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A B S T R A C T

Over 800 million people are infected with hookworms around the world. Hookworms of the genus Ancylostoma
and Necator are examples of nematodes that harbor the ability to enter a host by penetrating the skin, and after
entry the infective larvae migrate to the small intestine where they encounter host-specific signals that initiate
developmental pathways and culminate in maturation to the adult stage. Currently no vaccine is available for the
treatment of hookworm infection. The control strategy is limited to anthelmintic drugs, which run the risk of
losing efficacy as resistance grows. Genetic resistance has developed against all classes of anthelmintic drugs
against livestock parasites, and recently markers of anthelmintic resistance in human hookworm populations have
been reported. As anthelmintic resistance develops in human populations of hookworm, new drugs and novel
control methods like vaccines will be required in the future to control hookworm transmission. This review
outlines how population genetics and anthelmintic resistance could interact at a single locus to influence current
control strategies.
1. Introduction

Hookworm parasites cause one of the world's most infectious dis-
eases, with over 800 million people infected (Hotez et al, 2006, 2014).
Heavy hookworm infection can result in debilitating, and in some cases,
fatal iron deficiency. This is especially devastating in growing children
causing developmental delays and cognitive impairment. Pregnant
women, and elderly populations are also at high risk for morbidity
(Bethony et al., 2002; Pasricha et al., 2008). Using disability adjusted
life years (DALYs) as a measure of disease burden, soil-transmitted
nematodes including hookworm cause the loss of more than 4 million
DALYs, which is the highest morbidity of any parasitic disease except
for malaria (Lopez & Murray, 1998; Brooker et al., 2004; Hotez et al.,
2004). Infective hookworm larvae enter the human host through the
skin and migrate to the lungs within 7–10 days which will result in
coughing that expels hookworm larvae from the lungs and allows the
nematodes to be swallowed. From here, larvae will end up in the small
intestine where they will mature into adults (Hawdon & Hotez, 1996)
(Fig. 1). The principal pathology of hookworm infection then begins
inside the intestine as a result of blood loss from feeding adults that
ultimately causes iron deficiency. The resulting morbidity can be
moderate or severe depending on worm burden, species, patient history
and underlying conditions. The current control strategy for hookworm is
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restricted to anthelmintic drugs to control transmission (Montresor,
2012). Hookworm control is most effective via mass drug administration
(MDA) which runs the risk of selecting populations of parasites
harboring resistance alleles, and thereby losing efficacy as resistance
grows (Bethony et al., 2002). A recent report described the presence of
genetic markers of resistance to the anthelmintic benzimidazole in
human hookworm populations in Ghana (Orr et al., 2019). These
markers are located in a gene encoding the isotype-1 β-tubulin which
polymerize into microtubules to form the principal component of the
cellular cytoskeleton. Common markers of anthelmintic resistance in
hookworm species include F167Y, E198A and F200Y (Jimenez Castro
et al., 2019; Kitchen et al., 2019; Orr et al., 2019) (Fig. 2). Parasitic
nematodes of livestock have developed resistance to all classes of
anthelmintic drugs (Kaplan, 2004), suggesting that continued practices
of mass administration could yield a similar fate for human hookworm
populations also. In fact, one of the genetic markers (F167Y) identified
in human hookworm populations in Ghana (Orr et al., 2019) had
recently been observed in a naturally occurring strain of the canine
hookworm, Ancylostoma caninum (Jimenez Castro et al., 2019; Kitchen
et al., 2019), providing compelling evidence for how patterns of resis-
tance in veterinary parasites can emerge in related human parasites. The
F167Y mutation is the result of a SNP (TTC/Phe→TAC/Tyr) in the
isotype-1 β-tubulin gene located at codon 167, and is associated with
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Fig. 1 Summary of the hookworm life-cycle. Hook-
worm eggs are released in human feces where they
hatch and develop in the soil into non-parasitic
rhabditiform larvae. The third-stage larva is the
infective stage which can be found on blades of grass
waiting for the correct host. They can survive at this
stage for 3–4 weeks, and when a human host is
encountered, will penetrate through the skin, typically
at the feet, although it is common for them to enter
through the buttocks or abdomen also (Hotez et al.,
2004). After host-entry, the larvae will enter the
bloodstream and begin a pulmonary migration that
takes 7–10 days. Secretions from the lungs that
include the larvae will result in coughing that expels
larvae from the lungs and results in larvae being
swallowed, where they end up in the small intestine
and mature into adults. This figure was created with
BioRender.com.

Fig. 2 Structure of the isotype-1 β tubulin protein and location of common variants from hookworm species. Protein domains are from Pfam (Finn et al., 2014), and
common hookworm variants (Jimenez Castro et al., 2019; Kitchen et al., 2019; Orr et al., 2019) depicted using lollipops (Jay & Brouwer, 2016).
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benzimidazole resistance in parasitic nematodes. Furthermore, F167Y
has been shown to confer resistance in Caenorhabditis elegans by using
CRISPR/Cas9 to engineer the corresponding mutation in the ortholo-
gous C. elegans gene, ben-1 (Kitchen et al., 2019).

2. Modelling the emergence of resistance

Building on from these data, this review explores possible patterns of
anthelmintic emergence at a single locus and models the resulting effect
on current control practices. All experiments described herein are based
on a previously described deterministic model which describes the worm
burden distribution for cohorts of the population using a negative bino-
mial with a fixed aggregation parameter (Coffeng et al., 2017). The
model is based on empirical data collected from a
community-intervention trial conducted in Tamil Nadu, India (Sarkar
et al., 2017). Here, the model examines two treatment age groups: Group
1 (pre-school aged children (pre-SAC), SAC, and adults); Group 2 (pre--
SAC and SAC). Group 1 represents the target for MDA which is most
effective in terms of hookworm control on account of worm burden
increasing with age specifically for hookworm (Bethony et al., 2002). To
determinemean egg production fromworm burden, the following term is
used:
2

λne�γn
where λ is the maximum mean number of eggs per gram of feces per
female worm (λ¼ 200), γ is the density-dependent fecundity (γ¼ 0.02)
and n is the number of females in a host (Truscott et al., 2016). All output
data from the model is parsed using in house bash and Perl scripts, and all
plots generated in R ver. 3.6.1.

To examine genetic resistance, it was assumed that resistance arose in
response to a single anthelmintic at a biallelic locus represented by three
possible genotypes: homozygous susceptible (ss), homozygous resistant
(rr) and a heterozygote (rs) (Fig. 3A–B). Parsing the model into Group 1
and Group 2 highlights the efficacy of MDA with Group 1 and reveals
significantly less variation once resistance frequency predominates. To
arrive at these genotypes, we consider the frequency of mutation to be a
function of the population size (N) and consider a neutral mutation rate
(μ). Altering μ from low (Fig. 3C) to high (Fig. 3D) demonstrates how
polymorphic populations increase anthelmintic resistance and signifi-
cantly weaken MDA. Polymorphism has been shown to be more likely
when the difference in resistance conferred by alternate alleles is sig-
nificant (Antonovics & Thrall, 1994), which may be reasonable in the
case of isotype-1 β-tubulin mutations that exhibit significant heteroge-
neity and effect variation (Hahnel et al., 2018; Kwa et al., 1995). The
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Fig. 3 Changes in mean worm burden during an
annual single drug treatment regimen over a 10-year
time span in sensitive (ss), resistant (rr) and hetero-
zygous genotypes (rs) for pre-SAC, SAC, and adults
(Group 1) (A) and pre-SAC and SAC groups (Group 2)
(B). C–D: Effect of lower mutation rate (C) and
increased mutation rate on mean worm burden and
anthelmintic resistance (D). Insets depict frequency for
resistance (r) and sensitive (s) alleles. E–G: Modelling
genotype fitness for rr (E), ss (F), and rs (G) as a
function of eggs per gram (EPG) to infer emerging
anthelmintic resistance.
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F167Y mutation was found to be fixed in the population of a naturally
occurring strain of canine hookworm that was described recently
(Kitchen et al., 2019). The fixation probability (Kimura, 1962) in this
case is dependent on the selective advantage of the resistance allele,
where s is the fitness benefit or selective advantage, the fixation proba-
bility (p) is then equal to:

p¼ 1� e�2s

1� e�4Nes

Within-host competition can have substantial effects on the emer-
gence of resistance, wherein high-transmission groups can interrupt the
emergence of resistance in contrast to low-transmission populations
(Bushman et al., 2018), and similarly host-type (i.e. dog versus human)
will alter resistance emergence rates. However, by including minimal
fitness benefits into the model we can observe large effects on allele
frequency and MDA efficacy (Fig. 3E–G). When rr (Fig. 3E) or ss (Fig. 3F)
confers minimal fitness benefit there is a significant effect on the emer-
gence of resistance in the population over the 10-year forecast (Fig. 3E).
When rs confers a minimal fitness benefit (Fig. 3G), a more dramatic
effect is revealed resulting in resistance rapidly emerging across the
population, and significantly altering eggs per gram (EPG) as well as
preventive chemotherapy efficacy, suggesting that heterozygote fitness is
a key determinant in emerging resistance. Recent work using C. elegans
has described quantitative differences in fitness for β-tubulin alleles
which contribute to anthelmintic resistance (Dilks et al., 2020), and
therefore, consideration of allelic fitness during surveillance should be a
guiding factor when designing mass treatment campaigns.
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