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ABSTRACT

Background: Drug resistance among parasitic pathogens is a pressing public health
concern. This review highlights the emergence of resistance among parasites, its impacts,
key drivers and potential solutions. The objective of this review is to provide an overview
of the harms and risks associated with drug resistance among parasites of public and
veterinary health concerns. Resistance is often attributed to mutations in target proteins,
altering their binding and efficacy. Other factors contributing to resistance include
increased drug exposure due to self-medication, genetic diversity of parasites, and
environmental factors like climate change. The emergence of these resistance-associated
mutations may lead to catastrophic consequences, like inefficient drug-based control and
elimination programs, rebounds in cases, and the widespread occurrence of severe
pathological consequences due to unchallenged infections. Strategies to address drug
resistance include surveillance, innovative population-based drug administration
methodologies, vaccine development, and non-pharmaceutical interventions (i.e.,
improved sanitation and hygiene, and community health education). Addressing drug
resistance requires a multi-faceted approach to prevent its further spread and ensure
effective parasite control and elimination.

Introduction

Several parasitic pathogens have been
reported to have reduced efficacy against frontline
and preventative treatments.
protozoans, drug resistant Plasmodium and Giardia

clinical

and benzimidazoles [2]. Resistance against
metronidazole and other nitroheterocycle drugs are
due to reduced expression of enzymes that are
involved in drug activation or overexpression of
efflux pumps [2]. Meanwhile, resistance to
benzimidazoles is conferred by mutations in the -

Among

remain of public health concern. Drugs used in
clinical and public health interventions against
Plasmodium species (spp.), like sulfadoxine and
pyrimethamine, chloroquine and artemisinin
derivatives, have been reported to have reduced
efficacy [1]. Resistance against these drugs among
malarial parasites are through mutations in target
proteins, overexpression of efflux pumps, and
mutation-induced changes in catalytic activity in
certain enzymes [1]. In refractory Giardia spp.
infections, resistance is found against metronidazole
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tubulin gene and being able to resist the reactive
oxygen species assault caused by the drug [2].
Among helminths, drug resistance in soil-
transmitted helminths (STH), schistosomes and
filarial nematodes are of particular concern. In STH
like Ascaris lumbricoides, Trichuris trichiura and
hookworms, drug resistance against benzimidazole
drugs that are used in Mass Drug Administration
(MDA) as control and elimination strategy has been
of rising concern recently [3]. Resistance conferring
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mutations within the B-tubulin gene has been
reported in STH in South and Central America and
Africa [4, 5]. Praziquantel resistance in Schistosoma
mansoni (S. mansoni) has been documented in
Egypt, Kenya, and Senegal [6]. Praziquantel
disrupts calcium signalling through agonizing
voltage-gated calcium channels in helminths. The
influx of calcium result muscle contraction and
surface modifications that allow for easier immune
clearance of the parasite [7]. Alterations in 20 of the
23 amino acid residues lining the binding site for
praziquantel in Schistosoma mansoni caused
reduced sensitivity to the drug [7]. The target protein
in S. mansoni is S. mansoni transient receptor
potential melastatin PZQ channel (SMTRPMpzq).
The N1388T mutation in the SMTRPMpzq protein
caused a loss of PZQ-evoked activity [8].

A growing concern regarding drug
resistance in parasites that is often overlooked is the
emergence of resistant arthropod vectors of parasitic
protozoans or helminths. Pyrethroid resistance in
Anopheles spp. is linked with metabolic
detoxification through over expression of several
enzymes, like cytochrome p450s, esterases and
glutathione S-transferases [9]. Genetic markers for
insecticide resistance has been found in anopheline
mosquitoes from Tanzania, Mozambique, Malawi
and Demaocratic Republic of Congo [10]. Resistance
in these vectors may complicate the control and
elimination of vector-borne diseases. Moreover,
resistance in vectors also add to the complications of
treatment-resistant malaria.

The objective of this narrative review is to
provide an overview regarding the harms and risks
associated with drug resistance among parasites of
public and veterinary health concern. Highlighted
herein are drug resistance against anthelmintics that
are due to mutations in key protein-encoding genes.
The impact of these mutations, key drivers of their
emergence and the strategies to subvert the threat of
resistance among parasites are also discussed herein.

Drug resistance against anthelmintics
Benzimidazole

For benzimidazoles, single nucleotide
polymorphisms (SNPs) affect the gene responsible
for producing the B-tubulin protein, a crucial
component of the parasite's cytoskeleton [11]. These
mutations disrupt the protein's structure, preventing
the efficient binding of benzimidazole drugs and
rendering the parasite resistant to their effects.
Seven of such mutations that cause amino acid

substitutions have been reported among
hookworms: Q134H, F167Y, E198A, E198K,
E198V, F200Y, and F200L [5, 12-17]. Aside from
hookworms, these mutations have been reported in
Ascaris lumbricoides and Trichuris trichiura [4].

Macrocyclic lactones

Resistance to macrocyclic lactones, like
ivermectin, is caused by mutations in ligand-gated
chloride channels of the helminth’s nervous system.
Binding of the macrocyclic lactones to these
channels cause influx of chloride ions resulting in
paralysis and subsequently death [18]. In subunit
proteins (e.g., glc-5, Igc-37, and avr-14) composing
these glutamate-gated channels, mutations like
Al159V, KI159R, and L256F are linked with
resistance among Haemonchus conturtus and
Dirofiliaria immitis [19]. These mutations
negatively affect the binding of the drug ligand to
the binding site leading to decreased sensitivity to
chloride ions. The influx of chloride ions on the
effector cell results in hyperpolarization leading to
parasite killing does not occur.

Praziquantel

Another drug that is threatened by
mutation-associated resistance is praziquantel.
Although resistance has yet to be fully confirmed
among parasites susceptible to praziquantel,
reduced efficacy after several rounds of treatment
have been reported among schistosomes [18]. Like
ivermectin where parasite death is achieved through
disruption of nervous activity, praziquantel disrupts
calcium signalling through agonizing voltage-gated
calcium channels in helminths. The influx of
calcium result muscle contraction and surface
modifications that allow for easier immune
clearance of the parasite [7]. Alterations in 20 of the
23 amino acid residues lining the binding site for
praziquantel in Schistosoma mansoni caused
reduced sensitivity to the drug [7]. The target protein
in S. mansoni is S. mansoni transient receptor
potential melastatin PZQ channel (SmTRPMpzo).
The N1388T mutation in the SMTRPMpzq protein
caused a loss of PZQ-evoked activity [8]. Moreover,
genome wide analysis of isolates with laboratory
induced praziquantel resistance showed higher
polymorphisms in genes coding for the
SMTRPMpzq protein. In addition to this, however,
increased variability was also seen in ATP-binding
cassette transporter genes, which are members of p-
glycoprotein family that pump-out drugs from the
parasite’s cells [20, 21].
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Levamisole and monepantel

Other drugs, like levamisole and
monepantel, has also been reported to be negatively
affected by mutations in their target proteins. Both
of these drugs work as agonists of nicotinic
acetylcholine receptors, which result in uncontrolled
influx of ions into muscles cells of the worm
culminating in paralysis then death [5]. Thus,
mutations in this receptor enable the parasite to
potentially resist treatment. Genome level studies in
multidrug resistant Haemonchus contortus reveal
that S168T mutation in the arc-8 gene result in
decreased drug efficacy due to changes in the
molecular interactions within the binding pocket of
the ARC-8 protein [22]. Monepantel resistance is
similarly invoked by mutations in the target
receptors but a deletion in the gene of coding a target
protein has also been found to correlate with
resistance [23].

Impact of resistance-associated mutations

Mutations associated with anthelmintic
resistance undermine the efficacy of dewormers
through altering the target proteins, in almost all
cases. These alterations negatively affect the
binding of the drug ligands with their target
receptors thereby resulting in the suboptimal
activation of the intended mechanism of parasite
killing. This is exemplified by mutations in the -
tubulin gene that is implicated in the resistance
against benzimidazole drugs [11]. In other cases,
mutations cause alterations not in the structure of the
protein target but rather in regulatory enzymes or
genes that increase or decrease the expression of
efflux pumps. In this situation, the drug may still be
able to bind with the target protein, but the mutations
have caused over expression of pumps that are able
to reduce the drug concentration within the vicinity
of the target receptor hindering its action. In
praziquantel resistance, over expression of ABC
transporters have been linked to mutations that
disrupt the regulatory mechanism involved in efforts
to eject and resist drug molecules [7]. An alternate
method of resistance has been to lose the target
protein altogether through gene deletions or reduced
expression. This is particularly true in levamisole
resistance where target receptor isotypes may either
have significant indel mutations or have altered gene
expression [18, 22]. The rise of these resistant
helminths will undermine control and elimination
efforts which could lead to negative effects on
human and animal health.

There are several implications brought
about by the rise of drug resistance in parasitic
pathogens. First, the development of resistance in
parasites presents a threat against the current line of
treatments. A trend that is used to temporarily
combat this threat is to use combination drugs,
similar to what is done in public health interventions
against filarial nematodes that utilize ivermectin,
diethylcarbamazine, and albendazole [24]. The
rationale for this combination treatment is to attack
different stages of the lifecycle, increase
effectiveness and hasten the elimination. The same
scenario is done in the veterinary field. However, a
negative consequence that was observed as a result
of combination drug treatments is the emergence of
multidrug resistant helminths, like hookworms [25].

Second, the emergence of resistant
parasitic pathogens may result in adverse effects
regarding their control and elimination. Most
parasitic infections of public health concern are
controlled by pharmacological interventions; hence
the emergence of resistance is an issue that can
undermine interventions that are currently
implemented. For instance, in the Philippines,
MDA-based programs against STH, schistosomiasis
and lymphatic filariasis have resulted in relative
successes in reducing the prevalence and burden of
these parasitic infections [26]. However, the
protracted implementation of these control required
for it to be effective adds positive selective pressure
to the worms for them to acquire resistance
mechanisms [5]. And the emergence of these
resistant helminths could lead to rebounds in
prevalence and the pathological consequences these
infections bring about.

Key drivers of drug resistance among parasites
There are several biological factors that can
contribute to the development of drug resistance in
parasites. First, genetic variations that arise naturally
may inadvertently result in drug resistance. This has
been hypothesized and observed in drug resistant
Plasmodium spp. Genetic mutations that confer
resistance, whether naturally occurring or induced
by the environment, is influenced by evolutionary
genetic structure and dynamics, and infection-
related factors like prevalence and transmission
rates [27]. In Plasmodium, genetic and geographic
diversification through wide dissemination of the
vector-borne parasite across the continental
Southeast Asia is one of the key determinants,
together with drug administration selective pressure,
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spelled the emergence of artemisinin resistance [28].
Among nematodes, genetic diversity, as studied in
several nuclear and mitochondrial genes, of H.
contortus has been linked to the emergence of multi-
drug resistance because of its increased
polymorphism rates, enlarged population effective
size and increased migration rates through within
country and international trade of their goat and
sheep hosts [29, 30]. When this propensity for
genetic diversification is met with selective pressure
caused by repeated drug exposure, resistance may
arise in a hastened pace [31].

There are several environmental factors
that may contribute to the emergence and spread of
drug resistance. Protracted drug exposure through
repeated administration (i.e., MDA in humans and
routine deworming in animals) exerts positive
selective pressure to the parasites to mutate drug
targets in order to evade the mechanism of action of
the drug [11]. Repeated exposure selects for
populations that contain these resistance mutations
until a large percentage of resistant parasites
remains and resistance emergence becomes
apparent. A recent modeling study the occurrence
resistance-associated mutations against
benzimidazoles may occur within 10 years of
continued deworming using the same type of drugs
within school-aged children [32]. It is important to
remember, however, that resistance-associated
mutations against benzimidazoles are counteracted
by fitness costs: some mutations confer resistance
but may not be suited for survival in the field [33].

Aside from the untoward effects exerted by
pharmacological interventions, climate change may
also influence the emergence of resistant parasites.
Indirectly, the increase in global temperatures may
increase parasite transmissions and widen the spread
of parasites and their vectors leading to increased
transmission intensity within a wider geographic
range thereby affecting the emergence and spread of
resistant parasites, similar to what is theoretically
proven in Plasmodium falciparum [34]. Similarly, a
recent modelling study of cyathostomins from
horses using projections from New Zealand showed
that climate change may increase the survival rate of
these nematodes [35]. Favored parasite survival
leads to population increase; this accelerates
resistance when combined with pharmacological
interventions [35]. These results show that drivers
for the emergence of drug resistance may be
attributed to the inherent capacity of the parasite for

diversification, the positive selective pressure
induced by drug administration and the potential
consequences of climate temperatures rising due to
climate change and global warming.

The impact of human behavior

Factors that influence the emergence of
drug resistance are not limited to biological and
environmental factors but also may include
behavioral factors related to the susceptible hosts.
Speaking of drug resistance in the helminths of
public health concern, participation in and
adherence to MDA programs may affect the
occurrence of drug-resistant parasites. In areas
where MDA has been practiced for long periods of
time, repeated deworming may lead to poor
compliance due to MDA fatigue. This phenomenon
has been reported in the Philippines in endemic
areas for schistosomiasis that have received
protracted praziquantel MDA [36]. Aversion to
participate in these deworming programs may lead
to underdosing, inconsistent treatment coverage and
incomplete parasite killing which could result in
drug resistance in the target parasites. Persistence of
infections through noncompliance or
undercompliance to the MDA program enables
parasite to circulate within populations where they
may encounter sublethal drug doses that can
pressure them to develop resistance-associated
mutations [37].

Aside from poor treatment coverage and
compliance, self-treatment using commercially
available drugs may also fast-track the occurrence of
resistant parasites. This is of particular concern in
veterinary medicine where farmers may obtain
anthelmintic drugs and self-treat their animals.
Misuse of dewormers and other antimicrobials by
farmers on their animals may be brought about by
poor knowledge leading to indiscriminate use and
improper dosing, lack of access to proper veterinary
care, and cost considerations [38]. However, self-
treatment together with poor compliance to the
proper treatment course has also been outlined as a
contributing factor to the emergence of malaria
resistance [39]. Douine et al. [37], in their study in
the French Guyana, found that more than 50% of
their respondents were self-treating against malaria
by using artemisinin derivatives and a number of
these has not been diagnosed prior to
commencement of treatment. Poor adherence to
proven treatment protocols may result in drugs
misuse and intake of sublethal doses that promote
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the occurrence of drug resistance when done
repeatedly [28].

Strategies to prevent and slowdown the
emergence of resistance

The emergence and potential spread of
drug-resistant parasites should be met with
appropriate mitigation strategies. First, appropriate
surveillance on the occurrence of resistant parasites
should be done according to the recommendations
of the World Health Organization. For STH and
schistosomiasis, it has been posited that evaluation
of efficacy of the drugs used in MDA should be done
every four to five years regardless of resistance
suspicion [40]. In addition to efficacy evaluation
using egg reduction tests, molecular assessments on
mutations associated with drug resistance should
also be conducted. For instance, George et al. [39]
used deep amplicon sequencing to assess the
occurrence of benzimidazole resistance-associated
mutations in hookworms before and after a round
albendazole treatment in Kpandai District, Ghana.
Integration of microscopy-based epidemiological
investigations with molecular analysis related to
resistance mechanism assessment will provide a
better understanding of drug resistance occurrence
and development.

Second, innovative ways of curative and
preventative drug administration for at risk
populations should be considered. Targeted
treatment of diagnosed individuals can be a viable
alternative to MDA. This has been utilized in for the
control and elimination of Opisthorchis viverrini in
Northeastern Thailand via the Lawa Model program
[42]. The advantage of having a diagnostic part prior
to drug administration is that respondents may be
more likely to comply with treatment if they know
that they are infected. Moreover, it limits the
selective pressure added to parasite populations by
targeting the portion that is infecting humans
leaving those in refugia less pressured to acquire
resistance-associated mutations [43]. In veterinary
medicine, targeted treatment has been raised as an
alternative to indiscriminate deworming of herds
and flocks; treatment is only provided to segments
of the population with severe infections only [43].
While targeted treatment presents a viable
alternative to mass administration of anthelmintics,
it should be noted that this strategy may not be
suitable for the control of parasitic diseases with
high prevalence within a wide range of geographical
locations, diseases with acute and severe
pathogenesis, and parasites that have modes of

infections that are suitable with certain human
demographics (e.g., people in poverty infected with
STH).

Vaccine development against helminths
present hope in the strife against resistant parasites.
Human vaccine against hookworms have been
explored and has received considerable successes.
Recombinant  vaccines  containing  Necator
americanus glutathione-S-transferase and aspartic
protease have been developed [44]. Both vaccine
targets are enzymes that enable hookworms to feed
on blood. These vaccines are currently within phase
1 to phase 2 vaccine trial [45]. A recent trial that
utilized an aspartic protease recombinant target with
Alhydrogel adjuvant reported satisfactory immune
response amongst respondents (e.g., high levels of
IgG induced) with minimal adverse effects [46].
Vaccine development for parasites of public and
veterinary health concern provide an alternative
method of preventing infections without the use of
pharmacological interventions thereby limiting the
emergence and spread of drug resistance.

Another method of infection control and
elimination that may lessen the probability of
resistance emergence among parasites is the
implementation of non-pharmaceutical
interventions. Improvement of water, sanitation, and
hygiene (WASH) in areas where neglected tropical
diseases are prevalent has been advocated to reduce
the occurrence of infections [47]. Improving
hygienic practices have been linked to reductions in
odds of infections in STH: 38-46% reduced odds of
A. lumbricoides, 39-42% reduced odds of T.
trichiura and 40% reduced odds of hookworm
infections [48]. Aside from improving WASH
infrastructures, community health education and
efforts to let the community participate in control
and eliminate parasitic infections should be done.
Addressing health issues, like anthelmintic
resistance, through One Health may offer alternative
interventions that can alleviate parasitic resistance
while limiting the emergence of refractory efficacy
of drug administration.

Financial support

This research did not receive any funding
from any institution.

Competing interest

The author has no conflict of interest to
declare.



Tenorio JcB / Microbes and Infectious Diseases 2025; 6(3): 6152-6160

6157
References 8-Park SK, Friedrich L, Yahya NA, Rohr CM,
1-Haldar K, Bhattacharjee S, Safeukui I. Drug Chulkov EG. Maillard D. et al. Mechanism

2-

3-

4-

5-

6-

7-

resistance in Plasmodium. Nat Rev Microbiol
2018;16(3):156-170.

Arguello-Garcia R, Leitsch D, Skinner-
Adams T, Ortega-Pierres MG. Drug
resistance in Giardia: Mechanisms and
alternative treatments for Giardiasis. In:
Advances in Parasitology Elsevier;
2020;107:201-282.

Tinkler SH. Preventive chemotherapy and
anthelmintic resistance of soil-transmitted
helminths — Can we learn nothing from
veterinary medicine? One Health
2020;9:100106.

Diawara A, Halpenny CM, Churcher TS,
Mwandawiro C, Kihara J, Kaplan RM, et al.
Association between Response to Albendazole
Treatment and  B-Tubulin Genotype
Frequencies in Soil-transmitted Helminths.
Keiser J, ed. PL0oS Negl Trop Dis
2013;7(5):e2247.

Ng’etich AI, Amoah ID, Bux F, Kumari S.
Anthelmintic resistance in soil-transmitted
helminths: One-Health considerations.
Parasitol Res 2023;123(1):62.

Greenberg RM, Doenhoff MJ. Chemotherapy
and Drug Resistance in Schistosomiasis and
Other Trematode and Cestode Infections. In:
Mayers DL, Sobel JD, Ouellette M, Kaye KS,
Marchaim D, eds. Antimicrobial Drug
Resistance. Springer International Publishing;
2017:705-734.

Summers S, Bhattacharyya T, Allan F,
Russell Stothard J, Edielu A, Webster BL,
et al. A review of the genetic determinants of
praziquantel  resistance in  Schistosoma
mansoni: Is praziquantel and intestinal
schistosomiasis a perfect match? Front Trop
Dis 2022;3. doi:10.3389/fitd.2022.933097

of praziquantel action at a parasitic flatworm
ion channel. Sci Transl Med
2021;13(625):eabj5832.

9-Liu N. Insecticide Resistance in Mosquitoes:
Impact, Mechanisms, and Research Directions.
Annu Rev Entomol 2015;60(1):537-559.

10-Odero JO, Nambunga IH, Masalu JP, et al.
Genetic markers associated with the
widespread insecticide resistance in malaria
vector Anopheles funestus populations across
Tanzania. Parasit Vectors. 2024;17(1):230.

11-Furtado LFV, De Paiva Bello ACP, Rabelo
EML. Benzimidazole resistance in helminths:
From problem to diagnosis. Acta Trop
2016;162:95-102.

12-Tenorio JCB. Canine hookworms in the
Philippines—Very common but very much
neglected in veterinary research. Front Vet Sci
2023;10. Accessed January 3, 2024.
https://www.frontiersin.org/articles/10.3389/f
vets.2023.1297962

13-Tenorio JCB, Tabios IKB, Inpankaew T,
Ybafiez AP, Tiwananthagorn S,
Tangkawattana S, et al. Ancylostoma
ceylanicum and other zoonotic canine
hookworms: neglected public and animal
health risks in the Asia—Pacific region. Anim
Dis 2024;4(1):11.

14-Evason MD, Weese JS, Polansky B,
Leutenegger CM. Emergence of canine
hookworm  treatment resistance: Novel
detection ~ of  Ancylostoma  caninum
anthelmintic resistance markers by fecal PCR
in 11 dogs from Canada. Am J Vet Res
2023;84(9). doi:10.2460/ajvr.23.05.0116

15-Medeiros CDS, Furtado LFV, Miranda GS,
Da Silva VJ, Dos Santos TR, Rabelo EML.
Moving beyond the state of the art of


https://loop.frontiersin.org/people/554260
https://loop.frontiersin.org/people/1096985
https://animaldiseases.biomedcentral.com/articles/10.1186/s44149-024-00117-y#auth-Adrian_P_-Yba_ez-Aff7
https://animaldiseases.biomedcentral.com/articles/10.1186/s44149-024-00117-y#auth-Saruda-Tiwananthagorn-Aff8-Aff9
https://animaldiseases.biomedcentral.com/articles/10.1186/s44149-024-00117-y#auth-Sirikachorn-Tangkawattana-Aff10-Aff3

Tenorio JcB / Microbes and Infectious Diseases 2025; 6(3): 6152-6160

6158

understanding resistance mechanisms in
hookworms: confirming old and suggesting
new  associated SNPs. Acta Trop
2022;233:106533.

16-Stocker T, Scott I, Slapeta J. Unambiguous
identification of Ancylostoma caninum and
Uncinaria stenocephala in Australian and New
Zealand dogs from faecal samples. Aust Vet J
Published online August 3, 2023:avj.13272.

17-Venkatesan A, Castro PDJ, Morosetti A,
Horvath H, Chen R, Redman E, et al.
Molecular ~ evidence  of  widespread
benzimidazole drug resistance in Ancylostoma
caninum from domestic dogs throughout the
USA and discovery of a novel B-tubulin
benzimidazole resistance mutation. PLOS
Pathog 2023;19(3):e1011146.

18-Fissiha W, Kinde MZ. Anthelmintic
Resistance and Its Mechanism: A Review.
Infect Drug Resist 2021;14:5403-5410.

19-Choudhary S, Kashyap SS, Martin RJ,
Robertson ~ AP.  Advances in  our
understanding of nematode ion channels as
potential anthelmintic targets. Int J Parasitol
Drugs Drug Resist 2022;18:52-86.

20-Chevalier FD, Le Clec’h W, Berriman M,
Anderson TJC. A single locus determines
praziquantel response in  Schistosoma
mansoni. Antimicrob Agents Chemother
2024,68(3):e01432-23.

21-Clec’h WL, Chevalier FD, Mattos ACA,
Strickland A, Diaz R, McDew-White M, et
al. Genetic analysis of praziquantel response
in schistosome parasites implicates a transient
receptor potential channel. Sci Transl Med
Published online December 22, 2021.

22-Doyle SR, Laing R, Bartley D, Morrison A,
Holroyd N, Maitland K, et al. Genomic

landscape of drug response reveals mediators

of anthelmintic resistance. Cell Rep.
2022;41(3).

23-Niciura SCM, Tizioto PC, Moraes CV,

Cruvinel GG, de Albuquerque ACA,
Santana RCM, et al. Extreme-QTL mapping
of monepantel resistance in Haemonchus
contortus. Parasit Vectors 2019;12(1):403.

24-Freitas LT, Khan MA, Uddin A, Halder JB,

Singh-Phulgenda S, Raja JD, et al. The
lymphatic filariasis treatment study landscape:
A systematic review of study characteristics
and the case for an individual participant data
platform. PLoS Negl Trop Dis
2024;18(1):e0011882.

25-Kitchen S, Ratnappan R, Han S, Leasure C,

Grill E, Igbal Z,et al. Isolation and
characterization of a naturally occurring
multidrug-resistant strain of the canine
hookworm, Ancylostoma caninum. Int J
Parasitol 2019;49(5):397-406.

26-Delos Trinos JPCR, Wulandari LPL,

Clarke N, Belizario V, Kaldor J, Nery SV.
Prevalence of soil-transmitted helminth
infections, schistosomiasis, and lymphatic
filariasis before and after preventive
chemotherapy initiation in the Philippines: A
systematic review and meta-analysis. Fischer
PU, ed. PLoS Negl Trop Dis
2021;15(12):e0010026.

27-Kim Y, Schneider K. Evolution of Drug

Resistance in Malaria Parasite Populations |
Learn Science at Scitable. Nat Educ Knowl
2013;4(8):6.

28-Wicht KJ, Mok S, Fidock DA. Molecular

Mechanisms of Drug Resistance in
Plasmodium falciparum Malaria. Annu Rev
Microbiol 2020;74:431-454.

29-Doyle SR, Tracey A, Laing R, Holroyd N,

Bartley D, Bazant W, et al. Genomic and

transcriptomic ~ variation  defines  the



Tenorio JcB / Microbes and Infectious Diseases 2025; 6(3): 6152-6160

6159

chromosome-scale assembly of Haemonchus
contortus, a model gastrointestinal worm.
Commun Biol 2020;3:656.

30-Prichard R. Genetic variability following
selection of Haemonchus contortus with
anthelmintics. Trends Parasitol.
2001;17(9):445-453.

31-Prichard RK. Markers for benzimidazole
resistance in human parasitic nematodes?
Parasitology.2007;134(8):1087-1092.

32-Coffeng LE, Stolk WA, de Vlas SJ.
Predicting the risk and speed of drug resistance
emerging in soil-transmitted helminths during
preventive chemotherapy. Nat Commun
2024;15(1):1099.

33-Dilks CM, Hahnel SR, Sheng Q, Long L,
McGrath PT, Andersen EC. Quantitative
benzimidazole resistance and fitness effects of
parasitic nematode beta-tubulin alleles. Int J
Parasitol Drugs Drug Resist 2020;14:28-36.

34-Artzy-Randrup Y, Alonso D, Pascual M.
Transmission Intensity and Drug Resistance in
Malaria Population Dynamics: Implications
for Climate Change. PLOS ONE
2010;5(10):e13588.

35-Sauermann CW, Leathwick DM, Lieffering
M, Nielsen MK. Climate change is likely to
increase the development rate of anthelmintic
resistance in equine cyathostomins in New
Zealand. Int J Parasitol Drugs Drug Resist
2020;14:73-79.

36-lnobaya MT, Chau TN, Ng SK,
MacDougall C, Olveda RM, Tallo VL, et al.
Mass drug administration and the sustainable
control of schistosomiasis: an evaluation of
treatment compliance in the rural Philippines.
Parasit Vectors 2018;11(1):441.

37-World Health Organization (WHO).
Thirteenth Meeting of the Strategic and
Technical Advisory Group for Neglected

Tropical Diseases.; 2020. Accessed June 24,
2024,
https://iris.who.int/bitstream/handle/10665/33
7502/9789240015098-eng.pdf?sequence=1

38-Kumari M, Tiwari R, Fular A, Patil A,
Panda P, Dutt T. Assessing the utilization
patterns of antiparasitic drug and farmer’s
perception: implications for resistance in
India’s dairy farming sector. Int J Trop Insect
Sci 2024;44(2):913-930.

39-Douine M, Lazrek Y, Blanchet D, Pelleau S,
Chanlin R, Corlin F, et al. Predictors of
antimalarial self-medication in illegal gold
miners in French Guiana: a pathway towards
artemisinin ~ resistance. J  Antimicrob
Chemother 2018;73(1):231-239.

40-World Health Organization (WHO).
Assessing the Efficacy of Anthelminthic
Drugs against Schistosomiasis and Soil-
Transmitted Helminthiases. World Health
Organization; 2013. Accessed August 20,
2023.
https://apps.who.int/iris/handle/10665/79019

41-George S, Suwondo P, Akorli J, Otchere J,
Harrison LM, Bilguvar K, et al. Application
of multiplex amplicon deep-sequencing
(MAD-seq) to screen for putative drug
resistance markers in the Necator americanus
isotype-1  B-tubulin gene. Sci Rep
2022;12(1):11459.

42-Sripa B, Tangkawattana S, Sangnikul T.
The Lawa model: A sustainable, integrated
opisthorchiasis control program using the
EcoHealth approach in the Lawa Lake region
of Thailand. Parasitol Int 2017;66(4):346-354.

43-Hoglund J, Das G, Tarbiat B, Geldhof P,
Jansson DS, Gauly M. Ascaridia galli - An
old problem that requires new solutions. Int J
Parasitol Drugs Drug Resist. 2023;23:1-9.
doi:10.1016/j.ijpddr.2023.07.003



Tenorio JcB / Microbes and Infectious Diseases 2025; 6(3): 6152-6160

6160

44-Hotez PJ, Diemert D, Bacon KM, Beaumier

C, Bethony JM, Bottazzi ME, et al. The
Human Hookworm  Vaccine. Vaccine
2013;31(Suppl 2):B227-B232.

45-Puchner KP, Bottazzi ME, Periago V,
Grobusch M, Maizels R, McCarthy J, et al.
Vaccine value profile for Hookworm.
Vaccine. Published online October 18, 2023.
doi:10.1016/j.vaccine 2023.05.013

46-Diemert DJ, Zumer M, Campbell D,
Grahek S, Li G, Peng J, et al. Safety and
immunogenicity of the Na-APR-1 hookworm
vaccine in infection-naive adults. Vaccine
2022;40(42):6084-6092.

Tenorio JCB. Drug resistance in parasites: A review of mechanisms, drivers, and mitigation strategies. Microbes

Infect Dis 2025; 6(3): 6152-6160.

47-World Health Organization (WHO). Ending
the Neglect to Attain the Sustainable
Development Goals A Road Map for
Neglected Tropical Diseases 2021-2030.
World Health Organization; 2021.
https://www.who.int/publications/i/item/9789
240010352

48-Campbell SJ, Nery SV, McCarthy JS, Gray
DJ, Soares Magalhdes RJ, Clements ACA.
A Critical Appraisal of Control Strategies for
Soil-Transmitted Helminths. Trends Parasitol
2016;32(2):97-107.



