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Abstract

Over the past three decades, the bed bug Cimex lectularius has resurged as a prominent indoor pest on a global scale.
Knockdown-associated insecticide resistance (kdr) involving the voltage-gated sodium channel, targeted by organochlorine
and pyrethroid insecticides, was first reported in C. lectularius within a few years of the widespread use of dichlorodiphe-
nyltrichloroethane (DDT) and has been implicated as a significant factor contributing to the species’ recent resurgence.
Since then, selection with pyrethroid insecticides has intensified, yet little is known regarding its short-term impacts on the
frequency of kdr-associated mutations. Here, we report temporal changes in the frequencies of three kdr-associated muta-
tions in C. lectularius populations collected across the USA from two time periods, sampled approximately a decade apart.
The results reveal a significant increase in the frequencies of kdr-associated mutations over this period and the absence of
the insecticide-susceptible genotype in recent collections. Furthermore, a significant transition was observed toward infesta-
tions possessing multiple kdr-associated mutations. These findings suggest that the persistent use of pyrethroid insecticides
over the past decade continues to impose strong selection pressure on C. lectularius populations, driving the proliferation of
kdr-associated mutations. They demonstrate that, if unabated, strong anthropogenic selection can drive the rapid evolution
of adaptive traits.
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environment, and are of public health, veterinary, and eco-
nomic significance (Brenner 1995; Corrigan 2011; Doggett
et al. 2018; Hwang et al. 2018; Perron et al. 2018). As such,
these pests have been the target of management efforts using
various pesticide formulations (Rose 2001; Corrigan 2011;
Potter 2011; Lee et al. 2018). The persistent use of pesticides
exerts selection pressures that can drive the evolution of a
suite of resistance-conferring adaptive mechanisms, includ-
ing mutations in receptor target sites that reduce sensitiv-
ity to certain pesticides [e.g., knockdown resistance (kdr)]
(Davies et al. 2008; Dong et al. 2014).

One group of insecticides, the sodium channel modula-
tors, which includes the organochlorines (e.g., dichloro-
diphenyl trichloroethane [DDT]), pyrethrins, and pyre-
throids, alter the activity of para-type voltage-gated sodium
channels (VGSCs), which are necessary for neuronal func-
tion. These insecticides maintain the sodium channels in an
activated state, preventing cellular repolarization, resulting
in paralysis and death (Soderlund and Knipple 2003). Non-
synonymous mutations within the VGSC gene have been
identified that reduce kdr-associated target-site sensitivity to
these insecticides across a variety of arthropod pests (Milani
1956; Martinez-Torres et al. 1998; Soderlund and Knipple
2003; Matowo et al. 2017). Despite being well-documented,
temporal data on the distribution and frequency of kdr-asso-
ciated mutations are surprisingly lacking for urban pest spe-
cies in general, with the exception of Anopheles and Aedes
mosquitoes (Mathias et al. 2011; Abdalla et al. 2014; Linss
et al. 2014; Aguirre-Obando et al. 2016; Foster et al. 2016;
Ismail et al. 2018; Amoudji et al. 2019; Biduda et al. 2019;
Mandeng et al. 2019; Tancredi et al. 2020; Baltzegar et al.
2021) and house flies (Freeman et al. 2019). The lack of
understanding of the evolutionary response of populations to
the prolonged use of these insecticides may impede the con-
tinued development of effective control strategies over time.

The common bed bug, C. lectularius, is an obligate
hematophagous ectoparasite, primarily of humans, that has
re-emerged in recent decades to become a prominent indoor
pest on a near global scale. This resurgence has been aided
by an increase in travel (Potter et al. 2010), exchange of sec-
ondhand furniture, ineffective pest control, and the evolution
of mechanisms conferring resistance to insecticides (Boase
2001; Doggett et al. 2004; Romero et al. 2007; Reinhardt
et al. 2008; Zhu et al. 2010; Gordon et al. 2014). Within C.
lectularius populations, various insecticide resistance mech-
anisms have evolved (Dang et al. 2017), with kdr mutations
particularly well documented. First reported shortly after
the widespread implementation of DDT (Busvine 1958),
kdr mutations have been reported in populations around the
globe (Romero et al. 2007; Yoon et al. 2008; Seong et al.
2010; Tawatsin et al. 2011; Wang and Wen 2011; Durand
et al. 2012; Tomita et al. 2012; Booth et al. 2015; Dang
et al. 2015; Lilly et al. 2015, 2017; Palenchar et al. 2015;
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Raab et al. 2016; Balvin and Booth 2018; Holleman et al.
2019; Cho et al. 2020; Vander Pan et al. 2020; Akhoundi
et al. 2021). Nevertheless, organochlorines, pyrethroids,
and pyrethrins remain commonly used insecticides on a
global scale. Within the USA, organochlorine-based pes-
ticides were largely banned during the 1970s and 1980s.
Pyrethroids, in contrast, remain among the most widely
used insecticides. Active ingredients that have been evalu-
ated include alpha-cypermethrin, bifenthrin, cypermethrin,
cyfluthrin, cyphenothrin, pyrethrin, esfenvalerate, etofen-
prox, imiprothrin, lambdacyhalothrin, d-phenothrin, phe-
nothrin, and d-tetramethrin; however, deltamethrin and
permethrin are most frequently employed (Lee et al. 2018).
Given their widespread use in formulations that range from
insecticide-impregnated mattress liners to liquid sprays, this
insecticide class persists as a selection pressure potentially
promoting kdr-associated mutations that confer resistance
to these insecticides.

In C. lectularius, three nonsynonymous mutations in the
VGSC-gene (V419L, L9251, and 1936F) have been found to
be associated with kdr resistance (Yoon et al. 2008; Dang
et al. 2015). The population frequency and geographic dis-
tribution of these mutations have been reported from a vari-
ety of locations, including the USA (Yoon et al. 2008; Zhu
et al. 2010; Raab et al. 2016; Holleman et al. 2019), Europe
(Durand et al. 2012; Booth et al. 2015; Balvin and Booth
2018; Vander Pan et al. 2020; Akhoundi et al. 2021), the
Middle East (Palenchar et al. 2015), Asia (Seong et al. 2010;
Tomita et al. 2012; Cho et al. 2020), and Australia (Dang
et al. 2015). However, we are unaware of any studies that
assessed temporal changes in the frequencies of kdr-associ-
ated mutations at any landscape level. Although it would be
most instructive to track the frequency of kdr mutations over
time within the same populations, this design is particularly
challenging with residential infestations due to their ephem-
erality and turnover of residents. Here, we report temporal
changes in the frequency of the three kdr-associated muta-
tions from populations of C. lectularius collected across the
USA at two time periods approximately 10 years apart. We
hypothesized that both the number of infestations exhibiting
kdr-associated mutations, and the number of adaptive muta-
tions per individual bed bug would increase over time, due
to selection imposed by the frequent and widespread use of
pyrethrin and pyrethroid insecticides.

Materials and methods

Bed bugs were collected during two separate time periods:
August 30, 2005, to December 20, 2009 (electronic supple-
mentary material, Table S1), and June 27, 2018, to Decem-
ber 27, 2019 (electronic supplementary material, Table S2),
representing 394 unique populations (161 in 2005—2009
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Table 1 Distribution of Cimex lectularius populations by state for
each sampling period
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and 233 in 2018—2019). Collections spanned 38 US states
(Table 1, Fig. 1a) and were made by pest management com-
panies (electronic supplementary material, Table S3). Upon
collection, specimens were preserved in 100% ethanol and
stored at —20 °C until DNA extraction. Genomic DNA was
extracted using the Qiagen DNeasy Blood and Tissue Kit
(QIAGEN, Germantown, MD).

Due to the highly inbred nature of C. lectularius popula-
tions (Booth et al. 2012, 2018; Saenz et al. 2012), which
results from population foundation by a single gravid
female or small group of highly related individuals, the
genetic diversity and hence kdr-associated mutation pro-
file of a given population can be determined through the
sequencing of a single individual. Therefore, each popula-
tion is represented here by a single specimen. Two genomic
fragments that contain the three kdr-associated mutations
were PCR-amplified and sequenced using primer combina-
tions BBParaF1/BBParaR1 (V419L) and BBParaF3/BBPa-
raR3 (L9251, 1936F), following the methods of Holleman
et al. (2019). The resulting chromatograms were visual-
ized and scored using CLC Genomics Workbench (QIA-
GEN). Knockdown resistance genotype designations are
reported as follows: wild type (pyrethroid-susceptible in
the absence of other resistance mechanisms; 1.925, V419,
1936), L9251 (mutant L925I [leucine (L) replaced by iso-
leucine (I)], wild type V419&1936), L9251&V419L (muta-
tions in regions L9251 and V419L [valine (V) replaced by
leucine (L)], wild type 1936), L9251&I936F (mutations in
both L9251 and 1936F [isoleucine (I) replaced by pheny-
lalanine (F)], wild type V419), and 1936F (mutant 1936F,
wild type L925&V419). The V419L (wild type L925, 1936,
mutant V419L) genotype was not detected in any population
screened. Where the mutations are heterozygous, these are
reported with a superscript “her’”.

Genotype frequencies were compared using Chi-square
tests. Additionally, the overall homozygous genotype fre-
quencies of populations present in the same US states across
both sample periods were compared.

Results

All samples yielded unambiguous sequences for both PCR
fragments. Of the 161 populations sampled between 2005
and 2009, genotypes L9251 and L9251&V419L accounted
for 36% and 50% of the populations, respectively (Table 2
and Fig. la). The wild type (‘susceptible’) genotype was
found in 2.5% of the populations. Approximately 10% of
samples screened were found to be L9251& V4191, while
the 1936F, L9251"&1936F", and 1936F"*' genotypes each
comprised <0.1% of the remaining infestations (Table 2
and Fig. la). In contrast, genotype L9251&V419L pre-
dominated in samples collected between 2018 and 2019,
accounting for 84% of the populations, while genotypes
L9251 (~5%), L9251 (~ 1%), L9251&V419L" (~9%), and
L9251"/& V419L (~ 1%) comprised the remaining popula-
tions (Table 2 and Fig. 1a). The wild type and I936F geno-
types were not detected in the 2018—2019 populations.
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(a ) 2005-2009

Fig.1 a Genotype distribution of kdr-associated mutations from
Cimex lectularius sampled across the U.S. Pies represent genotype
frequencies within each state and the number below each indicates
the number of populations sampled. b Change in genotype frequen-

Temporally, there were significant differences in the fre-
quencies of all homozygous [wild type, p <0.05; L925I,
p<0.001; L9251&V419L, p <0.001), but not the heterozy-
gous genotypes and I936F, likely due to their low frequency
across datasets (Table 2). Comparisons conducted using only
populations sampled in the same US states in both time-
frames again revealed significant differences in the frequen-
cies of all homozygous genotypes (electronic supplementary
material, Table S4).

Discussion

By surveying 394 distinct populations of C. lectularius
across the USA, collected from two time periods separated
by approximately a decade, this study represents the most
comprehensive screening to date of kdr-associated mutation
frequencies for the species. To our knowledge, this is also the
first temporal comparison of kdr mutation frequencies in any
urban pest insect in the U.S., outside of house flies collected
from animal production facilities (Freeman et al. 2019) and
mosquitoes, which were sampled in Asia, Africa, and South
America, but not in the U.S. (Mathias et al. 2011; Abdalla
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et al. 2014; Linss et al. 2014; Aguirre-Obando et al. 2016;
Foster et al. 2016; Ismail et al. 2018; Amoudji et al. 2019;
Biduda et al. 2019; Mandeng et al. 2019; Tancredi et al.
2020; Baltzegar et al. 2021). Comparing our homozygous
populations from 2005 to 2009 (n=143) to those of Zhu et al.
(2010) [n =93] revealed significant differences in kdr geno-
type frequencies (wild type: y*(1, n=236)=9.11, p <0.05;
L925I: *(1, n=236)=0.45, p>0.05; L9251&V419L: y*
(1, n=236)=7.25, p<0.05; V419L: y*(1, n=236)=4.67,
p <0.05), supporting the lower baseline frequency of
kdr mutations present in the USA in 2006-2007 (Zhu
et al. 2010), and a reduction in wild type and increase in
L9251&V419L by 2008-2009. Prior to our study, the most
recent study conducted in the U.S. reported kdr genotype
frequencies for populations collected across Midwestern
states between 2014 and 2015 (Holleman et al. 2019),
with the frequencies of L9251 (~21%) and L9251&V419L
(~76%) intermediate between the datasets presented here
(Fig. 1b), as expected for a shift toward increased resist-
ance. Thus, our results, when viewed together with those
of Zhu et al. (2010) and Holleman et al (2019), reveal a
significant increase in the frequency of kdr mutations over
approximately a decade, with a shift toward multiple kdr
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Table 2 Frequency of kdr-associated genotypes reported in Cimex lectularius populations sampled in the U.S. sampled between 2005-2009 and 2018-2019

No. of pops No. of  kdr genotypes

No. of

Sample

individu-

als

States

periods

L9251 &
1936F

L.9251" L9251&V419L  L9251&V419L"  1.9251"'& VA19L 1936F 1936F"

L9251

Wild type

1 (0.006)
0 (0.00)

1 (0.006)

0 (0.00)

1 (0.006)
0 (0.00)

16 (0.10) 0 (0.00)

81 (0.50)

1 (0.006)
2(0.01)

57 (0.35)

4(0.02)

161
233

161
233

35
18

2005-2009
2018-2019

22 (0.09) [0.03] 3 (0.01) [2.09]

194 (0.84)

12 (0.05)

0 (0.00)

[1.45] [1.45]

[1.45]

[49.04]**

[0.07]

[60.32]**

[5.85]*

[x? stat], p>0.05

=394)=

For each genotype, the number of observations is reported. Parentheses indicate the frequency of each genotype and the brackets report the X2 statistic where Xz(l, n

or #p<0.05, *¥p <0.001

mutations per population (Fig. 1b). Given the sample sizes
represented here, with the 2018-2019 dataset comprising
233 infestations [~31% more than the 2005-2009 dataset
(n=161), which is > twofold the populations reported in Zhu
et al. (2010) (n=93)], the failure to detect the wild-type
genotype among the infestations sampled is not likely to be
an artifact of sample size, but instead the actual reduction
in the frequency of the genotype among infestations. This is
likely in response to persistent selection driven by the long-
term use of pyrethroid insecticides.

Prior bioassay-based research in C. lectularius has linked
genotypes L9251 and L9251&V419L to increased levels of
pyrethroid resistance. Evaluating 17 populations collected
across the U.S. between 2006 and 2009, only three were
found to be susceptible following treatment with a discrim-
inating dose of technical grade deltamethrin, resulting in
100% mortality (Zhu et al. 2010). Of the 14 that exhibited
resistance, 13 were found to possess either the L9251 muta-
tion or both L9251 and V419L mutations (Zhu et al. 2010).
Prior to this, Romero et al. (2007) assessed the resistance
status of four field-derived colonies initially collected from
Lexington, KY, and Cincinnati, OH, alongside two lab colo-
nies, not previously exposed to pyrethroid insecticides in the
20-30 years since colony establishment, through laboratory
bioassays. Following exposure to two pyrethroid insecti-
cides, deltamethrin and A-cyhalothrin, field-derived colo-
nies from KY and OH were found to exhibit extremely high
levels of resistance, including > 12,765-fold deltamethrin
resistance, compared to a susceptible wildtype population
(Romero et al. 2007). Crosses between field-derived resist-
ant populations and laboratory-derived susceptible strains
exhibited intermediate levels of resistance. The kdr mutation
profile of these populations was not determined. Globally,
reports of pyrethroid-resistant C. lectularius populations
are common (see Dang et al. 2017). Some of these stud-
ies include assessments of kdr mutation profiles; however,
temporal data are missing and studies that link kdr mutation
frequency with pyrethroid resistance are limited. That said,
the absence of kdr mutations in bat-associated C. lectular-
ius populations sampled in Europe, which have not been
exposed to pyrethroid insecticides (Booth et al. 2015; Balvin
and Booth 2018), suggests that pyrethroid insecticides
impose strong selection for kdr mutations in urban bed bug
populations. In addition, low frequencies of kdr mutations in
bed bug populations sampled in Australia between 1994 and
2002, and their increase in frequency around the globe since
the early 2000s (See Holleman et al. 2019), strongly suggest
that pyrethroid resistance has increased in recent decades.

Comparable findings of temporal changes in kdr
mutations have been reported in mosquito populations
exposed to the prolonged use of insecticides. Congruent
with the results presented here, several long-term studies
(> 10 years) showed an increase in kdr mutation frequencies
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in populations of Anopheles gambiae (Mathias et al. 2011)
and Aedes aegypti (Linns et al. 2014; Baltzegar et al. 2021),
from different geographic regions. Recently, Baltzegar et al
(2021), documented the complete replacement of the wild
type pyrethroid-susceptible genotype, with either single or
double kdr-mutants in Ae. aegypti mosquitos sampled in
Iquitos, Peru, with the replacement occurring over a period
of 13 years following the introduction of a city-wide pyre-
throid insecticide control strategy. Similarly, the malaria
vector, An. arabiensis, was shown to respond to strong selec-
tion for deltamethrin resistance over 4 years, which was cor-
related with the L1014F kdr mutation (Ismail et al. 2018).
Verhaeghen et al. (2010) documented a 5-year increase in
kdr mutations in An. gambiae from multiple geographic
locations, and similar region-specific fluctuations in kdr
mutation frequencies have been shown in Ae. albopictus
at multiple time intervals (Tancredi et al. 2020). A signifi-
cant increase was also reported for the 1b resistance allele
in house flies collected over a 10-year period from animal
production facilities across five U.S. states (Freeman et al.
2019). While these studies span different regional pest man-
agement practices, the trend of increasing kdr mutation fre-
quencies is consistent. However, a unique characteristic of
C. lectularius is the high level of intra-population inbreed-
ing, and an apparent lack of significant levels of gene flow
(Booth et al. 2012, 2015, 2018; Saenz et al. 2012; Fountain
et al. 2014). As a result, resistance alleles rapidly propagate
and are then spread in a fixed-state through propagule trans-
fer. While there is still uncertainty surrounding the fitness
costs of resistance in C. lectularius (Polanco et al. 2011;
Gordon et al. 2015), the frequency and distribution of kdr
mutations and the prevalence of the species suggests this
may be minimal.

The zygosity of kdr mutations and its impact on insecti-
cide resistance adds additional complexity. For example, in
the house fly, Musca domestica, mutations exhibit a reces-
sive pattern of inheritance (Rinkevich et al. 2012). In con-
trast, polygenic modes of inheritance have been documented
in the codling moth, Cydia pomonella (Bouvier et al. 2001),
with both recessive and incomplete dominance described.
Unlike Zhu et al. (2010), our study reports the zygosity of
the kdr-associated mutations detected. This information
may be relevant for control, for while the level of resistance
exhibited by C. lectularius heterozygous for a given muta-
tion is unclear, it has been suggested that heterozygotes may
show incomplete dominance (Romero et al. 2007). Heterozy-
gotes may therefore exhibit intermediate levels of resistance
between wild type and homozygous mutants, although this
has yet to be confirmed. If kdr exhibits incomplete domi-
nance in C. lectularius, heterozygotes would be expected
in areas undergoing genotype replacement from wild type
to resistant, either through population spread or continued
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pyrethroid applications. However, bed bugs heterozygous for
kdr mutations would also be expected to succumb to con-
trol more rapidly than homozygous mutant individuals. In
both time periods sampled, L9251&V419F" was the most
common heterozygous genotype observed, representing 89%
(2005-2009) and 78% (2018-2019) of the heterozygous
individuals. Given the short generation time of C. lectular-
ius, high fecundity, and lack of obvious inbreeding depres-
sion (Fountain et al. 2014), the transition within a population
to the double homozygous mutant (L9251&V419L) would
be expected to occur rapidly following selection by insecti-
cide treatment.

In summary, the significant temporal shift toward
increased frequencies of kdr mutations reveals how anthro-
pogenic selection can influence the evolution of a species
of public health, veterinary, and economic significance,
and suggests that indoor pest insects may represent ideal
model systems to study the effects of anthropogenic influ-
ences on the evolution of adaptive traits in urban species.
The presence of multiple kdr mutations has been associ-
ated with elevated levels of pyrethroid resistance in other
pest insects (Soderlund 2008; Abdalla et al. 2014). Thus,
we presume that the higher proportion of the bed bugs col-
lected in 2018-2019 that possess kdr mutations reflects a
greater resistance to pyrethroids than those collected a dec-
ade earlier, resulting from selection for pyrethroid resist-
ance. Therefore, our findings are practically significant in the
development of management strategies for the control of C.
lectularius populations and those of other urban and indoor
pest species commonly controlled with insecticides. Given
the general trend of increasing reports of pyrethroid resist-
ance in urban and indoor pests, pyrethroid insecticides alone
are having limited impact on the control of these popula-
tions. Furthermore, while bed bug populations theoretically
may lose kdr mutations in the absence of pyrethroid expo-
sure, with reversion back to pre-selection profiles possibly
resulting from fitness costs associated with resistance (Gor-
don et al. 2015), the ability to do so relies on the presence of
susceptible alleles within the population. Our results show
that these susceptible alleles are rapidly being lost from
populations across the U.S.; thus, reversion to a susceptible
genotype will require mutation and subsequent spread in the
absence of control. As such, these data support the need for
insecticides to be composed of blends of insecticide classes
(e.g., pyrethroids and neonicotinoids) (Lee et al. 2018), in
addition to integrated approaches that enable early detec-
tion and non-chemical control methods (e.g., heat treatment)
(Kells 2018).
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