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Abstract The development of resistance against insecticides, which are primarily used for bed bug (Cimex
lectularius) control, is considered to one of the main reasons for the worldwide expansion of this pest. This study
provides evidence of the occurrence of resistance and the mechanisms associated with a decreased pyrethroid
susceptibility of bed bugs collected in Berlin, Germany. In five of 20 bed bug field strains collected from infested
apartments in Berlin, susceptibility to deltamethrin was determined in a filter contact bioassay. Maximum detected
resistance ratio (Rr) was Rr>20 and considerably lower than reported from other countries. However, pyrethroid
resistance was confirmed for the AS strain with Rr>20 in a simulated use-test. Pyrethroid resistance has been
shown to be associated with the presence of the amino acid sequence exchanges V419L or L925I in voltage-gated
sodium channel alpha-subunit gene as the target site of pyrethroids and an increased metabolic detoxification by
cytochrome P450 enzymes. Pyrosequencing of genomic DNA fragments was performed in order to analyze the
frequency of these polymorphisms in strains and field populations. The L9251 exchange was present in 15 of 18
tested strains and populations with allele frequencies of up to 100%. Additionally, in one strain both males and
females had the exchange V419L with allele frequencies up to 96%. Furthermore, each strain showed non-mutated,
heterozygous and homozygous mutated bed bugs for the substitution L9251. Relative mRNA-expression levels
of the four CYP-genes cyp397al, cyp398al, cyp4cml and cyp6dnl were determined with reverse-transcription
quantitative PCR (RT-qPCR) for seven bed bug strains. In four of seven strains a higher relative mRNA-expression
level of cyp397al was detected. One strain showed higher mRNA-expression levels of cyp397al and cyp398al.
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INTRODUCTION

Increased opportunities for dissemination and development of pyrethroid resistance are considered to
be responsible for the ongoing worldwide expansion of the bed bug Cimex lectularius (Davies et al.,
2012; Doggett et al., 2012). In recent years, German pest control companies have increasingly observed
difficulties in controlling bed bugs using only pyrethroids (personal communications). For Germany,
preliminary data about the occurrence of pyrethroid resistant bed bugs were presented at the ICUP 2014
(Vander Pan et al., 2014). Decreased susceptibility in bed bugs has been shown to be associated with the
mutations V419L or L9251 in the voltage-gated sodium channel a-subunit gene (Yoon et al., 2008; Zhu
et al., 2010). An increased metabolic detoxification by cytochrome P450s (CYP) has been described as
an additional mechanism causing pyrethroid resistance in bed bugs (Mamidala et al., 2011; Mamidala
et al., 2012; Adelman et al., 2011; Bai et al., 2011; Zhu et al., 2013). The objective of the present study
was to determine the presence, degree and mechanisms of pyrethroid resistance in bed bug field strains
in Berlin.
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MATERIALS AND METHODS

Bed Bug Strains

In the period 2009-2013, bed bugs were collected from 20 infested locations in Berlin. Of these 20,
rearing of five bed bug field strains (SK, AS, OB, HO and LB) in the laboratory was successful. Sufficient
numbers of bed bugs were obtained about one year after initial introduction into the laboratory. As a
reference for the laboratory studies, the insecticide-susceptible bed bug strain of the German Environment
Agency (UBA) was used, which has been kept since 1947, with several refreshments of the genetic
pool. Rearing of all strains was performed as described in Vander Pan et al. (2014). Five field strains
failed to breed under laboratory conditions and the remaining bed bug samples consisted of less than
20 individuals, which was insufficient for laboratory rearing in a reasonable time period. Thus, samples
were frozen for further molecular analysis.

Filter Contact Bioassay

The 24-well filter contact bioassay was conducted as described by Vander Pan et al. (2014) and
susceptibility to deltamethrin in five field strains (SK, AS, OB, HO and LB) was determined. EC,  values
were calculated by using logit analysis and resistance ratios (Rr) were determined. Statistical differences
between the EC, values of the field strains and the susceptible UBA strain were calculated with a sum of
square F-Test in Graphpad Prism 6.0 and p-values were adjusted using the Bonferroni-Holm correction.

Simulated Use-Test

Actual presence of pyrethroid resistance in the AS strain, which showed the highest Rr in the filter
contact bioassay, was tested under conditions of practice (choice trial system), using a pyrethroid
insecticide primarily used for bed bug control. The susceptible UBA strain was used as reference strain.
In the simulated use-test, a total of 100 bed bugs (equal sex ratio) in a harborage were attracted by CO,
and heat in order to mimic a host. Between the CO, and heat source, an insecticide treated wallpaper
was placed (freshly sprayed, aged for one and two weeks) over which the bed bugs were lured. The time
period bed bugs spent on the treated surfaces in the test system did thus vary and corresponded to their
natural seeking behavior. As control, 100 bed bugs of the AS and UBA strain in an equal sex ratio were
placed in petri dishes in direct proximity to the trial system. Only the bed bugs which crossed the treated
surface were included in effectiveness evaluation, animals that stayed in the harborage were neglected.
Numbers of lethally affected bed bugs were determined after 24 h and afterwards daily inspected by
forceps stimulation of the bed bugs for a period of seven days. Statistical differences in lethal effect
between the susceptible UBA strain and the AS field strain were calculated using mid P exact tests
(a=0.05) with the free online statistic software OpenEpi (version 3.03). The resulting mid P values were
adjusted using Bonferroni-Holm correction.

Pyrosequencing Of Genomic DNA

Pyrosequencing of genomic DNA fragments of individual (10 field strains and the UBA strain; 10 male
and female bed bugs each) and pooled (18 field strains and the UBA strain; 100 male and female bed
bugs each) bed bug samples was performed in order to analyze the presence of the two polymorphisms
(V419L, L.9251) and to evaluate the genotypes. Pyrosequencing, corresponding assays and statistics
were conducted as described by Vander Pan et al. (2014).

Reverse-Transcription Quantitative PCR

Relative mRNA-expression levels of the CYP genes cyp397al, cyp398al, cyp4cmi and cypbdnl were
determined using RTqPCR for seven bed bug field strains and the susceptible UBA strain (10 individual
male bed bugs each, two technical repeats) using rpsi6, rpl8 und rplil as reference genes (Zhu et al.,
2012). Sequence specific primer pairs used for RT-qPCR were designed as described by Zhu et al.
(2012) for the three reference genes and by Adelman et al. (2011) for the four CYP genes. At the end
of every extension phase, the amount of double-stranded PCR product was measured by the increase
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in fluorescence and the quantification cycle (Cq) was determined. Relative quantitative analysis of
amplification data was done using CFX Manager Software. Statistical differences (a=0.05) between
the resulting mRNA expression levels of the four CYP genes from the seven strains and those from the
susceptible UBA strain were calculated with a Kruskal-Wallis test and Dunn’s post hoc test.

RESULTS AND DISCUSSION

Differences in EC,, values between the UBA strain and the five field strains in the filter contact bioassay
were found to be statistically highly significant (p<0.0005 for all strains). Highest Rr was Rr>20.
Furthermore, pyrethroid resistance in the AS strain (Rr>20) was confirmed in the simulated use-test, as
up to 50% of the bed bugs crossing the sprayed surface survived the pyrethroid insecticide treatment.
Differences in the number of lethally affected UBA and AS strain bed bugs were found to be highly
statistically significant (p=0.0000021), regardless of the ageing stage of the insecticide.

Pyrosequencing of pooled bed bugs showed the presence of mutation L9251 in 15 of 18
examined field strains with allele frequencies up to 100%. In one of these strains, the mutation V419L
was additionally detected in both males and females with allele frequencies up to 96%. Pyrosequencing
of single bed bugs showed non-mutated, heterozygous as well as homozygous genotypes for the
polymorphism L9251 (V419L was not detected in these tests).

In comparison to the UBA strain, an up to 56fold higher relative mRNA-expression level of
cyp397al was detected in five field strains. Four of these five strains additionally showed the mutation
L9251 and the fifth a 4.9fold higher transcript level of cyp398al.

The results of the simulated use-test demonstrate that pyrethroid resistance in bed bugs is present
in Germany. Moreover, different potential resistance mechanisms like mutations in the voltage-gated
sodium channel and an increased metabolic detoxification by cytochrome P450s (Adelman et al., 2011,
Zhu et al., 2013) have been proven in bed bugs occurring in Germany. Other xenobiotic metabolising
enzymes (Zhu et al., 2013; Fountain et al., 2016) or mechanisms such as cuticle thickening (Lilly et al.,
2016) have not been examined in the present study but may also have an influence on the susceptibility
of bed bug strains in Germany and should be investigated in the future.

CONCLUSIONS

Although the frequency of resistance-associated alleles is high and can occur in combination with an
increased metabolic detoxification, Rr’s in all tested bed bug field strains were considerably lower than
reported from other countries (e.g. USA Rr=5,200 (Adelman et al., 2011) and Australia Rr=432,000
(Lilly et al., 2009)). This might be due to the fact that bed bugs were reared without selection pressure
in the laboratory. However, the results of the simulated use-test indicated that even bed bug populations
with comparatively low Rr’s can survive a treatment with pyrethroids. This is an obvious explanation
for recent reports of German pest control companies about increasing problems or failures in bed bug
control using pyrethroids. Development and spread of resistant bed bugs can only be prevented with
integrated control approaches including insecticide-free methods (e.g. heat treatment).
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