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Abstract

The German cockroach, Blattella germanica (L.), is one of the most critical urban pests globally due to the
health risks it imposes on people, such as asthma. Insecticides are known to manage large cockroach popu-
lation sizes, but the rapid rate at which they develop resistance is a continuing problem. Dealing with insec-
ticide resistance can be expensive and time-consuming for both the consumer and the pest management
professional (PMP) applying the treatment. Each cockroach population is unique because different strains
have different insecticide susceptibilities, so resistance profiles must be considered.This study addressed the
above issue in a controlled laboratory setting. Cockroach strains from Indianapolis, Indiana, Danville, lllinois,
and Baltimore, Maryland, USA were used. Four insecticide active ingredients (Als) most used by consumers
and PMPs were selected for testing in vial bioassays to establish resistance profiles. Next, no-choice and
choice feeding assays with four currently registered bait products were performed to assess the impacts of
competing food and circadian rhythms on bait resistance levels. The results indicate that emamectin ben-
zoate (Optigard) was the most effective Al in causing the highest mortality in all strains in vial and no-choice
bioassays; whereas, the other Als and products were more impacted by resistance.The results acquired from
these studies can help develop rapid tests for use by PMPs based on the no-choice feeding assay while also
adding more information supporting current resistance and cross-resistance evolution theories.
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The German cockroach, Blattella germanica, is an urban pest com-
monly found in urban structures worldwide (Nasirian 2017b, Vargo
2021). They are often considered a health pest due to their associ-
ation with respiratory, fungal, and bacterial diseases through their
depositing of feces, body parts, and cast exoskeletons in human
dwellings (Celmeli et al. 2016; Nasirian 2017a, 2019). Specifically,
there is a strong connection between residents having asthma and
residents that live with heavy cockroach infestations (Wang et al.
2008, Celmeli et al. 2016, Do et al. 2016). Finally, even though they
are not biological vectors, there may be an association between
German cockroaches and viral respiratory diseases like COVID-19
(Nekoei et al. 2022). The 2019 novel beta coronavirus, commonly
known as COVID-19, is a respiratory disease with fatal symptoms
of fever, cough, and fatigue that has changed the world in the past

few years (Huang et al. 2020). Researchers recently discovered that
children and adults are more likely to test positive for COVID-19 if
they have asthma from indoor environmental triggers such as mold
and cockroaches (Finkas et al. 2022, Harada et al. 2022). There is a
need to control cockroach infestations now more than ever.

Pest management professionals (PMPs) typically target German
cockroach infestations with bait insecticides. Bait insecticides are
an effective control measure, particularly within integrated pest
management (IPM) programs (Nasirian and Salehzadeh 2019,
Gondhalekar et al. 2021). Baits have been recognized as an effec-
tive control method for over 150 years after Cowan (18635) first
documented them for use as a ‘Phosphor Paste’ for cockroaches,
black-beetles, rats, mice, etc. in 1865 and eventually leading to the
first modern commercial baits containing hydramethylnon in the
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1980s. Bait insecticides are excellent for PMPs since they are rela-
tively inexpensive to make and purchase (Schal and Hamilton 1990,
Wang and Bennett 2006). However, there have been many reports
that German cockroaches are becoming resistant to newer insecti-
cide baits and are becoming more difficult to control (Gondhalekar
and Scharf 2012, Gondhalekar et al. 2013, Ko et al. 2016, Lee et al.
2022). Insecticide resistance is not a new trend limiting control of
German cockroach infestations. As a species, German cockroaches
are known to be resistant to nearly all insecticides used against them.
Specifically, they are resistant to at least 43 active ingredients (Als)
(Whalon et al. 2022). More than ever, studying insecticide resistance
is a priority for helping to assure the success of IPM programs.

Physiological and behavioral mechanisms drive insecticide re-
sistance in German cockroaches, and different populations dem-
onstrate different resistance profiles depending on their insecticide
selection history (Scharf et al. 1997, 2022). Studying physiological
mechanisms and the pattern in how insecticides are used is essen-
tial to understanding insecticide resistance in the German cockroach
(Gondhalekar and Scharf 2013, Scharf and Gondhalekar 2021, Zhu
et al. 2016). The size of an insect population may also be linked to
insecticide resistance. For example, researchers demonstrated that
there is evidence of correlation between insecticide resistance with
population size in the pink bollworm (Pectinophora gossypiella)
and genetically modified Bacillus thuringiensis (Bt) corn (Caprio
and Tabashnik 1992, Sisterton et al. 2004). In contrast, Rust and
Reierson (1991) found no relationship between population size and
resistance to a residual organophosphate insecticide (chlorpyrifos) in
German cockroach populations from restaurants (Rust and Reierson
1991). However, there is little evidence in German cockroaches of
how population size may impact bait insecticide resistance in urban
housing, i.e., are populations large because they exhibit high in-
secticide resistance? One aspect of the current study considered
how physiological resistance may correspond to population size in
German cockroaches.

Glass vial bioassays are an excellent tool for studying insecticide
resistance, and German cockroaches are well-suited for studying in-
secticide resistance in vial bioassays because the vials enable cock-
roach tarsal contact with insecticide residues and ingestion via tarsal
grooming (Scharf et al. 19935). Insecticide residues can be tested with
diagnostic concentrations (DCs) because they are less labor-inten-
sive and require fewer insects than the conventional resistance ratio
method, which initially requires the generation of concentration- or
dose-mortality data for LC or LD estimation (Gondhalekar et al.
2013). Fardisi et al. (2017) established 14 insecticide AI DCs in sus-
ceptible laboratory strains and later tested the DCs on two different
field strains with variable resistance profiles. Due to these significant
prior results, DCs with vial assays were utilized in the current study
and compared against other bioassay methods.

Additionally, insecticide bait feeding assays in choice or no-choice
formats can help confirm Al resistance (Fardisi et al. 2019). By utilizing
the behavior of the German cockroach, the assays can be conducted to
mimic field conditions because the cockroach does or does not have
an option to choose between an insecticide bait (Ebeling et al. 1966,
Wang et al. 2004). Overall, vial and bait feeding assays can be useful
assessment tools of insecticide resistance in field strains of German
cockroaches. They are easy to conduct and cost-effective depending
on available resources (Fardisi et al. 2017, Lee et al. 2022).

The primary objective of this study was to compare cockroach
strains having a range of susceptibility levels in different bioassays
for the purpose of understanding which assays are better for resist-
ance monitoring. A secondary objective was to investigate possible
links between three founding population sizes and cross-resistance

levels. Study-specific objectives were as follows: 1) to identify a
vial assay diagnostic concentration (DC) for the new insecticide Al
emamectin benzoate, 2) to evaluate resistance using four AI-DCs
against one susceptible and three resistant cockroach strains in vial
assays, and 3) to compare choice and no-choice bait feeding assays
with formulated products against vial assays to determine which
assay format might be optimal for resistance monitoring by PMPs.
This research can help PMPs make more informed management
choices based on available resources and help researchers study re-
sistance evolution in German cockroaches more effectively.

Materials and Methods

Four German cockroach strains were used. The Johnson Wax strain
(JWax-S) was used as a standard susceptible strain due to their
lack of prior chemical exposure. Three field strains from Danville,
IL (D-IL strain), Indianapolis, IN (I-IN strain), and Baltimore, MD
(B-MD strain) were collected during December 2014, March 2015,
and September 2020. The field strains (except B-MD) were collected
from multiple apartments across each site and pooled to establish
laboratory ‘meta’ populations (Supp Table S1 [online only]). The
B-MD strain was collected by Dr. Godfrey Nalyanya of Rentokil
Inc. from a public market in Baltimore, MD, in September 2020
and then shipped to Purdue University. They were collected after
control failures with multiple bait products, including a commercial
indoxacarb formulation. The populations were maintained in labo-
ratory culture without insecticide pressure. Colonies were reared in
Ziploc plastic containers (44.3 by 30 by 17 cm/15.14 L; S.C. Johnson
Inc., Racine, WI) with screened lids and held in a controlled environ-
mental chamber at 26 =+ 1°C and a photoperiod of 12:12 h (Light:
Dark). Cardboard for shelter, rodent diet (number 8604; Harlan
Teklad, Madison, WI), and water were provided to the rearing boxes
as necessary. All bioassays were conducted with adult males.

Insecticides

Technical insecticide Als used in vial bioassays were purchased from
ChemService (West Chester, PA), Fisher Scientific (Pittsburgh, PA),
or Sigma-Aldrich (St. Louis, MO). These Als included indoxacarb
(99.1% purity), abamectin (98.3%), fipronil (98.3%),and emamectin
benzoate (98.3%). The Als were selected because they are currently
registered for cockroach control. Four cockroach baits, Maxforce
FC Magnum (fipronil 0.05%; Bayer, Research Triangle Park, NC),
Vendetta Cockroach Gel Bait (abamectin B1 0.05%; McLaughlin
Gormley King Co., Minneapolis, MN), Optigard Cockroach Gel Bait
(emamectin benzoate 0.1%; Syngenta, Greensboro, NC) and Advion
Cockroach Gel Bait (indoxacarb 0.6%; Syngenta, Greensboro,
NC) were purchased from Univar (Indianapolis, IN) for testing in
no-choice and choice feeding bioassays.

Vial Bioassays

Fardisi et al. (2017) predetermined lethal concentrations (LCs)
and DCs for all Als listed above except emamectin benzoate in
the JWax-S strain (Table 1). In order to determine the DC of
emamectin benzoate, prior methods for abamectin were followed
in which serial dilutions of emamectin benzoate were tested against
the JWax-S strain to identify a candidate DC (Fardisi et al. 2017).
Bioassays were conducted in 37-mL Shell vials (25 by 95 mlL;
Kimble Chase, Vineland, NJ). The internal surfaces of the vials
(71.67 cm?) were treated with 0.5-ml insecticide dilutions. About
1 c¢cm of the top of the vial was left untreated, as a cotton plug
would cover it. Insecticide dilutions were made in acetone and used
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Table 1. Four active ingredient diagnostic concentrations for the
JWax-S strain

Insecticide class Insecticide active ingredients DC per vial
Avermectin Abamectin 2 ng
Emamectin benzoate 0.125 pg
Oxadiazine Indoxacarb 30 pg
Phenylpyrazole Fipronil 0.1 pg

All concentrations shown are at LC,,. Diagnostic concentrations were de-
termined by Fardisi et al. (2017) except for emamectin benzoate, which was
determined in the current study.

immediately after preparation. Insecticide solutions were mixed
thoroughly before being applied to each vial. After adding insec-
ticide solutions, vials were rotated manually for 1 min and then
on a non-heating hotdog roller (Nostalgia Products LLC, Green
Bay, WI) placed in a fume hood. Complete evaporation of acetone
required about 30 min. Vials treated with acetone-only were used
as controls.

Adult male cockroaches were anesthetized in plastic cups on ice
before transferring to individual vials in groups of ten. Glass vials
were plugged with cotton balls to prevent escape. Insecticide and
control vials were kept vertically in controlled-environmental cham-
bers with atmospheric conditions similar to rearing. Ten replicates
for each Al and strain were performed, and mortality was recorded
every 24 h up to 72 h. The insects were considered dead if the AI
knocked them down on their backs and the insects could not recover
on their feet or walk.

For comparing mortality variation between the four strains, per-
centage mortality from diagnostic bioassays with individual Als were
arcsine transformed and analyzed by two-way factorial ANOVA in
R statistical platform (RStudio Team 2022) followed by a post hoc
Tukey’s HSD test.

No-choice Assay Methods

Four gel bait products were screened against the JWax-S, I-IN, D-IL,
and B-MD strains, as seen in AI-DC assays. Tested gel baits included
Maxforce (fipronil), Vendetta (abamectin), Optigard (emamectin
benzoate), and Advion (indoxacarb) (Supp Table S2 [online only]).
Procedures described previously in other studies were used with
minor modifications (Wang et al. 2004, Gondhalekar et al. 2011,
Fardisi et al. 2017). Plastic containers were used (17.8 by 17.8 by
6 cm/0.739 L; Glad boxes Clorox Co., Oakland, CA). The bioassays
were conducted in a no-choice format in which no competing
food was provided. Polystyrene weighing dishes (Fisher Scientific,
Pittsburgh, PA) were filled with 0.5-g gel bait and a water cup, and
cardboard shelters were provided in each container. For controls,
the gel bait was replaced with a 0.5-g piece of rodent diet. Adult
males were starved for one day before assaying. To prevent the
cockroaches from escaping, the container walls were lightly greased
with petroleum jelly and mineral oil (2:3), and containers were
closed tightly with lids containing a central meshed opening (3-cm
diameter). Ten replications for each strain—treatment combination
were conducted. Mortality was checked every 24 h until 100% mor-
tality was achieved in all strains. All assay boxes were kept 72 h after
100% mortality was achieved to ensure no recovery occurred.

Choice Assay Methods
Choice bioassays were performed as described previously with
slight modifications. Modeled after Ebeling et al. (1966), disposable

Tupperware plastic boxes were used. Two 15.24 c¢m high x 22.9 cm
wide plastic boxes (27.3 x 4.9 cm), one painted black, were connected
near the top by a 2.5-cm length of 0.64 cm tubing. One box (dark
side) received 0.5 g of gel bait. The other side (light side) contained
only food and water and was not painted. The choice bioassays were
held under ambient laboratory conditions (~25°C) with a photope-
riod of 24:0 h (Light: Dark). Ten male cockroaches were released in
the light side for acclimation one day before the experiment, and mor-
tality was scored every 2 h and daily after 12 h up to 15 d. Container
walls were lightly greased 2.5 cm from the top and closed tightly with
lids to prevent escape. Only the lid for the light side contained a cen-
tral meshed opening (3-cm diameter). Ten replications were done for
choice assays on all strains with JWax-S as a positive control strain.

Data Analyses

For comparing variation among strains, vial mortality data were
analyzed by two-way factorial ANOVA in R statistical platform
(RStudio Team 2022), followed by univariate tests of significance
for each day. The impact of the baits on survivorship was analyzed
with Kaplan-Meier analysis, and survivorship curves were compared
with that of the JWax-S strain using log-rank tests in SPSS Statistics
Version 28.0 (IBM Corporation, Armonk, NY). See Supplementary
Materials for more information.

Results

Vial Bioassays

Diagnostic concentrations for use in vial bioassays, except for
emamectin benzoate, were reported previously (Fardisi et al. 2017).
The candidate emamectin benzoate diagnostic concentration (DC)
was developed in the current research for the JWax-S strain. The
DC for emamectin benzoate was determined from serial dilutions
and was patterned after prior work done with abamectin (Fardisi
et al. 2017). Due to acquiring high mortality in all strains at all test
concentrations, the emamectin benzoate diagnostic concentration
was estimated at 0.125 pg/vial. This concentration of emamectin
benzoate is 16-fold lower compared to the abamectin diagnostic
concentration reported previously (Fardisi et al. 2017) and effec-
tively causes 100% mortality in the JWax-S strain by 72 h.

Figure 1 shows the percentage mortality comparisons for the four
strains and four Als at their respective DCs. Exposure to abamectin DC
resulted in >70% mortality of all field strains. Highest mortality (93%)
was achieved in the JWax-S strain when exposed to the abamectin DC;
mortality in the I-IN, B-MD, and D-IL strains was lower at 83, 75, and
70%, but was not significantly different. Total mortality was achieved
in all strains when exposed to the emamectin benzoate DC.

Indoxacarb DC assays resulted in different mortalities in the field
strains, while 100% mortality was achieved in JWax-S. Conversely,
90%, 66%, and 1% mortality were achieved in I-IN, D-IL, and
B-MD strains when exposed to indoxacarb at its DC.

Finally, I-IN strain mortality when exposed to fipronil was 89%.
Mortality in the D-IL strain was 92% with fipronil. B-MD mortality
was 29% with fipronil, while in the JWax-S strain mortality was 100%.

No-choice Bioassays

Survival probability in no-choice assays up to 6 d is shown for all four
strains when provided commercially-formulated gel baits containing
the Als fipronil, abamectin, emamectin benzoate, and indoxacarb
(Supp. Fig. S1 [online only]). Kaplan-Meier survival values for different
gel baits ranged from 1 to 6 d for the JWax-S, I-IN, D-IL, and B-MD
strains (Fig. 2). All strains achieved 100% mortality by ten days except
the highly resistant B-MD strain. With Maxforce (fipronil) gel bait, all
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(0.125 pglvial)
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(30 pglvial)

Insecticide Als

Fipronil
(0.1 pglvial)

% Mortality
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Fig. 1. Diagnostic vial assay results showing average mortality in the JWax-S, I-IN, D-IL, and B-MD strains of German cockroaches after 72 h. Bars for each
insecticide Al with the same letter are not significantly different by two-way factorial ANOVA and univariate analyses (P < 0.05).
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Fig. 2. No-choice bait assay survivorship of the JWax-S, I-IN, D-IL, and B-MD cockroach strains over time. Log-rank tests were performed to determine the
differences amongst strains. P-values indicate differences between strains. Global analysis (df = 4) indicates that all strains were compared while reduced

analysis (df = 2) indicates that only JWax-S, I-IN, and D-IL strains were compared.

strains except [-IN and B-MD achieved >90% mortality within one
day after starting assays. The mean mortality for untreated controls in
all strains combined was <5%. The rank of strains in no-choice assays
from least to most tolerant was JWax-S, I-IN, D-IL, and B-MD

Choice Bioassays
Survival probability in choice assays up to 6 d is shown for all four
strains when provided commercially-formulated gel baits (Supp.

Fig. S2 [online only]). Kaplan-Meier survival analysis values for dif-
ferent gel baits ranged between 1 to 15 days for the JWax-S, I-IN,
D-IL, and B-MD strains (Fig. 3). Greater than 90% mortality was
achieved after 13 d for all strains. With Optigard (emamectin ben-
zoate) gel bait, all strains achieved >70% mortality within two days
after starting assays. The mean mortality for untreated controls in
all strains combined was <10%. The rank of strains in choice assays
from least to most tolerant was B-MD, I-IN, JWax-S, and D-IL,
which is notably different from the no-choice assays.
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Fig. 3. Choice bait assay survivorship of the JWax-S, I-IN, D-IL, and B-MD cockroach strains over time. Log-rank tests were performed to determine the differences
amongst strains. P-values indicate differences between all strains. Global analysis (df = 4) indicates that all strains were compared while reduced analysis (df =

2) indicates that only JWax-S, I-IN, and D-IL strains were compared.

Discussion

Four different German cockroach strains were used in this study.
The JWax-S strain was chosen as the susceptible strain due to its lim-
ited insecticide exposure. Its population size was not relevant due to
being reared in a laboratory for decades. The I-IN strain was chosen
as a small population strain, and the D-IL strain for a large popula-
tion strain based on their documented glue trap catches from prior
field studies (Supp Table S1 [online only]). Trap catch is relevant for
estimating the size of a population or infestation in the context of
community-wide pest management (Fardisi et al. 2019, Miller and
Smith 2020). The B-MD strain was included as a recently-collected
field strain and due to repeated control failures immediately prior to
its collection.

This study tested currently registered commercial bait products
and their insecticide Als against the above cockroach strains
having different population starting sizes and resistance levels.
More importantly, the study identified candidate rapid tests that
have apparent utility for testing currently registered Als on field
strains with unknown resistance status. Vial, choice, and no-choice
feeding assays were conducted on four different cockroach strains
with differences in insecticide resistance profiles. Emamectin ben-
zoate caused the highest mortality in vial assays, and indoxacarb
showed the least mortality in all strains. No-choice bait assays con-
firmed vial results more strongly than choice assays in all strains.
The B-MD strain demonstrated the highest insecticide resistance
out of all the strains and all indications are that the B-MD strain
had a large field population size (Dr. Godfrey Nalyanya, personal
communication).

Resistance Mechanisms in German Cockroaches
Each strain was tested using established DCs from Fardisi et al.
(2017) to establish resistance profiles for each Al. Vial bioassays

were selected to assess physiological insecticide resistance because
physiological resistance is the most common category in German
cockroaches and includes metabolism by detoxification enzymes,
target site modifications, and penetration barriers (Scharf et al.
1998, Wang et al. 2004, Gondhalekar et al. 2013, Scharf and
Gondhalekar 2021). The two main implications of physiological
resistance are cross- and multiple-resistance. Cross-resistance is
when resistance to two insecticides from different classes is due
to a single mechanism, and multiple-resistance is when resistance
to multiple insecticides occurs due to multiple mechanisms (Scharf
and Gondhalekar 2021). Vial assays are also relatively quick to use
for resistance monitoring in the laboratory setting (Gondhalekar
et al. 2011). Fardisi et al. (2017, 2019) determined that vial assays
are reliable for efficiently and accurately determining Al resistance
for field strains to improve pest management decision-making.
Additionally, vial assays can effectively predict resistance to bait
Als because test cockroaches readily groom and ingest insecticides
off their tarsi (Scharf and Gondhalekar 2021). Vial assays can thus
be an excellent tool for resistance monitoring if a laboratory is
available.

Variation in Mortality among Different Insecticide
Classes

Emamectin benzoate caused overall high mortality across all strains.
It is a derivative of the avermectin family that possesses much higher
activity at lower doses than other traditional insecticides (Guo et
al. 2015), which agrees with our findings of high activity at low
concentrations. The EPA approved emamectin benzoate within
the last decade to control emerald ash borer (Agrilus planipennis)
(Poland et al. 2010). Also, Liang et al. (2020) recently demonstrated
that emamectin benzoate is an effective Al to control diamondback
moths (Plutella xylostella). Along with Lee et al. (2022), the results
from the present study suggest that emamectin benzoate could be an
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excellent Al for the control of otherwise-resistant German cockroach
populations regardless of population size, cross-resistance profiles,
or prior insecticide exposure history.

Indoxacarb was variably ineffective against all field strains, also
as previously demonstrated in Fardisi et al. (2017). Indoxacarb has
been used extensively since the 2000s and has shown high-level re-
sistance in many populations (Present Study; Davari et al. 2018,
Salehzadeh et al. 2020, Scharf et al. 2022). Curl’s (2011) market
analysis identified high market sales for indoxacarb products, which
supports the existence of high indoxacarb selection pressure on a
wide geographic scale. Overall, German cockroaches typically ex-
hibit widespread insecticide resistance to easily accessible Als ex-
tensively used by consumers and pest management professionals
(DeVries et al. 2019).

Resistance Profiles in Field Collected Strains

The Baltimore (B-MD) strain exhibited the highest resistance
frequencies across Als with the exception of emamectin benzoate.
The B-MD strain is thus classified as a highly resistant cockroach
strain with a low variation of resistance to different Als (Wu and
Appel 2017). In this regard, Wu and Appel (2017) determined
that German cockroach strains that exhibited high insecticide re-
sistance did so due to heavy selection pressure towards genetic ho-
mogeneity. The B-MD strain exhibits similar characteristics. Since
emamectin benzoate is a newer Al than the other Als tested and is
part of a newer class of insecticides, resistance may not have been
selected in any of these tested strains yet (Scharf and Gondhalekar
2021). Although we do not have field population information as
reported for the I-IN and D-IL strains, the B-MD field population
experienced multiple indoxacarb control failures and exhibited a
large field population size that would have a greater probability
of possessing a variety of resistance mutations (Messer and Petrov
2013). However, emamectin benzoate appears unique enough not
to be affected by cross-resistance with other Als. More experiments
should be conducted to examine specific population characteristics
and resistance mechanisms in the B-MD strain or the Danville ‘single
bait’ strain collected after surviving five months of treatments with
abamectin gel bait (Fardisi et al. 2019). Additionally, the agreement
in results for vial and gel bait feeding assays suggests the candidate
vial DC for emamectin benzoate (0.125 pg/vial) is reasonable for
resistance monitoring purposes.

No-choice bait feeding assays with commercial fipronil,
abamectin, emamectin benzoate, and indoxacarb gel baits confirmed
the vial assay results with similar mortality rates. No-choice bait
assays had faster mortality rates than choice assays and had more
homogeneous results across susceptible and resistant strains. For this
reason, no-choice assays appear better suited for PMP-based resist-
ance monitoring. Choice assays, a.k.a. choice boxes, were created to
mimic field conditions in the laboratory, and further take advantage
of German cockroach locomotor circadian rhythms. Male German
cockroaches conduct most of their locomotion activity in darkness,
which is typical for nocturnal insects (Dreisig and Nielsen 1971).
From prior experiments, Ebeling et al. (1966) observed that German
cockroaches quickly moved towards darkness even if insecticidal
dusts bordered dark areas. New field experiments could focus on
how cockroach circadian rhythms might affect resistance status and
assessment.

Summary and Conclusions
In summary, one objective of this study was to test cockroach
strains from two known source-population sizes (I-IN, D-IL) and

compare their insecticide resistance profiles. The study also aimed
to test a newly registered Al, emamectin benzoate, on field strains
with differing insecticide susceptibilities. In general, more newly-
registered Als were the most effective overall against all strains,
while older Als were least effective, supporting the idea that the
longer amount of time a product is in the market, the greater the po-
tential for widespread resistance problems. Specifically, emamectin
benzoate (Optigard bait) was the most effective Al tested against
all strains and we further identified an effective vial assay DC for
emamectin benzoate of 0.125 pg/vial. Emamectin benzoate thus
appears to offer promise for managing especially-resistant strains
like B-MD.

Overall, results presented here suggest that vial and bait feeding
assays are suitable tools to assess insecticide resistance in field
strains of German cockroaches. They are both relatively uncom-
plicated and cost-effective, depending on the resources available
(Fardisi et al. 2017, Lee et al. 2022). The B-MD German cockroach
strain from Baltimore, Maryland, was the most resistant strain
tested and has been reported to come from a large field popula-
tion (Dr. Godfrey Nalyanya, personal communication). Based on
field sampling data, the D-IL strain came from a larger field pop-
ulation than the I-IN strain and displayed generally broader cross-
resistance profiles (Supp Table S1 [online only]; Fardisi et al. 2017,
2019). However, as would be expected, resistance levels in the D-IL
and I-IN strains declined with several years of lab rearing, but none-
theless have persisted to a certain degree as seen in the present study.
Management in the field is possible with field strains possessing sim-
ilar resistance traits as the B-MD strain with rotation of currently
registered Al baits (Fardisi et al. 2019, Miller and Smith 2020). The
results acquired from this study can help develop a rapid test to
use in the field based on the no-choice feeding assay, while also
adding more information supporting current resistance and cross-
resistance evolution theories.
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