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Abstract

Background: High frequency of insecticide used to control German cockroaches may lead to insecticide re-
sistance development. We aimed to compare the level of insecticide resistance and heterogeneity in insecticide
resistance of field-collected German cockroaches in eight selected zones of Mashhad City, Razavi Khorasan
Province, Iran.

Methods: The present study was conducted from October 2019 to May 2021. Adult and nymphs of German
cockroaches were collected from infested restaurants or hotels in eight zones of Mashhad City and then colo-
nized in an insectarium. The cockroaches were subjected to bioassay against cypermethtin insecticide. In addi-
tion, the genomic DNA of each cockroach population was analyzed in the region where the &dr mutations re-
side in the German cockroach.

Results: The LT3 values against cypermethrin in the susceptible strain (SS) and eight field-collected strains so
varied from 17.52 to 95.36 min. The resistance ratio of the strains was also different in response to the insecti-
cide. The similarity of multiple sequence alignments at the amino acid level was 97.5%-100%. An exon 20
transversion mutation and a nonsynonymous substitution were found. The L1014F substitution was detected
in 83.4% of the cockroach samples.

Conclusion: The field-collected strains were resistant to cypermethrin at different levels. Furthermore, the
molecular study confirms the heterogeneity in the level of resistance among eight strains. Therefore, eight
strains might have a different history of insecticide treatment.
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Introduction

It is widely acknowledged that cockroaches have planet's earliest inhabitants. These insects are fre-
been present on the Earth for a minimum of 250 quently found in human-populated environments
million years and are considered to be among the such as hospitals, hotels, and homes, particularly
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in tropical and subtropical regions (1). The Ger-
man cockroach (Blattella germanica) species is par-
ticularly suited for living in indoor environments,
such as homes, hospitals, kitchens, bakeries, and
restaurants, due to its adaptability to various con-
ditions and its ability to reproduce readily in these
settings (2). Nevertheless, infestations of German
cockroaches are most prevalent in Iran (3). B.
germanica (L.) (Blattodea: Blattellidae) is a com-
mon indoor pest in the world and it can act as
potential vector of medically important patho-
gens (4-6) The feces, saliva, eggs, and shed cuti-
cles of German cockroaches are known to con-
tain proteins that cause allergies, such as
asthma(7, 8). It is also a vector of many bacterial
and viral illnesses (9, 10).

"Given the detrimental effects on human and
societal health, it is imperative to continuously
monitor and regulate populations of German
Cockroaches. Control strategies encompass pre-
ventative measures as well as non-chemical and
chemical approaches (11). Chemical control is
frequently employed, incorporating the applica-
tion of liquid, gel, and solid formulations (12)."
Worldwide, cockroaches have developed re-
sistance to many classes of insecticides, including
pyrethroids, organochlorine, organophosphate,
and carbamate and thus it makes it more difficult
to control them (13-15). German Cockroaches
exhibit resistance to 43 active ingredients (16).
Pyrethroids and synergized pyrethrins, which are
frequently utilized in residual sprays, aerosols,
and fogs, have been frequently identified as being
ineffective due to the development of resistance
(17). Consequently, managing resistance is a vital
aspect of any integrated pest management (IPM)
strategy for cockroaches. Wild populations of
German Cockroaches are commonly resistant to
pyrethroids (18). Numerous studies from various
regions globally have reported the prevalence of
pyrethroid resistance in German Cockroaches
(19). A high reproductive rate and three to four
generations per year of the German cockroach
contribute to the rapid evolution of insecticide
resistance (20). Additionally, over-the-counter
(OTC) pyrethroid-based aerosols, many of which
have been shown to be ineffective or even harm-
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tul, are still widely used by restaurant owners and
the general public as a do-it-yourself (DIY)
method of controlling German Cockroaches.
This use can contribute to the exacerbation of
insecticide resistance in German Cockroaches
21).

The resistance to insecticides can be classified as
behavioral and physiological forms (22, 23). Both
behavioral and physiological resistance forms are
often found among insect pests (24), and both
forms have been reported in B. germanica (14, 25).
In addition, metabolic detoxification decreased
penetration, and target site insensitivity, are other
mechanisms of resistance (5, 26). Although using
chemical insecticides is the most common way to
control cockroaches (27), the German cockroach
has developed resistance to almost all insecticide
classes (28) and mixed functional oxidases play an
important role in insecticide resistance to pyre-
throids (29-31).

Several genetic mutations at specific locations in
the genome of the German cockroach enable
normal channel function in the presence of insec-
ticides, thereby leading to reduced susceptibility
(32). Resistance to pyrethroids, which modulate
sodium channels, has been linked to multiple mu-
tations in the para-homologous sodium channel
known as knockdown resistance (kdr) or kdr-type
mutations (20).

The knowck-down resistant (&dr) strains of Ger-
man cockroaches carry such a mutation (TTG to
TTC [L993F]) that occurs close to the center of
transmembrane helix S6 of domain II of the pa-
ra-type sodium channel gene. The change in ami-
no acids caused by this change is from phenylala-
nine to leucine (33).

Every year, more than 30 million religious tour-
ists visit Mashhad City. As a result, tourist traffic
persuades hotels and restaurants to be more vul-
nerable to pest infestations, such as cockroaches.
In addition, chemical insecticides are widely used
in hotels and restaurants in Mashhad City, but
not uniformly (interview with Mashhad's Health
Authorities). To determine the spatial distribution
of the German cockroach’s resistance to insecti-
cides in Mashhad City, this study was undertaken.
The findings are expected to aid in the develop-
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ment of more accurate systems for monitoring
resistance in urban areas.

Materials and Methods

Sample collecting sites

The study was conducted from October 2019 to
May 2021in the holy city of Mashhad (36.2972°
N, 59.6067° E), in northeastern Iran. The city has
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a large number of hotels and restaurants, espe-
cially in its central areas. German cockroach was
collected by hand catch and trap from infested
restaurants or hotels in eight of the 13 city mu-
nicipal zones (Fig. 1). According to interviews
with managers of restaurants and pest control
services, cypermethrin, permethrin, chlorpyrifos,
and imidacloprid are the most common insecti-
cides used for cockroach control in the city.

Fig. 1: Map of collection sites of German cockroaches from the metropolis of Mashhad City located in northeastern

Ethics approval
This research was approved by the ethics com-
mittee of the Tehran University of Medical Sci-

ences
(IR.TUMS.SPH.REC.1398.315).

Cockroach populations

Adults and nymphs of German cockroaches were
collected from infested hotels and restaurants
and then transferred to an insectary. The Labora-
tory strain has been reared in the laboratory
without exposure to insecticides since 1975. To
establish colonies of the collected German cock-
roaches, the insect populations were maintained
in glass jars at a temperature of 27%2 °C,
60£10% RH. A constant supply of bread and
water was provided to the cockroaches.

959

Insecticide resistance bioassays

The WHO glass jar Bioassay method was con-
ducted to determine cypermethrin resistance in
German cockroaches as recommended by the
previous studies (34, 35). Cypermethrin (92%,
technical grade) cis: trans 60:40 (Cyanamid Agro,
India) was used in a range of time to determine
the median lethal time (ILTs0) and 90% lethal time
(LTo) values for each population of German
cockroaches. In summary, the bioassays were
conducted as follows: Initially, the laboratory
population of cockroaches was exposed to a seri-
al dilution of cypermethrin to determine the di-
agnostic dose of the insecticide (the dose that
kills more than 95% of German cockroaches
from a susceptible population within 30 mins
contact), following the WHO recommendations
(36). Based on the estimated diagnostic dose of
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cypermethrin (100 mg/m?), L'Ts and LTs of all
cockroach populations were determined at 5
times in the time interval of 6 mins to 140 mins.
Cypermethrin at a concentration of 100 mg/m’
was coated onto the inside of glass jars, and then
ten males from each population of different
zones of the study areas were exposed separately
to the insecticide to determine the median lethal
time (LLTs0) and 90% lethal time (I.'T9). Control
jars were treated with acetone alone. Four repli-
cates were performed for each test.

Statistical analysis

Data from the replicates were pooled, and the
time exposure mortality was assessed by probit
analysis (37), using the SPSS package on an IBM
computer. The resistance ratios were calculated
by dividing the 50% response value (ITs)) of the
field strain by the 50% response value of the la-
boratory strain (SS). Time exposures to insecti-
cide (logl0) are plotted against percentage mor-
tality (probit). A graph pad prism program was
used to create this chart.

DNA extraction and PCR

A YTA genomic DNA extraction mini kit (Yekta
Tajhiz Azma, Tehran, Iran) was used to extract
genomic DNA from the thorax of each cock-
roach. Each sample was homogenized in 200 I
TG1 buffer by grinding with a micro pestle in
liquid nitrogen. Following the addition of 20 1
proteinase K, the mixture was incubated at 60°C
for 1-2 h(s). The rest of the DNA extraction
process followed the manufacturer’s instructions.
DNA was resuspended in 100 pl of elution buft-
er (5 mM Tris/HCl, pH 8.5) or ddH2 O (pH
7.5-9.0) and kept at —20°C until use. The &dr
-related mutations fragment was amplified in a
molecular laboratory using German cockroach-
specific primers (KUF and KUR) (38).

The PCR was performed at 95 °C for 5 min, fol-
lowed by 30 cycles at 95°C for 1 min, 62°C for 1
min, 72 °C for 1 min, followed by an extension
step at 72°C for 10 mins. Consequently, PCR
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products were sequenced in an ABI377 automat-
ic sequencer in both directions.

Bioinformatics Analysis

Bioinformatics software Basic Local Alignment
Search Tool (BLAST;
http://www.ncbi.nlm.nih.gov/blast/), Chromas
version 2.3.1, and Clustal Omega (39) were used
to analyze the sequences. The final sequences
were aligned with the vgsc representative haplo-
type sequences in the GenBank using Molecular
Evolutionary Genetics Analysis version 7.0
(MEGAT7)(40). The genotype frequencies were
calculated by dividing the number of German
cockroaches of each genotype (RR, RS, and SS)
by the total number of German cockroaches.

Results

According to our observations, organophos-
phates and pyrethroids were the most commonly
used insecticides at collection sites (Table 1). In-
secticide application periods were varied in the
collection sites. The floors of all the places were
covered by non-absorbent surfaces such as ce-
ramic and stone tiles, whereas the walls of some
places were covered with absorbent surfaces such
as plaster (Table 1). No information was given
regarding how often the places were cleaned or
sprayed with insecticides after insecticide spray-
ing.

Insecticide resistance bioassays

The results of the bioassay indicated that the re-
sistance ratios (RR) of the cockroach populations
at LT5 varied among eight populations (Table 2).
The highest RR was found in the U6 (5.44-fold)
population followed by U1l (4.80-fold) and U4
(4.09-fold); the lowest RRs were found in U8
(1.84-fold) population, U7 (1.88-f old), U2 (1.95-
fold), U4 (2.03-fold), and U5 (2.11-fold). In addi-
tion, probit analysis of lethal times of cyperme-
thrin at the discriminating dose (100 mg/m?) for
the nine collected populations of German cock-
roaches in different was varied (Fig. 2).
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Table 1: Characteristics of the collection sites of German cockroaches from different sites in Mashhad City, Iran,

2020
Code Type of resi-  Collection  floor cover- Cover of  Insecticide Type of Cockroach
dence sites Ing wall spraying Insecticide used Infestation
period
Ul Hotel Kitchen &  Ceramic tiles ~ Stone tiles Irregular Organophosphate & High
dining hall Pyrethroid
U2 Hotel Kitchen Ceramic tiles Ceramic Irregular Pyrethroid Moderate
tiles
U3 Restaurant Kitchen Stone tiles Plaster Biannual Organophosphate & Moderate
wall Pyrethroid
U4 Delivery Kitchen Ceramic tiles Plaster Irregular Organophosphate & Moderate
kitchen wall Pyrethroid
U5 Restaurant Kitchen Ceramic tiles  Stone tiles Irregular Organophos- Moderate
phatePyrethroid &
Neonicotinoid
U6 Hotel Kitchen &  Ceramic tiles Plaster Annually Organophosphate & High
dining hall wall pytethroid
u7 Restaurant Kitchen Ceramic tiles Plaster No opera- - Very low
wall tion
U8 Restaurant Kitchen Ceramic tiles  Stone tiles Irregular Organophosphate Moderate
Pyrethroid &
Neonichotinoid

In comparison with the laboratory population
(LP) the populations collected from the south
(U7) and southeast of Mashhad City (U3 & U1)

showed high resistance to the cypermethrin in-
secticide.

Table 2: The results of probit analysis on the bioassay results against cypermethrin performed on adults of German

cockroaches from eight different areas of Mashhad Municipality and the laboratory population, Iran

Population n X2 (DF) LT LTy RR-
LP 217 10.19(3) 17.52 28.60 1.00
U1 207 1.22(3) 84.16 125.6 4.80
U2 208 6.40(3) 34.26 53.84 1.95
U3 214 1.38(3) 71.8 101.5 4.09
U4 213 2.29(3) 35.6 54.65 2.03
U5 211 1.99(3) 37.07 53.97 211
U6 215 0.10(3) 95.36 124.62 5.44
U7 208 10.19(3) 33.02 51.64 1.88
U8 210 2.75(3) 32.28 51.77 1.84

LP is the laboratory population; populations U1l- U8 are the field-collected population. Df= Degrees of freedom,
LT= Lethal Time, X2= chi-square. aRR (resistance ratio) = LT of field-collected population / LTs of the labora-
tory population. n=number of cockroaches
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Fig. 2: Probit analysis of lethal times of cypermethrin at the discriminating dose (100mg/m?) for the nine popula-
tions of German cockroach collected from different sites of Mashhad City. LP is the laboratory population; popula-
tions U1- U8 are the field-collected population

Polymerase chain reaction (PCR)

A 229-bp fragment of the KDR gene of the nine
cockroach populations was amplified and 27
PCR products (3 from each population) were se-
lected randomly for sequencing. Out of 229 se-
quenced nucleotides, 120 nucleotides were found
in exon 20 (GC rich), while the remaining 109
were in intron 20 (AT rich) of B. germanica.

In the multiple sequence alighment, all sequences
of the current study showed 99.56% to 100%
similarity. A single mutation at position 117
(G/C) caused the differences. Sequence similarity
between the results of the current study and &dr-
susceptible (GenBank ID: PYGNO01002366) and
resistant sequences (GenBank ID: KC731438)
was 98.69%-99.13%. This was the result of three
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mismatches in 24 (T/C), 27 (A/G), and 117
(G/C) positions.

Among four un-substitute sequences, one (4.1%
was homozygote) and three remaining’s (12.5%)
were heterozygote haplotypes. Multiple sequence
alignments in amino acid level showed 97.5%-
100%. In exon 20, there was one transversion
mutation (G to C), with a no synonymous substi-
tution (L1014F). L.1014F substitution obtained in
83.4% of sequenced samples collected from
Mashhad. The 16.6%, of samples (U2, U6, U7,
and US) had susceptible (Fig. 3). Sequences of all
27 sequences have been submitted to GenBank,
and can be found in the National Center for Bio-
technology Information (NCBI) under accession
numbers MZ091498-MZ091524.
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Fig. 3: Alignment comparison of a part of the amino acid sequences of exon 20 of the sodium channel gene of the
studied German cockroach. The highlighted amino acid related to &dr resistance shows that the amino acid phenylal-
anine has been replaced by leucine

Discussion

In Mashhad City due to over tourism, has to
spray insecticides all over its hotels and restau-
rants to keep them free of pests. We identified
heterogeneity in insecticide resistance among the
eight cockroach populations. Several studies in
Iran have revealed that German cockroaches
were insecticide resistant, mainly commercial pes-
ticides (41, 42). It appears that hotels and restau-
rants use different types of insecticides at differ-
ent rates and for varying periods at the site where
the samples were collected (Table 1), which may
lead to variations in the susceptibility of cock-
roaches to insecticide.

German Cockroaches have become resistant to
numerous pesticides due to a multitude of fac-
tors. One significant cause is the overutilization
and improper application of pesticides. When
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pesticides are employed excessively or at improp-
er concentrations, cockroaches can rapidly devel-
op resistance to them. Moreover, when pesticides
are not cyclically changed, cockroaches may be-
come resistant to multiple chemicals simultane-
ously. Another contributing factor is the genetic
diversity within cockroach populations, where
certain individuals may possess genetic mutations
conferring resistance to specific pesticides. Lastly,
cockroaches may also develop resistance through
exposure to low levels of pesticides, a phenome-
non referred to as "survival of the fittest,"
whereby the cockroaches that are resistant to the
chemicals survive and reproduce, transmitting
their resistance to their progeny. Furthermore,
almost all of the field-collected strains were re-
sistant to the tested insecticide at different levels
(Table 2). Bioassays as well as molecular studies
have confirmed that the collected cockroach
populations differ in their susceptibility to insec-
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ticide. Wu and Appel investigated the responses
of the six field-collected German cockroach
strains to five insecticides and found significant
differences in resistance among the six strains.
The authors suggested that field-collected strains
were likely to have had different treatment histo-
ries (19).

In Mashhad City, cypermethrin was the most fre-
quently used insecticide against urban pests.
Thus, we used cypermethrin as an indicator to
demonstrate the effect of using an insecticide
periodically on resistance development. Cyperme-
thrin could develop insecticide resistance rapidly
in German cockroaches via metabolic mecha-
nisms and contact with their thorax or tarsal pad
(43-45). Mixed cypermethrin and PBO were
commonly used in the hotels and restaurants of
Mashhad. Cypermethrin selection pressure ap-
plied to a German cockroach population for
three generations led to rapid increases in re-
sistance levels (46).

The relative contributions of metabolic detoxifi-
cation and target-site mechanisms of resistance
are strain-dependent (47, 48). The excessive use of
pesticides at high concentrations in Mashhad has
led to the development of resistance to cyperme-
thrin among German cockroach strains.

Conclusion

The study revealed a substantial level of insecti-
cide resistance and heterogeneity in German
cockroach populations collected from various
regions of Mashhad City, with variations ob-
served in the magnitude of resistance and specific
mutations detected in the &dr gene linked to this
resistance. This underscores the necessity for in-
tegrated pest management approaches that inte-
grate a blend of diverse control methods to effi-
ciently regulate cockroach populations and miti-
gate the likelihood of insecticide resistance devel-
opment.
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