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We investigated the expression of 4 cytochrome P450 genes (CYP4G19, CYP6J1, CYP6K1, and CYP4C21) in 4
field-collected strains (WM, RG386, CDR, and Ryan) of the German cockroach, Blattella germanica (L.), collected
from California. The UCR susceptible strain was used as a comparison. Topical assays using a diagnostic dose
(3x LD,,) of deltamethrin revealed decreased sensitivity in all field-collected strains with mortality ranging from
0% to 58%, and the addition of PBO before deltamethrin treatment increased mortality to 52.5%-87.5%. Using
gPCR to investigate the expression levels of CYP4G19, CYP4C21, CYP6J1, and CYP6K1, we found that only
CYP6K1 was significantly overexpressed (2.1-5.8x higher) in all field-collected strains when compared to the
UCR strain. Next, we investigated the role of the CYP6K1 gene by performing gene knockdown using RNA.I.
After dsCYP6K1 treatment, the expression levels of CYP6K1 in WM and Ryan strains were significantly reduced
(P<0.01) by 91%-94% vs. those treated with dsEGFP (control) on the third and sixth day posttreatment. RG386,
CDR, and Ryan strains were more susceptible compared to their respective controls to topically applied
deltamethrin 6 days after treatment with dsCYP6K1. This study provides evidence of the involvement of the
P450 CYP6K1 gene in pyrethroid resistance in some populations of German cockroaches.
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Using comparative analysis of the B. germanica genome,
researchers uncovered an immense expansion of the cytochrome

Introduction

The German cockroach, Blattella germanica (L.), is a major world- ! o .
. . . . . . . P450 monooxygenase (P450s) gene family, which is believed to have
wide indoor public health insect pest, especially in residential ) . .
. . . enabled the species to evolve a broad range of resistance to toxins
premises and food preparative establishments such as restaurants,

food courts, food packaging factories, etc. (Lee and Wang 2021).
The negative consequences of a German cockroach infestation
include mechanical transmission of pathogenic microorganisms,

and pathogens (Harrison et al. 2018). Many studies have emphasized
the significant role of P450s in insecticide resistance; however, only
a few studies have successfully uncovered the links between dif-
ferent isoforms of P450s and insecticide resistance in B. germanica

respiratory illness (allergy and asthma), and hygiene issues (Cohn
et al. 2006, Schal and DeVries 2021). To mitigate the negative
impacts of cockroach infestations, insecticides have been the pre-
ferred control method due to their quick action, low cost, and
availability. Over-reliance and indiscriminate use of insecticides
have led to the development of insecticide resistance in German
cockroaches (Scharf and Gondhalekar 2021). This species was
estimated to have developed resistance to 42 insecticide active
ingredients (Zhu et al. 2016, Lee and Rust 2021, Scharf and
Gondhalekar 2021).

(Scharf et al. 1998, 1999, Guo et al. 2010, Chen et al. 2019). The
involvement of P450s in insecticide resistance has been primarily
elucidated through bioassays with and without P450 inhibitors, such
as piperonyl butoxide (PBO) and MGK-264 (Atkinson et al. 1991,
Lee et al. 1996, Valles and Yu 1996, Chai and Lee 2010, Hu et al.
2021, Scharf and Gondhalekar 2021). Research into the specific im-
portance and roles of individual P450 genes in conferring insecticide
resistance in German cockroaches is still in its early stages. Of the
different P450 genes that have been identified, only CYP4G19 has
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been shown to contribute toward insecticide detoxification and pen-
etration resistance (Pridgeon et al. 2003, Guo et al. 2010, Chen et al.
2020, Hu et al. 2021).

Lee et al. (2022b) discovered that the P450-related metabolic re-
sistance mechanism was a primary mechanism of pyrethroid resist-
ance in strains of B. germanica collected between 2018 and 2020 in
California. In the current study, we examined deltamethrin resist-
ance and P450-mediated detoxification through topical applications
in 4 field-collected strains (WM, RG386, CDR, and Ryan). We
investigated the expression of four P450 genes, CYP4G19, CYP6]1,
CYP6K1, and CYP4C21, and found that the CYP6K1 gene was
significantly expressed in all field-collected strains. Next, we de-
termined the expression level of the CYP6K1 gene after dsRNA
treatment in WM and Ryan strains. Lastly, we investigated whether
dsCYP6K1 treatment on the field-collected strains led to an increase
in deltamethrin susceptibility.

Materials and Methods

Cockroach Populations

Four field-collected strains of the German cockroach (WM, RG386,
CDR, and Ryan) that were collected earlier from different localities
in California from 2018 to 2020 were used in this study. For details
on these strains’ collection sites and insecticide resistance profiles,
refer to Lee et al. (2022a, 2022b). These strains were reared sep-
arately in the laboratory in 121-liter garbage bins equipped with
an electrical barrier (Wagner et al. 1964) at 24 + 2 °C, 30%-50%
relative humidity, and 12-h photoperiod. Food (Purina Dog Chow,
Nestlé Purina Petcare, St. Louis, MO, USA), water, and cardboard
harborages were provided ad libitum. A susceptible laboratory strain
(UCR), established from the Orlando Normal strain over 40 years
ago, was used for comparison.

Topical Assay and Synergism

Field-collected cockroach strains were assessed for deltamethrin re-
sistance using a diagnostic dose (0.0339 pg/insect), which is equiva-
lent to the 3x LD, generated earlier on the UCR strain (Georghiou
and Mellon 1983, Mota-Sanchez et al. 2008, Lee et al. 2022a).
Deltamethrin solution was prepared by diluting technical grade
deltamethrin (298%, Sigma-Aldrich Corporation, St. Louis, MO,
USA) in acetone. Adult males of 4 field-collected strains and the
UCR strain were anesthetized with a brief CO, exposure, and 1 pl
of deltamethrin solution was applied to the first and second abdom-
inal sternites using a microapplicator (Burkard Manufacturing Co
Ltd., Rickmansworth, UK). Five replicates of 10 adult males were
used per treatment. Treated cockroaches were kept in a clean con-
tainer with dog food, water, and cardboard harborages. Mortality
was scored at 72 h posttreatment. The control sets were treated with
acetone.

Evidence of P450-mediated detoxification in the field-collected
strains was examined using a topical treatment of 100 pg of PBO
onto the first and second abdominal sternites in the same manner
described above, followed by topical application of the diagnostic
dose of deltamethrin 1 h later. The discrepancy in mortality between
deltamethrin alone and deltamethrin + PBO was analyzed with the
Mantel-Haenszel method in R version 4.3.1.

Total RNA Extraction and cDNA Preparation

Total RNA was extracted from the whole body of adult male
cockroaches (minus legs) with TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA) and PureLink RNA Mini Kit (Thermo Fisher Scientific,

Waltham, MA, USA) following the manufacturer’s instructions.
Prior to RNA extraction, cockroaches were not treated with any
insecticide. RNase-Free DNase I (Thermo Fisher Scientific Inc.,
Waltham, MA, USA) was used to digest genomic DNA from RNA
preparations. RNA quality and quantity were determined by meas-
uring the absorbance ratio of 260/280 using the Epoch 2 Microplate
Spectrophotometer (BioTek Instruments, Inc., Winooski, VT, USA).
First-strand cDNA was synthesized using the Invitrogen SuperScript
IIT First-Strand Synthesis SuperMix for qRT-PCR (Thermo Fisher
Scientific Inc., Waltham, MA, USA). Total RNA (1 pg) was used to
synthesize the first cDNA strand in a 20 pl total reaction volume fol-
lowing the manufacturer’s instructions, and the synthesized cDNAs
were stored at =20 °C until use.

Quantitative Polymerase Chain Reaction (qPCR)

The transcription levels of four P450 genes (CYP4G19, CYP6]1,
CYP6K1,and CYP4C21) were measured for each strain. Quantitative
polymerase chain reaction (QPCR) was performed using PowerUp
SYBR Green Master Mix (Applied Biosystems, Carlsbad, CA, USA)
on a MyGo mini RealTime PCR system (Azura Genomics, MA, USA)
according to the manufacturer’s protocol. Standard curves were es-
tablished using serially diluted cDNA samples to screen primer pairs
with high specificity and an appropriate efficiency (E = 1.91-1.99,
Supplementary Table S1). Each qPCR reaction (15 pl) included 7.5
ul of PowerUp SYBR Green Master Mix, 0.5 pl of primer mix (an
equal mixture of primers from 10 pM stock solutions), 1 ul of 4-fold
diluted cDNA, and 5.5 pl of DEPC-water. The negative control was
a “no-template” reaction. The reaction cycle applied the following
PCR program: a melting step of 50 °C for 2 min, then 95 °C for
2 min, followed by 45 cycles of 95 °C for 15 s and 60 °C for 1 min.
All the reactions were run with 15 biological replicates prepared sep-
arately and 2 technical replicates for each. Blattella germanica actin
S5c (GenBank: AJ862721) was used as a housekeeping gene for nor-
malization (Supplementary Table S1). Kruskal-Wallis rank sum test
was used to evaluate the differences of dCT values among strains,
followed by a pairwise Conover-Iman test with Bonferroni correc-
tion for post hoc tests.

Synthesis of dsRNA

After observing that CYP6K1 was highly expressed in all field-
collected strains (see the Results section for more details), we fur-
ther utilized RNAI to examine the function of this gene. The dsSRNA
targeting CYP6K1 was designed based on the CYP6K1 mRNA se-
quence obtained from GenBank (accession number: AF281328)
(Supplementary Table S2). The software siRNA-Finder version 1.2.3
(Liick et al. 2019) was used to predict the number of siRNA, and
the sequence region with the highest predicted siRNAs (listed in
Supplementary Table S2) was selected for dsRNA synthesis. This
software was also employed for off-target analysis. The off-target
search pipeline commenced by dividing the RNAI trigger sequence
region into all possible x-mers, where x represents the selected length
of the siRNA. These x-mers were then matched against the German
cockroach ¢cDNA sequence database. We did not identify any off-
targets for the selected dsRNA region targeting CYP6K1. As an
unrelated control, the enhanced green fluorescence protein (eGFP;
accession number: JQ417433) sequence, which is not found in B.
germanica, was employed (refer to Supplementary Table S2). dsSRNA
targeting 388 base pairs (bps) of the CYP6K1 gene (abbreviated as
dsCYP6K1) and dsRNA targeting 264 bps of the eGFP gene (ab-
breviated as dsEGFP) were synthesized by RNA Greentech LLC,
Frisco, TX, USA, followed the protocol described in Li and Zamore
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(2019). All dsRNAs were diluted to a concentration of 1.5 pg/ul
with RNase-free water and stored at —=70 °C until use.

RNAIi Experiment

WM and Ryan strains were utilized to assess the efficacy of dsRNA
injections. Adult males were briefly chilled on ice, and 1.5 pg of the
dsRNAs specific to CYP6K1 or eGFP was injected into the abdom-
inal intersegmental membrane with a 30G needle (BD PrecisionGlide
Single-use Needles, Becton, Dickinson, and Company, Franklin
Lakes, NJ, USA) fitted on a 0.25-ml glass syringe (Fortuna All
Glass Syringes, Grainger, Lake Forest, IL, USA) using an electronic
microapplicator (Precision Microapplicator 900X model, Burkard
Manufacturing Co. Ltd., UK). The injected cockroaches were reared
in standard conditions for recovery. Samples were collected on the
third and sixth day postinjection to monitor RNAI efficiency using
the qPCR method mentioned previously.

Chen et al. (2020) demonstrated that gene suppression fol-
lowing a single dose of dsSRNA injection remained effective on day
6 postinjection in the German cockroach. Based on this evidence,
we selected day 6 for our topical assay for 4 field-collected strains.
To assess deltamethrin susceptibility post-CYP6K1 inhibition, we
conducted a topical bioassay at the diagnostic dose (0.0339 pg/
insect) on day 6 post-dsRNA injection, selecting only cockroaches
that exhibited normal behavior postinjection for the bioassays. Five
replicates of 10 adult males were used per treatment for the topical
bioassay (50 males were used in each group). Mortality rates were
adjusted by subtracting the control mortality rate (dsRNA-injected
males treated with acetone only). The control sets were treated with
acetone. Any surviving cockroaches were collected after the topical
assay to verify whether CYP6K1 inhibition remained effective. The
effects of CYP6K1 inhibition on deltamethrin resistance in the WM,
RG386, CDR, and Ryan strains were determined using a Mantel-
Haenszel test using R version 4.3.1 by comparing the mortality
of cockroaches between dsCYP6K1 and dsEGFP injection groups
(N =50 for each group). German cockroaches injected with either
dsCYP6K1 or dsEGFP and treated with acetone alone were used
as controls. Spearman’s correlation of the magnitude of the impact
of treatment (difference between treatment and control) between
dsRNA injection and PBO topical preapplication (described earlier)
was calculated in R version 4.3.1.

Results

Deltamethrin Resistance and Synergism

All field-collected strains were less sensitive to the deltamethrin di-
agnostic dose compared to the UCR strain, with mortality ranging
from 0% to 58% vs. the UCR strain at 100% (Fig. 1; Supplementary
Table S3). Susceptibility toward deltamethrin varied between strains,
with the highest mortality in WM (58%), followed by RG386 and
Ryan (28% and 18%, respectively), and no mortality for CDR (0%).
The addition of PBO before deltamethrin treatment significantly
increased the mortality in all field-collected strains (52.5%-87.5%)
(Fig. 1).

Expression of 4 P450 Genes

Expression levels of CYP4G19, CYP4C21, CYP6]1, and CYP6K1
among 5 B. germanica strains were investigated by using qPCR
(Fig. 2). CYP4G19 gene expressions in the 4 field-collected strains
were not significantly different from that of the UCR strain (Fig. 2A).
There was no significant difference in expression level of CYP4C21
among the 5 strains (Fig. 2B). CYP6J1 was highly expressed in
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Fig. 1. Mortality of cockroaches of susceptible strain (UCR) and deltamethrin-
resistant strains (WM, RG386, CDR, and Ryan) 72 h after treatment with
topically applied deltamethrin (0.0339 pg/insect) or deltamethrin (0.0339 pg/
insect) + PBO (100 pg/insect). An asterisk indicates a significant difference
between deltamethrin and deltamethrin + PBO for the respective strain
(Mantel-Haenszel test; P < 0.05).

RG386 but not in other field-collected strains (Fig. 2C). CYP6K1
was significantly overexpressed in all field-collected strains when
compared to the UCR strain, with the overexpression ranging from
2.1 to 5.8 times higher than that of the UCR strain (Fig. 2D).

Functional Analysis of CYP6K1 by RNAI

We performed an RNAi experiment to further examine the involve-
ment of CYP6K1 in deltamethrin resistance in WM and Ryan strains.
Monitoring of RNAI efficiency showed that the expression levels of
CYP6K1 were significantly lower in males with dsCYP6K1 treat-
ment than those with dsSEGFP treatment on both third and sixth day
posttreatment (Kruskal-Wallis rank sum tests; all y* values = 8.31;
all P-values < 0.01; Fig. 3). The dsCYP6K1 treatment significantly
reduced CYP6K1 mRNA levels by 93% and 94% in WM strain and
by 92% and 91% in Ryan strain at third and sixth days, respectively.
We further tested the deltamethrin susceptibility of field-collected
strains at sixth day post-dsRNA treatment. We found CYP6K1 gene
knockdown increased the susceptibility to deltamethrin significantly
in the RG386, CDR, and Ryan strain (Fig. 4). No significant corre-
lation was found between dsRNA injection and PBO preapplication
when comparing the magnitude of difference in mortality resulting
from the 2 treatments (p = 0.4; P = 0.75)

Discussion

We investigated and found that the constitutive overexpression of
CYP6K1 is associated with deltamethrin resistance in German cock-
roach populations collected from California. We demonstrated that
this gene is involved in resistance, as CYP6K1 gene knockdown sig-
nificantly increased deltamethrin susceptibility in 3 field-collected
strains: RG386, Ryan, and CDR (Fig. 4). However because mortality
under CYP6K1 knockdown treatment never reached completely sus-
ceptible levels (i.e., 100% mortality) in any strain, it is likely that
other resistance mechanisms, such as target-site resistance previously
reported (Lee et al. 2022b), contributed to the total deltamethrin
resistance in these strains. Furthermore, the WM strain did not expe-
rience a significant difference in mortality between CYP6K1 knock-
down and eGFP groups, indicating some strain-level variability in
the importance of CYP6K1. This contrasts with the significantly
increased mortality of all field-collected strains when treated with
PBO + deltamethrin versus deltamethrin alone (Fig. 1), suggesting
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Fig. 2. Relative expression levels of A) CYP4G19, B) CYP4C21, C) CYP6J1, and D) CYP6K1 genes among 5 cockroach strains. Error bars represent standard
deviations of the means (n = 15). Bars with different letters are significantly different (Kruskal-Wallis rank sum test followed by pairwise Conover-Iman test with

Bonferroni correction; P< 0.05).
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Fig. 3. Relative expression levels of CYP6K1 in deltamethrin-resistant strains (WM and Ryan) after 3 and 6 days of dsRNA injection. Error bars represent standard
deviations of the means (n = 6). Asterisks above the bars represent statistically significant differences from Kruskal-Wallis rank sum tests (**P < 0.01).

that the overall contribution of P450-driven resistance can also in-
volve other uninvestigated P450 genes. Additional factors, such as
the functional differences between RNAI (which is highly specific at
the mRNA level) and PBO (which is a general inhibitor at the pro-
tein level), may have contributed to discrepancies between the PBO

and RNAI results.

CYP4G19 was previously linked to pyrethroid resistance
and cuticular penetration-based resistance in German cockroach
populations in the United States (Alabama), China (Shenzhen), and
Taiwan (Pridgeon et al. 2003, Guo et al. 2010, Chen et al. 2020, Hu
et al. 2021). However, CYP4G19 overexpression was only detected

in one of the 4 resistant strains in California. Instead, overexpression
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Fig. 4. Mortalities of Blattella germanica in response to deltamethrin following the knockdown of CYP6K in deltamethrin-resistant strains (WM, RG386, CDR,
and Ryan). Mortalities were determined 72 h after topical application of deltamethrin and corrected for control mortality (dsRNA-injected males were treated
with acetone only). For comparison, mortality rates without dsRNA injection are adopted from Fig. 1. Asterisks above the bars indicate statistically significant
differences between the dsEGFP- and dsCYP6K1-injected groups, as determined by Mantel-Haenszel tests (*P < 0.05; ***P < 0.001).

of CYP6K1 was observed in all field-collected strains tested in this
study, suggesting that the evolution of detoxification pathways of
the same insecticide class can vary between populations (Nauen et
al. 2022).

Cytochrome P450s are remarkable for their diverse functions,
and their involvement in insecticide resistance is generally associ-
ated with metabolic resistance; this includes an increase in metabolic
conversion of insecticides to less toxic metabolites and reduction of
propesticide activation (Feyereisen 2012, Nauen et al. 2022, Ye et al.
2022). Besides that, some studies suggested that the overexpression
of the CYP4 family also contributes to insecticide resistance by
enhancing cuticular hydrocarbon production, leading to reduced
insecticide penetration (Chen et al. 2020, Feyereisen 2020). In
this study, the experiments were conducted on adult male German
cockroaches that no longer molt. Hence, the increased deltamethrin
susceptibility after CYP6K1 gene knockdown is logically the result
of decreased detoxification efficiency rather than reduced cuticular
penetration. CYP6 cytochrome P450 genes have also been associated
with pyrethroid resistance in other insects, such as lepidopterans and
culicines (Yang et al. 2006, Zhu et al. 2010, David et al. 2013, Zou
et al. 2019, 2022).

Recent studies demonstrated that CYP6 enzymes could metab-
olize deltamethrin through several pathways, but the primary route
of metabolism seems to be 4-hydroxylation, making the molecule
less toxic (Zhu et al. 2010, David et al. 2013, Elzaki et al. 2018,
Yang et al. 2021). CYP6-related metabolic resistance is known to
result in insects developing cross-resistance to other insecticides.
For example, CYP6Z1 in Anopbheles funestus Giles overexpression
contributed to cross-resistance to pyrethroids and carbamates,
while CYP6M?2 in A. gambiae Giles is capable of metabolizing
pyrethroids and organochlorines (Mitchell et al. 2012, Ibrahim et
al. 2018). Overexpression of CYP6K1 homologs was previously re-
ported by Scharf et al. (2021) after 6 generations of indoxacarb
selection, implying the potential of this gene to confer multiple re-
sistance in German cockroach populations. Further investigations
are warranted to confirm the role of CYP6K1 homologs in
conferring indoxacarb resistance and its potential to detoxify other
insecticides.

Acknowledgments

We thank Michael K. Rust (UC Riverside) for constructive criticism
of the draft manuscript, and Hoeun Park and Monique Arviso (UC
Riverside) for assistance with the rearing of cockroaches.

Funding

The work reported here was supported by the UCR Urban
Entomology Endowed Chair Research Fund.

Author Contributions

Shu-Ping Tseng (Conceptualization [lead], Data curation [lead],
Formal analysis [lead], Investigation [lead], Methodology [lead],
Software [lead], Validation [lead], Visualization [lead], Writing—
original draft [equal], Writing—review & editing [equal]),
Shao-Hung Lee (Conceptualization [supporting], Data curation
[supporting], Formal analysis [supporting], Funding acquisition
[supporting], Investigation [supporting], Methodology [supporting],
Validation [supporting], Visualization [supporting], Writing—orig-
inal draft [equal], Writing—review & editing [equal]), Dong-Hwan
Choe (Validation [supporting], Writing—original draft [supporting],
Writing—review & editing [supporting]), and Chow-Yang Lee
(Conceptualization [supporting], Funding acquisition [lead], Project
administration [lead], Resources [lead], Supervision [lead], Writing—
original draft [equal], Writing—review & editing [supporting])

Supplementary Material

Supplementary material is available at Journal of Economic
Entomology online.

References

Atkinson TH, Wadleigh RW, Koehler PG, Patterson RS. Pyrethroid resistance
and synergism in a field strain of the German cockroach (Dictyoptera:
Blattellidae). J Econ Entomol. 1991:84(4):1247-1250. https://doi.
org/10.1093/jee/84.4.1247

20 UIBIN 6Z U0 1s9NB Aq 9089€9///G02E0}/31/£601 "0 L/10P/aI01E-80UBAPE/28(/WO00"dNO"dlWapede/:Ssdy Wolj papeojumoq


http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toae057#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toae057#supplementary-data
http://academic.oup.com/jee/article-lookup/doi/10.1093/jee/toae057#supplementary-data
https://doi.org/10.1093/jee/84.4.1247
https://doi.org/10.1093/jee/84.4.1247

Journal of Economic Entomology, 2024, Vol. XX, No. XX

Chai RY, Lee C-Y. Insecticide resistance profiles and synergism in field
populations of the German cockroach (Dictyoptera: Blattellidae)
from Singapore. ] Econ Entomol. 2010:103(2):460-471. https://doi.
org/10.1603/ec09284

Chen N, Pei XJ, Li S, Fan YL, Liu TX. Involvement of integument-rich
CYP4G19 in hydrocarbon biosynthesis and cuticular penetration resist-
ance in Blattella germanica (L.). Pest Manag Sci. 2020:76(1):215-226.
https://doi.org/10.1002/ps.5499

Cohn RD, Arbes SJ Jr, Jaramillo R, Reid LH, Zeldin DC. National preva-
lence and exposure risk for cockroach allergen in US households. Environ
Health Perspect. 2006:114(4):522-526. https://doi.org/10.1289/ehp.8561

David JP, Ismail HM, Chandor-Proust A, Paine MJI. Role of cytochrome
P450s in insecticide resistance: impact on the control of mosquito-borne
diseases and use of insecticides on Earth. Philos Trans R Soc Lond B Biol
Sci. 2013:368(1612):20120429. https://doi.org/10.1098/rstb.2012.0429

Elzaki MEA, Miah MA, Peng Y, Zhang H, Jiang L, Wu M, Han Z.
Deltamethrin is metabolized by CYP6FU1, a cytochrome P450 associ-
ated with pyrethroid resistance, in Laodelphax striatellus. Pest Manag Sci.
2018:74(6):1265-1271. https://doi.org/10.1002/ps.4808

Feyereisen R. Chapter 8: Insect CYP genes and P450 enzymes. In: Gilbert
LI, editor. Insect molecular biology and biochemistry. San Diego (CA):
Academic Press; 2012. p. 236-316.

Feyereisen R. Origin and evolution of the CYP4G subfamily in insects, cy-
tochrome P450 enzymes involved in cuticular hydrocarbon synthesis.
Mol Phylogenet Evol. 2020:143:106695. https://doi.org/10.1016/j.
ympev.2019.106695

Georghiou GP, Mellon RB. Pesticide resistance in time and space. In: Georghiou
GP, Saito T, editors. Pest resistance to pesticides. New York (NY): Plenum
Press; 1983. p. 1-46.

Guo GZ, Geng YJ, Huang DN, Xue CF, Zhang RL. Level of CYP4G19 ex-
pression is associated with pyrethroid resistance in Blattella germanica.
J Parasitol Res. 2010:2010:517534. https://doi.org/10.1155/2010/517534

Harrison MC, Arning N, Kremer LPM, Ylla G, Belles X, Bornberg-Bauer E,
Huylmans AK, Jongepier E, Piulachs MD, Richards S, et al. Expansions
of key protein families in the German cockroach highlight the molecular
basis of its remarkable success as a global indoor pest. ] Exp Zool B Mol
Dev Evol. 2018:330(5):254-264. https://doi.org/10.1002/jez.b.22824

Hu IH, Tzeng HY, Chen ME, Lee C-Y, Neoh K-B. Association of CYP4G19
expression with gel bait performance in pyrethroid-resistant German
cockroaches (Blattodea: Ectobiidae) from Taiwan. ] Econ Entomol.
2021:114(4):1764-1770. https://doi.org/10.1093/jee/toab104

Ibrahim SS, Amvongo-Adjia N, Wondji MJ, Irving H, Riveron JM, Wondji
CS. Pyrethroid resistance in the major malaria vector Anopbeles funestus
is exacerbated by overexpression and overactivity of the P450 CYP6AA1
across Africa. Genes. 2018:9(3):140. https://doi.org/10.3390/genes9030140

Lee C-Y, Rust MK. Chemical control methods. In: Wang C, Lee C-Y, Rusk
MK, editors. Biology and management of the German cockroach. Boston
(MA): CABI; 2021. p. 165-212.

Lee C-Y, Wang C. German cockroach infestations in the world and their social
and economic impacts. In: Wang C, Lee C-Y, Rust MK, editors. Biology
and management of the German cockroach. Boston (MA): CABI; 2021.
p. 1-16.

Lee CY, Yap HH, Chong NL, Lee RST. Insecticide resistance and synergism
in field-collected German cockroaches (Dictyoptera: Blattellidae) from
peninsular Malaysia. Bull Entomol Res. 1996:86(6):675-682. https://doi.
org/10.1017/s0007485300039195

Lee S-H, Choe D-H, Rust MK, Lee C-Y. Reduced susceptibility towards com-
mercial bait insecticides in field German cockroach (Blattodea: Ectobiidae)
populations from California. J Econ Entomol. 2022a:115(1):259-265.
https://doi.org/10.1093/jee/toab244

Lee S-H, Choe D-H, Scharf ME, Rust MK, Lee C-Y. Combined metabolic
and target-site resistance mechanisms confer fipronil and deltamethrin
resistance in field-collected German cockroaches (Blattodea: Ectobiidae).
Pestic Biochem Physiol. 2022b:184:105123. https://doi.org/10.1016/j.
pestbp.2022.105123

Li C, Zamore PD. Preparation of dsRNAs for RNAi by in vitro transcription.
Cold Spring Harb Protoc. 2019:2019(3):209-214.

Liick S, Kreszies T, Strickert M, Schweizer P, Kuhlmann M, Douchkov D.
siRNA-Finder (si-Fi) software for RNAi-target design and off-target

prediction. Front Plant Sci. 2019:10:1023. https://doi.org/10.3389/
fpls.2019.01023

Mitchell SN, Stevenson BJ, Miiller P, Wilding CS, Egyir-Yawson A, Field
SG, Hemingway J, Paine MJI, Ranson H, Donnelly M]. Identification
and validation of a gene causing cross-resistance between insecticide
classes in Anopheles gambiae from Ghana. Proc Natl Acad Sci USA.
2012:109(16):6147-6152. https://doi.org/10.1073/pnas. 1203452109

Mota-Sanchez D, Whalon ME, Hollingworth RM, Xue Q. Documentation
of pesticide resistance in arthropods. In: Whalon M, Mota-Sanchez
D, Hollingworth R, editors. Global pesticide resistance in arthropods.
Wallingford (UK): CABIL; 2008. p. 32-39.

Nauen R, Bass C, Feyereisen R, Vontas J. The role of cytochrome P450s in
insect toxicology and resistance. Annu Rev Entomol. 2022:67:105-124.
https://doi.org/10.1146/annurev-ento-070621-061328

Pridgeon JW, Zhang L, Liu N. Overexpression of CYP4G19 associated
with a pyrethroid-resistant strain of the German cockroach, Blattella
germanica (L.). Gene. 2003:314(314):157-163. https://doi.org/10.1016/
s0378-1119(03)00725-x

Schal C, DeVries ZC. Public health and veterinary importance. In: Wang C,
Lee C-Y, Rust MK, editors. Biology and management of the German cock-
roach. Boston (MA): CABIL; 2021. p. 17-52.

Scharf ME, Gondhalekar AD. Insecticide resistance: perspectives on evolution,
monitoring, mechanisms and management. In: Wang C, Lee C-Y, Rust
MK, editors. Biology and management of the German cockroach. Boston
(MA): CABL; 2021. p. 231-255.

Scharf ME, Lee CY, Neal JJ, Bennett GW. Cytochrome P450 MA expres-
sion in insecticide-resistant German cockroaches. ] Econ Entomol.
1999:92(4):788-793. https://doi.org/10.1093/jee/92.4.788

Scharf ME, Neal JJ, Marcus CB, Bennett GW. Cytochrome P450 purifica-
tion and immunological detection in an insecticide resistant strain of
German cockroach. Insect Biochem Mol Biol. 1998:28(1):1-9. https://doi.
org/10.1016/50965-1748(97)00060-X

Scharf ME, Wolfe ZM, Raje KR, Fardisi M, Thimmapuram J, Bhide K,
Gondhalekar AD. Transcriptome responses to defined insecticide selection
pressures in the German cockroach (Blattella germanica L.). Front Physiol.
2021:12:816675. https://doi.org/10.3389/fphys.2021.816675

Valles SM, Yu SJ. Detection and biochemical characterization of insecticide
resistance in the German cockroach. ] Econ Entomol. 1996:89(1):21-26.
https://doi.org/10.1093/jee/89.1.21

Wagner RE, Ebeling W, Clark WR. An electric barrier for confining cockroaches
in large rearing or field-collecting cans. ] Econ Entomol. 1964:57(6):1007—
1009. https://doi.org/10.1093/jee/57.6.1007

Yang T, Li T, Feng X, Li M, Liu S, Liu N. Multiple cytochrome P450 genes:
conferring high levels of permethrin resistance in mosquitoes, Culex
quinquefasciatus. Sci Rep. 2021:11(1):9041. https://doi.org/10.1038/
$41598-021-88121-x

Yang Y, Chen S, Wu S, Yue L, Wu Y. Constitutive overexpression of mul-
tiple cytochrome P450 genes associated with pyrethroid resistance in
Helicoverpa armigera. ] Econ Entomol. 2006:99(5):1784-1789. https://
doi.org/10.1603/0022-0493-99.5.1784

Ye M, Nayak B, Xiong L, Xie C, Dong Y, You M, Yuchi Z, You S. The role of
insect cytochrome P450s in mediating insecticide resistance. Agriculture.
2022:12(1):53. https://doi.org/10.3390/agriculture12010053

Zhu F, Lavine L, O’Neal S, Lavine M, Foss C, Walsh D. Insecticide resist-
ance and management strategies in urban ecosystems. Insects. 2016:7(1):2.
https://doi.org/10.3390/insects7010002

Zhu F, Parthasarathy R, Bai H, Woithe K, Kaussmann M, Nauen R, Harrison
DA, Palli SR. A brain-specific cytochrome P450 responsible for the ma-
jority of deltamethrin resistance in the QTC279 strain of Tribolium
castaneum. Proc Natl Acad Sci USA. 2010:107(19):8557-8562. https://
doi.org/10.1073/pnas. 1000059107

Zou F, Guo Q, Shen B, Zhu C. A cluster of CYP6 gene family associated
with the major quantitative trait locus is responsible for the pyrethroid
resistance in Culex pipiens pallen. Insect Mol Biol. 2019:28(4):528-536.
https://doi.org/10.1111/imb.12571

Zou F, Guo Q, Yang X, Zhang W, Jiang M, Dong W, Shen B. Inductions of a
CYP6 cluster conferring deltamethrin resistance in colonized and field-
collected Culex pipiens pallens. Parasitol Res. 2022:121(1):75-85. https://
doi.org/10.1007/s00436-021-07351-0

20 UIBIN 6Z U0 1s9NB Aq 9089€9///G02E0}/31/£601 "0 L/10P/aI01E-80UBAPE/28(/WO00"dNO"dlWapede/:Ssdy Wolj papeojumoq


https://doi.org/10.1603/ec09284
https://doi.org/10.1603/ec09284
https://doi.org/10.1002/ps.5499
https://doi.org/10.1289/ehp.8561
https://doi.org/10.1098/rstb.2012.0429
https://doi.org/10.1002/ps.4808
https://doi.org/10.1016/j.ympev.2019.106695
https://doi.org/10.1016/j.ympev.2019.106695
https://doi.org/10.1155/2010/517534
https://doi.org/10.1002/jez.b.22824
https://doi.org/10.1093/jee/toab104
https://doi.org/10.3390/genes9030140
https://doi.org/10.1017/s0007485300039195
https://doi.org/10.1017/s0007485300039195
https://doi.org/10.1093/jee/toab244
https://doi.org/10.1016/j.pestbp.2022.105123
https://doi.org/10.1016/j.pestbp.2022.105123
https://doi.org/10.3389/fpls.2019.01023
https://doi.org/10.3389/fpls.2019.01023
https://doi.org/10.1073/pnas.1203452109
https://doi.org/10.1146/annurev-ento-070621-061328
https://doi.org/10.1016/s0378-1119(03)00725-x
https://doi.org/10.1016/s0378-1119(03)00725-x
https://doi.org/10.1093/jee/92.4.788
https://doi.org/10.1016/S0965-1748(97)00060-X
https://doi.org/10.1016/S0965-1748(97)00060-X
https://doi.org/10.3389/fphys.2021.816675
https://doi.org/10.1093/jee/89.1.21
https://doi.org/10.1093/jee/57.6.1007
https://doi.org/10.1038/s41598-021-88121-x
https://doi.org/10.1038/s41598-021-88121-x
https://doi.org/10.1603/0022-0493-99.5.1784
https://doi.org/10.1603/0022-0493-99.5.1784
https://doi.org/10.3390/agriculture12010053
https://doi.org/10.3390/insects7010002
https://doi.org/10.1073/pnas.1000059107
https://doi.org/10.1073/pnas.1000059107
https://doi.org/10.1111/imb.12571
https://doi.org/10.1007/s00436-021-07351-0
https://doi.org/10.1007/s00436-021-07351-0

