and provide an estimate on the variance in prediction, or (i) decrease support, either due to technical confounding of the original prediction, that is, it was not
a good marker to begin with, or that there may be additional genetic loci involved that differ between populations.
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Figure |. Impact of Linkage and Recombination on the Association between a Causative and Putative Diagnostic Marker of Resistance. (A) Three
hypothetical populations are considered, each with a different amount of structure, from ‘high’ (Population A), ‘moderate’ (Population B), to ‘low’ (Population C)
genetic linkage where haplotypes are indicated by the length of the red line. (B) Although the distance between causative and diagnostic SNPs remains fixed, the
amount of linkage in the population influences the correlation of association between the two positions, and therefore influences the diagnostic potential of a marker,
particularly if it is applied to independent populations from which it was originally defined.
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Visualizing the pattemns of linked variation throughout the genome can provide additional context
beyond a ranked list of variants that achieve a genome-wide level of significance. Identifying
regions of the genome where a test statistic (i.e., P value, Fs1) from multiple adjacent variants
behaves similarly in a way consistent with a sweep acting on and around a causative gene, and all
achieve genome-wide level of significance, provides more convincing evidence of selectionthana
sporadic distribution of significant test statistics throughout the genome. The ability to visualize
signals of linked variation, typically performed using a Manhattan plot, is dependent on the
density of markers sampled and the amount of linkage disequilibrium between markers in the
particular region of the genome (see Box 3 for a discussion of linkage and its importance for
developing genetic markers of resistance), and the contiguity of the reference sequence used in
the analysis. Putative signals of genetic differentiation can be misleading in genome-wide
approaches if the reference genome used is very fragmented — technical artefacts aside (Box
2), many small apparent QTLs identified in a fragmented assembly could in fact be from a single,
larger region that is undergoing a single selective sweep [27]. Understanding the expected
distribution of genetic variation in response to selection can inform the interpretation of the
observed statistical data in the context of its distribution throughout the genome, and in turn,
help to distinguish false from true signals of selection.

The statistical power to detect an association largely relies on the size of the effect and number
of samples used. In human genetics, association experiments increasingly involve sample sizes
of tens to hundreds of thousands of individuals, a necessary requirement to detect a signal
among many variants with small effects in heterogeneous sample sets [45]. The effect size of
drug resistance is expected to be large, and therefore, sample sizes may not need to reach
those required for the study of many human traits. However, loci with small effect sizes will be
more difficult to characterize, and larger samples sizes may be required. As sample sizes
increase, the phenotypic and genotypic variation in the sample cohort is also likely to increase.
Precise phenotyping of individual helminths is necessary, but can be surprisingly difficult; many
measures of drug efficacy are performed on pools of individuals and on life stages that are not
necessarily the direct targets of drug selection, for example, egg-reduction tests in gastroin-
testinal nematodes [46], or the microfilariae repopulation rate for filarial nematodes [47]. While it
is possible to perform in vitro drug selection assays, such as those based on egg hatch [48],
larval migration [49], larval development [50], and larval motility [51], to examine resistance of
some helminth species, they too are largely focused on the average response of multiple
individuals, and it is not yet clear if the phenotypic response, that is, motility, is a sufficient proxy
for survival in the presence of a drug. Both phenotypic and genotypic variation is partitioned
within and between biological samples, and therefore it is important that individuals sampled
within each comparison group are carefully matched, for example, by developmental stage,
sex, and genetic background to maximize statistical power to detect a genetic association. The
source of some of these sampling biases, and ways to correct for them, is discussed below.

Associations Should Be Interpreted against the Genetic Background of a
Population

A common analytical approach to assessing anthelmintic resistance genetics has been to
compare the phenotype and genotype of susceptible and resistant strains of parasites. One
issue is that this kind of experimental design is overly simplistic — in some cases, there is an
assumption that strains that happen to differ in drug resistance phenotype differ only in drug
resistance phenotype, so that all or much of the genetic variation between them is likely to be
involved in resistance. Helminths are genetically diverse, and depending on the life history traits
of the particular parasite, this genetic diversity may be structured at multiple hierarchical levels
(Figure 2A) [41]. As such, in the presence of high genetic diversity and unknown genetic
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Figure 2. The Impact of Genetic Structure on Detecting Associations. (A) Genetic population structure can arise
and be maintained across a number of different hierarchical levels. Between countries: variation reflects distinct evolu-
tionary histories, likely with no or low genetic exchange. Within a country: host movement, parasite management practices,
and environmental influences may differentially promote, or limit, parasite spread between regions. Within a region: familial
structures, behavioural differences, and differential susceptibility to parasites (i.e., between different host species, or host
genetic variation within a species) between hosts may influence the distribution of parasites. Within a host: variation in
development rate and reproductive output of parasites may influence the proportion of progeny contributing to the
subsequent generation of reproductively viable parasites. Comparisons of genetic variation within and between levels of
this hierarchy will influence the detection of an association, and the confounding effects of such genetic structure on this
association. (B) Genetic comparison of two genetically and phenotypically defined populations, A and B, that originated
from a single ancestral population will share a proportion of their genetic variants. However, background genetic variation
will vary, both linked to the resistance alleles and via stochastic processes such as genetic drift. In this case, many
noncausal variants will be statistically associated with resistance even without genetic linkage to a causative resistance
mutation. (C) Family structure and cryptic relatedness between samples has the potential to confound phenotype
frequency estimates, and in turn, impact the detection of true genetic associations. Association testing between these
populations without correcting for, or removing, close relatives, would detect many variants of high frequency common
between relatives, which would be largely indistinguishable to any variants linked to resistance.

structure, both candidate gene and genome-wide approaches alike can be confounded by
spurious genetic signals that simply reflect population structure rather than association with
resistance (Figure 2B). In general, understanding the genetic structure of the populations that
isolates come from is key to interpreting the genetic variation between them.

Fortunately, for genome-wide (or multilocus) data, the genetic data itself gives us a robust
picture of the underlying genetic structure, as most loci will not be under strong selection or
associated with any single phenotype of interest. Methods designed to assign individuals to
discrete population clusters using genetic variation from each individual [52-54] can discover

Cell

REVIEWS

Trends in Parasitology, April 2019, Vol. 35, No. 4 297




underlying broad-scale genetic structure. Statistical approaches to correct for this structure
can subsequently be used, for example, by including the position of each sample on the first few
axes of a principal component analysis as covariates [53], or modelling expected genetic
covariance due to relatedness or population structure in a number of mixed-effect model
association methods [55,56]. More subtle levels of genetic relatedness such as family structure
and cryptic relatedness between samples can also confound association testing (Figure 2C), as
some genetic variants that are rare in a population may be common between closely related
individuals. Approaches to detect such relationships have been used to reconstruct pedigrees
[57] and complex familial relationships such as polyandry [58] among helminths; in the context
of association analyses, these methods can be used to robustly identify relatives, which should
be removed from data to avoid pseudoreplication of similar genotypes.

Without prior knowledge of the existing genetic structure for a given species, a better approach
is to minimize the presence of population structure at the experimental design stage. This could
be achieved by ensuring that susceptible and resistant isolates are carefully matched (just as
cases and controls need to be in other association studies, as reviewed in [59]). Alternatively, a
population can be built artificially for mapping by using a genetic cross between genetically
distinct isolates. In this approach, the population genetic differences between parents become
irrelevant in the F1 progeny, which will all be identically heterozygous for all fixed differences
between the parents. By characterizing genetic markers that cosegregate with the trait of
interest in the subsequent generation(s), it is possible to map trait-associated genes to discrete
regions of the genome. The resolution of this approach, termed linkage mapping, is depen-
dent on the amount of recombination present to break down linkage between markers from the
original parental haplotypes: this can be influenced by the number of offspring analysed (or at
least passaged during the cross), and/or the number of generations since the original cross.
Genetic linkage mapping is of course limited to genetically tractable species for which a life
cycle can be maintained. Routinely performed with C. elegans [28,60-62], genetic crosses and
mapping experiments have been demonstrated in a number of helminths, perhaps most
successfully using the human-infective parasite Schistosoma mansoni maintained in mice
[63,64] (recently reviewed in Anderson et al. [65]), and increasingly in veterinary helminths
including the livestock parasites Haemonchus contortus [27,58,66-68]|, Teladorsagia circum-
cincta [25], and Fasciola hepatica [69]. Although these examples represent a small proportion
of the number of species targeted by anthelmintics, together these include species that are
resistant to all of the major classes of anthelmintics, and therefore seem most relevant to
confirm the role of candidate genes or identify novel resistance-associated mutations that can
subsequently be explored in less genetically tractable species.

Concluding Remarks

Genome-wide approaches can provide great insight into the distribution of genetic variation
throughout the genome, and how selection on genes associated with traits such as anthel-
mintic resistance shapes this variation. We have argued that genome-wide approaches will
greatly improve the sensitivity and specificity of experiments searching for the genetic basis of
anthelmintic resistance, and help to unravel the contribution of known and novel genes towards
drug failure (see Outstanding Questions). The discovery, validation, and interpretation of these
data is dependent on, and greatly benefits from, ongoing development of publicly available
parasitological, genetic, and bioinformatic resources and databases. Working with these
organisms will remain challenging, both practically in the need to collect phenotypically defined
parasites from natural or experimental sources, and analytically, thanks to the high genetic
diversity and unusual population genetics caused by the life cycle and reproductive biology of
these organisms. However, genome-wide approaches will be successful in the context of well-
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Outstanding Questions

Is it possible to clearly delineate the
genetics of resistance from tolerance,
and how important are both in clinically
relevant drug failure?

What are the effect sizes of resistant
alleles? If multiple resistance alleles are
segregating in a population, can we
accurately assign effect size to priori-
tize candidate markers of resistance?

What proportion of genetic variation is
‘missing’ due to the use of a single
reference genome in  genetically
diverse species?

Phenotypic characterization is clearly
important but often difficult to assess.
What technological or analytical
approaches are required to improve
and/or standardize the characteriza-
tion of resistance (and other helminth)
phenotypes?

In the absence of causative resistance
alleles, genetic markers that infer resis-
tance are desired. What minimal evi-
dence is required, and what degree of
confidence is needed, to validate a
marker as predictive of resistance?
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designed and sufficiently powered studies of matched (or experimentally produced) cases and
controls, identified by good-quality phenotypic data. In this context, genome-wide approaches
promise to refine our understanding of the genetics and evolution of anthelmintic resistance well
beyond what is possible with the current long list of proposed candidates available today.
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