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Abstract

The widespread resistance of the common bed bug, Cimex lectularius L., to pyrethroid insecticides poses major challenges
to effective control. Resistance can be attributed to the presence of target-site DNA mutations and the upregulation of genes
associated with metabolic detoxification; the former being easily assessed through sequencing of the para-type voltage-gated
sodium channel. While studies have documented kdr-associated mutation frequencies, temporal investigations are lacking
at a scale finer than the continental United States level. To address this knowledge gap, we sequenced 227 populations of
C. lectularius, primarily collected over a 15 y period (2010-2024) from low-income, multi-unit buildings in New Jersey, to
investigate the distribution and temporal dynamics of three kdr-associated mutations: V419L, L9251, and I1936F. The V419L
mutation was present in 95.3-100% of populations sampled across New Jersey, while it was absent from the five populations
sampled in Indiana. Post 2014 the V419L mutation was fixed in all sampled populations. Across all temporal and regional
samples, the L.9251 mutation was fixed (100%), whereas the [936F mutation was absent. Our results indicate that the double
mutant, commonly referred to as haplotype C, is the predominant genotype across all populations, with haplotype B (L9251
mutation only) absent after 2014. The prevalence of kdr-associated mutations emphasizes the need for continued resistance
monitoring in concert with research into the evolution of resistance mechanisms to support future bed bug management.
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Introduction

The modern resurgence of bed bugs (Cimex spp.) presents a
significant challenge to pest management professionals and
results in considerable economic and health associated bur-
dens (Doggett and Lee 2023). Over the past three decades,
bed bugs have become common pests of the indoor urban
environment, including residential and those associated
with hospitality, healthcare, and tourism (Lee et al. 2023).
Ancestrally, the common bed bug, (Cimex lectularius L.)
was an ectoparasite of Old-World bats (Booth et al. 2015);
however, a human-associated lineage has been associated
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with urban life since the dawn of civilization (Miles et al.
2025a). This lineage is now globally distributed, primarily
in temperate regions, and is the predominant bed bug spe-
cies found in the United States. While the species is now
continentally widespread following its resurgence in the late
1990’s/early 2000’s, despite over two decades of awareness
of bed bugs and their management, infestations continue
to be reported frequently (Abbar et al. 2022; Hacker et al.
2022). For instance, reports have increased in four cities in
New Jersey since 2011 (Wang et al. 2016), a trend likely
mirrored across its introduced range.

Multiple strategies are available for bed bug control,
including both non-chemical and chemical treatments
(Doggett and Lee 2023). However, managing infestations
in multi-unit buildings is particularly challenging (Romero
et al. 2017). In multi-unit buildings, bed bugs readily dis-
perse between units through both active and passive means,
leading to building wide infestations (Wang et al. 2010;
Booth et al. 2012; Cooper et al. 2015). In an effort to sup-
press populations, chemical control using pyrethroid-based
insecticides is frequently implemented by tenants and pest
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management professionals (Wang et al. 2016, 2019). How-
ever, the frequent use of pyrethroids has led to the develop-
ment of resistance, either through selection for resistance-
associated mutations (Lewis et al. 2023) or the upregulation
of genes linked to metabolic detoxification (Adelman et al.
2011); ultimately resulting in control failures. Understanding
the distribution and frequency of insecticide resistance of C.
lectularius at a building wide scale is therefore crucial for
the development of appropriate and effective management
strategies.

Insecticide resistance mechanisms have been well-char-
acterized in C. lectularius populations, especially those
associated with pyrethroids (Dang et al. 2017). One key
mechanism is target-site-associated DNA mutations in the
para-type voltage-gated sodium channel (VGSC), com-
monly referred to as knockdown resistance (kdr) muta-
tions (Lee 2025). In C. lectularius, three key kdr mutations
resulting in nonsynonymous amino acid substitutions have
been identified: a valine (susceptible) to leucine (resistant)
change at position 419 (V419L), a leucine (susceptible) to
isoleucine (resistant) at position 925 (L925I), and an iso-
leucine (susceptible) to phenylalanine (resistant) at position
936 (I936F) (Yoon et al. 2008; Dang et al. 2015). Various
haplotypes have also been designated to describe the occur-
rence of these kdr mutations (Zhu et al. 2010; Dang et al.
2015; Holleman et al. 2019; Lewis et al. 2023). These are
based upon four key haplotypes (haplotype A—wild-type
419/ wild-type 925; haplotype B—wild-type 419/mutant
925; haplotype C—mutant 419/mutant 925; and haplotype
D—mutant 419/ wild-type 925) (Zhu et al. 2010), with
additional notation in later studies to denote heterozygosity
and the inclusion of the I936F mutation (Dang et al. 2015;
Holleman et al. 2019; Lewis et al. 2023). Reviewing stud-
ies of kdr-associated resistance in U.S. populations of C.
lectularius, haplotype C has shown an upsurged trend in
recent years (Lewis et al. 2023), with approximately 95% of
populations sampled after 2018 exhibiting both mutations.
More recently, Yu et al. (2025) also documented haplotype
C at a high frequency (80-100%) in five out of eight popula-
tions of C. lectularius sampled in New Jersey between 2012
and 2021. Combined, these findings imply that haplotype C
may dominate among C. lectularius populations in the U.S.

While numerous studies have taken advantage of the rela-
tive ease with which target-site-associated DNA mutations
can be screened, few to date have investigated the temporal
dynamics of these within and among populations (Booth
2024, but see Lewis et al. 2023, Block et al 2025), and none
at a scale finer than the continental level. Given the propen-
sity for low-income communities to harbor persistent and
often chronic C. lectularius infestations (Wang et al. 2016),
understanding the frequency and distribution of mutations
within multi-unit buildings, especially those considered low-
income, is particularly timely. This is accentuated by the
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establishment and spread potential of the species, given the
widespread distribution of mutations and its ability to rap-
idly infest multi-unit structures (Doggett and Russell 2008;
Wang et al. 2010; Booth et al. 2012; Saenz et al. 2012; Booth
2024). The limiting factor to such temporal studies is the
availability of physical samples for DNA sequencing, as
temporal infestation data are typically based on reports from
pest management professionals or tenants without sample
collection.

To address the knowledge gap regarding temporal
changes in kdr-associated mutations in bed bug populations
within multi-unit buildings, C. lectularius populations were
sampled across three U.S. states between 2010 and 2024.
All populations were collected from multi-unit buildings
belonging to low-income housing, primarily in New Jer-
sey, except for two samples in New York. Each sample was
sequenced to document the frequency of the V419L, 1.925I,
and 1936F mutations.

Materials and methods
Sample collection

A total of 227 unique C. lectularius populations were col-
lected between 2010 and 2024 from 13 cities or munici-
palities across three U.S. states (New Jersey: 11 cities, New
York: 1 city, Indiana: 1 city) (Fig. 1). In New Jersey, 220
populations were sampled from 29 multi-unit buildings
(range: 1-62 populations per building), while only one popu-
lation was from a single house (Aberdeen) (Table S1). For
this study, bed bug samples collected from different apart-
ments within the same building were considered separate
populations. The sampled buildings in New Jersey ranged
from~5 to~95 km apart (Euclidean distance). In New
York, two populations were collected from two separate
apartments in a high-rise building; while in Indiana, five
populations were collected from five different apartments
in a high-rise building. With the exception of the apartment
building sampled in New York, all buildings belong to low-
income housing. Upon collection, samples were preserved
in 95% ethanol and stored at — 20 °C until DNA extraction.

DNA extraction and sequencing

Genomic DNA was extracted using the Qiagen DNeasy
Blood and Tissue Kit (Qiagen LLC, Germantown, MD,
USA). From each population, a single bed bug was extracted
and sequenced. This is justified due to the highly inbred
nature of C. lectularius populations, which are often founded
by a single or small group of highly related individuals that
then undergo extensive rounds of inbreeding (Booth et al.
2012, 2018; Saenz et al. 2012; Booth 2024). Therefore, a
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Fig. 1 Cities in (A) New Jersey,
(B) New York, and (C) Indiana B)
states where C. lectularius
specimens were collected, with
the number of buildings sam-
pled listed. Collection years are
shown in parentheses

Indianapolis, 1 bldg.
(2010)

single individual is representative of the genetic diversity
within a given population.

Three kdr-associated mutations were amplified in two
genomic fragments using primer pairs of BBParaF1/BBPa-
raR1 (V419L) and BBParaF3/BBParaR3 (19251 and 1936F)
(Zhu et al. 2010), following the methods of Holleman et al.
(2019). PCR products were purified using Exo-SAP-IT
(Thermo Fisher Scientific Inc., Waltham, MA, USA) and
sequenced with primers BBParaF1 for V419L and BBPa-
raR3 for L9251 and I936F, using the BigDye Terminator
v3.1 cycle sequencing kit (Thermo Fisher Scientific Inc.,
Waltham, MA, USA). Sequencing reactions were purified
using the BigDye Xterminator purification kit (Thermo
Fisher Scientific Inc., Waltham, MA, USA) and sequenced
on an Applied Biosystems SeqStudio Genetic Analyzer
System (Thermo Fisher Scientific Inc., Waltham, MA,
USA). The resulting chromatograms were visualized using
Geneious Prime 2024.0 bioinformatic software (https://
www.geneious.com, accessed on 10/20/2024). The presence
or absence of mutations was scored.

Detection of VGSC mutations and data analysis

Individuals are identified as susceptible or resistant as fol-
lows: V419L—GTC =valine (susceptible), CTC =leucine
(resistant); L925]—CTT =leucine (susceptible), ATT =iso-
leucine (resistant) (Yoon et al. 2008); I936F—ATT =iso-
leucine (susceptible), TTT =phenylalanine (resistant) (Dang
et al. 2015). Heterozygotes are identified as overlapping
peaks at the respective nucleotide position. Haplotypes for
kdr mutations were designated following Dang et al. (2015).
For instance, haplotype A® represents wild-type V419L and
L9251, and the resistant 1936F.

The variant frequency was calculated by the number
of resistant mutations (including both homozygous and

Paterson, 7 bldg. .
(2014, 2015, 2017, A
2019, 2022)

Newark, 1 bldg.
(2011)

Irvington, 2 bldg.
(2013, 2014, 2019)

Linden, 1 bldg.
(2010, 2019, 2023)

Trenton, 4 bldg.
(2018, 2019, 2022)

Hackensack, 5 bldg.
(2014, 2015, 2016)

I ;7! Jersey City, 2 bldg.
N o/ (2010, 2019)
s

100 km / L

New York, 1 bldg.
(2024)

Bayonne, 4 bldg.
(2014, 2015)

Aberdeen, 1 bldg.
(2018)

New Brunswick, 1 bldg.
(2015, 2016, 2021)

Lakewood, 1 bldg.
(2011)

heterozygous resistant) divided by the total tested popula-
tions. A chi-square test was performed to compare the dis-
tribution of the kdr haplotypes among populations sampled
in the same collection year using R version 4.3.1 (R Core
Team 2023).

Results

From the 227 C. lectularius populations analyzed, resist-
ance-associated mutations were found at both the 419 and
925 amino acid positions. The 1936F mutation was not
detected among samples sequenced in this study. Most popu-
lations (215/227; 94.7%) exhibited the V419L mutation in
the homozygous resistant state, with only twelve samples
exhibiting susceptible genotypes (Paterson: 2; Bayonne:
1; Irvington: 2; Linden: 1; Newark: 1; Indianapolis: 5)
(Tables 1 and S1). One population from Irvington in 2013
exhibited V419L heterozygosity (Table 1). At the city level,
except for Indianapolis, the V419L mutation had a frequency
of 95.3-100% (Table 1). In contrast, all populations were
fixed for the L925I resistance-associated mutation.

No individual C. lectularius was found to exhibit either
haplotype A or haplotype D. The dominant haplotype was
C across all sample locations (Table 2). In New Jersey, hap-
lotype B was found in five cities, including Paterson, Bay-
onne, Irvington, Linden, and Newark, from 2010 to 2014,
with frequencies ranging from 5.9 to 33.3% (Table 2).
However, C was the dominant haplotype in these cities:
Paterson (Building 1) in 2014 (n=12, y 2-10.7, df=1,
p=0.001), Irvington (Building 2) in 2014 (n=17, y 2=26.5,
df=1, p<0.001), and Newark in 2011 (n=10, y >=12.8,
df=1, p<0.001). Populations from Bayonne (Building 2) in
2014, Irvington (Building 1) in 2013, and Linden in 2010
were excluded from statistical analysis due to small sample
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Table 1 Colle.ction information State City No. of popu- V419L L9251
of C. lectularius populations lations Resistant (homo/hetero) Resistant (homo/hetero)
and the number of samples
i?flv;lﬁi ;ZSE;Z?Im“ta“O“ at New Jersey  Hackensack 19 19/0 (100%) 19/0 (100%)
Paterson 62 60/0 (96.8%) 62/0 (100%)
New Brunswick 6 6/0 (100%) 6/0 (100%)
Bayonne 30 29/0 (96.7%) 30/0 (100%)
Trenton 12 12/0 (100%) 12/0 (100%)
Irvington 43 40/1 (95.3%) 43/0 (100%)
Linden 31 30/0 (96.8%) 31/0 (100%)
Jersey City 5 5/0 (100%) 5/0 (100%)
Newark 10 9/0 (90%) 10/0 (100%)
Lakewood 1 1/0 (100%) 1/0 (100%)
Aberdeen 1 1/0 (100%) 1/0 (100%)
New York New York 2 2/0 (100%) 2/0 (100%)
Indiana Indianapolis 5 0(0%) 5/0 (100%)

Percentage data is shown in parentheses. No resistant mutation was found at I936F among all samples

size (n < 10). The frequency of haplotype B was low, being
found in only eight (3.6%) of 220 populations sequenced. Of
these, a single population (0.5%) was found in the heterozy-
gous state (V419L"YL.925T). Post 2014, all samples exhib-
ited haplotype C. In New York, both populations exhibited
haplotype C, whereas all samples in Indiana were found to
be haplotype B (n=35) (Table 2).

Discussion

This study conducted a temporal survey of kdr-associated
mutations across C. lectularius populations sampled from
low-income, multi-unit buildings. The results demonstrate
that resistant V419L and L9251 mutations have been preva-
lent in these C. lectularius populations since 2010, whereas
the I936F mutation has been absent. Importantly, across the
samples collected in New Jersey, the susceptible V419L
variant has been absent post 2014.

The V419L and L9251 mutations are well-characterized
VGSC-associated nucleotide polymorphisms linked to pyre-
throid resistance in C. lectularius (Yoon et al. 2008; Zhu
et al. 2010). When these mutations are combined, and in
the absence of increased metabolic activity of glutathione
transferases, esterases, and 7-ethoxycoumarin O-deethylase
linked to detoxification, they have been shown to be respon-
sible for a 264-fold increase in resistance to the pyrethroid
deltamethrin (Yoon et al. 2008). Where bed bug populations
may also exhibit increased metabolic detoxification, resist-
ance may increase to thousands-fold (Romero et al. 2007).
In the U.S., the V419L and L9251 mutations have been
reported since 2005 with prevalence subsequently increas-
ing over time (Zhu et al. 2010; Holleman et al. 2019; Lewis
et al. 2023; Porras-Villamil et al. 2025). In the current study,
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V419L and L9251 were also found with high frequency
(94.7% and 100%, respectively) across all cities from 2010
to 2024. While the I936F mutation has been documented
in Australia (Dang et al. 2015), Europe (Balvin and Booth
2018; Porras-Villamil et al. 2025), and Colombia (Porras-
Villamil et al. 2025), only two studies reported its pres-
ence in the U.S., and at low frequencies (1-2%) (Holleman
et al. 2019; Lewis et al. 2023). The 1936F mutation was not
detected in the current study.

As seen previously in populations sampled across several
south-central U.S. states (Holleman et al. 2019), individu-
als heterozygous at VGSC mutations were rare in the stud-
ied populations, with only a single occurrence. This may
be attributed to a combination of factors, including founder
effects, treatment induced genetic bottlenecks, and negligible
gene flow among populations; as is common for this species
(Booth et al. 2012, 2015, 2018; Booth 2024; Saenz et al.
2012). As such, populations are likely formed from prop-
agules already fixed for the mutations or rapidly lose sus-
ceptible alleles following early treatment with pyrethroids.
Additionally, as seen in the southern cattle tick (Boophilus
microplus) (Aguilar-Tipacamu et al. 2008; Li et al. 2008)
and the sub-Saharan mosquito (Anopheles gambiae) (Cor-
bel et al. 2004), the survival of heterozygous individuals
may be reduced relative to homozygous mutants following
pyrethroid-based treatment.

Lewis et al. (2023) compared the temporal change in
kdr-associated mutation frequency in C. lectularius based
on samples collected in the U.S. between 2005 and 2009
and 2018-2019. The results revealed a nationwide shift in
genotype from the equifrequent distribution of haplotypes
B (L9251 only) and C (both L9251 and V419L), to haplo-
type C dominating. Haplotype A (wild-type susceptible) was
only found in samples collected in 2005-2009, albeit in low
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Table 2 Haplotype information for temporal C. lectularius popula-
tions collected across New Jersey, New York, and Indiana states

No. of kdr haplotypes
State City Building | Year No- (?f 08)
populations |Haplotype| Haplotype
B C

1 2014 1 1 (100)

2016 1 1 (100)

2 2014 6 6 (100)

Hackensack 2014 3 3 (100)

} 2015 2 2 (100)

4 |2014 2 2 (100)

5 2014 4 4 (100)

2014 12 2(16.7) | 10(83.3)

! 2016 3 3(100)

2 |2014 6 6 (100)

R 2014 9 9 (100)

2016 1 1(100)

New Jersey 4 2014 > 5 (100)

2016 1 1 (100)

Paterson 2014 3 3(100)

2016 1 1(100)

> 2019 3 3(100)

2022 1 1 (100)

. 2014 6 6 (100)

2016 2 2 (100)

2014 7 7 (100)

’ 2016 2 2 (100)

2015 4 4(100)

New Brunswick 1 2016 1 1(100)

2021 1 1 (100)

1 2014 12 12 (100)

2015 2 2 (100)

2 2014 3 1(33.3) | 2(66.7)

Bayonne 2014 4 6 (100)

} 2015 3 3 (100)

4 |2014 4 4(100)

5 |2014 2 2(100)

1 2019 6 6 (100)

5 2018 1 1 (100)

Trenton 2019 1 1 (100)

3 2022 3 3 (100)

4 |2019 1 1 (100)

2013 6 2% (33.3) | 4(66.7)

1 2014 11 11 (100)

Irvington 2019 1 1(100)
s 2014 17 1(5.9) | 16 (94.1)

2019 8 8 (100)

2010 3 1(33.3) | 2(66.7)

Linden 1 2019 16 16 (100)
2023 12 12 (100)

Jessey City 1 2019 2 2 (100)

2 |2010 3 3(100)

Newark 1 2011 10 1(10.0) | 9(90.0)

Lakewood 1 2011 1 1 (100)

Aberdeen 1 2018 1 1 (100)

New York New York 1 2024 2 2 (100)

Indiana Indianapolis 1 2010 5 5(100)

* One heterozygote and one homozygote of resistant mutation at position 419.

frequency. Similarly, Porras-Villamil et al. (2025) reported
that haplotype C was the predominant genotype among 14
populations collected between 2008 and 2022. In this study,
haplotype C is the dominant genotype (212 out of 220) in
New Jersey populations from 2010 to 2023 (Table 2); in con-
trast, all five Indiana populations sampled in 2010 exhibited
haplotype B (L9251 only). The failure to detect haplotype B
in samples collected post 2014 (this study; Holleman et al.
2019; Cho et al. 2020, 2024; Lewis et al. 2023) suggests
that populations are under strong selection pressure from the
application of insecticides which act on the VGSC. While
the L9251 mutation is common and widespread, the V419L
mutation is likely to spread rapidly upon its introduction due
to the enhanced resistance it confers in combination with
L9251. This selective advantage would lead to the elimina-
tion of individuals homozygous for the wild-type allele at
this position. If these mutations act in an incomplete domi-
nant fashion with no fitness cost being associated with zygo-
sity state, over time selection will then favor the homozy-
gous mutant, resulting in population-level fixation, as seen in
the current study. Given the strong selection pressure exerted
from continuous building wide insecticide applications, once
populations are fixed for haplotype C, the introductions of
unrelated haplotypes with reduced resistance (haplotypes
A, B, and D) are unlikely to establish due to reduced fitness
over haplotype C. Further investigation into the invasion
dynamics and temporal stability of populations that take
advantage of genome-level resources (e.g., single nucleotide
polymorphisms) (Miles et al. 2025b) will benefit our under-
standing of the role that external sources play in shaping
local, regional, and national-level kdr-associated haplotypes.

Few studies have documented haplotype A (wild-type
susceptible genotype) in the U.S. When found, these were
in low frequency (< 13%) (Zhu et al. 2010; Lewis et al. 2023;
Porras-Villamil et al. 2025; Yu et al. 2025). In the current
study, haplotype A was absent, supporting the nationwide
replacement of the susceptible genotype among field-col-
lected C. lectularius populations in the U.S, as reported by
Lewis et al. (2023). Haplotype D also appears to be rare in C.
lectularius populations, with its only detection being three
samples in the U.S. in 2006 (Zhu et al. 2010). Indeed, based
on current publications, the V419L mutation is rare outside
of the U.S. (Durrand et al. 2012; Tomita et al. 2012; Booth
et al. 2015; Pelenchar et al. 2015; Dang et al. 2017; Booth
and Balvin 2018; Cho et al. 2020; Vander Pan et al. 2020;
Akhoundi et al. 2021; Castex et al. 2025; Porras-Villimil
et al. 2025), suggesting that it evolved within the U.S. and
subsequently spread (Balvin and Booth 2018; Booth et al.
2018). Furthermore, the failure of other studies to detect
haplotype D, despite significant sampling effort and the tem-
poral span over which samples were collected, suggests that
the V419L mutation evolved within a L9251 resistant U.S.
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population, which may hint that this haplotype is the result
of a technical error.

In this study, we hypothesized that the frequency of kdr-
associated mutations in C. lectularius populations would
exhibit temporal change toward the double mutant (hap-
lotype C) across the 15 y collection period in response to
selection due to the continued application of pyrethroid-
based insecticides. This has previously been observed in C.
lectularius by Lewis et al. (2023), and in Anopheles sinen-
sis (Wang et al. 2015). However, our results revealed both
consistently high frequencies and widespread prevalence of
mutations at both the V419L and L9251 mutations. Most
samples sequenced here were collected from low-income,
multi-unit buildings, where the contracted pest management
professionals primarily used pyrethroid-based insecticides to
control bed bugs (Wang et al. 2019). Such practices impose
strong selection pressure on kdr-associated alleles in C. lect-
ularius populations. Given the potential for C. lectularius to
establish building wide infestations following the introduc-
tion of a very small founding propagule (Saenz et al. 2012),
which rapidly establishes a populations through inbreeding
(Booth et al. 2018) then spreads to multiple units within a
building (Booth et al. 2012; Wang et al. 2010), this may also
explain the low diversity of the kdr-associated genotypes
observed within the same building in the current study.

Considering the potential factors leading to the fixa-
tion of kdr alleles in bed bug populations, the exclusive
use of pyrethroid-based insecticides is not recommended
for managing infestations, particularly in multi-unit build-
ings where spread may occur rapidly (Doggett and Russell
2008; Wang et al. 2010; Saenz et al. 2012; Cooper et al.
2015). Instead, a building wide cooperation combined with
alternative approaches, such as non-pyrethroid insecticides
(desiccant dusts) and those with novel active ingredients for
which resistance has not been recorded (Saran et al. 2025;
Pan et al. 2025), in addition to non-chemical treatment is
likely to provide more long-term suppression of resistant bed
bug populations (Wang et al. 2019; Wang and Cooper 2023).

To our knowledge, our findings represent the first tem-
poral survey of knockdown resistance genotype frequencies
in C. lectularius populations specifically focused on low-
income multi-unit buildings. Contrary to our hypothesis,
haplotype C was the predominant genotype across all popu-
lations, with haplotype B absent after 2014. The consist-
ently high prevalence of kdr-associated mutations suggests
significant challenges for bed bug control. While chemical
control remains a cornerstone of bed bug management,
these findings emphasize the importance of understanding
population-level insecticide susceptibility, ideally through
temporal monitoring of resistance mechanisms, in order to
develop sustained and effective control strategies.
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