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The German cockroach, Blattella germanica (L.), is a major urban insect pest primarily controlled by insecticides, 
including pyrethroid sprays, fipronil baits, and indoxacarb baits. However, widespread pyrethroid resistance 
increases the probability that cockroaches will survive treatments in the field. Many insecticides are applied 
concurrently or repetitively on a periodic basis, meaning survivors have the chance to be re-treated, but any 
lasting physiological effects from initial survival may impact the performance of subsequent treatments. We 
investigated the effects of sublethal deltamethrin exposure on the susceptibility of susceptible (UCR) and 
resistant (Ryan) strains of German cockroaches. Ineffective pyrethroid treatment was simulated by treating 
cockroaches with the LD20 of deltamethrin. Survivors were treated again with the same dose of deltamethrin, 
a food source containing the LC50 of fipronil, or a food source containing the LC50 of indoxacarb. Both strains 
of cockroaches experienced greater mortality when treated with deltamethrin 3 d (49.8% to 67.6%), after the 
sublethal exposure. No impact on fipronil or indoxacarb susceptibility was observed after pre-treatment with 
deltamethrin. Because surviving a deltamethrin treatment did not induce tolerance to deltamethrin or other 
insecticides, this suggests no within-generation drawback of current conventional management practices 
of applying multiple treatments in the same site. Furthermore, sequential exposure to deltamethrin caused 
greater mortality than expected, indicating that this insecticide may remain useful even if initial efficacy is low. 
Comprehensive examinations of additional resistant strains treated with formulated products are warranted to 
understand whether these effects may impact field control.
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Introduction

German cockroaches, Blattella germanica (L.), are cosmopolitan 
urban pests that infest indoor environments such as residences, 
food preparation areas, hotels, schools, and hospitals (Lee and 
Wang 2021). Insecticides are the most effective tools to address ac-
tive cockroach infestations, but insecticide resistance continues to 
pose significant problems (Scharf and Gondhalekar 2021). In partic-
ular, well-documented pyrethroid resistance in field-collected strains 

discourages reliance on such formulations (DeVries et al. 2019, Hu 
et al. 2020, Boné et al. 2022, Lee et al. 2022a, Tisgratog et al. 2023, 
Gordon et al. 2024, Kruaysawat et al. 2024). However, pyrethroids 
remain common for German cockroach control because of their ease 
of application, quick action, and low cost, which are important qual-
ities in low-income areas disproportionately affected by infestations 
(Zha et al. 2018, Miller and Smith 2020).

Continuing to use ineffective insecticides will only worsen resist-
ance issues, resulting in a growing probability of sublethal exposures 
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occurring in the field. At label rates, pyrethroid products typically 
achieve low kill on field-collected strains through brief exposure. 
High mortality rates are only achievable through continuous expo-
sure assays (Lee et al. 2022b, Gordon et al. 2024). Extended expo-
sure is unlikely in scenarios that allow natural cockroach behavior 
such as avoidance of pyrethroid-treated zones, which can further 
compound the chance of treatment survivors when combined with 
other resistance mechanisms (Boné et al. 2020, Lee et al. 2022b, 
Gaire et al. 2024).

Sublethal exposure to insecticides can have unintended impacts 
that may affect aspects of management beyond low efficacy. The 
activity or expression of detoxification enzymes such as cytochrome 
P450 (Khan and Matsumura 1972, Poupardin et al. 2008, Baek et 
al. 2010, Rix et al. 2016, Cui et al. 2018, Yang et al. 2018, Ullah et 
al. 2020), esterase (Riaz et al. 2009, Rix et al. 2016), and glutathione 
S-transferase (Cui et al. 2018) has been shown to change in many 
pest species after treatment with neurotoxic insecticides. Although 
many authors suggest that these changes translate to increased tol-
erance toward additional pesticide stress, within-generation in vivo 
studies of insecticide-to-insecticide exposure are rare and often in-
consistent (Guedes et al. 2017). Susceptible Aedes aegypti L. larvae 
experienced increased temephos tolerance after permethrin expo-
sure but did not experience altered tolerance to permethrin itself 
(Poupardin et al. 2008). There was no difference between single 
and double sequential exposure of spinetoram or permethrin on 
Drosophila suzukii (Matsumura) survival (Deans and Hutchison 
2022). Dieldrin exposure increased the susceptibility of a field-
collected German cockroach strain to carbaryl but not to diazinon 
(Khan and Matsumura 1972).

There is a lack of understanding of how sublethal exposure to 
pyrethroids affects an individual German cockroach’s toxicolog-
ical response to subsequent treatments, despite the high likelihood 
of pyrethroid resistance and asynchronous exposure occurring in 
the field. For example, cockroaches can receive multiple nonlethal 
doses of pyrethroids within their lifetimes, such as through re-
peated visitation to the same application or exposure to different 
treatments. Similarly, cockroaches may survive an initial pyrethroid 
treatment and be exposed to bait insecticide later. A single infested 
site often contains different insecticide applications because of pro-
fessional management programs incorporating a multiple-attack 
strategy, unregulated applications by non-professionals, or left-
over applications from previous treatments. Baits and sprays are 
two common formulations that may be used simultaneously in 
overlapping areas (Fardisi et al. 2019, Appel and Rust 2021, Rust 
et al. 2022). As a result, cockroaches must traverse pyrethroid-
treated zones to reach bait applications, creating a guaranteed 
situation of sublethal exposure followed by additional treatment 
if the population is sufficiently resistant. Given the ubiquity of 
pyrethroids in conventional German cockroach control, knowledge 
on sublethal pyrethroid exposure will have significant implications 
on management decisions.

This study aimed to determine whether deltamethrin suble-
thal exposure alters the susceptibility of German cockroaches 
toward subsequent insecticide treatment. First, the toxicity 
of deltamethrin, fipronil, and indoxacarb (the latter two are 
common bait toxicants) was determined for a susceptible and re-
sistant strain of German cockroach through topical or crude bait 
(treated dog food) bioassays. Next, the survivors of pyrethroid 
treatment were obtained by subjecting German cockroaches to 
a low dose of deltamethrin (LD20). These survivors later re-
ceived another dose of deltamethrin or were provided food 
sources containing fipronil or indoxacarb (LC50) to simulate 

bait exposure. The resulting mortalities are compared, and the 
implications are discussed.

Materials and Methods

Cockroach Strains
The Ryan strain was collected from an apartment in San Jose, CA 
in 2020 with previously documented resistance toward insecticides, 
including deltamethrin, fipronil, and indoxacarb (Lee et al. 2022a, 
2022b). It has not been subjected to resistance selection since collec-
tion. The UCR strain is an insecticide susceptible strain that has been 
reared in the laboratory for > 40 yr without insecticide exposure. 
Both strains were maintained and tested under ambient laboratory 
conditions of 24 ± 2 °C, 30–50% RH, and 12:12 L:D photoperiods. 
They were provided dog food (Purina Dog Chow, Nestlé Purina 
Petcare, St. Louis, MO) and distilled water. Adult males were used 
for all experiments because they have the most consistent physiology 
among the stages and sexes of B. germanica (Appel et al. 1983, Abd-
Elghafar and Appel 1992).

Baseline Toxicity of Topically Applied Deltamethrin
A range of six doses causing > 0% and < 100% mortality at 3 d 
was prepared by diluting technical grade deltamethrin (≥ 98%, 
Sigma Aldrich Corporation, St. Louis, MO) in acetone. Adult male 
cockroaches from the Ryan strain were anesthetized with a brief 
exposure to CO2 (~10 s). A dose of deltamethrin (0.5 μl) was top-
ically applied to the abdominal sternites using a microapplicator 
(Instrumentation Specialties, Seward, NE). Controls were treated 
with acetone only. Treated cockroaches were provided with dog 
food and water; mortality (inability to move or right itself within 
30 s when probed with forceps) was recorded at 3 d. A total of 6 
to 12 replicates of ten cockroaches each were conducted for each 
treatment dose (n = 430) with 7 replicates for the control. Data for 
the UCR strain was retrieved from Lee et al. 2022a, and the LD50, 
LD20, and RR50 (resistance ratio) at 3 d were generated for the UCR 
and Ryan strains using PoloPlus (LeOra Software LLC, Petaluma, 
CA).

Baseline Toxicity of Fipronil and Indoxacarb in Food 
Source
Crude baits consisting of dog food (same type as rearing) treated 
with fipronil or indoxacarb were created by crushing dog food 
to powder in a mortar and adding specific quantities of technical 
grade fipronil (≥ 96%, Syngenta Crop Protection LLC, Greensboro, 
NC, USA) or indoxacarb (52.7%, Syngenta Crop Protection LLC, 
Greensboro, NC, USA) diluted in acetone to create a range of 
concentrations causing > 0% and < 100% mortality at 5 d. The dog 
food was mixed thoroughly with insecticide and dried under a fume 
hood overnight. Ten adult male cockroaches of the UCR or Ryan 
strains were introduced to arenas (27.5 × 20 × 9 cm) containing a 
cardboard harborage, a water source, filter paper on the bottom to 
increase traction, and fluon on the walls to prevent escape. At the 
start of the trial, ~0.5 g of treated dog food was introduced to the 
arena in a weigh boat, and mortality (inability to move within 30 s 
when disturbed with forceps) was recorded at 5 d. Controls received 
acetone-treated dog food. No alternative food source was pro-
vided. Six replicates were conducted for 6 concentrations of fipronil, 
and 4 to 7 replicates were conducted for 5 to 6 concentrations of 
indoxacarb (n = 300 to 360). Controls were replicated 6 times. The 
LC50 and RR50 at 5 d for fipronil and indoxacarb were calculated for 
the UCR and Ryan strains using PoloPlus.
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Impact of Sublethal Deltamethrin Exposure on 
Deltamethrin Susceptibility
The LD20 deltamethrin for the UCR and Ryan strains (UCR: 2.9 ng/
insect; Ryan: 16.6 ng/insect; Table 1) were prepared by diluting 
technical grade deltamethrin in acetone. Adult males of the UCR or 
Ryan strains were anesthetized with a brief exposure to CO2. The 
strain-specific LD20 (0.5 μl) was topically applied to the abdominal 
sternites using a microapplicator. Controls were treated with ace-
tone. A total of 30 to 34 treatment replications of 10 cockroaches 
each were performed for each strain, and controls were replicated 
27 to 28 times. Cockroaches were provided with dog food and 
water, and mortality (inability to move or right itself within 30 s 
when probed with forceps) was recorded at 3 d. Three or seven 
days after treatment, surviving cockroaches were anesthetized with 
a brief exposure to CO2 again. The strain-specific LD20 was top-
ically applied to the abdominal sternites using a microapplicator. 
Controls were treated with acetone. Cockroaches were provided 
with dog food and water, and mortality was recorded at 3 d. 
Treatments and controls were conducted with 4 to 8 replicates of 
9 to 11 cockroaches each, depending on survivors of the first treat-
ment, for a total n = 42–79. Final % mortalities from deltamethrin 
→ deltamethrin, deltamethrin → acetone, and acetone → ace-
tone treatments were corrected (Henderson and Tilton 1955) and 
compared with Mantel-Haenszel chi-square tests using R version 
4.3.1. Only mortalities from the second (final) treatments were 
compared; dead cockroaches from the first treatment were excluded 
from % mortality calculations.

Impact of Sublethal Deltamethrin Exposure on 
Fipronil or Indoxacarb Susceptibility
Adult males of the UCR or Ryan strains were anesthetized with a 
brief exposure to CO2. The strain-specific LD20 was topically applied 
(0.5 μl dose) to the abdominal sternites using a microapplicator. 
Controls were treated with acetone. Treated cockroaches were pro-
vided with dog food and water. Three or seven days after treat-
ment, surviving cockroaches were transferred in groups of 10 to 
arenas (27.5 × 20 × 9 cm) containing a cardboard harborage, a 
water source, filter paper on the bottom to increase traction, and 
fluon on the walls to prevent escape. Crude baits consisting of dog 
food treated with strain-specific LC50’s of fipronil or indoxacarb 
(see Table 2) for the UCR and Ryan strains were prepared by 
crushing dog food to powder and adding technical grade fipronil or 

indoxacarb in acetone. A 0.5 g quantity of fipronil or indoxacarb-
treated dog food was introduced to the arenas in weigh boats, and 
mortality (inability to move within 30 s when disturbed with for-
ceps) was recorded daily for 14 d. Controls received acetone-treated 
dog food. A total of 5 to 6 replications of 10 cockroaches each were 
conducted for each treatment combination and control. For treat-
ment groups exposed to fipronil or indoxacarb-treated dog food, 
survivorship curves and mean survival times were generated using 
Kaplan–Meier analysis, and survivorship was compared between 
deltamethrin pre-treated and acetone pre-treated groups using log-
rank tests in SPSS 29.0.

Results

Baseline Toxicity of Topically Applied Deltamethrin
The topical LD50 of deltamethrin at 3 d for UCR strain adult males 
was 4.6 ng/insect, and the LD20 was 2.9 ng/insect (Table 1) (Lee et 
al. 2022a). For the Ryan strain, the LD50 was 42.9 ng/insect, and the 
LD20 was 16.6 ng/insect (Table 1). The Ryan strain was 9.3 times 
resistant to deltamethrin (RR50) (Table 1).

Baseline Toxicity of Fipronil and Indoxacarb in Food 
Source
The LC50 of fipronil-treated dog food was 0.3 µg/g for UCR strain 
adult males and 1.1 µg/g for Ryan strain adult males, resulting in an 
RR50 of 3.6 (Table 2). The LC50 of indoxacarb-treated dog food was 
12.3 µg/g for UCR strain adult males and 40.5 µg/g for Ryan strain 
adult males, resulting in an RR50 of 3.3 (Table 2).

Impact of Sublethal Deltamethrin Exposure on 
Deltamethrin Susceptibility
The LD20 of deltamethrin of the UCR strain (2.9 ng/insect) 
caused 21.7% mortality at 3 d in adult males (Table 3). When 
deltamethrin survivors were treated with deltamethrin again 3 d 
later (deltamethrin → deltamethrin), they experienced significantly 
greater mortality (49.8%) compared to acetone → deltamethrin 
(24.9%) (χ2 = 12.2, df = 1, P < 0.001) and acetone → acetone (8.5%) 
(χ2 = 35.9, df = 1, P < 0.0001) groups (Fig. 1A; Table 3). When the 
time between treatments was 7 d, deltamethrin → deltamethrin 
treated cockroaches reached 33.3% mortality, which was signifi-
cantly greater than acetone → acetone (6.8%) (χ2 = 20.1, df = 1, 
P < 0.0001) but not acetone → deltamethrin (25.2%) (χ2 = 0.9, 

Table 1. Toxicity of topically applied deltamethrin at 3 d for adult males of the UCR and Ryan strains.

Strain n LD20 (95% CI) (ng/insect) LD50 (95% CI) (ng/insect) RR50
b (95% CI) (ng/insect) Slope SE χ2 (df)

UCRa 820 2.9 (2.5–3.3) 4.6 (4.1–5.1) - 4.251 0.287 8.7 (6)
Ryan 430 16.6 (7.7–25.4) 42.9 (28.6–65.2) 9.3 (7.8–11.1) 2.047 0.176 11.5 (4)

aFrom bioassays conducted in Lee et al. (2022a).
bLD50 of the Ryan strain/LD50 of the UCR strain.

Table 2. Toxicity of insecticide-treated dog food at 5 d for adult males of the UCR and Ryan strains.

Insecticide Strain n LC50 (95% CI) (µg/g) RR50
a (95% CI) (µg/g) Slope SE χ2 (df)

fipronil UCR 360 0.3 (0.3–0.4) - 3.678 0.346 7.7 (4)
Ryan 360 1.1 (0.9–1.4) 3.6 (2.8–4.5) 1.653 0.17 2.6 (4)

indoxacarb UCR 310 12.3 (10.4–14.8) - 3.677 0.365 3.0 (3)
Ryan 300 40.5 (29.6–51.4) 3.3 (2.7–4.0) 2.44 0.288 5.3 (4)

aLC50 of the Ryan strain/LC50 of the UCR strain.
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df = 1, P = 0.35) (Fig. 1A; Table 3). Acetone control mortality did 
not exceed 8.5% for the UCR strain (Table 3).

For Ryan strain adult males, the LD20 of deltamethrin (16.6 ng/
insect) caused 22.6% mortality at 3 d (Table 4). Application of 
deltamethrin 3 d after a first deltamethrin treatment (deltamethrin 
→ deltamethrin) resulted in significantly greater mortality (67.6%) 
compared to acetone → deltamethrin (32.9%) (χ2 = 21.6, df = 1, 

P < 0.0001) and acetone → acetone (3.3%) (χ2 = 84.2, df = 1, 
P < 0.0001) (Fig 1B; Table 4). A 7 d difference between treatments 
resulted in 32.1% mortality for deltamethrin → deltamethrin, which 
was significantly greater than acetone → acetone (6.3%) (χ2 = 20.1, 
df = 1, P < 0.0001) but not acetone → deltamethrin (25.2%) (χ2 = 
0.9, df = 1, P = 0.36) (Fig 1B; Table 4). Acetone control mortality did 
not exceed 7.3% (Table 4).

Table 3. Mortality of UCR strain adult males from deltamethrin (topical LD20) or acetone after 3 d or 7 d from the first treatment of deltamethrin 
(topical LD20) or acetone.

Treatment

Time between treatments n % mortality 3 d after final treatmenta SEFirst Second

acetone - - 270 3.7% 0.01
deltamethrin LD20 - - 300 21.7% 0.01
acetone acetone 3 d 47 8.5% 0.6
acetone deltamethrin LD20 3 d 50 24.9% 0.9
deltamethrin LD20 acetone 3 d 42 6.8% 0.8
deltamethrin LD20 deltamethrin LD20 3 d 59 49.8% 0.9
acetone acetone 7 d 74 6.8% 0.3
acetone deltamethrin LD20 7 d 76 25.2% 0.6
deltamethrin LD20 acetone 7 d 61 3.3% 0.3
deltamethrin LD20 deltamethrin LD20 7 d 57 33.3% 0.8

aHenderson-Tilton corrected mortalities for deltamethrin LD20 → deltamethrin LD20 and acetone → deltamethrin LD20

Fig. 1. Mortality of (A) UCR or (B) Ryan strain adult males from deltamethrin (topical 3 d LD20) or acetone administered 3 d or 7 d after a first sublethal exposure 
to deltamethrin (topical 3 d LD20) or acetone. Asterisks indicate a significant difference from deltamethrin → deltamethrin treatment (Mantel-Haenszel chi-square 
test; Bonferroni corrected α = 0.025).

Table 4. Mortality of Ryan strain adult males from deltamethrin (topical LD20) or acetone after 3 d or 7 d from the first treatment of 
deltamethrin (topical LD20) or acetone.

Treatment

Time between treatments n % mortality 3 d after final treatmenta SEFirst Second

acetone - - 280 0.7% 0.01
deltamethrin LD20 - - 340 22.6% 0.01
acetone acetone 3 d 60 3.3% 0.1
acetone deltamethrin LD20 3 d 60 32.9% 0.8
deltamethrin LD20 acetone 3 d 55 7.3% 0.5
deltamethrin LD20 deltamethrin LD20 3 d 60 67.6% 0.8
acetone acetone 7 d 50 6.3% 0.6
acetone deltamethrin LD20 7 d 79 19.6% 0.5
deltamethrin LD20 acetone 7 d 61 4.9% 0.4
deltamethrin LD20 deltamethrin LD20 7 d 57 32.1% 0.8

aHenderson-Tilton corrected mortalities for deltamethrin LD20 → deltamethrin LD20 and acetone → deltamethrin LD20
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Impact of Sublethal Deltamethrin Exposure on 
Fipronil or Indoxacarb Susceptibility
No significant differences in survivorship within 14 d were found in 
the UCR or Ryan strain between acetone and deltamethrin (LD20) 
pre-treated groups when exposed to treated dog food (fipronil or 
indoxacarb LC50), regardless of when the treatment was started (3 
d or 7 d after pre-treatment) (Fig. 2A–D; Fig. 3A–D; Supplementary 
Table S1). Mean survival times under treatments were 5.5–8.4 d 
(Supplementary Table S1).

Discussion

The strain-specific LD20 of deltamethrin caused 21.7% and 22.6% 
mortality on the UCR and Ryan strains, respectively (Tables 3 and 
4). Based on the stipulations of the probit model, an accurate LD20 
kills the most susceptible 20% of a population, leaving a surviving 
80% that is tolerant of a single LD20 treatment. However, when 
LD20 survivors were treated with the LD20 again after 3 or 7 d, 
they experienced 32.1% to 67.6% mortality instead of 3.3% to 
7.3% as observed in the deltamethrin → acetone control groups, 
demonstrating that deltamethrin sublethal exposure signifi-
cantly increased their susceptibility beyond baseline. Furthermore, 
deltamethrin → deltamethrin caused greater mortality than acetone 
→ deltamethrin when the second treatment was administered after 
3 d, indicating that treated cockroaches were more susceptible than 
the original untreated population. The majority of deltamethrin-
mediated death in the German cockroach occurs within the first 24 
to 48 h (Tisgratog et al. 2023) as does most pyrethroid metabolism 
(Anspaugh et al. 1994), indicating that these changes remain beyond 

the initial acute toxicity phase and are not due to the combined 
effects of excessive insecticides in the insect body.

Deltamethrin has a variable detoxification fate in German 
cockroaches and can be subjected to P450, esterase, and GST-
catalyzed reactions (Lee et al. 2022b). P450s are the most impor-
tant detoxification enzymes, but their utilization is costly because 
they are only induced upon reception of a substrate (eg an insec-
ticide), and they require NADPH as a high-energy cofactor (Yu 
2014). Susceptibility changes from repeated deltamethrin exposure 
may result from the inability to meet detoxification demand from 
overburdened resources in a manner functionally similar to star-
vation, which has been shown to increase susceptibility in German 
cockroaches (Lee et al. 1996). Significance was detected in both 3 
and 7 d groups, though the decrease in magnitude between time 
points tentatively suggests that the effect is temporary (Fig. 1A–B). 
An energy or resource-mediated effect may be reversed given enough 
time with access to food and water, which was provided for treated 
cockroaches in between treatments. Insects treated sub-lethally 
earlier than 3 d or later than 7 d were not utilized to avoid the in-
fluence of acute toxicity and natural mortality, respectively, on final 
mortality counts. Future examination of additional time points be-
tween 3 and 7 d or beyond can elucidate the existence of a time-
dependent relationship.

Unlike the repeated deltamethrin topicals, sublethal exposure 
to deltamethrin had no impact on indoxacarb or fipronil-treated 
dog food (Fig. 2; Fig. 3). Because these insecticides belong to dif-
ferent classes and undergo different metabolic fates, impacts limited 
to deltamethrin-specific pathways would not necessarily influence 
the toxicity of fipronil and indoxacarb (Yu 2014). For example, 

Fig. 2. Survivorship of UCR adult males exposed to fipronil- or indoxacarb-treated dog food (5 d LC50) 3 d or 7 d after a first sublethal exposure to deltamethrin 
(topical 3 d LD20). Treatment groups are as follows: (A) fipronil treatment started 3 d after deltamethrin treatment, (B) fipronil treatment started 7 d after 
deltamethrin treatment, (C) indoxacarb treatment started 3 d after deltamethrin treatment, and (D) indoxacarb treatment started 7 d after deltamethrin treatment. 
Statistical significance indicates a difference in survivorship between deltamethrin pre-treated and acetone pre-treated groups (log-rank test; α = 0.05).
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deltamethrin is commonly detoxified via carboxylesterase cleavage, 
but ester linkages are not present in fipronil, and indoxacarb is 
bioactivated instead (Gondhalekar et al. 2016, Wolfe and Scharf 
2022). Similarly, there is also evidence of strain-level detoxifica-
tion specificity for deltamethrin that would limit cross-tolerance 
potential. For example, while the P450 isoform CYP4G19 has 
been linked to both pyrethroid and fipronil resistance (Hu et al. 
2021), overexpression of this isoform was absent in all pyrethroid-
resistant strains of a different study (Tseng et al. 2024). Because the 
general P450 inhibitor piperonyl butoxide has been shown to af-
fect indoxacarb and fipronil toxicity in the German cockroach, the 
lack of impact of deltamethrin sublethal exposure on indoxacarb 
or fipronil-treated dog food implies a more specific mechanism at 
play (Gondhalekar et al. 2016, Lee et al. 2022b). Specificity may be 
exacerbated if these changes are also highly localized, as deltamethrin 
was administered topically while fipronil and indoxacarb were 
delivered through food.

Alternatively, providing insecticides in freely accessible food 
sources introduces behavioral factors that may obscure purely phys-
iological responses. In bees and other agricultural insects, nonlethal 
exposure to insecticides has been shown to impact critical feeding 
behaviors such as consumption rate, foraging, and locomotion 
(Haynes 1988, Müller 2018). Because of decreased feeding, German 
cockroaches that experience similar symptoms when pre-treated 
with deltamethrin would be less exposed to fipronil or indoxacarb. 
This superficially demonstrates a lack of impact on susceptibility but 
does not accurately reflect the physiological state. While we inten-
tionally provided fipronil and indoxacarb in a food source to re-
flect a bait product with insecticide in a food-based matrix, forced 

exposure involving these insecticides may provide a more direct eval-
uation of their physiology. Nonetheless, the lack of increased toler-
ance indicates that behavioral changes had a negligible impact on 
mortality even if present.

All the insecticide doses used were strain-specific, but the rela-
tive differences in sublethal effect between the UCR susceptible and 
Ryan resistant strains were minimal. The Ryan strain was collected 
from the field and was moderately resistant to all insecticides used in 
this study, which can be attributed to different metabolic and target-
site insensitivity responses (Table 1; Table 2) (Lee et al. 2022b). The 
consistency in response despite pre-existing phenotypic difference 
contrasts with Khan and Matsumura (Khan and Matsumura 1972), 
who documented an increase in tolerance to carbaryl after dieldrin 
exposure in a resistant strain but not a susceptible strain. Possible 
explanations include the fact that the Ryan strain has been reared in 
the laboratory without any insecticide exposure for ~5 yr at the time 
of this study, potentially making it physiologically closer to the UCR 
strain than a true field population. Further reasons for this discrep-
ancy cannot be inferred until additional resistant/recently collected 
strains are evaluated using comparable insecticides and methodology.

From a management perspective, the potential impacts of sub-
lethal exposure ranged from moderately beneficial to negligible. 
Although pyrethroids are commonly perceived as problematic 
insecticides due to widespread resistance, the results showed that 
repeated exposures to deltamethrin, even after the initial acute tox-
icity window, compounded greater mortality levels beyond what 
was expected. A single LD20 treatment caused ~20% mortality, but 
following up with an additional dose several days later caused a 
final 46.7 to 74.1% mortality based on the cumulative total. While 

Fig. 3. Survivorship of Ryan adult males exposed to fipronil- or indoxacarb-treated dog food (5 d LC50) 3 d or 7 d after a first sublethal exposure to deltamethrin 
(topical 3 d LD20). Treatment groups are as follows: (A) fipronil treatment started 3 d after deltamethrin treatment, (B) fipronil treatment started 7 d after 
deltamethrin treatment, (C) indoxacarb treatment started 3 d after deltamethrin treatment, and (D) indoxacarb treatment started 7 d after deltamethrin treatment. 
Statistical significance indicates a difference in survivorship between deltamethrin pre-treated and acetone pre-treated groups (log-rank test; α = 0.05).
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single exposures are often used to quantify treatment efficacy in lab-
oratory studies, situations that ensure multiple repeated exposures 
can improve treatments that may not have desirable efficacy after 
a single round. Simultaneously, the lack of significance with fipronil 
and indoxacarb follow-up treatment indicates that these impacts do 
not apply to all insecticides or forms of exposure. Still, no increase 
in tolerance was observed in any bioassay, suggesting no within-
generation toxicological detriment to applying treatments concur-
rently. It is important to emphasize, however, that treatments that 
only kill part of a population are prone to select for insecticide resist-
ance if no effort is made to reach a higher level of control (ffrench-
Constant et al. 2004). German cockroaches repeatedly treated with 
moderate exposures have been shown to reach resistance levels 
far beyond what has been observed in the field (Ko et al. 2016). 
Deliberately using ineffective insecticides solely to take advantage of 
sublethal effects is inadvisable.

Further caution must be exercised because of differences be-
tween the experimental design and actual field treatments. If the goal 
were to document the dynamics of sublethal exposure strictly for 
its control implications, we would ideally use commercial products 
in all the experiments. However, label-accurate usage of commer-
cial products typically causes very fast mortality, making precise 
observations and comparisons of sublethal mechanisms impractical, 
especially for susceptible strains such as UCR. Acquiring strains si-
multaneously moderately resistant toward pyrethroids and all other 
insecticides desired for testing to allow this type of observation using 
commercial products is an improbable endeavor. Therefore, we de-
veloped exposure methods that cause moderate strain-specific mor-
tality to guarantee observable windows over multiple-day periods 
(ie 5 d LC50). The LD20 of deltamethrin was used as the sublethal 
exposure for all experiments to simulate a resistant population 
surviving a pyrethroid treatment. This specific value was selected 
because it is sufficiently low to leave most treated subjects alive 
for further testing while high enough to practically observe signif-
icant differences in the results. Additional ingredients found in py-
rethroid formulations, such as synergists, carriers, and solvents, may 
influence sublethal effects but were out of the scope of this study. 
Similarly, bait insecticides contain active ingredients at much higher 
concentrations (0.05 to 2% vs < 0.0001% in this study) in addition 
to attractants, phagostimulants, preservatives, etc. Evaluations using 
actual products will be required to make more robust interpretations.

Ultimately, sequential exposure to multiple treatments is not 
guaranteed. Despite the opportunity often being present, there is no 
conclusive information about the likelihood of multiple visitations 
to the same treatment. While German cockroaches forage repeat-
edly in the same areas and have been shown to contact pyrethroid 
treatments multiple times, this may be negated through avoidance 
behavior from toxicant association (Silverman 1986, Ross 1998, 
Gaire et al. 2024). Furthermore, a multitude of factors may affect 
sublethal effects, including strain, insecticide choice, dose, sex, and 
exposure method, which may even cause opposite effects when mod-
ified (Khan and Matsumura 1972, Abd-Elghafar and Appel 1992, 
Lee et al. 1998). Until these dynamics are better understood, the in-
fluence of sublethal effects on management should only be regarded 
conceptually. Nonetheless, this study highlights some previously un-
documented efficacy of pyrethroids under conventional management 
conditions where treatment survival is inevitable.

Supplementary material

Supplementary material is available at Journal of Economic 
Entomology online.
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