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Abstract

Purpose of Review Head lice infestations remain an important public health problem, albeit poorly defined in most endemic
countries. Reports of increasing resistance to first-line treatment have renewed scientific research into this neglected
ectoparasitosis. Mapping and understanding resistance mechanisms are essential for the development of more effective treat-
ments, as well as for prolonging the life of existing pediculicides. This review aims to synthetize recent data on the type,
frequency, and distribution of genetic mutations associated with head lice resistance to chemical treatments.

Recent Findings Head lice resistance is reported in all continents. The most studied mechanism of resistance is through
Knockdown resistance (kdr) mutations, with biomarkers M815I, T9171, and L920F, most commonly reported. Other reported
mechanisms such as cytochrome P450 enzyme inhibition, altered acetylcholinesterase binding, and GluCl mutations are still
being investigated. Allele mutations linked to pyrethroid resistance differ between regions and countries, which highlights the
need for monitoring resistance through region-specific genetic markers. In geographic areas where resistance is well-established,
louse populations are predominantly homozygous. In regions where heterozygosity still prevails, selective pressure through the
use of chemical pediculicides will cause resistance to increase.

Summary Continuous surveillance of resistance is needed to monitor the frequency of resistance alleles, which is expected to
increase as lice populations move into fixation. Further research should be conducted on new treatments with physical mecha-
nisms of action.

Keywords Pediculus humanus capitis - Pediculus resistance - Pyrethroid resistance - Pediculosis

Introduction

Lice have shared a long history with their human hosts, and
evidence of coevolution has been recorded as early as 8000
B.C. [1ee, 2]. The origin and early development of lice is
vastly unknown as there are few fossils, but some have been
found in Brazil, Nepal, Peru, Greenland, and Mexico [3].
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Humans are parasitized by two genera of sucking lice, derived
from chewing lice. Human lice belong to the order Anoplura
and family Pediculidae, which encompasses ecological types,
human head lice (Pediculus humanus capitis) and human
body lice (Pediculus humanus humanus) [2, 4¢]. Body lice
are dependent on clothing for attaching eggs, whereas head
lice will use hair to attach their eggs [2]. The third type of lice
that is known to infect humans, pubic lice (Pthirus pubis),
belongs to the Pthiriadae family. The divergence between
the families Pediculidae and Pthiriadae is estimated to be
3.32 MYA [2].

Due to human migration, Pediculus species can further be
characterized by clade haplotypes, which can be identified
genomically and by geographic location. The clade C diver-
gence was the first to occur (2.0 MYA), and lice of this clade
are currently seen in Africa, with a high density in Ethiopia,
and Nepal [5]. Greater genetic diversity can be seen among
African clade C lice, which mirrors the higher genomic diver-
sity seen in humans in Africa, suggesting African origin for
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lice [6]. Clade B has been recorded in Central and North
America, Europe, and Australia, but not Africa. Clade A lice
have a global distribution, and most likely originated in Africa
with its human host [2]. As international travel has become
increasingly available, there is higher potential for interaction
between clades, and genetic recombination has been recorded
between clade A and clade C lice in Africa [2, 6]. Outbreeding
in unrelated population is likely to continue [1°].

The head and body lice ecotype separation is much more
recent and head lice are believed to be the source. This diver-
gence came as a consequence of humans wearing clothing,
which led to behavioral and eventual physiological adapta-
tions in the lice [2]. Body lice are known to transmit infectious
agents, Rickettsia prowazekii, Bartonella Quintana, Borrelia
recurrentis, for typhus, trench fever, and relapsing fever, re-
spectively [1+]. Head lice have not been recorded as a vector
for disease, but may serve as a reservoir [7]. Recently, infec-
tious agents for typhus and trench fever as well as
Acinetobacter baumannii, involved in hospital acquired infec-
tions, have been found in human head lice [8, 9]. As human
head and body lice are the same species, differentiating be-
tween the two is done solely by the location on the body part
in which they are found.

The complete lifecycle of a head louse takes 15-30 days,
and adults may survive up to a month. Adult head lice feed on
blood from the scalp two to six times per day, and females will
lay three to four eggs a day for the remainder of their lives
[10]. Insects are transmitted most commonly through direct
head-to-head contact, but also indirect transmission from shar-
ing combs, hats, pillows, or other personal items can occur
[11e, 12]. Risk factors for infection also include hair length,
hair type, age, overcrowding, and socioeconomic status.

Those with longer hair are at higher risk of developing
pediculosis [11e, 13—15]. Since in many countries, girls wear
their hair longer than boys, girls are more likely to be infested
[11e, 16]. It has also been reported that the thicker the hair, the
more nits are found, which makes removal more difficult.
Authors suggest that thinning or shortening this type of hair
makes removal with a fine comb easier [13]. It is understood
school children are more likely to have a head lice infestation
than those who are older [11e, 14, 17, 18]. This may be be-
cause younger children are often in closer proximity to each
other than those who are older, as they spend more time in
crowded spaces such as schools and daycares. In addition,
children with more siblings have a higher rate of infestation
[14]. Socioeconomic status can also influence the rates of
pediculosis exposure. In Jordan, it was reported that in fami-
lies making less than the equivalent of $260 USD monthly,
and those living in homes with less than three rooms, infesta-
tion rates were higher. Sanitation level is also influential on
infestation rates, as rates are reportedly higher in those who
wash their hair only once a week, although an inverse rela-
tionship was noted for bathing frequency each week [11¢].
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Firooziyan et al. [15] noted access to warm water for bathing
as a risk factor for head lice infestation; however, this has not
been reported by other researchers.

In addition to individual risk factors mentioned above, en-
vironmental factors have been found to play a role in head lice
infestation. Reports by Picollo et al. [19] suggest that temper-
ature and humidity may have an influence on louse mortality;
with deaths in untreated lice higher at high temperatures and
low humidity, compared with low temperatures and high
humidity.

Even though pediculosis is largely affecting children in
remote and rural settings, the impact of these infestations is
global [10]. Especially among a child population, infestation
can lead to skin irritation, allergic reactions, and bacterial in-
fections related to excessive scratching as well as sleep distur-
bances [9, 13]. There are also numerous descriptions of social
and emotional distress as there are associations of stigma with
infection, poor hygiene, and poverty [9, 16]. In high-income
countries and affluent schools in low- and middle-income
countries, “no nit” policies result in absenteeism and poor
school performance [13]. In North America, a recorded 12—
24 million school days missed can be attributed to head lice.
Additionally, income may be lost by parents who must miss
work in order to care for their children who are required to
miss school, causing the exacerbation of the economic and
psychological burden of infection [20]. Conversely, the gov-
ernment of Canada discourages “no nit” policies as head lice
do not indicate lack of cleanliness nor are nits a disease risk
[21]. In light of the different degrees of morbidity, high levels
of stigma, and loss of productivity associated with lice infes-
tations, the World Health Organization has recently included
“scabies and other ectoparasites” in the priority list of
neglected tropical diseases [22]. This decision will hopefully
lead to higher level of interest in research and intervention of
pediculosis.

Since antiquity, communities have used a variety of
methods to control head lice infestation. At present, with phar-
maceutical interventions only available to some sectors of the
population—either due to availability of affordability issues—
the use of natural or household products largely predominates
in rural areas. Where resource constraints are not so dire, the
use of commercial products is much more frequent, particu-
larly in the form of shampoos containing pediculicide agents.

Permethrin, a synthetic pyrethroid, has been in use since
1986 as an over-the-counter topical agent [23]. It has been a
top choice for treatment as it has few side effects and is easy to
apply. Pyrethroids act in the same way as other insecticides
such as dichlorodiphenyltrichloroethane (DDT). While DDT
has been banned for use in many countries since the 1970s due
to toxic effects on humans and the environment, it is still used
in some places [24]. Other common insecticides include or-
ganophosphates (malathion) and carbamates (carbamyl).
These compounds are not used often, as both have toxic
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effects, especially when used on children [12]. On the other
hand, oral and topical ivermectin, which carry very low tox-
icity, if any, are an effective treatment; unfortunately, access to
ivermectin is nearly non-existent in low-income, rural settings
[10]. The use of ivermectin has been garnering considerable
attention recently as it is effective to treat several parasitic
nematodes and arthropods, including various soil-transmitted
helminths, lice, and Sarcoptes scabiei [25]. In using a broad-
spectrum antiparasitic such as ivermectin, many infections
could be eliminated simultaneously, which would not only
be cost effective but would help those receiving treatment
for co-infection recover faster than treating each parasite sep-
arately. As ivermectin is capable of crossing the blood-brain
barrier and blocking nerve transmission, children are at a
higher risk of adverse reactions to the drug [23].

Drug Resistance

Due to the short lifecycle and constant intermingling
between ecotypes, recombination and genetic exchange
between lice can occur very quickly [2]. Genetic
diversity—if favorable—can increase transmissibility of
resistant lice, making the emergence of new mechanisms
for resistance through recombination more likely. High
levels of genetic exchange in combination with in-
creased selection pressure and overuse/ misuse of insec-
ticides led to the emergence of resistant species [1ee, 9].
More recently, humans have become heavily reliant on
pediculicides to deal with this parasitosis and as such,
the emergence of resistance to certain drugs is inevita-
ble. As current methods for treating pediculosis become
less effective, new strategies to control infestations are
needed [13, 26].

Pyrethroids, lindane, and malathion pesticides have all
been associated with resistance and new methods for treat-
ment such as benzyl alcohol and spinosad shampoos have
recently been approved in the USA [23]. As a result of drug
resistance or limited availability to pediculicides, some au-
thors recommend more emphasis to be placed on the use of
natural products [10, 12]. Among these, experiments with
viscous substances that block air exchange in the nits and
adult lice have been undertaken both in vivo and in vitro
[23]. Other studies have demonstrated effectiveness of tea tree
[27] and neem seed extract shampoo [28]. Petroleum jelly
massaged onto the hair and left overnight has also been sug-
gested, as the physical mechanism of action would be unlikely
to result in emergence of resistance [23].

This review aims to synthesize the available literature re-
garding genetic markers of resistance of P. hiumanus capitis to
pediculicides, to identify the most common biomarkers of
resistance, and the geographic location of their occurrence as
well as the laboratory methods utilized to identify them. Based

on this synthesis, implications associated with the develop-
ment of resistant species are discussed and new methods for
head lice control are summarized.

Methods

A search was conducted in NCBI PubMed using the search
terms Pediculus humanus capitis, Pediculus resistance mech-
anisms, pyrethroid resistance, Pediculus clades, Pediculus
capitis divergence, risk factors, and Pediculus capitis.
Search parameters restricted articles to English language with
no exclusions by year of publication. Articles were sorted by
best match and their abstracts read carefully. Only those rele-
vant to the objectives were fully analyzed. Additionally, ref-
erence lists on the selected articles were checked to obtain
further sources. ArcGIS Pro 2.4.3 software by Esri was used
to map geographical locations of resistance reports.

Resistance Mechanisms
Kdr Resistance Mechanism

Pyrethroid drugs bind to voltage-sensitive sodium channels
(VSSC) in the nervous system and cause prolonged opening
of the channels. Rapid and uncontrolled sodium influx leads
to nerve depolarization and hyperpolarization which eventu-
ally causes muscle paralysis and death [29]. Knockdown re-
sistance (kdr) is the most common mechanism of resistance to
insecticides and is the result of target site insensitivity [30¢].
Three-point mutations (M8151, T9171, and L920F) in the
VGSC «-subunit gene can be identified in resistant lice and
have been used as markers for kdr [9, 15, 29, 31e¢].

Clark [31e¢] reported M8151 and L920F mutations reduced
sensitivity to permethrin by 2—3-fold when expressed alone,
but when the T9171 mutation was present, whether in combi-
nation or alone, permethrin sensitivity was abolished. Thus,
the T9171 mutation must have a significant role in permethrin
resistance and can be used as a genetic marker for resistance in
the USA. Kdr is shown to be a recessive trait, as low levels of
resistance are seen with heterozygous specimens [29].

GST-Based Mechanism

Research by Hemingway et al. [32] proposed a glutathione S-
transferase (GST)—based resistance mechanism against DDT.
As there was no recorded resistance associated with pyre-
throids, a cross-resistance mechanism was very unlikely.
Additionally, higher levels of monooxygenases were associ-
ated with resistance lice. An increase in GST and cytochrome
P450 activity was associated with higher ability to metabolize
and detoxify DDT through a dehydrochlorination mechanism,
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with no enhancement of esterase activity reported. Similar
findings were noted by Picollo et al. [30+] as well as by
Barrios et al. [33] suggesting that monooxygenases and ester-
ases were responsible for the observed resistance. However,
Barrios et al. [33] reported that GST had no critical role in
pyrethroid detoxification and the increase in activity could be
related to the increase in esterase and oxidase activity, noting
kdr to be the main factor for resistance.

Cytochrome P450 Activity and Resistance

Insect’s cytochrome P450 enzymes are largely responsi-
ble for detoxification and increased enzymatic activity
and have been associated with resistant species. In com-
bination with high level of GST activity, metabolic pro-
cesses involving P450 enzymes were associated with
kdr resistance processes. Metabolic resistance involves
heightened ability to degrade and detoxify insecticides
[34]. Pyrethroid-resistant mosquitoes have been recorded
to have higher levels of P450 activity in Africa [24].
Piperonyl butoxide (PBO) has been reported as a P450
enzyme inhibitor, which heightened effectiveness of py-
rethroids when used in combination. The association of
P450 with resistance indicates the role of enhanced ox-
idative metabolism by resistant organisms [26].

Altered Acetylcholinesterase Binding Site

Malathion-resistance has been reported in the UK, which is
believed to be attributed to an altered acetylcholinesterase
binding site [35]. As malathion actively binds to acetylcholin-
esterase irreversibly, function is inhibited, leading to paralysis
and death. Although resistance is reported to act through al-
tering acetylcholinesterase action, no mechanisms have been
reported in head lice [4¢].

GluCl Mutations

Ivermectin has a different mechanism of action from most
common pediculicide classes and provides opportunities to
counter resistance that already exists. The drug targets
glutamate-gate chloride (GluCl) channels, which are only
present in invertebrates, making it safer for human use [8].
As the GluCl channel is incredibly important for nervous sys-
tem function, modifications of the channel will cause paralysis
and death [25]. Allele mutations S46P, A251V, and H272R
were detected in ivermectin-resistant lice with the most prev-
alent mutation being A251V. However, mutation frequencies
were low overall which suggests selection pressure could be
acting on these genes [8].
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Cross-resistance

Pyrethroids and DDT share a common mechanism of action,
so cross-resistance has been identified [33]. Barrios et al. [33]
suggested the cross-resistance developed as a result of kdr. In
Argentina, cross-resistance has been recorded between per-
methrin and deltamethrin, as well as sumithrin, which had
not been used as a pediculicide before; however, no resistance
was reported to carbaryl in the late 1990s [19, 35]. As lice are
still sensitive to carbaryl, resistance to malathion might not be
associated with an altered acetylcholinesterase binding site.
This suggests head lice are not resistant to other
organophosphates.

Geographic Distribution of Resistance

A study by Toloza et al. [9] in Argentina describes a much
higher level of homozygous resistant lice, compared with het-
erozygous, suggesting that in the studied population, pyre-
throid resistance is well established and on its way to fixation,
where only the resistant allele will remain. DDT cross-
resistance has also been reported. Kdr and monooxygenase
mechanisms are the most likely explanation for pyrethroid
resistance in Israel [32]. As of 1999 in the UK, resistance
was reported to both permethrin and malathion but not carba-
ryl. As carbaryl is only available by prescription, the limited
use could be a reason why resistance has not been recorded
[35]. Recently, a T9171 mutation associated with kdr has been
reported in Mexico in all head lice sampled [18]. Additionally,
kdr has been identified in Chile, but T9171 was the only mu-
tant gene recorded [36]. Eremeeva et al. [37] reported that in
rural Georgia, US kdr biomarkers for the T9171 mutation were
found in high frequency (0.99). In Senegal, allele mutations
A251V and S46P are associated with GluCl gene alterations
supporting ivermectin resistance [8]. Data from Iran indicated
resistance related alleles, R292V, L930M, L932M, acted
through kdr mechanisms with majority of haplotypes recorded
RS [15]. Clark [31e¢] reported on kdr allele frequency relating
to permethrin resistance, and zygosity in 14 countries with
highest levels of resistance (100% RR) reported in the UK,
Uruguay, and Australia. Argentina (89.5% RR), Israel (87.5%
RR), Denmark (83.3% RR), the USA (75.1% RR), and Brazil
(62.5% RR) followed with levels of resistance > 50% record-
ed. Conversely, only homozygous sensitive lice were found in
Australia, Thailand, South Korea, and Ecuador (100% SS).
Samples from Egypt (85% SS) and Czechia (formerly
Czech Republic) (67% SS) were mostly homozygous sensi-
tive but some heterozygotes were reported [31e].

In Canada, although no reports were found on homozygote
vs. heterozygote allele frequencies, single R and S allele fre-
quencies were determined in Ontario, Quebec, and British
Columbia. All cities in British Columbia and Quebec, as well
as 9/12 cities sampled in Ontario, had a Resistance Allele
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Frequency (RAF) of 100%. The other 3 cities in Ontario had
RAF values 0of 80%, 90.9%, and 92.3%, for Toronto, Oakville,
and Sudbury, respectively. Additionally, the resistant allele
frequency of the Canadian head louse overall was 97.1%,
while the susceptible allele frequency was 2.9% [38].

As a summary, the most commonly reported biomarkers of
resistance are shown in Table 1, whereas the geographic dis-
tribution of resistant alleles is depicted in Fig. 1.

As biomarkers are region specific, there was interest in
knowing whether they are clade specific as well, however
little data on resistance specified clades. An analysis of a
worldwide sample showed no correlation between nuclear
genetic clusters of clade A and B lice [1+¢]. As there was
limited data linking sampled lice to specific clades, no infer-
ences could be made surrounding susceptibility to resistance
or the development of specific mechanisms to a certain clade.
Current microsatellite nuclear markers provided support that
lice in Honduras and Canada belong to a single genetic cluster,
serving as evidence of global inbreeding. This could have
resulted from population bottleneck trends induced by selec-
tion pressure and will serve as an additional selection for the
survival of resistant homozygotes [38]. Alternatively, it is like-
ly similar pediculicide-resistant phenotypes evolved from in-
dependent mutations in separate populations, as variability is
seen in kdr haplotypes by geographic area [1e¢]. As there is
evidence of resistance globally (Fig. 1), the need for regional
testing in order to monitor resistant and susceptible strains is
increasing and should be completed regularly [1ee, 13, 31ee].

Laboratory Methods for Identifying
Resistance

PCR

Polymerase chain reaction (PCR) procedures can be used for
DNA amplification of genes. Theoretically, only small
amounts of targeted DNA regions are required to run proce-
dures, making it appropriate for genetic analysis of lice [39].
PCR procedures were used for amplification of DNA frag-
ments for kdr and GluCl polymorphism identification world-
wide [5, 9, 18, 20, 37, 40]. As the procedure is straightforward
to use and materials are relatively ubiquitous in laboratories,
PCR is a good tool for resistance gene analysis.

Qs

Quantitative sequencing (QS) has been used as a population
genotyping method to determine frequencies of mutations in
head lice populations and can be used as a preliminary mon-
itoring tool for frequencies of resistance higher than 7.4%
[20]. QS use has been recorded in the USA but is not yet a
widespread method of monitoring resistant alleles [20, 29].

rtPASA

The real-time PCR amplification of Specific Allele protocol
was developed to determine mutation frequencies at levels
lower than what can be detected by QS [20]. Clark [31e°]
reported use of rtPASA to detect kdr allele frequencies in lice
as low as 1.13%.

SISAR

Serial invasive signal amplification reaction (SISAR) is used
to detect single nucleotide polymorphisms (SNPs). This pro-
tocol is very effective at detecting VGSC mutations that are
associated with permethrin resistance in individual lice [20].
SISAR use was reported in Canada and the USA, to determine
resistance kdr allele frequency in a sample of collected lice
[29, 38]. The use of SISAR provides information on allele
zygosity, which is helpful in understanding dynamics sur-
rounding resistance, especially during early stages when the
resistant allele is heterozygous [20]. Heterozygote deficiencies
were reported in the global sample of lice tested by Ascunce
et al. [1+¢] when genotype proportions were significantly dif-
ferent that Hardy-Weinberg expectations. Resistance is be-
lieved to be strongly established as there is a lack of hetero-
zygous kdr alleles being recovered [1e, 9, 20, 26].

Attempts to Combat Resistance: New Methods
of Pediculosis Treatment

Pediculicides should be used cautiously in regions where re-
sistance is high. At the same time, alternative treatments that
act by a different mechanism of action can be used or devel-
oped in order to extend the lifespan of existing pediculicides
[20]. Marcoux et al. [38] suggest pediculicide treatments that
act by a physical mode of action, such as altering the exoskel-
eton, and provide a promising method for treatment with no
associations to resistance. A non-traditional method for elim-
inating pediculosis involves a physical mechanism of action,
reported by Barnett et al. [17], that disrupts the wax layer
important for protecting the cuticle of the louse exoskeleton.
This wax layer that covers the exoskeleton is essential to
maintain hydration, and when the wax is disrupted, water loss
becomes uncontrollable and will lead to death [21]. The new
proposed method involves using an isopropyl myristate/
cyclomethicone D5 (IPM/D5) topical solution. As this topical
solution acts by epicuticular hydrocarbon extraction, resis-
tance is not expected to develop against isopropyl myristate.
In the study, an 82% cure rate was noted after two 10-min
treatments, 1 week apart. [PM/D5 could be considered an
alternative to traditional pediculicides and is currently
marketed as Full Marks™ in Europe, Australia, and Russia,
Resultz® in Canada, Takeda in Belgium, and Lapidot in
Israel. The Government of Ontario, Committee to evaluate
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Table 1 Genetic biomarkers for resistance reported around the world
Country Ineffective drug Allele frequency Mechanism Markers Reference
Argentina Pyrethroids 85% RR Kdr M8151 Toloza et al., 2010 [9]
8.4% RS T9171
6.5% SS L920F
Australia Pyrethroids 100% RR Kdr MS8151 Clark, 2010 [31ee]
T9171
L920F
Brazil Pyrethroids 50% RR Kdr M8151 Clark, 2010 [31°]
25% RS T9171
25% SS L920F
Canada Pyrethroids 97.1% R Kdr T9171 Marcoux et al., 2010 [38]
29% S
Chile Pyrethroids 8.6% RR Kdr T9171 Roca-Acevedo et al., 2019 [36]
88.5% RS
7% SS
Czechia Pyrethroids 22% RR Kdr M8151 Clark, 2010 [31ee]
11% RS T9171
67% SS L920F
Denmark Pyrethroids 75% RR Kdr MS8151 Clark, 2010 [31e°]
17% RS T9171
8% SS L920F
Ecuador NA 100% SS NA NA Clark, 2010 [31e¢]
Egypt Pyrethroids 15% RS Kdr M8151 Clark, 2010 [31¢]
85% SS T9171
L920F
Iran Pyrethroids NA Kdr R292V Firooziyan et al., 2017 [15]
L930M
L932M
Israel Pyrethroids 75% RR Kdr MS8151 Clark, 2010
25% RS Monooxygenase T9171
Non- L920F
Monooxygenase
Japan Pyrethroids NA Kdr T9521 Tomita et al., 2003 [7]
L955F
Mexico Pyrethroids NA Kdr T9291 Ponce-Garcia et al., 2017 [18]
Senegal Ivermectin NA GluCl mutations A251V Amanzougaghene et al., 2018 [8]
S46P
South Korea NA 100% SS NA NA Clark, 2010 [31ee]
Thailand NA 100% SS NA NA Clark, 2010 [31e]
UK Pyrethroids 100% RR Kdr M8151 Clark, 2010 [31e]
Malathion Specific malathion mechanism T9171
L920F
USA Pyrethroids 64.4% RR Kdr M8151 Clark, 2010 [31e]
21.35% RS T9171
14.25% SS L920F
Uruguay Pyrethroids 100% RR Kdr MS8151 Clark, 2010 [31ee]
T9171
L920F

S susceptible, R resistant, SS susceptible homozygous, RR resistant homozygous, RS heterozygous, kdr knockdown resistance

drugs supports isopropyl myristate as being both safer and
more effective compared with other drugs available in
Ontario. Additionally, the drug is reported to be available un-
der the Ontario Drug Benefit Formulary [41].

Rassami and Soonwera [12] suggest a non-toxic method of
dealing with the increasing resistance to insecticides for pe-
diculosis in Thailand. Native Thai plant extracts from
T indica, Av. Bilimbi, and Ac. Concinna contained in shampoo
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were shown to be more toxic than carbaryl shampoo, with
T indica being the most effective. These plants are common
and have been used for thousands of years in traditional med-
icine practices in Thailand. As these plant extracts are natural,
they are biodegradable and exhibit very low levels of toxicity.
However, further analysis should be completed on levels of
toxicity before herbal shampoos are used as pediculicides
[12].
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Fig. 1 Geographic distribution of resistant lice populations. Red color
indicates that reports of resistance in the highlighted country are
available. Allele frequencies are displayed for the countries in which
data are available; if data on allele frequencies for the same country are

The use of synergists to inhibit enzymes needed for drug
inactivation and detoxification may be used to improve con-
trol of resistant strains of lice. Addition of PBO to insecticide
treatment slows biotransformation processes associated with
cytochrome P450, improving effectiveness of the drugs [4¢].
The multifunction oxidase inhibitor PBO was effective at en-
hancing permethrin toxicity in a sample from Argentina. It
was able to enhance the effects of permethrin in all resistant
colonies and the combined treatment led to a partial reversion
of resistant populations. The lack of synergism with d-
phenothrin resistance by PBO suggests a non-oxidative mech-
anism and altered site of action is also present in resistant lice
[30¢]. Research by Hemingway et al. [32] suggested
monooxygenases and esterases can influence resistance
through increased metabolism. However, treatment with
PBO did not produce synergistic effects on phenothrin.
Similarly, Bailey and Prociv [13] recorded increasing the

available from different sources, the most recent data available were used.
Figure was created based on data presented in Table 1 using arcGIS
software

dosage of pediculicides or the use of synergists does not over-
come resistance. As results involving the use of synergists to
already present pediculicides to increase effectiveness are in-
consistent, more research should be conducted.

As nits are surrounded by a protective membrane, many
pediculicides are unable to target the embryos, and as a result,
treatment is usually repeated after 7-10 days [13, 23].
Mougabure et al. [34] proposed that when insecticides are
used on nits, the eggs can be exposed to insecticides and if
they are to reach the embryo, selection pressure may lead to
the development of new resistant mechanisms. These could be
in addition to any inherited resistance mechanisms and further
evidence is needed to evaluate the spread of resistance through
fast-evolving mechanisms. It is still largely unknown whether
resistance evolved once and then spread through recombina-
tion and genetic exchange or if it arose independently as a
consequence of artificial selection and selection pressure [9].

@ Springer



72

Curr Trop Med Rep (2020) 7:65-73

Frequent monitoring of resistant alleles and a further under-
standing of resistance mechanisms including detoxification
methods would provide grounds for development of new
compounds that break resistant trends [20].

Conclusions

Pediculus humanus capitis is an important public health con-
cern that affects children worldwide [11¢]. The global pres-
ence of head lice, especially those that are treatment resistant,
creates complications for eradication; and as they are currently
regarded as reservoirs, a change in virulence could transform
these ectoparasites into vectors. The World Health
Organization (WHO) refers to pediculosis as being prevalent
around the world, especially in areas where there is over-
crowding [42]. As transmission of pediculosis relies greatly
on population density, the increasing global population pro-
vides additional challenges with regard to treatment.

The information presented here provides further evidence
that resistance is on the rise and will be an ongoing complica-
tion. Recently, the WHO officially recognized scabies and
other ectoparasites including lice, as neglected tropical dis-
eases, and as a result is working to have ivermectin added to
the model list of Essential Medicines when the list is updated
[42].

As genetic mutations can happen quickly in such small
organisms, constant monitoring and updating of resistance
biomarkers are essential for determining best course of treat-
ment. The understanding of which genetic markers are linked
to drug resistance in lice is necessary for quick detection and
monitoring of resistance, especially when analyzed from spe-
cific geographic areas. A further understanding of mecha-
nisms for resistance is essential in finding new methods to
treat pediculosis, especially for developing treatment methods
where the development of resistance is less likely. As pedicu-
losis is a global issue, any further research in eliminating these
serious infestations will help to control a neglected
ectoparasite.
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