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A B S T R A C T   

Knockdown-resistance (kdr) against pyrethroids in bed bugs (Cimex lectularis) is associated with the presence of 
several point mutations in the voltage-sensitive sodium channel α-subunit gene and/or an increased metabolic 
detoxification by cytochrome P450 monooxygenases (CYPs). In the present study, pyrosequencing assays were 
developed to quantify the presence of the kdr substitutions (V419L or L925I substitution) in bed bugs in Berlin, 
Germany. In 14 of 17 bed bug field strains, pyrosequencing revealed the presence of the substitution L925I with 
allele frequencies between 30% and 100%. One field strain additionally carried the substitution V419L with 
allele frequencies of 40% in males and 96% in females. In seven of the 17 field strains, mRNA levels of four CYP 
genes were examined using RT-qPCR. Relative to a susceptible laboratory reference strain, five field strains 
showed significantly higher mRNA levels of cyp397a1 with 7.1 to 56-fold increases. One of these strains addi
tionally showed a 4.9-fold higher mRNA level of cyp398a1 compared to the reference strain, while cyp4cm1 and 
cyp6dn1 showed no significant differences. Our findings indicate that multiple resistance mechanisms are present 
in German C. lectularius populations simultaneously.   

1. Introduction 

Over the last 20 years, there has been an increase in reports of bed 
bug (Cimex lectularius) infestations in hotels, public buildings, and pri
vate houses worldwide (Ter Poorten and Prose, 2005; Harlan, 2006; 
Masetti and Bruschi, 2007; Dang et al., 2017; Cambronero-Heinrichs 
et al., 2020). Globalization, international travel and migration (Davis 
et al., 2009; Kolb et al., 2009), trade of second-hand articles, and the 
development of resistance against insecticides, especially against pyre
throids (Davies et al., 2012; Dang et al., 2017) are considered to be 
responsible for the expansion of C. lectularius. Also, the limited number 
of effective insecticidal active substances has an influence on the 
development of resistance in bed bugs and their dispersal (Kilpinen 
et al., 2011; Romero, 2011). In the EU, most of the authorized products 
contain pyrethroids, which are primarily used for bed bug control 
(Kilpinen et al., 2011; Davies et al., 2012; Dang et al., 2017; Gonza
lez-Morales and Romero, 2019). Pyrethroid resistance in bed bugs has 
been described in many countries (Booth et al., 2015; Palenchar et al., 

2015; Dang et al., 2017; Balvin and Booth, 2018; Caceres et al., 2019; 
Holleman et al., 2019; Vander Pan et al., 2019). German pest control 
companies have also observed increasing difficulties in controlling bed 
bugs with pyrethroids (personal communications with pest controllers). 

For determination of resistance levels, filter paper contact bioassays 
or topical application assays are easy to perform and thus widely used 
(Romero et al., 2007; Lilly et al., 2009; Seong et al., 2010; Durand et al., 
2012; Dang et al., 2014a). However, large numbers of bed bugs are 
required. In most cases, even heavy infestations do not provide enough 
specimens to perform a robust bioassay. Therefore, it is necessary to rear 
the collected bed bugs, which might lead to a decrease in resistance 
levels over time (Zhu et al., 2013; Gordon et al., 2015). Molecular assays 
have the potential to complement the bioassay-based resistance moni
toring using relatively small numbers of bed bugs collected in the field. 
Several types of molecular assays have been proven to be useful for the 
detection of insecticide resistance in bed bugs (Yoon et al., 2008; Seong 
et al., 2010; Zhu et al., 2010; Mamidala et al., 2012; Dang et al., 2014b). 
Regarding parasitic gastrointestinal nematodes, quantification of alleles 
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conferring resistance to benzimidazole anthelmintics by pyrosequencing 
assays has been widely used (von Samson-Himmelstjerna et al., 2009; 
Skuce et al., 2010; Barrère et al., 2013; Demeler et al., 2013; Ramünke 
et al., 2016). 

In different bed bug populations, four mechanisms responsible for 
insecticide resistance have been described: 1. Reduced penetration of 
insecticides, 2. Enhanced sequestration and excretion of insecticides, 3. 
Enhanced metabolic detoxification of insecticides, and 4. Reduced effect 
of insecticides at their target site (Bai et al., 2011; Mamidala et al., 2011; 
Zhu et al., 2013). These mechanisms can occur individually or in com
bination (Adelman et al., 2011; Mamidala et al., 2011, 2012; Zhu et al., 
2013). 

Previous molecular analyses of pyrethroid-resistant C. lectularius 
populations indicated that the presence of two single nucleotide poly
morphisms (SNPs) in the Clvssc gene encoding the pyrethroid receptor – 
the voltage-sensitive sodium channel α-subunit – is associated with 
knockdown-resistance (kdr or kdr-type resistant mechanisms) to pyre
throids (Yoon et al., 2008; Seong et al., 2010; Dang et al., 2014b, 2017; 
Holleman et al., 2019). A SNP at position 1255 (GTC→CTC) leads to the 
substitution of valine by leucine (V419L). A second substitution at po
sition 2773 (CTT→ATT) leads to the replacement of leucine with 
isoleucine (L925I). Increased metabolic detoxification by esterases, 
glutathione S-transferases, and especially by cytochrome P450 (CYP) 
monooxygenases have been described as additional mechanisms causing 
pyrethroid resistance in bed bugs (Adelman et al., 2011; Bai et al., 2011; 
Mamidala et al., 2011, 2012; Zhu et al., 2013). Zhu et al. (2013) showed, 
in comparison to a susceptible laboratory strain, significantly increased 
mRNA expression levels of four CYP genes (cyp397a1, cyp398a1, 
cyp4cm1, cyp6dn1) in bed bug field populations. 

The objectives of this study were to obtain data about the occurrence 
of these pyrethroid resistance mechanisms in bed bugs collected from 23 
infested locations in Berlin, Germany. For this purpose, pyrosequencing 
assays using genomic PCR fragments of individual and pooled bed bugs 
were established to analyze the presence of the two polymorphisms 
(V419L, L925I) and to quantify the different genotypes. Additionally, 
relative mRNA expression levels of the four CYP genes cyp397a1, 
cyp398a1, cyp4cm1, and cyp6dn1 were determined using reverse tran
scription quantitative PCR (RT-qPCR). In a first step, the molecular as
says were validated using five C. lectularius field strains of which the 
resistance ratios for deltamethrin had been determined in a previous 
study (Vander Pan et al., 2019). In a second step, the validated molec
ular assays were used to examine 15 additional field-collected strains. 

Very few studies regarding the polymorphisms in the Clvssc gene 
associated with kdr in bed bug strains collected in Germany are available 
(Booth et al., 2015; Balvin and Booth, 2018). Our findings should sup
plement these few results and provide an initial overview of local vari
ation in the frequency of the resistance-associated alleles and relative 
mRNA expression levels of the four CYP genes. 

2. Materials and methods 

2.1. Bed bugs 

Between 2008 and 2013, bed bugs were collected from 23 infested 
locations in Berlin, Germany (Table 1 and Supplementary Information 
Fig. S1). Except for the SK strain (collected from four separate infested 
sites (Vander Pan et al., 2019)) all strains originated from individual 
infested locations. Bed bugs from the different collection sites were 
identified as C. lectularius using the taxonomic key in , specifically the 
pronotum width-to-length ratio. Sequences from the vssc cDNA obtained 
for all strains that were successfully bred showed >99.5% identity to 
C. lectularius and <97% identity to C. hemipterus, which confirmed the 
morphological identification. The C. lectularius strain of the German 
Environment Agency (UBA) was used as an insecticide susceptible 
reference strain (Vander Pan et al., 2019). 

Laboratory rearing of five field strains (named after the location 

where they were collected: LB, HO, SK, OB, and AS) was successful. In a 
previous study (Vander Pan et al., 2019), the phenotypic status of py
rethroid resistance in these strains was determined in a filter paper 
contact bioassay using deltamethrin (EC50 (RR): UBA: 0.08 μg/cm2; LB: 
0.35 μg/cm2 (4.3), HO: 0.4 μg/cm2 (4.9), SK: 0.59 μg/cm2 (7.2), OB: 
0.89 μg/cm2 (11.0), AS: 1.68 μg/cm2 (20.7)). Sufficient numbers of bed 
bugs for these bioassays were obtained approximately one year (about 
six generations) after the initial introduction in the laboratory. Thus 
laboratory-reared descendants were also used for the molecular assays 
(Table 1). 

All bed bug strains were reared without insecticide selection pres
sure, as previously described by Vander Pan et al. (2019). After seven 
feedings (6 wks), most of the bed bugs were adult, and individuals had a 
maximum difference in age of 7 d. The molecular assays with reared bed 
bugs were performed with adults 8 d after their last blood meal. Previous 
studies have shown that sex-specific differences in bed bugs can influ
ence test results (Siljander et al., 2008; Pfiester et al., 2009; Aak et al., 
2014; Vander Pan et al., 2019). Therefore, allele frequencies of kdr 
substitutions were examined in both sexes (Table 1). 

Despite initially high numbers of bed bugs, rearing of five other 
strains (named by the location where they were collected: GW, RS, LB2, 
LB3, and T) was commenced as described before but was not successful 
due to high mortality and low reproduction rates. Consequently, 
laboratory-reared descendants from the second generation were used for 
the molecular assays (Table 1). Except for the T strain, only adults of the 
same age and feeding status as described above were used. Bed bugs 
from the ten remaining collection sites (populations: B1–B10) consisted 
of less than 20 bed bugs. Therefore, laboratory rearing was not possible 
within an adequate investigation period, and field-caught bed bugs were 
used for the experiments instead of laboratory-reared descendants 
(Table 1). 

Table 1 
Rearing procedures and experiments conducted with bed bug strains and pop
ulations collected from 23 infested locations in Berlin, Germany. Except for the 
SK strain (collected from four separate infested sites (Vander Pan et al., 2019)), 
all strains originated from individual infested locations. The UBA strain was used 
as an insecticide susceptible reference strain (Vander Pan et al., 2019).  

Strain/ 
population 

Laboratory 
rearing 

Pyrosequencing 
5 technical replicates 

RT-qPCR 
2 technical 
replicates   

pooled bed 
bugs 

individual bed 
bugs 

individual bed 
bugs 

UBA since 1947 100 Ma/ 
100 Fb 

10 M/10 F 10 M 

SK 6 generations 100 M/ 
100 F 

10 M/10 F 10 M 
OB 
LB 
AS 
HO 
GW 2 generations 75 M/75 F n.a. 10 M 
T 200 mix 

(M, F, Ic) 
n.a. 10 M 

RS 5 M/5 F n.a. n.a. 
LBII 5 M n.a. n.a. 
LBIII 5 M n.a. n.a.  

n.a. n.a. 1 M n.a. 
B2 4 M/4 F n.a. n.a. 
B3 n.a. 1 M n.a. 
B4 4 M/3 F n.a. n.a. 
B5 3 M 1 F n.a. 
B6 n.a. 1 M and 4th I n.a. 
B7 2 3rd I n.a. n.a. 
B8 2 5th I n.a. n.a. 
B9 5 M/5 F n.a. n.a. 
B10 5 M/5 F n.a. n.a.  

a Male. 
b Female. 
c Instar. 
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Bed bugs from the 20 field strains and populations as well as bed bugs 
from the susceptible UBA strain were frozen at − 20 ◦C and − 80 ◦C until 
further use in the pyrosequencing experiments and RT-qPCRs, 
respectively. 

2.2. Pyrosequencing of genomic DNA 

The substitutions V419L or L925I were quantified in ten field strains 
(SK, OB, LB, AS, HO, GW, RS, LBII, LBIII, and T) and in seven bed bug 
populations (B2, B4, B5, B7, B8, B9, and B10) performing pyrose
quencing as a rapid quantitative sequencing method. In order to analyze 
allele frequencies of the two polymorphisms, C. lectularius from each 
strain and population were pooled as presented in Table 1. 

Furthermore, pyrosequencing of genomic DNA of individual male 
and female bed bugs was performed in order to evaluate the genotypes 
(Table 1). Pyrosequencing assays for the quantitative analysis of pyre
throid resistance-associated SNPs at position 1255 (V419L) and 2773 
(L925I) of the Clvssc gene were developed using Pyromark Assay Design 
software 2.0 (Qiagen, Hilden, Germany). 

Genomic DNA of the pooled and individual bed bugs was isolated 
with the NucleoSpin® 8 Tissue Kit (Macherey-Nagel, Düren, Germany) 
and the corresponding NucleoVac 96 vacuum manifold. Bed bugs were 
crushed with a pestle in a 1.5 ml reaction tube, adding 50 μl 1 × PBS for 
better homogenization. Then 180 μl lysis buffer (T1) and 25 μl pro
teinase K were added, and tubes were incubated at 56 ◦C and 900 rpm 
overnight. The following DNA extraction was performed according to 
the manufacturer’s instructions, and DNA was collected in 50 μl elution 
buffer. DNA concentrations were measured by determining the optical 
density of samples using a Take 3 plate in the Epoch plate reader (Bio
Tek, Winooski, VT, USA) at 260, 280, and 320 nm using the Gen5™ 
software. DNA samples were stored at − 20 ◦C until further use. DNA 
fragments with the potential SNPs at position 1255 (V419L) and 2773 
(L925I) were amplified by PCR (Phusion Hot Start II High-Fidelity DNA 
Polymerase, Thermo Fisher Scientific Inc., Schwerte, Germany) using 
sequence specific primer pairs (Table 2). PCR was carried out in 50 μl 
using 12.5 ng template DNA with 1 × Phusion HF buffer, 10 mM dNTP- 
mix, 250 nM of each primer, and 1 U Phusion Hot Start II DNA- 
Polymerase (Thermo Fisher Scientific Inc., Schwerte, Germany). Ther
mocycling was conducted in a Bio-Rad C1000 or S1000 cycler (Bio-Rad 
Laboratories, Feldkirchen, Germany) with initial denaturation at 98 ◦C 
for 30 s followed by 45 cycles of 98 ◦C for 10 s, 55 ◦C for 30 s, 72 ◦C for 
30 s and 72 ◦C for 5 min as final elongation. PCR products were analyzed 
by agarose gel electrophoresis and were ready to be used as templates 
for pyrosequencing. 

The accuracy of the pyrosequencing assay was evaluated with a 
standard curve for the respective SNPs (Supplementary Information 
Fig. S2). DNA containing the wild-type or resistance-associated allele 
was isolated as plasmid DNA. For this purpose, PCR products were pu
rified from agarose gels using the Zymoclean™ Gel DNA Recovery Kit 
(Zymo Research Europe, Freiburg, Germany) according to the manu
facturer’s specifications. Afterwards, they were cloned into the 
pCR™4Blunt-TOPO® Vector (Thermo Fisher Scientific Inc., Schwerte, 
Germany) and transformed into One Shot® TOP10 Chemically Compe
tent E. coli-cells (Thermo Fisher Scientific Inc., Schwerte, Germany) 
using the Zero Blunt® TOPO® PCR Cloning Kit (Thermo Fisher Scientific 
Inc., Schwerte, Germany) according to the instruction manual. Plasmid 
DNAs were prepared using the EasyPrep® Pro Plasmid Miniprep Kit 
(Biozym Scientific, Hessisch Oldendorf, Germany) according to the 
manufacturer’s specifications. Positive clones were identified by 
sequence analysis. To obtain a standard curve for each SNP with 
different percentages of each polymorphism, 0.5 ng plasmid DNA con
taining the resistance-associated and wild-type allele were mixed in 
twelve different ratios (Proportion of the resistance-associated allele: 
5%, 10%, 20%, 30%, 40%, 50%, 60%, 70%, 80%, 90%, 95%, 100%). 
Thermocycling was conducted as described above. Linear regression 
analysis for both pyrosequencing assays with GraphPad Prism 8.4.2 for 

Windows (GraphPad Software, San Diego, CA, USA, www.graphpad. 
com) was used to determine the correlation between the calculated 
and observed allele frequencies. 

For quantitative analysis of both SNPs, preparation of all PCR 
products with the PyroMark Q24 MDx Vacuum Workstation and pyro
sequencing assay (PyroMark® Q24 System, Software, Workstation, and 
PyroMark Gold Q24 reagents; Qiagen, Hilden, Germany) was performed 
as described in the PyroMark® Q24 User Manual using self-designed 
sequencing primer pairs (Table 2). For each sample, five technical rep
licates in at least two different runs were analyzed. Differences between 
the susceptible UBA strain and the field strains were tested for statistical 
significance with a one-way ANOVA, and p-values were adjusted with 
Dunnett’s post-hoc test. Differences between males and females of the 
respective strain were tested for statistical significance with a one-way 
ANOVA, and p-values were adjusted with Sidak’s post-hoc test. Statis
tics were performed in GraphPad Prism 8.4.2 for Windows (GraphPad 
Prism Software, San Diego, CA, USA, www.graphpad.com). 

In order to examine any adverse effects of the L925I substitution, 
particularly of the homozygous genotype, on the field strains LB, HO, 
SK, OB, and AS reared without pyrethroid selection pressure, allele 
distribution was examined concerning the existence of a Hardy–Wein
berg equilibrium (package “Hardy-Weinberg” for R, version 3.1.3). Due 
to the small sample size, the “likelihood ratio” test was particularly used 
as recommended by Engels (2009). 

Table 2 
Primers used for PCR, pyrosequencing, and quantitative real-time PCR 
experiments.  

Primer name Sequence (5’→ 3′) Substitution/ 
Gene 

PCR 
Clkdr1upa GTG GCA CAT GTT GTT CTT CAT 

AGT 
kdr V419L 

Clkdr1lob (HPLC) CGC CTT CTT TTG CAG TTC A 
Clkdr1lo-biotin 

(HPLC) 
Biotin -CGC CTT CTT TTG CAG TTC A 

Clkdr2up CCC ATC ACA GCA AAG ATG AAA 
AT 

kdr L925I 

Clkdr2lo (HPLC) ATT ATG GGC AGA ACA GTG GGT 
Clkdr2lo-biotin 

(HPLC) 
Biotin -ATT ATG GGC AGA ACA GTG 
GGT 

Pyrosequencing 
Clkdr1-seq (HPLC) CCT GGG ATC ATT CTA CC kdr V419L 
Clkdr2-seq (HPLC) ACA CAA AAG TTA AAT TAC CA kdr L925I 
Quantitative real-time PCR reference genes 
ClRpl8Fa AAA GGC ACG GTT ACA TCA AAG 

GTG 
rpl8 

ClRpl8Rb TAG TCT TGA ACC TAT AGG GGT 
CCC 

ClRpl11F GAA GAA TGT CAT GCG AGA TGT 
CAG G 

rpl11 

ClRpl11R CCT TCG AGA AGA CTG GCT GCT G 
ClRps16F ACA GCA GTC GCC TAC TGC AAA C rps16 
ClRps16R TCC TGG AGT TTG TAC TGG AGG 

ACC 
Quantitative real-time PCR CYP genes 
cyp4cm1forward AGG AGA ATG TCA GAA AGC GTC 

ACC 
cyp4cm1 

cyp4cm1reverse GCA TTA ATT TTT CCC AAC TTT 
CTT 

cyp6dn1forward AGC CCA CAG CTC GGA AAC AG cyp6dn1 
cyp6dn1reverse CTT ATG CCT TGG TGG GAG AGT 
cyp397a1forward CTC GGG CTC ACC ACT CTC AAC A cyp397a1 
cyp397a1reverse ACC GTC ATG GCT CCC GTC AG 
cyp398a1forward AAT CGC CCA CAG GAA AAA CAA 

CAA 
cyp398a1 

cyp398a1reverse CCG GGT GGG AAG CGA GTA GG  

a Up and F: forward primer. 
b Lo and R: reverse primer. 

A. Vander Pan et al.                                                                                                                                                                                                                           

http://www.graphpad.com
http://www.graphpad.com
http://www.graphpad.com


International Journal for Parasitology: Drugs and Drug Resistance 14 (2020) 274–283

277

2.3. Reverse-transcription quantitative PCR 

Relative mRNA expression levels of the four CYP genes cyp397a1, 
cyp398a1, cyp4cm1, and cyp6dn1 of the insecticide susceptible UBA 
strain and the field strains LB, HO, SK, OB, AS, GW, and T were 
compared. Ten single male bed bugs of each strain were examined in two 
technical replicates. For normalization, mRNA expression of the three 
reference genes rpl8, rpl11, and rps16 was used, which were previously 
evaluated for stable expression in the context of pyrethroid resistance by 
Zhu et al. (2012). The BestKeeper tool was applied to re-evaluate the 
stability of these reference genes (Supplementary Information Table S2). 
Bed bugs were crushed on ice with a pestle in 1 ml peqGOLD Trifast™. 
RNA was extracted according to the provided manual. RNA precipitates 
were dissolved in DEPC-treated water and stored at − 80 ◦C until use. 
RNA concentrations were measured by determining the optical density 
as described for DNA before. The integrity of all RNA samples was 
evaluated using Lab-on-Chip-Technology with the 2100 Bioanalyzer 
(Agilent, Santa Clara, CA, USA). Measurements were performed ac
cording to the manufacturer’s Quick Start Guide. The study was carried 
out prior to the detection of the “hidden break” in the 28S rRNA of 
C. lectularius by Natsidis et al. (2019). Thus, RNA integrity was deter
mined by manually inspecting the peak patterns of the electrophero
grams and gel-like images. Contaminating genomic DNA was removed 
by digestion with DNaseI (Rnase-free; Thermo Fisher Scientific Inc., 
Schwerte, Germany) according to the manufacturer’s specifications. 
According to the manufacturer’s instructions, reverse transcription was 
performed with 50 ng total RNA by using the DyNAmo cDNA Synthesis 
Kit (Thermo Fisher Scientific Inc., Schwerte, Germany). No template 
controls (NTC) and no-RT-controls (-RT) were included in each run to 
detect possible contaminations. To evaluate the gene specific PCR effi
ciencies, plasmid standards containing the PCR fragment as insert were 
prepared, and dilution series were analyzed with every RT-qPCR run. 
Sequence specific primer pairs used for the PCR and RT-qPCR were those 
described by Zhu et al. (2012) for the three reference genes and by 
Adelman et al. (2011) for the four CYP genes (Table 2). Plasmid con
centration was measured, and a stock dilution for all samples with 4 ×
108 copies was stored at − 20 ◦C. Final dilutions were 4 × 107 to 40 for 
rpl8, rps16 and cyp6dn1, 1 × 107 to 10 for rpl11, cyp398a1 and cyp4cm1 
and 4 × 106 to 4 for cyp397a1. Dilutions were freshly prepared prior to 
the RT-qPCR. To compare the different mRNA expression levels between 
runs, a calibrator was amplified on each plate as a reference point. The 
calibrator consisted of cDNA from ten bed bugs belonging to the UBA 
strain mixed in equal quantities. Amplifications were performed in a 
Bio-Rad CFX96 real-time PCR detection system using the 2 × GoTaq® 
qPCR Master Mix (Promega GmbH, Mannheim, Germany) according to 
the manufacturer’s instructions. In each reaction, 200 nM forward and 
reverse primer and 4 μl cDNA were used. The included GoTaq® Hot Start 
Polymerase was activated by an initial denaturation at 95 ◦C for 2 min. 
The following 49 cycles consisted of two steps of 95 ◦C for 15 s and 60 ◦C 
for 60 s. At the end of every extension phase, the amount of double 
stranded PCR product was measured as BRYT Green® fluorescence, and 
the quantification cycle (Cq) was determined according to the MIQE 
guidelines (Bustin et al., 2009). The absence of non-specific PCR prod
ucts was confirmed by melting curve analysis. Therefore, the tempera
ture was raised from an initial 60 ◦C–95 ◦C by 0.5 ◦C every 5 s. Relative 
quantitative analysis of amplification data was performed using the CFX 
Manager 2.0 Software (Bio-Rad Laboratories, Feldkirchen, Germany). 
mRNA expression of the four genes of interest was compared to the three 
reference genes. Statistical differences (α = 0.05) between the resulting 
mRNA expression levels of the four CYP genes from the seven field 
strains and those from the susceptible UBA strain were calculated with a 
Kruskal-Wallis test and Dunn’s post-hoc test. 

3. Results 

3.1. Allele frequencies encoding the two substitutions V419L and L925I 

Pyrosequencing assay evaluation resulted in an excellent correlation 
of calculated and observed frequencies for the substitutions V419L (r =
0.98) and L925I (r = 0.99) (Supplementary Information Fig. S2). 
However, at low frequencies, there was some overestimation of the 
frequency of the resistance-associated alleles. Based on this analysis, 
relative resistance-allele frequencies below 15% were considered to be 
technical background of the pyrosequencing assay while the technical 
background for the susceptible wild-type alleles was slightly smaller 
with 10%. 

The polymorphism V419L was not detected in the UBA strain and 
any of the five field strains successfully reared in the laboratory 
(Fig. 1A). Pyrosequencing further revealed the absence of the L925I 
polymorphism in the susceptible UBA strain and the HO field strain. In 
contrast, the L925I allele was identified in the SK, AS, OB, and LB field 
strains (Fig. 1B). Female bed bugs from the AS strain (67%) and male 
bed bugs from the OB strain (59%) showed the highest frequency of 
L925I, whereas male (30%) and female (31%) bed bugs from the LB 
strain showed the lowest frequency (Fig. 1B). Male bed bugs from the SK 
(44%) and AS (51%) strains as well as female bed bugs from the SK 
(39%), and OB (60%) strains showed intermediate allele frequencies 
(Fig. 1B). Differences in allele frequencies of male and female bed bugs 
between the four field strains SK, OB, LB, and AS and the susceptible 
UBA strain were found to be statistically highly significant (p < 0.0001, 
for all strains). 

Pyrosequencing indicated that both substitutions were absent in the 
Clvssc gene of the T strain (Fig. 1C and D). The V419L substitution was 
identified in female (96%) and male (40%) bed bugs from the RS strain 
(Fig. 1D). Both allele frequencies were significantly higher (p < 0.0001) 
than those of the susceptible UBA strain. Male bed bugs from the GW 
strain showed an average of 99% resistance-associated alleles encoding 
L925I (Fig. 1C). The frequency of the L925I substitution from the 
remaining strains GW (female), RS, LBII, and LBIII was 100% (Fig. 1C). 
Statistically highly significant differences in allele frequencies were 
found between the susceptible UBA strain and the strains GW, RS, LBII, 
and LBIII (p < 0.0001, for all strains). 

Pyrosequencing results for L925I showed no resistance-associated 
alleles in males and females from B10. Female bed bugs of B4 showed 
the lowest L925I frequency (82%). Frequencies of resistance-associated 
alleles in male bed bugs of B4 and females of B2 were 94% and 99%, as 
well as 96% in the tested juveniles from B7. A 100% frequency of L925I 
was found in B2 (males), B5, B8, and B9 (Fig. 1E). Compared to the 
susceptible UBA strain, statistically significantly higher allele fre
quencies were observed for all tested populations - except for B10 males 
and females - with p < 0.001. None of the tested populations had the 
V419L variant (Fig. 1F). 

Differences in allele frequencies of L925I between male and female 
bed bugs of the AS strain (females: 67%; males: 51%) and B4 population 
(females: 82%; males: 94%) were found to be statistically highly sig
nificant (p < 0.0001, for both). In the RS strain (females: 96%; males: 
40%), differences in allele frequencies of V419L between males and 
females were also found to be statistically highly significant (p <
0.0001). 

3.2. Genotyping of individual Cimex lectularius 

None of the published studies has given comprehensive information 
about the impact of homo- and heterozygosity of V419L and L925I 
substitution on the resistance status of bed bug populations so far. 
Therefore, DNA of ten single male and female C. lectularius from the 
UBA, SK, OB, LB, AS, and HO strain, as well as few isolated bed bugs 
from the populations B1, B3, B5, B6 and B8 was sequenced. Pyrose
quencing revealed that both substitutions were not present in any of the 
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specimens from the susceptible UBA strain, which was therefore 
considered to be homozygous wild-type. In contrast, in all five field 
strains reared in the laboratory, homozygous wild-type, heterozygous, 
and homozygous resistance-associated genotypes of bed bugs regarding 
the substitution L925I were present (Table 3). 

In all tested bed bug populations, for which rearing could not be 
accomplished, only bed bugs homozygous for the resistance-associated 
L925I exchange were found. No strains and populations showed al
leles with the substitution V419L and thus were homozygous wild-type 

(Table 3). 
In order to address if these alleles, particularly the homozygous 

resistance-associated genotype, might cause disadvantages under labo
ratory rearing conditions in the absence of insecticide selection pressure, 
allele distribution was examined concerning the presence of a Har
dy–Weinberg equilibrium. Due to the small sample size, the likelihood- 
ratio test included in the Hardy-Weinberg-package in R was favored, but 
the other tests in the package were conducted as well. Although p-values 
differed between the individual tests, the actual results remained 

Fig. 1. Allele frequencies for the polymorphisms V419L (GTC→CTC) and L925I (CTT→ATT) in the voltage-sensitive sodium channel α-subunit gene of Cimex lec
tularius from the susceptible UBA strain and (A), (B) the five field strains that were reared for about one year (C), (D) the five field strains that failed to breed and (E), 
(F) the field-collected bed bug populations where rearing was not possible (examination of single bed bugs is not shown). Differences within the same sex between the 
susceptible UBA strain and the field strains were tested for statistical significance (*, p < 0.0001) with a one-way ANOVA followed by Dunnett’s post-hoc test. The 
crosses and circles show the five technical replicates of the pyrosequencing of each strain, the horizontal lines show the means, and the error bars represent the 
standard deviation. 
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unchanged regardless of the test used. The statistical power of the 
analysis remained low due to the small number of examined bed bugs. 
However, the results show a principal tendency. The distribution of al
leles encoding L925I was not significantly different from Hardy- 
Weinberg equilibrium in the LB (p = 0.226), SK (p = 0.059), OB (p =
0.656), and AS (p = 0.908) strain. In contrast, the genotypes present in 
bed bugs of the HO strain were statistically significantly different from 
the Hardy–Weinberg equilibrium (p = 0.001), with heterozygous in
dividuals being much more frequently observed than expected. For the 
SK strain, the same tendency was observed, but the difference was not 
significant. Thus, homozygous resistance-associated genotypes were 
significantly underrepresented in the HO strain. 

3.3. mRNA expression levels of the CYP genes cyp397a1, cyp398a1, 
cyp4cm1 and cyp6dn1 

The suitability of the three reference genes rpl8, rpl11, and rps16 used 
for normalization of target gene expression was verified with the Excel- 
based BestKeeper software tool. Descriptive statistics of all Cq values 
were computed for each reference gene and compared over the entire 
study. For the three reference genes (n = 3), a total of 95 Cq values (one 
sample of each duplicate tested per gene and bed bug strain) were 
examined (Supplementary Information Table S2). The fold over- or 
under-expression of individual samples compared to the geometric 
mean Cq for the same reference gene were ±1.73-fold for rpl8, ±2.11- 
fold for rpl11, and ±1.93-fold for rps16. Thus, rpl8 showed with 0.82 
cycles the lowest and rpl11 with 1.12 cycles, the highest variation of the 
Cq values (SD [± Cq]). Variation in the expression of rps16 was inter
mediate, with an SD [± Cq] of 0.99 cycles. The BestKeeper index was 
calculated as the geometric mean of the Cq values of the three reference 
genes and showed an SD [± Cq] of 0.92 cycles. According to the Best
Keeper tool, any studied reference gene with an SD [± Cq] higher than 
one can be considered inconsistent. For that reason, a second BestKeeper 
index was calculated after the removal of rpl11 (n = 2) (Supplementary 
Information Table S1). This resulted in a decrease of the BestKeeper 
index with an SD [± Cq] of 0.87 cycles. 

Multiple pair-wise correlation analysis was performed to estimate 
the inter-gene relations among the three reference genes, and the Best
Keeper index (n = 3). Relations were described by the Pearson 

correlation coefficient (r). The correlation analysis showed a significant 
correlation between rpl8 and rpl11 (r = 0.869; p = 0.001), rpl8, and 
rps16 (r = 0.870; p = 0.001) as well as rpl11 and rps16 (r = 0.819; p =
0.001). Furthermore, a significant correlation existed when comparing 
the reference genes with the BestKeeper index (rpl8: r = 0.962, rpl11: r 
= 0.942 and rps16: r = 0.945 with p = 0.001 for all data sets). Additional 
regression analysis and the resulting coefficients of determination 
showed that 92.5%, 89.3%, and 88.7% of the variability were explained 
by rpl8, rps16, and rpl11, respectively. Therefore, variation was 
adequately captured by the model, including all three reference genes. 

Correlation analysis without rpl11 (n = 2) showed the same signifi
cant correlation (p = 0.001), with r = 0.870 between rpl8 and rps16 as 
before. In comparison to the correlation analysis with all three reference 
genes, the correlation between the index and the reference genes rpl8 
and rps16 increased (r = 0.966 and r = 0.968), whereas the significance 
level remained the same (p = 0.001). The coefficient of determination 
increased within this model by 0.8% (rpl8: 93.3% of variability 
explained) and 4.4% (rps16: 93.7%). Since differences between both 
models were only small, all three reference genes were included in the 
mRNA expression analysis. 

Gene specific PCR efficiencies (E) were evaluated with plasmid 
standard dilution series for all genes, which were analyzed with every 
RT-qPCR run. The highest efficiency of amplification of the reference 
cDNA showed rpl8 with E = 97.7%, followed by rps16 with E = 80.3% 
and rpl11 with the lowest efficiency of E = 64.7%. The highest ampli
fication of CYP cDNAs was detected for cyp397a1 with E = 96.9% and 
lowest for cyp4cm1 with E = 84.4%. Amplification of cyp398a1 and 
cyp6dn1 was in between with E = 96.4% and E = 90.6%. There was also 
an excellent positive linear correlation between the Cq values and the 
logarithmically transformed copy numbers of the dilution series (rpl8: r 
= 0.9993, rps16 and rpl11: r = 0.9991, cyp4cm1: r = 0.9996, cyp398a1: r 
= 0.9987, cyp6dn1: r = 0.9979 and cyp397a1: r = 0.9940). 

The mRNA expression analysis was always performed with the py
rethroid susceptible UBA strain as a control, and expression levels are 
given as fold differences relative to the UBA expression level (Fig. 2). 
The analysis revealed that the average mRNA expression level of 
cyp397a1 was significantly higher for the strains HO, with 7.1- (p =
0.0421), SK with 17.3- (p = 0.0009), AS with 17.5- (p = 0.0011), GW 
with 56- (p < 0.0001) and T with 44.9-fold (p < 0.0001) increased 
expression, respectively, in comparison with UBA. No statistically sig
nificant differences between mRNA expression levels of the UBA strain 
and the field strains LB (5.1, p = 0.6115) and OB (5.3, p = 0.3131) were 
detected. The average expression levels of cyp398a1 were 4.9-fold 
higher in the T field strain (p = 0.0042) than in the UBA strain. No 
increased mRNA expression levels of cyp398a1 were found in the other 
field strains (Fig. 2). Furthermore, no significant increases in mRNA 
expression levels of the CYP genes cyp6dn1 and cyp4cm1 were found 
between the analyzed strains (Fig. 2). 

4. Discussion 

The present study provides the first evidence of the occurrence of a 
significant increase in mRNA expression levels of the CYP genes 
cyp397a1 and cyp398a1 in bed bugs collected in Germany. Moreover, 
the substitution L925I in the voltage-sensitive sodium channel α-subunit 
gene was detected in almost all examined bed bug strains. The presence 
of the substitution V419L, in combination with the substitution L925I, 
was demonstrated in one strain. The screening of 20 field strains and 
populations revealed for the first time that in German bed bug pop
ulations, target-site resistance and metabolic resistance mechanisms 
appear simultaneously, which has also been shown for other countries 
(Adelman et al., 2011; Zhu et al., 2013). An overview of all detected 
potential resistance mechanisms of the field strains and populations, as 
well as the previously determined resistance ratios (RR) for deltameth
rin (Vander Pan et al., 2019), is shown in Table 4. 

The pyrosequencing method is frequently used to determine alleles 

Table 3 
Different genotypes (homozygous wild-type, heterozygous and homozygous 
resistance-associated) of the V419L and L925I substitutions in ten single male 
and female bed bugs of the susceptible UBA strain and the five successfully 
reared field strains. For the characterization of the DNA from individual bed 
bugs from populations B1, B3, B5, B6, and B8, the table shows the sex or 
developmental stages.  

Strains/ 
Populations 

Homozygous wild- 
type [Fa/Mb] 

Heterozygous 
[F/M] 

Homozygous 
resistance- 
associated [Fa/ 
Mb] 

V419L L925I V419L L925I V419L L925I 

UBA 10/10 10/ 
10 

0/0 0/0 0/0 0/0 

LB 10/10 7/9 0/0 2/1 0/0 1/0 
HO 10/10 0/1 0/0 8/9 0/0 2/0 
SK 10/10 0/4 0/0 10/4 0/0 0/2 
OB 10/10 4/4 0/0 5/5 0/0 1/1 
AS 10/10 4/5 0/0 4/5 0/0 2/0 
B1 Mb 0 0 0 0 M 
B3 1/1 0/0 0/0 0/0 0/0 1/1 
B5 Fa 0 0 0 0 F 
B6 M/4th Ic 0 0 0 0 M/4th I 
B8 F 0 0 0 0 F  

a Female. 
b Male. 
c Instar. 
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Fig. 2. mRNA expression levels of the four CYP genes 
cyp397a1, cyp398a1, cyp6dn1, and cyp4cm1 relative 
to the reference genes rpl8, rpl11, and rps16 normal
ized to the susceptible UBA strain. Differences be
tween the susceptible UBA strain and the other strains 
were tested for statistical significance with a Kruskal- 
Wallis test and Dunn’s post-hoc test. Boxes extend 
from the 25th to 75th percentiles, and whiskers 
represent min to max. The line in the middle of the 
box is plotted at the median and the cross at the 
mean. *, p < 0.05.   

Table 4 
Overview of the examined resistance mechanisms that were detected in each of the bed bug field strains, populations, and the susceptible UBA strain. Allele frequencies 
were determined among n = 100 males and females each for both SNPs causing V419L and L925I substitutions and the different genotypes of the L925I exchange in n 
= 10 single male and female bed bugs, respectively. Only mRNA expression levels of n = 10 single male bed bugs with statistically significant differences between the 
UBA strain and the tested field strains are shown. Resistance ratios were determined as fold difference in the EC50 value in a 24-well filter contact bioassay adapted 
from Romero et al. (2007) in a previous study (Vander Pan et al., 2019).  

FS/Pa Allele frequencies [%] Genotypes 
L925I  

mRNA expression levels of the CYP genes RRd 

V419L L925I cyp397a1 cyp398a1 cyp4cm1 cyp6dn1 

Fb Mc F M 

UBA –  – – 0 He 0 HMf – – – – – 
LB – – 31 30 3 H, 1 HM – – – – 4.34 
HO – – – – 17 H, 2 HMj 7.1 – – – 4.92 
SK – – 39 44 14 H, 2 HM 17.3 – – – 7.24 
OB – – 60 59 10 H, 2 HM – – – – 11.00 
AS – – 67 51 9 H, 2 HM 17.5 – – – 20.73 
GW – – 100 99 n.a. 56 – – – n.a. 
T - g -g n.a. 44.9 4.9 – – n.a. 
RS 96 40 100 100 n.a. n.a. n.a. n.a. n.a. n.a. 
LBII n.a. – n.a. 100 n.a. n.a. n.a. n.a. n.a. n.a. 
LBIII n.a. – n.a. 100 n.a. n.a. n.a. n.a. n.a. n.a. 
B1 n.a. n.a. n.a. n.a. 1 HM n.a. n.a. n.a. n.a. n.a. 
B2 – – 99 100 n.a. n.a. n.a. n.a. n.a. n.a. 
B3 n.a. n.a. n.a. n.a. 2 HM n.a. n.a. n.a. n.a. n.a. 
B4 – – 82 94 n.a. n.a. n.a. n.a. n.a. n.a. 
B5 n.a. – n.a. 100 1 HM n.a. n.a. n.a. n.a. n.a. 
B6 n.a. n.a. n.a. n.a. 2 HM n.a. n.a. n.a. n.a. n.a. 
B7 -h 96h n.a. n.a. n.a. n.a. n.a. n.a. 
B8 -i 100i 1 HM n.a. n.a. n.a. n.a. n.a. 
B9 – – 100 100 n.a. n.a. n.a. n.a. n.a. n.a. 
B10 – – – – n.a. n.a. n.a. n.a. n.a. n.a.  

a Field strains and populations. 
b Females. 
c Males. 
d Resistance ratios. 
e Heterozygous. 
f Homozygous. 
g Pool of 200 mixed bed bug stages. 
h Third instar. 
i Fifth instar. 
j Bed bug strains in which the potential kdr substitutions were only detected during the single bed bug study (genotyping) and not during the investigation of the 

allele frequencies. 
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associated with benzimidazole-resistance in parasitic nematodes and 
thus fairly accessible in the community of parasitologists interested in 
resistance research. However, it is clearly not as accessible as simple 
qualitative methods such as restriction-fragment length polymorphism 
analysis of PCR products, allele-specific PCR, or simple Sanger 
sequencing of PCR products. In comparison to the latter, costs are 
comparable, while turn-around time is slightly in favor of pyrose
quencing since this is a real-time method while Sanger sequencing 
typically runs overnight. The most important advantage of pyrose
quencing is its ability to provide quantitative data on allele frequencies. 
This is not possible at all with Sanger sequencing, where even identical 
adjacent bases might differ considerably in peak height. Qualitative 
methods such as allele specific PCR have a much lower background than 
the 15% technical background applied in the present study and can 
detect resistance alleles already at very low frequencies. However, they 
do not offer any option of allele quantification. Real time PCRs using, e. 
g., allele-specific probes would also have fewer problems to detect very 
low allele frequencies but would allow less precise measurements if both 
alleles have similar frequencies. Typically, differences smaller than 
twofold are hard to quantify by real time PCR. Therefore, pyrose
quencing adds an additional method that can be used for quantification 
of kdr alleles in bed bug populations to rapidly evaluate if resistance 
alleles are present in a population. 

Pyrosequencing revealed that the substitution L925I was present in 
17 of the 20 German bed bug field strains and populations. Bed bugs 
from the RS field strain additionally carried the V419L substitution. The 
latter was only found in one strain (RS) combined with L925I and thus 
occurred considerably less frequently than L925I. The rarer occurrence 
of V419L alone or in combination with L925I has also been described in 
other European studies (Durand et al., 2012; Booth et al., 2015; Balvin 
and Booth, 2018). Studies from the USA and Australia also showed that 
V419L rarely occurs alone but often in combination with L925I (Zhu 
et al., 2010, 2013; Adelman et al., 2011; Dang et al., 2014b, 2017; 
Holleman et al., 2019). 

Unlike the other field strains, pyrosequencing data of the HO strain 
were contradictory (Table 4). Neither the substitution V419L nor L925I 
was found in the allele frequency study with 100 pooled males and fe
males. However, genotyping of ten single male and female bed bugs 
each revealed that from 20 examined bed bugs 17 were heterozygous 
and two homozygous for the resistance-associated L925I substitution. 
Since all examined bed bugs came from the same stock, a mix-up is hard 
to imagine. Both experiments were repeated with new batches of bed 
bugs. However, the results were very similar to the initial round for both 
experiments (data not shown), and it was impossible to find a 
convincing explanation. Independently generated RT-PCR products 
from the HO strain that were analyzed by Sanger sequencing confirmed 
the presence of L925I in the pool that was used for RNA isolation (data 
not shown). We therefore consider the results for pyrosequencing of the 
pooled HO strain bed bugs as incorrect, although we have no explana
tion of why this error occurred. We do not consider a problem in 
pyrosequencing because quantification of other samples in the same 
runs worked properly. 

Genotyping of individual bed bugs of ten field strains revealed het
erozygous as well as homozygous individuals for the substitution L925I. 
In contrast to other studies (reviewed by Holleman et al. (2019)), many 
individuals of the five laboratory reared strains exhibit the heterozygous 
genotype. In contrast, no heterozygotes were detected in these strains 
that were not reared in the laboratory (Table 3), which corresponds to 
the other studies. Furthermore, four of the field strains without rearing 
success (GW, RS, LBII, and LBIII) and four bed bugs from the populations 
B2, B5, B8, B9 showed allele frequencies of about 100% for L925I 
(Table 4). This means that these strains had a high frequency of ho
mozygous individuals with a resistance-associated genotype. However, 
rearing and thus the determination of RR by bioassay was only possible 
for the LB, HO, SK, OB, and AS strains due to the above-mentioned 
breeding problems with the other strains. As expected, from the five 

field strains which had been reared successfully, the strains with the 
highest RR AS, OB, and SK also showed the highest allele frequencies for 
L925I (Table 4). These results coincide with the results of Seong et al. 
(2010), who found that an increase in the frequency of the resistance 
alleles is correlated to an increase of deltamethrin resistance levels in 
C. lectularius. However, allele frequencies for L925I in field strains 
reared for about one year under laboratory conditions were considerably 
lower in comparison to bed bug strains without rearing success or where 
no rearing was possible. This might be due to resistance loss as a 
consequence of rearing over several generations without insecticide 
selection pressure (Zhu et al., 2013; Gordon et al., 2015), suggesting that 
the presence of resistance alleles results in lower fitness under labora
tory conditions without exposure to pyrethroids (Polanco et al., 2011; 
Zhu et al., 2013). It is probable that the RRs of the five laboratory reared 
field strains were appreciably higher in the original population and more 
homozygous resistance-associated genotypes were present. 

Significant differences in allele frequencies of male and female bed 
bugs were only found in two strains and one population. In the AS and 
RS strain, female bed bugs showed higher allele frequencies, and in the 
B4 population, those of the males were higher. These results suggest that 
allele frequencies of kdr substitutions are not systematically skewed 
towards higher frequency in one of the sexes. Differences in suscepti
bility to insecticides between both sexes may also involve other sex- 
specific metabolic detoxification mechanisms known to occur in other 
insects (Abd-Elghafar et al., 1990; Pruett et al., 2001; Le Goff et al., 
2006). We were not able to test this within the timeframe of our study. 
For that reason, further studies are required where both sexes are used in 
bioassays and molecular assays. 

Although the frequency of bed bugs homozygous for the allele 
encoding L925I was low (10%), the AS field strain showed the highest 
RR (Table 4) in a filter paper contact bioassay. Furthermore, it was 
tested positive for pyrethroid resistance in an insecticide bioassay 
simulating practical conditions (Vander Pan et al. (2019)). This could 
indicate that the heterozygous genotype (45%) results in a decreased 
pyrethroid susceptibility. Our findings are supported by the assumption 
of Romero et al. (2007) that genes responsible for pyrethroid resistance 
are inherited incompletely dominant. Holleman et al. (2019) suggested 
that compared with the southern cattle tick and the sub-Saharan mos
quito, bed bugs with the heterozygous genotype are less susceptible to 
insecticides than those homozygous susceptible but more than bed bugs 
with homozygous resistance-associated genotypes. However, it has not 
been clearly shown whether the heterozygous occurrence of the sub
stitution results in an increase of the RR or whether the genotype must 
be homozygous to confer a resistant phenotype. 

Besides kdr genotypes, increased mRNA expression levels of the four 
CYP genes cyp397a1, cyp398a1, cyp4cm1, and cyp6dn1 have previously 
been implicated in pyrethroid resistance in bed bugs (Zhu et al., 2013). 
RT-qPCR was used to compare the mRNA expression between the 
insecticide susceptible UBA strain and seven field strains. In five of these 
field strains, the average mRNA expression levels of cyp397a1 were 
significantly higher compared to the susceptible UBA strain (Table 4). 

Differences in RR (Table 4) to the UBA strain found in our previous 
study (Vander Pan et al., 2019) can well be explained by the resistance 
mechanisms detected. Allele frequencies encoding the substitution 
L925I were nearly 60% for the AS and OB field strains in both sexes. The 
RR of the AS strain was twice as high as that of the OB strain, which can 
be associated with the 17-fold increase of the mRNA expression level of 
cyp397a1 in the AS field strain. The lower RR in the SK strain might be 
explained by the very similar increase in cyp397a1 but a frequency of 
alleles encoding L925I of approximately 40% in comparison to the AS 
strain. None of the tested CYP genes was upregulated in the LB field 
strain. The frequency of alleles with the substitution L925I in male bed 
bugs was approximately 30%, which can also explain the considerably 
lower RR of the LB strain in comparison to the other field strains. These 
findings support those of previous studies, which demonstrated that 
decreased susceptibility and resistance to pyrethroids in bed bugs could 
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be associated with the presence of the substitutions V419L or L925I (Zhu 
et al., 2010; Dang et al., 2017) and a simultaneously increased metabolic 
detoxification by CYPs (Mamidala et al., 2011; Zhu et al., 2013; Dang 
et al., 2017). 

The GW and T strains showed the highest mRNA expression levels of 
cyp397a1. In addition, the mRNA expression level of cyp398a1 was 
slightly increased in the T strain. Determination of the RR with the 24- 
well filter contact bioassay (Vander Pan et al., 2019) was not possible 
since breeding of both strains was not successful. Thus, it is not possible 
to draw conclusions on the influence of highly increased expression 
levels of cyp397a1 on resistance phenotypes of these strains. However, 
previous studies (Adelman et al., 2011; Zhu et al., 2013), e.g., by 
Adelman et al. (2011), also showed a significantly increased (>36-fold) 
transcript-level of cyp397a1 in a pyrethroid resistant bed bug strain. 
Therefore, we assume that both strains would be resistant to pyrethroids 
in the field. Since the GW strain additionally showed allele frequencies 
of about 100% for L925I, it is very likely that bed bugs would be highly 
resistant. 

For long-lasting control strategies and successful resistance man
agement of bed bug infestations, especially in huge apartment buildings, 
it is necessary to provide evidence of pyrethroid resistance in field 
populations within a few days (Stanley, 2014). These and previous 
studies with other insects (Zhu et al., 2013; Knolhoff and Onstad, 2014) 
demonstrated that pyrosequencing and RT-qPCR are appropriate qual
itative and quantitative methods for monitoring the occurrence of 
resistance mechanisms in bed bug field populations. With the help of 
such molecular methods, it is conceivable that bed bugs suspected to be 
resistant by pest controllers could be examined for resistance mecha
nisms in the laboratory in a short period of time. Based on the results of 
such monitoring studies, control options should be adjusted, e.g., by 
rotating insecticides with different active ingredients or even insecticide 
free methods. For the pyrethroids, pyrosequencing assays even provide 
the option to conduct a molecular diagnosis of a resistance genotype to 
predict if this pesticide class is still likely to work. 

Several of the field-collected bed bugs could not be successfully 
reared under laboratory conditions. A possible reason could be the 
presence of fitness disadvantages due to insecticide resistance, as 
already shown in bed bugs and other insects (Roush and Plapp, 1982; 
Carriere et al., 1994; Roy et al., 2010; Brito et al., 2013; Diniz et al., 
2014; Gordon et al., 2015). In contrast, Polanco et al. (2011) even re
ported fitness advantages in resistant bed bug strains. However, the 
examination of the allele distribution concerning the presence of a 
Hardy-Weinberg equilibrium of L925I in the LB, SK, OB, and AS field 
strain showed that the resistance-associated genotype had no significant 
adverse effect on the frequency of individuals carrying a homozygous 
resistant genotype or frequency of heterozygous bugs. In particular, low 
levels of bed bugs homozygous for L925I would have been expected to 
be observed if this genotype would be associated with fitness costs in the 
absence of selection by pyrethroids. However, due to the small number 
of tested bugs, the power of the tests was low, and thus the effects of 
genotypes should not be excluded using the present data. Also, other 
cytochrome P450 enzymes or other xenobiotic metabolizing enzymes 
such as esterases or glutathione S-transferases, other mutations in the 
Clvssc gene, e.g., I936F (Dang et al., 2014b; Palenchar et al., 2015) and 
penetration resistance can have an influence on the susceptibility or the 
fitness of the bed bug field strains examined here. Further studies are 
needed to examine other pyrethroid resistance mechanisms and the 
contribution of each in pyrethroid resistance in the collected field 
strains. 

In conclusion, our study indicates for the first time that multiple 
resistance mechanisms are present in “German” C. lectularius pop
ulations simultaneously. Pyrethroid resistance in bed bugs collected in 
Berlin is based on the L925I kdr genotype and upregulation of various 
cytochrome P450 enzymes. It is likely that additional mechanisms not 
investigated here might have an influence on the susceptibility of 
“German” bed bugs to pyrethroids. Like in other countries, these results 

may explain why German pest control companies increasingly report 
about problems or failures regarding the control of bed bug infestations 
using only pyrethroids. To prevent the development and further spread 
of resistant bed bugs, integrated control approaches, taking advantage of 
rapid (molecular) resistance diagnosis is necessary. The study gives the 
first detailed description of the pyrosequencing method that can be used 
in the future to screen for pyrethroid resistant bed bug populations. 
Pyrosequencing assays provide the option to quantify kdr genotypes in 
bed bug populations to rapidly identify pyrethroid resistant genotypes. 
Using this method, the establishment of a breeding colony is not 
necessary, and the actual resistance status can be determined directly 
after bed bug collection. 
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