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Simple Summary: Some cockroaches that live within and around human environments are con-
sidered pests of public health importance because they can carry and transfer human pathogenic
microorganisms to food and food handling surfaces; infestations could result in cockroach allergen-
induced allergic sensitization and asthma in sensitized individuals. In addition, cockroaches can cause
psychological stress and stigma in people living in infested locations. Historically, cockroach control
has been based on the use of insecticide sprays. However, in certain situations, sole dependence on
insecticides for cockroach control can lead to issues such as pesticide resistance evolution and raises
public concern due to the impact on the environment and human health. To overcome these problems,
the use of reduced risk insecticide options (e.g., baits) and their combined use with alternative tactics
is recommended. This review aims to examine alternative tactics used for cockroach control, with
emphasis on those that are proven to be efficacious, and/or have potential for their incorporation in
management programs of important domestic and peridomestic cockroaches in the USA. Remark-
able examples of successful cockroach control programs are those that educate the public, promote
cleanliness and hygiene, use traps to monitor infestation levels and utilize insecticide baits.

Abstract: Effective control of domestic and peridomestic cockroaches requires integrated approaches
that emphasize concurrent use of chemicals with alternative control tactics. An integrated pest
management (IPM) approach is particularly justified in environments where satisfactory cockroach
control cannot be achieved due to multiple factors including development of insecticide aversion and
resistance in some cockroach species, and poor sanitation or structural issues that foster infestations.
While a flurry of research effort has been devoted to study alternative tactics for cockroach control,
only a few of them have been evaluated in the context of IPM programs. This review focuses on
examining studies on alternative tactics that are proven efficacious, economical, and logistically
feasible for their inclusion in IPM programs for important domestic and peridomestic cockroaches
in the USA. Management programs that educate the public on cockroach biology, behavior, and
the importance of sanitation; use of traps to monitor infestation levels; apply targeted low impact
insecticides such as baits, have demonstrated a greater success for effective and sustainable control
of cockroaches when compared to an insecticide-only approach. Incorporation of other alternative
control methods to IPM programs will require more applied research that validates their use in
real-world scenarios and demonstrates their cost-effectiveness.

Keywords: domestic cockroach; peridomestic cockroach; IPM; sanitation; trapping; insecticidal baits

1. Introduction

Cockroaches, which are classified in the Order Blattodea, are one of the most diverse
group of insects that have inhabited our planet for at least 300 million years. Most of the

Insects 2021, 12, 550. https:/ /doi.org/10.3390/insects12060550

https:/ /www.mdpi.com/journal/insects


https://www.mdpi.com/journal/insects
https://www.mdpi.com
https://orcid.org/0000-0003-4002-0914
https://orcid.org/0000-0002-6858-1900
https://orcid.org/0000-0002-6420-7153
https://doi.org/10.3390/insects12060550
https://doi.org/10.3390/insects12060550
https://creativecommons.org/
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.3390/insects12060550
https://www.mdpi.com/journal/insects
https://www.mdpi.com/article/10.3390/insects12060550?type=check_update&version=2

Insects 2021, 12, 550

2 of 20

approximately 4500 cockroach species that have been identified to date live in tropical
and sub-tropical forests, where they primarily play a role of decomposers by feeding
on dead and decaying organic matter [1]. Some species of cockroaches have adapted
to living with humans since they were cave-dwellers [2]. Approximately fifty species
of cockroaches are considered pests of human-made structures worldwide [3] and that
number is expected to increase due to factors such as climate change and habitat destruction,
including construction of human dwellings and other structures in previously forested
lands. In the United States of America (USA), there are just over a dozen cockroach species
that are considered pests (Table 1).

Similar to other structural insect pests, cockroaches are synanthropic pests that seek ac-
cess to food, water and shelter or harborage within and around human dwellings [4]. Based
on their habitat, pest cockroaches can be classified either as domestic or as peridomestic.
While infestations of domestic cockroaches are mainly found in the indoor environment,
peridomestic species live in the vicinity of human-made structures and enter indoors in
search of nutritional resources and shelter. In addition to being nuisance pests, there are
important medical implications related to cockroach infestations. For example, cockroaches
can transport human pathogenic microorganisms on their bodies and physically or mechan-
ically transfer them to food and food handling surfaces [5,6]. Similarly, infestations could
result in cockroach allergen-induced allergic sensitization and asthma in sensitized individ-
uals [7-9]. People who live or work in cockroach-infested structures can also experience
psychological stress and social stigma [3].

Historically, cockroaches have been primarily targeted with chemical insecticides.
The discovery of DDT in the 1940s, initiated an era of synthetic insecticide use for cock-
roach control. From 1960s to mid-1990, spray and dust formulations of insecticides from
organophosphate, carbamate and pyrethroid classes were widely used for cockroach con-
trol in the USA. However, since the 1990s, sprays and dusts were mostly replaced by gel
or dry bait formulations of non-repellent and slow-acting insecticides from classes such
as avermectins, phenylpyrazoles, oxadiazines, and more recently insect growth regula-
tors [10,11]. Bait formulations are easy to use, enable targeted insecticide applications,
reduce human exposure to chemical insecticides and are more efficacious than sprayable
insecticides [10]. Nonetheless, various over-the-counter (OTC) pyrethroid-based aerosols
and “bug bombs”, which are mostly ineffective and can be harmful, are still widely used
by the public as a do-it-yourself (DIY) measure for cockroach control [12].

Baits alone can drastically reduce the number of cockroaches in infested apartments,
but long-term suppression of cockroach populations often requires integrating other non-
chemical tactics, such as sanitation, structural modifications of buildings to prevent cock-
roach invasion through entry points, and continuous monitoring using insect glue boards
to help inform pest control interventions [10,13,14]. Integrated approaches for cockroach
control are also justified given the emergence of insecticide resistant cockroach popula-
tions, which explain control failures reported by pest management professionals (PMPs).
Cockroaches, in particular the German cockroach, Blattella germanica (L.), have developed
resistance to almost all classes of insecticides that were used for its control from the 1940s
to 1990s [15].
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Table 1. Primary domestic and peridomestic cockroach pest species in the United States.
Type Family Common Name Species Adult Size (cm) Development Time Preferred Preferred Harborages Flight Notes References
(Egg—Adult) Temperature
Blattella germanica 54-215d; In kitchens, near food and ?r(li;clrtof;?ei:gfl: 'r}celrrr?aallee
German cockroach 1.3-1.6 ’ 25-30°C water, under and behind No - ’ - [16,17]
(L.) mean 103 d . retains ootheca until
stoves and refrigerators. st before hatch
Domestic Ectobiidae Just before hatc
. Throughout homes Adult female
Brownbanded Supella longipalpa 1.0-1.5 80_1240 d 25-33 °C including non-food Adult males only brachypterous; [18,19]
cockroach (Fab.) (33-25°C) X o
environments. oothecal parasitoids
Outdoors prefer dark, moist Adult female apterous,
Oriental cockroach Blatta orientalis L. 2.5-3.0 180-365 d 20-29 °C places; utility boxes, under No adult male [17]
mulch brachypterous
Outdoors, in-ground
containers such as water
meter boxes, cable boxes, Adult female apterous,
Turkestan Blatta (‘Shelfordella) 1.5-2.8 126_2Z9 d 29-35°C and irrigation boxes, but Adult males adult male [20]
cockroach lateralis (Walker) (26.7 °C)
also hollow block walls, macropterous
under broken pavement,
and expansion joints
Indoors in roof voids and
American Pem’planeta 29.53 150-830 d 9112294 °C crawlspaces; outdoors in Yes, adults of both Adult female and male [16,17]
cockroach americana (L.) sewers, steam ducts, and sexes macropterous
Peridomestic Blattidae latrines
Indoors in sub-tropical
Australian Periplaneta . 198-365 d  2n o(. . areas, outdoors in tropical Yes, adults of both Adult female and male
cockroach australasiae (Fab.) 2335 30°C) 27-33 °C; humid areas, leaf litter, under bark, sexes macropterous (211
greenhouses
Indoors in warm areas,
Brown cockroach Periplaneta _brunneu 3335 263—2077 d 24-30 °C; humid outdoo_rs in tropical areas, Yes, adults of both Adult female and male [22]
Burmeister (24°C) leaf litter, under bark, sexes macropterous
greenhouses
Indoors in roof and wall
. o voids and crawlspaces;
Smokybrown ] I'Jerlplaneta ) 2538 140 (27 OC) 23-30 °C; humid outdoors in leaf litter, Yes, adults of both Adult female and male [23,24]
cockroach fuliginosa (Serville) —>634 (15°C)d P sexes macropterous
around trash, and in utility
boxes, greenhouses
Active throughout the
Asian cockroach Blutte_lltz asahinai 13-16 45 (30 : C)-123 (20 22.30 °C Compost, lgaf litter, grass, Yes, a.dults of both day and n_1ght. Huge [25]
Mizukubo Qd and pine straw sexes; strong flyer populations may
develop
Peridomestic Ectobiidae
284-383 d Leaf litter, compost, under macrc? (i:i:nrlr;alfi;ales
Wood cockroaches Parcoblatta spp. 1.2-3.1 1-2 generations per 15-28 °C ‘ post, Adult males P 4 [16]
year rocks and fallen trees apterous or

brachypterous
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More recently, resistance, or at least tolerance, to newer insecticides that are used in
gel bait formulations has also been reported [26-29]. Adaptive physiological responses of
German cockroaches are also reflected in their development of behavioral aversion resis-
tance to sugar-containing baits (e.g., glucose, fructose, maltose, sucrose etc.) [26]. German
cockroaches that are glucose-averse do not consume the toxic bait in lethal quantities and
often survive insecticide exposure [30,31]. Due to these aforementioned factors, an inte-
grated pest management (IPM) approach that emphasizes the concurrent use of chemicals
with alternative control tactics continues to be considered ideal for effective control of
cockroaches [13,14].

Rust [32] classified alternative German cockroach control approaches into three broad
categories viz., (i) mechanical and physical, (ii) biological and (iii) novel techniques. These
categories are also relevant to other indoor as well as peridomestic cockroach species.
A detailed description of efficacious as well as ineffective alternative control measures
can be found in review articles and book chapters by Schal [10], Gold [13], Rust [32],
Schal and Hamilton [33], and Suiter [34]. Given the extensive body of literature that has
critiqued alternative control tactics, the goal of this review article is to focus on alternative
management strategies with reduced risk to human health and/or low or non-impact on
non-target organisms that have been deployed successfully for cockroach IPM. The review
also includes novel approaches that appear promising for their inclusion in cockroach
IPM programs.

2. Domestic Cockroach Pests

This category of cockroaches includes the German cockroach and the brownbanded
cockroach, Supella longipalpa (Fab.). Details on their taxonomic classification and basic
biology can be found in Table 1. These two pest cockroach species are almost exclusively
found inside homes, buildings, food handling facilities, restaurants, hospitals, animal
rearing facilities, transportation vehicles, and other places. However, German cockroaches
can also be found harboring outdoors during the warmer months of the year [35]. In the
following sub-sections, research conducted on various alternative control measures for
each of the two domestic cockroach species is described.

2.1. Blattella Germanica

By far, B. germanica is one of the most common pest cockroach species found in the USA
and other parts of the world [10]. As such, a vast majority of research on alternative control
measures has primarily focused on this species [13,32]. While many different forms of
mechanical, physical, and biological control tactics have been studied for German cockroach
control, not all of them are efficacious and/or logistically and economically practical
from an IPM standpoint as described in Table 2. On the other hand, a review of recent
literature on this topic suggests that practices such as (i) sanitation and public education
(i) trapping and vacuuming and (iii) use of boric acid and insect growth regulators (IGRs),
are effective when combined with insecticide gel bait-based cockroach control efforts, and
are detailed below. Additionally, recent advances in insecticide formulation technologies,
heat treatment procedures, RNA interference (RNAi)-based gene knockdown etc., have
enabled exploratory research on novel approaches for German cockroach control, which
are also discussed.
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Table 2. A list of alternative German cockroach control strategies that are not currently used in IPM programs. See Schal
[10], Gold [13], and Rust [32] for a detailed description of these alternative control measures.

Alternative Control Measures Reasons for Non-Use
Predators Nuisance to homeowners, fear, may bite

Parasitoids Possible nuisance, long life cycle, host specificity issues
Modified atmosphere treatments (0zone and low oxygen Not economically practical, require extensive preparation and long

treatments) exposure times
Sterilizing agents (other than insect growth regulators) Potentially toxic to humans and pets

Electromagnetic and ultrasonic devices Are neither perceived by or toxic to cockroach pest species
Low temperatures Extended periods would not be acceptable to residents, cost prohibitive

2.1.1. Role of Sanitation and Public Education in German Cockroach IPM

A majority of studies show positive correlation between qualitative (i.e., good, medium
and poor) or quantitative (i.e., based on numerical rating) assessment of sanitation levels in
human dwellings and presence of cockroach infestations [36-39]. In a survey of seven build-
ings, apartments with a poor sanitation rating were almost three times more likely to have
an active German cockroach infestation [39]. Therefore, elimination of specific conducive
conditions such as access to food and moisture sources and availability of ideal harborage
places, which are collectively referred to as ‘sanitation’, are important components of a
German cockroach IPM program. Indeed, several gel bait-based IPM programs that have
focused on improving sanitation in infested apartments have demonstrated greater success
in reducing cockroach population counts, total number of infested apartments, and allergen
levels in comparison to an insecticide-only approach [37-50]. Some common examples of
improved sanitation include (a) elimination of food debris or left over food in the kitchen
area by means of frequent sweeping, mopping, garbage removal and dish washing, (b) min-
imizing cockroach access to food by storing it in airtight containers, (c) fixing leaky faucets,
pipes and equipment (i.e., refrigerator, dishwasher, washing machine, etc.) to reduce water
availability, (d) sealing cracks and crevices to minimize cockroach movement between
apartments and limiting their access to harborage spaces in wall voids or behind cabinets,
and (e) removing harborage locations such as stacks of papers, mail, grocery bags, and
unused cardboard in kitchen cabinets and other locations [51].

In contrast to the findings that support the role of sanitation in the success of insecticide-
based cockroach IPM programs, a few studies also demonstrate the utility of gel baits alone
to reduce cockroach population numbers and/or asthma morbidity [43,52-54]. These
results are not altogether surprising, because in certain situations the use of gel baits alone
is the most effective means of controlling cockroach populations. Even PMPs seem to rely
only on the use of bait formulations for cockroach control in large multi-family housing
and food handling facilities. While it is logical to solely use gel baits with different active
ingredients when satisfactory cockroach population reduction is consistently achieved, the
incorporation of alternative measures that improve sanitation becomes necessary when
infestations are not effectively suppressed by baits alone [14]. The high initial cost of
implementing an IPM program for cockroach control is one of the factors that limits its
adoption by PMPs. However, cost-benefit analysis suggests that long-term costs associated
with IPM can be equivalent to an insecticide-based approach [37,42,45]. This is because
the high initial costs of implementing an IPM program are often offset by a significant
reduction in cockroach infestation rates, which minimizes the monetary input required for
long-term pest control operations, especially unscheduled callbacks [37,42,45].

Deployment of successful cockroach IPM programs in housing complexes, food han-
dling facilities, schools and other structures depends largely on cooperation from residents,
employees and management staff who live or work there [38,40,43,46—48]. A proven
method to increase resident cooperation in IPM programs is through public education [55].
Initial resident interviews that provide information on attitudes of residents towards cock-
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roach infestations and general IPM knowledge are usually important for tailoring the
educational programs to meet the needs of the target audience [39,55]. In some recent
studies researchers have employed educational techniques to increase public awareness of
German cockroach biology, behavior, human health risks associated with their infestations
and the importance of sanitation in IPM. These educational methods can range from infor-
mal one-on-one conversations to more formal training sessions, along with distribution
of relevant extension information in the form of brochures or manuals [38,40,41,43,45-48].
Using education to improve sanitation in apartments can be a slow process because res-
idents may require enough time and help from building staff to comply with proposed
recommendations [38]. However, assessing pre- and post-education sanitation levels and
cockroach population numbers is a reliable way to evaluate the short-term impacts of
educational programs on IPM outcomes. Statistically significant improvements in nu-
merical pre-and post-education sanitation scores (ranging from 1 to 4 or 5) of apartments
were reported in two studies that included public education as a part of their IPM pro-
gram [38,43]. In the past decade, educational programs have also included information
on the disadvantages and dangers of using OTC sprays, aerosols, or total release foggers
by the public. More specifically, pesticide-related information included in the educational
programs introduces the public to reduced risk insecticide interventions such as the use of
gel baits for achieving satisfactory cockroach control [38,40,41]. Educational programs can
also inform the public about the negative impacts of using OTC products on (i) efficacy of
cockroach baits [56] and (ii) increase in insecticide residues in the domestic or peridomestic
environments [12,38,40,48,54]. Although the direct impacts of pesticide-use education
on practices against the use of OTC products has not been documented, gel bait-based
cockroach IPM programs that have significantly reduced infestation rate and population
numbers, also have shown a drastic decline in indoor insecticide residue levels [48,57].
It is possible that the decrease in cockroach sightings by residents or overall infestation
reduction resulting from successful implementation of IPM programs discourages the use
of OTC products.

2.1.2. Importance of Trapping and Vacuuming in German Cockroach IPM

Typical traps used for trapping German and other species of cockroaches are made
of cardboard with an interior adhesive surface that is either unbaited or baited with
pheromones or food scents (e.g., peanut butter). Trapping devices used in cockroach IPM
are referred to as monitors, traps, sticky traps, or glue boards depending on their trade name
or user preference. The main utility of trapping cockroaches in an IPM program is for moni-
toring infestation levels and determining the population distribution before, during or after
treatment [36,38,42,43,54,58,59]. An added advantage of using monitors in IPM programs is
that it can also inform PMPs about the presence of other arthropod pests and rodents [48].
Since the distribution of cockroach infestations can vary from apartment to apartment, it is
advisable to place sticky traps in areas where cockroaches are likely to have easy access to
food, moisture, and harborage. Usually traps placed in the kitchen area (behind refrigerator
and stove) yield a higher number of trapped cockroaches followed by pantry areas, under
sink cabinets and in the bathrooms [38,47,59,60]. Traps placed in a correct location can
detect previously undetected infestations of cockroaches, which is important for success
of a community-wide IPM program. As an example, a survey of cockroach infestations
in a multi-family housing complex revealed 118 infested apartments that were previously
unreported [45]. In a decision-based [10] or assessment-based [42,54] cockroach control
program, the amount and placement of baits or other insecticide interventions is based on
overnight, weekly, or biweekly cockroach trap counts. Similarly, decisions on discontinuing
interventions can be guided by the number of cockroaches caught on sticky traps. Generally,
absence of trapped cockroaches on monitors for a continuous two- to four-week period is
considered sufficient for discontinuing insecticide applications. In multi-family housing
apartments where cockroach movement between apartments is common [61,62], sticky traps
can be perpetually placed in apartments and inspected periodically. The advantage being
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that these traps can lead to early detection of population resurgence or new introductions
and can thus lead to the timely deployment of interventions [45,59]. With the advent of re-
mote monitoring technologies for rodents (ActivSense®, Corteva Agriscience, Indianapolis,
IN, USA) and bed bugs (iMonnit®, South Salt Lake, UT, USA), it can be anticipated that
such devices will also be available for cockroaches in the future [63]. Remote monitoring
will be beneficial for early detection of cockroach infestations and reducing the labor costs
associated with manual inspections of sticky traps.

A few studies have also explored the use of sticky traps alone for achieving cockroach
suppression. While Ballard and Gold [64] only reported 27% cockroach population reduc-
tion after trapping ~7500 German cockroaches over two months, another study by Kaakeh
and Bennett [58] observed almost 80% population reduction by trapping <1000 cockroaches
in four weeks. These contrasting results likely suggest that sticky traps can lead to sig-
nificant reduction in cockroach counts in places where original population numbers are
low (e.g., Kaakeh and Bennett [58], but in places where starting numbers are too high,
sticky traps alone may not effectively suppress cockroach populations [64]. However, in
most cases, it is impossible to determine the total cockroach population numbers in any
infested structure accurately. Nonetheless, the ability of sticky traps to permanently remove
hundreds to thousands of cockroaches from infested apartments and their ability to inform
pest management decisions based on visual counts of trapped cockroaches makes them a
crucial component of an IPM program [42,43,45,59].

Another method for physical removal of cockroaches (alive or dead) from infested
homes is the use of vacuums. As with sticky traps, the process of vacuuming cockroaches
is viewed as an important component of the IPM process and is seldom recommended as
the only tactic for cockroach control. While determining the specific contribution of vacu-
uming treatment in the overall cockroach population reduction within an IPM program is
difficult, one study reported 80.2 and 72.5% reduction in cockroach trap catch after using
flushing agent (containing pyrethins and piperonly butoxide) + vacuuming and vacuum
only treatments [58]. Surprisingly the efficacy of vacuuming and vacuuming + insecticide
treatments was statistically similar in the study by Kaakeh and Bennett [58], which could
be likely caused by low level of overall population numbers in the housing complex. In
more recent studies, anywhere between 10-3300 cockroaches were removed from 9 multi-
family housing apartments (average of 300 cockroaches per apartment) by using a flushing
agent + vacuuming treatment [43]. Due to its ability to remove thousands of cockroaches
from an infestation, vacuuming is hypothesized to serve as an effective cockroach control
strategy in large livestock barns [10]. In addition to instantaneous removal of live cock-
roaches and allergens from infested structures, pre-intervention vacuuming can remove
food debris, dead cockroaches, egg cases, exuviae and dust in the vicinity of the bait
application area, which can greatly enhance the efficacy of insecticide treatments [37,42,43].
Inclusion of vacuuming treatments in an IPM program can increase the overall costs of
cockroach management [37,42,43]. However, as mentioned previously, higher initial costs
of incorporating alternative methods in a control program are offset by improved efficacy
resulting from IPM implementation. Due to the presence of allergens in dead cockroach
body parts and dust found in infested homes that can be dispersed in the air during the
process of vacuuming, the use of a vacuum with a HEPA-filter is recommended [10].

2.1.3. Inorganic Insecticides and Insect Growth Regulators

Inorganic insecticides such as sodium fluoride and various forms of boron (borates and
boric acid) were in wide-spread use for cockroach control before the invention of synthetic
organic insecticides [10,65]. While sodium fluoride is no longer used due to mammalian
toxicity concerns [10], the use of boric acid in German cockroach IPM programs has
persisted for decades [10,42,45,48,49,54,65,66]. There are several factors associated with
the popularity and effectiveness of boric acid for cockroach control. First, it is relatively
non-toxic to humans when used as per label instructions [10] and thus it is permissible to
use in locations where the use of neurotoxic pesticides is largely restricted (e.g., hospitals).
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Second, despite many years of use for cockroach control, there is no evidence of resistance
development to boric acid [10,67]. Lastly, due to its non-specific mode of action it can be
effective against cockroaches that are resistant to neurotoxic insecticides such as pyrethroids.
In agreement with these perceived benefits of boric acid, several German cockroach field
studies have demonstrated boric acid dust to be an important component of any gel
bait-based IPM program in public housing [45,48,49]. In commercial swine farms boric
acid treatments provided reduction of German cockroach population levels that were
equivalent to that provided by pyrethroid insecticides [68,69]. One disadvantage of using
boric acid dust is that appropriate equipment (e.g., dust applicator) is necessary for its
proper application; however, without such equipment it is difficult to apply. In this regard,
improper or overuse of boric acid dust can be commonly seen in infested apartments,
particularly when it is used as a DIY treatment by residents. In comparison to dust
formulations, gel baits containing boric acid are easy to use, but many are not as efficacious
as dusts [60].

Two types of insect growth regulators (IGRs) are available for German cockroach con-
trol. These include juvenile hormone analogues (juvenoids) and chitin synthesis inhibitors
(CSI or CSIs) [70]. A comprehensive description on mode of action of IGRs can be found
in the book chapter by Bennett and Reid [70]. Juvenoids are not acutely lethal to German
cockroaches but inhibit normal growth of immature life stages and lead to reproductive
incompetence in adult insects [70]. As such, spray tank mixtures of juvenoids and neu-
rotoxic insecticides have been used in cockroach IPM programs since the 1980s [71,72].
In addition to spray formulations of juvenoids such as methoprene, hydroprene, and
pyriproxyfen, gel baits containing a mixture of neurotoxic insecticides (abamectin or cloth-
ianidin) and pyriproxyfen are now available for use in cockroach IPM. While published
reports on long term efficacy of gel baits containing juvenoids for cockroach control are
just beginning to become available [49,60], spray formulations of juvenoids usually show
a delayed effect on population reduction that requires anywhere between 4 to 6 months
or longer [70]. Another group of IGRs, i.e., CSIs, inhibit enzymes responsible for poly-
merization of N-acetyl glucosamine into chitin during the molting process thus leading
to molting deformities and death of insects [70,73]. Several publications report significant
suppression or complete control of German cockroach populations exposed to different
CSIs (diflubenzuron, lufenuron, chlorfluazuron, noviflumuron etc.) in two—four months
under laboratory conditions [10]. However, until recently, commercial use of CSIs for Ger-
man cockroach control was almost non-existent. In laboratory tests, exposure of German
cockroaches to a novel CSI, novaluron, led to suppression of population growth that was
caused by death of immature cockroaches during the molting process and inhibition of
fertile ootheca formation in females [74]. As of 2020, a granular bait formulation containing
indoxacarb and novaluron has been introduced in the USA for the control of indoor and
outdoor pests including different species of cockroaches but published data on field-level
efficacy of this combination is unavailable. In general, both types of IGRs, i.e., juvenoids
and CSI, fit well in German cockroach IPM programs due to their selective toxicity against
insects and ability to control pyrethroid resistant cockroaches that may otherwise survive
acute exposure to neurotoxic insecticides [11,70]. In this regard, there is no documented
case of cockroach resistance to IGRs thus far [10].

2.1.4. Emerging Technologies for German Cockroach Control

A significant amount of research effort has been devoted to identifying isolates of
entomopathogenic fungi for use in German cockroach IPM. In many such studies, strains
of the soil-borne fungus, Metarhizium anisopliae (Metchnikoff) Sorokin, have been reported
to be the most virulent against German cockroaches [68,75,76]. Dual use of M. anisopliae
with either neurotoxic insecticides or boric acid have often shown synergistic increase
in cockroach control efficacy [68,76]. Although, M. anisopliae is not currently used for
cockroach IPM, advances in formulation technology for entomopathogenic fungi have led
to the introduction of a product (AprehendTM, Centre Hall, PA, USA) containing Beauveria
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bassisana (Bals.-Criv.) Vuill. (another fungal entomopathogen) for the common bed bug,
Cimex lectularius L. control [77]. This product may also provide insights for developing
efficacious and safe formulations of M. anisopliae against cockroaches. With respect to
entomopathogenic nematodes, bait stations containing juveniles of Steinernema carpocapsae
Weiser show good efficacy against German cockroaches in the lab as well as in the field (i.e.,
infested apartments) [78,79]. Therefore, with improvement in the design of bait stations, it
is possible to use S. carpocapsea for German cockroach control.

Certain plant essential oils that are derived from aromatic plants exhibit contact,
fumigant and repellent activity against susceptible and resistant German cockroach popula-
tions [80-83]. Nonetheless, high volatility and short residual life of essential oils precludes
their successful use in IPM. However, nano formulations of essential oils that exhibit re-
duced volatility and thereby prolong their residual life may promote the development and
use of more effective essential oil formulations in the near future. A growing body of litera-
ture on agricultural, urban, and public health insect pests suggest that plant essential oils
can be potentially used as synergists (similar to piperonyl butoxide or PBO) for enhancing
the efficacy of pyrethroid insecticides particularly against resistant populations of various
insect pests [84—87]. This phenomenon of pyrethroid toxicity enhancement by essential
oils needs to be explored in resistant German cockroaches and offers opportunities for
utilizing natural products in IPM. Lastly, various soaps and surfactants also show good
activity against German cockroaches in laboratory settings [88,89]. Therefore, soaps have
been proposed as a stopgap measure for cockroach control [89].

While more frequently used for bed bug control [90,91], structural heat treatment is
also an option for German cockroach management. As infestations of German cockroaches
and bed bugs can co-exist in certain homes [48], heat treatments targeted towards bed
bugs are also likely to have some lethal or sub-lethal impacts on German cockroaches.
However, formal studies to compare such adverse effects have not been conducted. Almost
25 years ago, heat treatments, an IGR (hydroprene), and vacuuming were collectively
used for German cockroach control in food handling facilities at an US Army base [92].
This study is by far the most detailed record on the use of heat treatments for German
cockroach control, which resulted in substantial reduction in application of insecticides
in food service areas [92]. Comparison of temperature and exposure time combinations
required to kill cockroaches and bed bug adults suggest that German cockroaches are more
heat tolerant [90-93]. All adult German cockroaches are killed when exposed to 44 °C for
120 min, while similar mortalities can be achieved in just 25 min of exposure at 51 °C [93].
With the rise in the number of insecticide resistant German cockroach populations, Scharf
and Gondhalekar [11], and Rust [32] have suggested that heat treatments should be further
evaluated for inclusion in insecticide resistance management (IRM) programs.

RNA interference (RNAI) is a naturally occurring phenomenon of post-translational
gene silencing in eukaryotes [94]. The discovery of RNAIi has led to further investigations
on utilizing it for insect pest control [95-97]. Crop plants expressing double stranded RNAs
(dsRNAs) of insect genes have been successfully used to control corn rootworm (Diabrotica
virgifera LeConte) [98]. RNAI is systemic in German cockroaches, which allows whole
body gene silencing to be achieved by injecting dsRNA in just a few cells [99-101]. An
approved patent from 2014, describes methods for controlling German cockroaches using
dsRNA-treated food pellets [102]. Data presented in this patent shows >90% or higher
mortality is achievable in three-seven weeks after initial dSRNA feeding [102]. With the
availability of the German cockroach genome for identifying RNAi gene targets [100] along
with rapid improvement in the dsRNA delivery technologies [98] it is likely that RNAi
could be used in some form in cockroach IPM. However, it is unknown whether regulatory
policies would permit the use of RNAIi for indoor pest control.

2.2. Supella Longipalpa

Although an important indoor pest, infestations of brownbanded cockroaches are less
common in comparison to that of the German cockroach. Literature on the distribution
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and prevalence of brownbanded cockroaches provides evidence for conflicting trends in
their worldwide abundance. For example, literature prior to 2010 suggests decline in their
abundance and geographic range [103-105] likely due to the increase in the use of indoor
air conditioning systems [10]. However, reports from the past decade show that their
infestations are on the rise, particularly in Asia [106-109]. Overall, brownbanded cock-
roaches are adapted to thrive at higher temperatures in comparison to other cockroach pest
species [110]. Due to their preference for higher temperatures, brownbanded cockroaches
can be found harboring in areas near the ceiling where temperatures are usually warmer
as well as in heat-generating electrical equipment such as ovens, toasters, television sets,
etc. [10,109,111]. Similarly, because brownbanded cockroaches, particularly nymphs, can
survive for longer duration without access to moisture [112], their infestation hot spots are
not limited to areas of the house or a building that are close to a water source (Table 1).

Field-based studies that collectively compare the effectiveness of different chemical
and alternative methods for brownbanded cockroach control have not been conducted.
However, as with German cockroaches, an IPM approach is expected to be successful
in the management of brownbanded cockroach infestations [109]. Improved sanitation
that reduces the availability of food, moisture and harborage can contribute to long-term
suppression of brownbanded cockroaches especially when combined with insecticide
baits [109]. Sticky traps and other monitoring techniques have been successfully used for
assessing the abundance of S. longipalpa and other cockroach species [103-105]. In compari-
son to unbaited traps, supellapyrone (a sex pheromone/ attractant) baited traps were more
effective in trapping brownbanded cockroaches [113,114]. The supellapyrone-baited traps
are also effective in informing pest control interventions, which led to significant reduction
in cockroach population numbers over time [115].

Biological control options that appear promising for the management of brownbanded
cockroaches include, (i) parasitoids, (ii) entomopathogenic nematodes and (iii) ento-
mopathogenic fungi. Two hymenopteran egg parasitoids, Comperia merceti (Compere)
(Family: Encrytidae) and Anastatus tenuipes Bolivar y Pieltain (Family: Eupelmidae) have
been studied for the control of S. longipalpa infestations [116]. Of these two egg parasitoids,
C. merceti has been successfully utilized in student housing and research buildings for
suppression of S. longipalpa infestations, particularly when cockroach population numbers
or egg densities were high [19,117]. In laboratory studies with different cockroach species,
S. longipalpa were the most susceptible to infection by the entomopathogenic nematode S.
carpocapsae as indicated by lowest LT5y (median lethal time) values [78]. Certain strains
of entomopathogenic fungi such as M. anisopliae and B. bassiana are capable of causing
80-100% mortality of brownbanded cockroaches under laboratory conditions [118,119].
In spite of the potential biocontrol options available for managing infestations of brown-
banded cockroaches, PMPs will likely use only insecticide baits and liquid spray products
for their control. While field studies proving insecticide bait efficacy for brownbanded cock-
roach control are not available, laboratory studies show that baits containing abamectin,
fipronil, and hydramethylnon are efficacious against this cockroach species [120,121].

3. Peridomestic Cockroach Pests

In contrast to domestic or indoor cockroaches, peridomestic species are found pri-
marily around homes, in and under landscape materials, and generally in protected areas
outdoors. However, any of the species can enter homes through cracks, holes, unscreened
vents, open doors and windows, particularly species that fly to lights at night. Many perido-
mestic species such as the American cockroach, Periplaneta americana (L.), smokybrown
cockroach, P. fuliginosa (Serville), other Periplaneta spp., and the Turkestan cockroach, Blatta
lateralis (Walker), can infest attics, wall voids, and crawlspaces, but there is always some
access to the outdoor environment. These species can then enter indoors and be found in
locations such as kitchens and bathrooms. Other peridomestic species such as the oriental
cockroach Blatta orientalis L. may establish in crawl spaces and enter the ground floor of
structures but is rarely found higher in homes. The invasive Asian cockroach, Blattella
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asahinai Mizukubo and the native Parcoblatta spp. may be brought into homes in bags or
even on clothing, but do not establish indoors and generally are killed by desiccation.

3.1. Periplaneta spp. and Parcoblatta spp.

Understanding the distribution of peridomestic cockroaches outdoors leads to more
localized and effective treatments. Traditional treatments for peridomestic cockroaches
consisted of spraying liquid insecticides around and on the foundation of a home. This
approach results in an insecticide “barrier” that is focused on preventing peridomestic
cockroaches from entering homes rather than controlling the cockroaches in their habitat.
The result of barrier treatments is that treated structures may not be approached by cock-
roaches while there is sufficient insecticide residue, but as soon as the residue has degraded
(<2 weeks) [122], the home is left unprotected while the cockroach population has had
additional time to increase in their harborage areas. If daytime harborages can be identified
and treated, cockroach populations and reproduction can be reduced using less insecticide.

Studies by Smith et al. [123,124] provide the most detailed analysis and predictive
modeling of peridomestic cockroach distribution and management. Focusing on the
smokybrown cockroach Smith et al. [123] sampled insect pests at 60 homes and scored
18 house and landscape characteristics that were conducive for cockroach infestations.
They further developed a cockroach habitat index model that both predicts the relative
abundance of smokybrown cockroaches based on house and landscape characteristics and
pinpoints high probability locations that serve as harborages and contribute to cockroach
abundance. Many of the important conducive characteristics, such as house age, and
type of exterior cannot be altered easily. However, other important characteristics such
as number of objects (junk piles, flower planters, leaf, or pine straw litter) on a property,
or tree and bush density could be altered either by removal, or by insecticide treatment.
The cockroach habitat index did not estimate an exact number of cockroaches, but did
estimate the relative abundance (high, medium, or low). Absolute numbers of peridomestic
cockroaches vary from year to year, but some homes and properties have relatively more
cockroaches than others.

Using the cockroach habitat index as a guide, Smith et al. [124] compared an IPM
program based on using sanitation, landscape management, and targeted low impact
insecticide applications such as baits against the conventional liquid spray barrier around
homes. Implementation of the IPM program resulted in faster, longer, and better control
of smokybrown cockroaches than the conventional spray treatment (and the untreated
control) [124]. In a similar study, precise application of bait product was more effective
than targeted sprays [122]. Further studies have shown that targeted essential oil sprays
can also reduce American and smokybrown cockroach populations when integrated with
cultural control measures such as sanitation and landscape management (AGA, pers.
comm.). IPM programs resulted in not only superior reductions of cockroach populations,
but also reduced the amount of insecticide active ingredient applied to the property by
80-95% [122,124].

Even though the focus of the cockroach habitat index and the resulting IPM program
was the smokybrown cockroach, other peridomestic cockroaches co-occurred in the perido-
mestic environment. These species included the American, oriental, and Parcoblatta spp.
cockroaches. Whatever treatments reduced smokybrown cockroach populations could
also reduce the populations of the other species. This observation implies that the other
peridomestic cockroach pest species have similar distributions within the peridomestic en-
vironment and therefore likely similar biology and physiology. Visual inspections revealed
that these peridomestic pests used similar daytime harborages such as areas under rocks
and planters, in utility meter boxes, and in leaf litter near trash containers.

3.2. Blattella Asahinai

The Asian cockroach, the phylogenetically closest species to the German cockroach,
was introduced into Florida, USA in 1986 [125] and in the intervening years has spread
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throughout Florida and into adjacent states. It has become established in Alabama and
Georgia probably by being transported on vehicles along interstates [126]. The Asian
cockroach has also been reported in Texas [127], and North and South Carolina. It is
estimated that this species could become established throughout the southeastern U.S.
from central Texas to Georgia and as far North as Virginia.

As a peridomestic pest, the Asian cockroach is found outdoors in lawns, landscapes,
and fields. It is noticeable because adults of both sexes readily fly when disturbed, and
often spontaneously. Large populations can develop because they utilize leaf litter, mulch,
and bushes as harborages [128,129]. Populations in southeastern Alabama increase in late
May, reach their maximum in late August to early September, and then decline rapidly
with cool fall weather [128]. They are usually found at the leaf litter-soil interface where
the microclimate is milder and where they overwinter.

Snoddy and Appel [129] examined the mulch preferences of all stages of the Asian
cockroach in the laboratory and found that adult males preferred oak leaf litter and pine
straw whereas adult females preferred oak leaf litter and rubber mulch; nymphal stages
preferred rubber mulch. In general, mulches that provided the most darkness and humidity
were preferred. Cypress was the least preferred (and most repellent) mulch and Snoddy
and Appel [129] suggested that replacing pine straw and other mulches around home with
cypress mulch could reduce the number of Asian cockroaches. Cypress contains a large
number of essential oil components including x-pinene, limonene, and 6-3 carene [130], all
repellent and toxic essential oil components to the Asian cockroach (A.G.A., pers. comm).

A laboratory and field efficacy study of conventional insecticides and an essential
oil for managing Asian cockroaches was conducted by Snoddy and Appel [131]. They
examined the toxicity, repellency, and performance of 3-cyfluthrin EC, fipronil granules,
and an essential oil EC formulation containing 30% cinnamon and 10% thyme oil. The
conventional insecticides (3-cyfluthrin and fipronil) were significantly (>25 times) more
toxic than the essential oil formulation in continuous exposure and Ebeling choice box
experiments. (-cyfluthrin was 100% repellent to Asian cockroaches, but both wet and
dried essential oil deposits were also significantly repellent over a 7 day period. Field
applications of the conventional insecticides at label rates resulted in 100% reduction of
Asian cockroach populations at 7 and 30 d after treatment. The essential oil formulation was
quite repellent; during application, Asian cockroaches could be seen flying and running out
of the treated areas. Initially the essential oil formulation reduced populations by 68% at
7 d, but control diminished to 2% by 30 d. Therefore, the essential oil formulation had short
residual activity relative to conventional insecticides. This study indicated the potential of
essential oils for Asian cockroach management. Formulation and treatment optimization
could potentially increase residual activity.

3.3. Blatta spp.

The Turkestan cockroach, Blatta lateralis (Walker) (Blattodea: Blattidae), is a peridomes-
tic invasive species found in many parts of the world. The first infestations of Turkestan
cockroaches in the United States were detected in 1978 at a military base in Lathrope,
California and it is believed that the initial introduction occurred through infested military
equipment that was brought from military bases in the Middle East and Asia [132]. Since
then, the Turkestan cockroach has spread to various parts of United States [133-137]. The
Turkestan cockroach and the Oriental cockroach have a similar biology and life cycle. One
of the hypotheses about the geographical expansion of Turkestan cockroaches in the south-
west is that this species has a shorter nymphal developmental period and higher production
rate of oothecae, which have contributed to the displacement of oriental cockroaches in
areas where they cohabit [20].

Turkestan cockroaches are well adapted to the dry climate of the southwestern United
States and are often seen in underground burrows, areas with high organic matter (e.g.,
leaf litter, garbage), animal feed troughs, and feeding on animal manure in livestock
facilities [138]. In urban settings these cockroaches establish in areas that offer hiding places
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(e.g., crevices around structures, manholes, crawlspaces), and moisture (e.g., sewer systems,
water meter boxes, irrigation boxes) [133,136]. Although Turkestan cockroaches regularly
dwell in peridomestic areas, they occasionally invade human indoor areas through holes,
cracks, and gaps between door and floors [138].

Management of Turkestan cockroaches relies on the use of chemical insecticides, pri-
marily pyrethroids that are applied in and around building exteriors [138]. Traditional
perimeter application of insecticides is, however, a public concern due to the impact on the
environment and potential human exposure to pesticides. Restriction on the use of insecti-
cide perimeter treatments in California and other US states have necessitated consideration
of alternative methods that supplement a PMPs toolset for Turkestan cockroach control.
Environmentally sound programs for pest control are particularly demanded in sensitive
environment such as public schools where traditional perimeter application of insecticides
is restricted (http://ipm.ucanr.edu/PDF/PUBS/greenbulletin.2012.nov.pdf) (accessed on
10 June 2021). More integrative control approaches (i.e., IPM), that include the use of
ecofriendly insecticides, sanitation, exclusion, baits, and cockroach egg parasitoids have
been proposed for the effective management of Turkestan cockroaches, but the validation
of these tools is just emerging [138].

Plant-derived essential oils such as red thyme oil, clove bud oil and java citronella
oil have demonstrated high contact, fumigant, and repellent activity against Turkestan
cockroaches [139]. Thymol, a terpenoid constituent of red thyme, exhibited the highest
contact and fumigant activity on Turkestan cockroach nymphs, and was the only essential
oil constituent that repelled cockroach nymphs [139]. Therefore, red thyme, clove bud, and
java citronella oils, or formulations of natural product insecticides that include thymol have
potential to not only kill but also repel cockroaches from points of entry into a structure or
eliminate a harborage area such as a utility meter box or exert a repellent effect. Recently,
fatty acids derived from coconut oil were found to exhibit high repellency activity against
Turkestan cockroach nymphs (A.R., pers. comm).

Cockroach bait formulations appear to be effective against the Turkestan cockroach [137].
Laboratory work has shown that fresh or seven day-aged baits that contain active ingredi-
ents such as indoxacarb, fipronil, emamectin benzoate, or abamectin + pyriproxyfen, have
high efficacy against Turkestan cockroaches. A one-year program based on outdoor appli-
cation of insecticide baits supplemented with structural exclusion and habitat modification
was effective at reducing Turkestan cockroaches in two areas of California [137]. In this
study, significant reduction of Turkestan cockroach captures in sticky traps was observed
just one month after the program was established [137]. The results of this study show
that IPM programs that include baits and exclusion can help reduce Turkestan cockroach
density in sensitive sites with minimal chemical inputs.

Among the possible hymenopterous natural enemies with potential use for biological
control of Turkestan cockroaches are evaniid wasps, (Hymenoptera: Evaniidae) and solitary
parasitoids of ootheca cockroaches (Hymenopterans: Apocrita) [140]. These wasps are
frequently found attacking oothecae of cockroaches of the genera Parcoblatta, Ischnoptera,
and Cariblatta in natural areas [141], while some studies report the presence of evaniid
wasps occupying city buildings and homes and parasitizing the oothecae of oriental cock-
roaches [142]. Promising parasitoids that have been identified for oriental cockroach
control include the eulophid wasps Aprostocetus (=Tetrastichus) hagenowii (Ratzeburg), (Hy-
menoptera: Eulophidae) due to their shorter developmental period, higher reproductive
potential, and higher field parasitization rate, when compared to other naturally occurring
wasps [143]. Even though evaniid wasps have been reported in urban areas of New Mexico
and Arizona, identification as well as distribution, life cycles and parasitic capabilities of
these wasps has not been investigated.

Several tools and strategies have been recently proposed for management of in-
festations of Turkestan cockroaches. Recently, laboratory studies showed that most of
the liquid insecticides labeled for peridomestic cockroaches are highly effective against
Turkestan cockroach nymphs when applied as residues to common harborage materi-
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als [144]. Since most of the effective insecticide formulations against Turkestan cockroaches
contain pyrethroids, a known repellent chemical class [145], liquid sprays could be applied
to potential harborage areas to “cockroach proof” them. Similarly, compounds with re-
pellent properties such as essential oils, could be used around potential entry points to
prevent cockroach access [146]. In contrast, application of non-repellent, toxic liquids di-
rectly to aggregations could reduce the size of the infestation without promoting cockroach
dispersion to other areas. Chemical repellents can be also used in conjunction with baits
in a “push—pull” control strategy [147]. This strategy has been successfully used against
agriculture and livestock pests and consists of displacing insects from a resource (e.g.,
shelter, hidden areas) and luring them with an attractant to areas containing a pest control
agent (e.g., traps, non-repellent insecticides, or baits) [148]. Successful implementation of
“push—pull” control strategy for management of Turkestan cockroaches will require the
identification of the most effective repellents and baits as well as a better understanding of
the ecology of Turkestan cockroaches in urban settings.

Future research on IPM program for Turkestan cockroaches might also consider studies
on parasitic wasps, including the identification of naturally occurring species, seasonal
population dynamics, and parasitism rates. The combined use of wasps with other IPM
tools could likely result in a rapid population reduction of infestations because, while
targeted use of insecticides (sprays or baits) could eliminate adults and immature stages,
wasps could parasitize and kill oothecae [10]. Furthermore, parasitic wasps are known to
have the ability to locate various life stages including oothecae in areas where other control
tools cannot be applied. However, the use of augmentative release of parasitic wasps with
insecticide baits will require the selection of insecticides with minimum impact and special
precautions to reduce the contact between the wasps and the baits.

4. Summary and Conclusions

The remarkable efficacy and convenience of bait insecticide formulations has revolu-
tionized the approach used by PMPs for cockroach control. Most PMPs in the USA now
rely on baits for cockroach control, which has drastically reduced the use of liquid spray
insecticides [10]. While baits can provide satisfactory cockroach control in certain infested
structures, a holistic IPM approach that combines baits and alternative interventions is
ideal for long-term suppression of severe cockroach infestations [14]. Failure to adopt
an IPM approach while dealing with complex pest environments can lead to perpetual
cockroach infestations. Consequentially, the affected public may take the issue in their own
hands and rely on hazardous OTC insecticides (e.g., aerosols and bug bombs) and other
unproven alternative techniques (e.g., ultrasonic devices) for cockroach control.

Although a large number of alternative interventions have been examined for cock-
roach control, only a select few alternative control tactics are logistically and economically
viable for inclusion in IPM programs [10,13,32,34]. Educating the public about cockroach
biology and pest conducive conditions can greatly help in gaining resident cooperation
for making required structural modifications (e.g., caulking crevices, fixing water leaks,
repairing broken window screens etc.,) and improving sanitation in food-handling and
other areas, which is key for successful deployment of bait insecticides. The use of various
traps for monitoring cockroach abundance levels and hotspots within or around structures
is an important IPM component that informs various pest control decisions such as choice
of a bait insecticide, its quantity and placement. The use of inorganic insecticide dust (boric
acid) for cockroach control has persisted for decades and even today, it is successfully used
in bait-led IPM programs. With respect to IGRs, juvenoids have been an important cock-
roach control tool, whereas, a granular bait containing a CSI (novaluron) has been recently
launched in the USA. Mass release of predators and parasitoids in the indoor environment
for the control of domestic cockroach species will likely never be acceptable to the public
because these biocontrol agents may themselves cause nuisance. However, the use of
hymenopteran parasitoids for managing peridomestic cockroaches is a promising concept,
which needs to be further explored. Technological advances in formulation technology
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and molecular insect pest management techniques may potentially lead to utilization of
entomopathogenic fungi and nematodes and RNAi baits in cockroach IPM.

In spite of the importance of alternative interventions in cockroach control, it should
however be noted that these tactics cannot be solely relied upon for successful cockroach
control [13,32]. Instead, such techniques should be used as a part of an insecticide-based
cockroach control approach [13,32]. While substantial funding for research on cockroach
bait insecticides is mainly provided by the chemical manufacturers, there are limited
competitive funding opportunities that enable in depth research on alternative control
technologies [32]. Government-supported long-term investment in research that focuses on
alternative control tactics for cockroach control is important because these techniques can
(i) enhance the efficacy or outcomes of a bait-based IPM program, (ii) reduce insecticide
use, and (iii) delay the evolution of physiological and/or bait aversion resistance in certain
cockroach species.

Author Contributions: Conceptualization, writing—review and editing, A.D.G., A.G.A.,, GM.T,,
A.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Not applicable.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Appel, A.G. Blattella and related species. In Understanding and Controlling the German Cockroach, 1st ed.; Rust, M.K., Owens, .M.,
Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 1-19.

2. Roth, L.M.; Willis, E.R. The biotic association of cockroaches. Smithsonian Misc. Coll. 1960, 141, 1-439.

3. Brenner, R.J. Economics and medical importance of German cockroaches. In Understanding and Controlling the German Cockroach,
1st ed.; Rust, M.K., Owens, ].M., Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 77-92.

4. Gondhalekar, A.D. 2018 highlights of urban entomology. . Med. Entomol. 2019, 56, 1188-1193. [CrossRef]

5. Kopanic, R].; Sheldon, B.W.; Wright, C.G. Cockroaches as vectors of Salmonella: Laboratory and field trials. . Food Prot. 1994,
57,125-135. [CrossRef] [PubMed]

6.  Pai, HH.; Ko, Y.C; Chen, E.R. Cockroaches (Periplaneta americana and Blattella germanica) as potential mechanical disseminators of
Entamoeba histolytica. Acta Trop. 2003, 87, 355-359. [CrossRef]

7. Rosenstreich, D.L.; Eggleston, P.; Kattan, M.; Baker, D.; Slavin, R.G.; Gergen, P.; Mitchell, H.; McNiff-Mortimer, K.; Lynn, H.;
Ownby, D.; et al. The role of cockroach allergy and exposure to cockroach allergen in causing morbidity among inner-city children
with asthma. N. Engl. . Med. 1997, 336, 1356-1363. [CrossRef] [PubMed]

8. Arruda, LK, Vailes, L.D,; Ferriani, V.P; Santos, A.B.R.; Pomés, A.; Chapman, M.D. Cockroach allergens and asthma. . Allergy
Clin. Immunol. 2001, 107, 419-428. [CrossRef] [PubMed]

9. Gore, J.C.; Schal, C. Cockroach allergen biology and mitigation in the indoor environment. Annu. Rev. Entomol. 2007,
52,439-463. [CrossRef] [PubMed]

10.  Schal, C. Cockroaches. In Mallis Handbook of Pest Control, 10th ed.; Hedges, S., Moreland, D., Eds.; Mallis Handbook Co.: Cleveland,
OH, USA, 2011; pp. 150-291.

11.  Scharf, M.E.; Gondhalekar, A.D. Insecticide resistance: Perspectives on evolution, monitoring, mechanisms and management.
In Biology and Management of the German Cockroach, 1st ed.; Wang, C., Lee, C.Y., Rust, M.K., Eds.; CABI: Wallingford, UK, 2021;
pp- 1-304.

12.  DeVries, Z.C.; Santangelo, R.G.; Crissman, J.; Mick, R.; Schal, C. Exposure risks and ineffectiveness of total release foggers (TRFs)
used for cockroach control in residential settings. BMC Public Health 2019, 19, 96. [CrossRef]

13.  Gold, R.E. Alternative control strategies. In Understanding and Controlling the German Cockroach, 1st ed.; Rust, M.K., Owens, ].M.,
Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 325-343.

14. Reierson, D.A. Baits and baiting. In Understanding and Controlling the German Cockroach, 1st ed.; Rust, M.K., Owens, ].M., Reierson,
D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 231-266.

15. Gondhalekar, A.D.; Song, C.; Scharf, M.E. Development of strategies for monitoring indoxacarb and gel bait susceptibility in the
German cockroach (Blattodea: Blattellidae). Pest Manag. Sci. 2011, 67, 262-270. [CrossRef]

16. Gould, G.E.; Deay, H.O. The biology of six species of cockroaches which inhabit buildings. Bull. Indiana Agric. Exp. Stn. 1940,
451, 31.

17.  Ebeling, W. Urban Entomology; The Regents of the University of California: Sacramento, CA, USA, 1978.


http://doi.org/10.1093/jme/tjz093
http://doi.org/10.4315/0362-028X-57.2.125
http://www.ncbi.nlm.nih.gov/pubmed/31113148
http://doi.org/10.1016/S0001-706X(03)00140-2
http://doi.org/10.1056/NEJM199705083361904
http://www.ncbi.nlm.nih.gov/pubmed/9134876
http://doi.org/10.1067/mai.2001.112854
http://www.ncbi.nlm.nih.gov/pubmed/11240940
http://doi.org/10.1146/annurev.ento.52.110405.091313
http://www.ncbi.nlm.nih.gov/pubmed/17163801
http://doi.org/10.1186/s12889-018-6371-z
http://doi.org/10.1002/ps.2057

Insects 2021, 12, 550 16 of 20

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.
35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

Coler, R.R.; Vandriesche, R.G.; Elkinton, J.S. Effect of an oothecal parasitoid, Comperia merceti (Compere) (Hymenoptera: Encyr-
tidae), on a population of the brownbanded cockroach (Orthoptera: Blattellidae).  Environ.  Entomol. 1984,
13, 603-606. [CrossRef]

Tsai, T.J.; Chi, H. Temperature-dependent demography of Supella longipalpa (Blattodea: Blattellidae). |. Med. Entomol. 2007,
44,772-778. [CrossRef] [PubMed]

Kim, T.; Rust, M.K. Life history and biology of the invasive Turkestan cockroach (Dictyoptera: Blattidae). J. Econ. Entomol. 2013,
106, 2428-2432. [CrossRef]

Willis, E.R.; Riser, G.R.; Roth, L.M. Observations on reproduction and development in cockroaches. Ann. Entomol. Soc. 1958,
51, 53-69. [CrossRef]

Edmunds, L.R. Observations on the biology and life history of the brown cockroach Periplaneta brunnea Burmeister. Proc. Entomol.
Soc. Wash. 1957, 59, 283-286.

Benson, E.P. Harborage preference by Periplaneta americana (L.) and P. fuliginosa (Serville) (Dictyoptera: Blattidae) in a home in
Clemson, South Carolina. J. Entomol. Sci. 1987, 22, 38-44. [CrossRef]

Appel, A.G.; Smith, LM., II. Biology and management of the smokybrown cockroach. Ann. Rev. Entomol. 2002,
47,33-55. [CrossRef] [PubMed]

Peterson, M.K. Differential Nymphal Development of Blattella asahinai and B. germanica and their Hybridization Potential
(Blattodea: Ectobiidae). Master’s Thesis, Auburn University, Auburn, AL, USA, 2020.

Wang, C.; Scharf, M.E.; Bennett, G.W. Behavioral and physiological resistance of the German cockroach to gel baits (Blattodea:
Blattellidae). . Econ. Entomol. 2004, 97, 2067-2072. [CrossRef] [PubMed]

Gondhalekar, A.D.; Scharf, M.E. Mechanisms underlying fipronil resistance in a multiresistant field strain of the German
cockroach (Blattodea: Blattellidae). J. Med. Entomol. 2012, 49, 122-131. [CrossRef]

Gondhalekar, A.D.; Scherer, C.W,; Saran, R.K.; Scharf, M.E. Implementation of an indoxacarb susceptibility monitoring program
using field-collected German cockroach isolates from the United States. J. Econ. Entomol. 2013, 106, 945-953. [CrossRef]

Ko, A.E.; Bieman, D.N.; Schal, C.; Silverman, J. Insecticide resistance and diminished secondary kill performance of bait
formulations against German cockroaches (Dictyoptera: Blattellidae). Pest Manag. Sci. 2016, 72, 1778-1784. [CrossRef]
Silverman, J.; Bieman, D.N. Glucose aversion in the German cockroach, Blattella germanica. ]. Insect Physiol. 1993,
39, 925-933. [CrossRef]

Wada-Katsumata, A.; Silverman, J.; Schal, C. Changes in taste neurons support the emergence of an adaptive behavior in
cockroaches. Science 2013, 340, 972-975. [CrossRef]

Rust, M.K. Alternative control measures. In Biology and Management of the German Cockroach, 1st ed.; Wang, C., Lee, C.Y., Rust,
MK, Eds.; CABI: Wallingford, UK, 2021; pp. 1-304.

Schal, C.; Hamilton, R.L. Integrated suppression of synanthropic cockroaches. Annu. Rev.  Entomol. 1990,
35, 521-551. [CrossRef] [PubMed]

Suiter, D.R. Biological suppression of synanthropic cockroaches. J. Agric. Entomol. 1997, 14, 259-270.

Appel, A.G.; Tucker, ].B. Occurrence of the German cockroach, Blattella germanica (Dictyoptera: Blattellidae), outdoors in Alabama
and Texas. Fla. Entomol. 1986, 69, 422-423. [CrossRef]

Schal, C. Relation among efficacy of insecticides, resistance levels, and sanitation in the control of the German cockroach
(Dictyoptera: Blattellidae). J. Econ. Entomol. 1988, 81, 536-544. [CrossRef]

Shahraki, G.H.; Hafidzi, M.N.; Khadri, M.S.; Rafinejad, J.; Ibrahim, Y.B. Cost-effectiveness of integrated pest management
compared with insecticidal spraying against the German cockroach in apartment buildings. Neotrop. Entomol. 2011, 40, 607-612.
Dingha, B.N.; O'Neal, ].; Appel, A.G.; Jackai, L.E. Integrated pest management of the German cockroach (Blattodea: Blattellidae)
in manufactured homes in rural North Carolina. Fla. Entomol. 2016, 99, 587-592. [CrossRef]

Wang, C.; Bischoff, E.; Eiden, A.L.; Zha, C.; Cooper, R.; Graber, J. Residents attitudes and home sanitation predict pres-
ence of German cockroaches (Blattodea: Ectobiidae) in apartments for low-income senior residents. . Econ. Entomol. 2019,
112, 284-289. [CrossRef] [PubMed]

Campbell, M.E.; Dwyer, ].].; Goettler, F.; Ruf, F,; Vittiglio, M.A. Program to reduce pesticide spraying in the indoor environment:
Evaluation of the ‘Roach Coach’ project. Can. J. Public Health 1999, 90, 277-281. [CrossRef]

Brenner, B.L.; Markowitz, S.; Rivera, M.; Romero, H.; Weeks, M.; Sanchez, E.; Deych, E.; Garg, A.; Godbold, J.; Wolff, M.S.; et al.
Integrated pest management in an urban community: A successful partnership for prevention. Environ. Health Perspect. 2003,
111, 1649-1653. [CrossRef] [PubMed]

Miller, D.M.; Meek, F. Cost and efficacy comparison of integrated pest management strategies with monthly spray insec-
ticide applications for German cockroach (Dictyoptera: Blattellidae) control in public housing. |. Econ. Entomol. 2004,
97, 559-569. [CrossRef]

Wang, C.; Bennett, G.W. Comparative study of integrated pest management and baiting for German cockroach management in
public housing. J. Econ. Entomol. 2006, 99, 879-885. [CrossRef]

Noureldin, E.M.; Farrag, H.A. The role of sanitation in the control of German cockroach (Blattella germanica L.). Biosci. Biotechnol.
Res. Asia 2008, 5, 525-536.

Wang, C.; Bennett, G.W. Cost and effectiveness of community-wide integrated pest management for German cockroach, cockroach
allergen, and insecticide use reduction in low-income housing. J. Econ. Entomol. 2009, 102, 1614-1623. [CrossRef] [PubMed]


http://doi.org/10.1093/ee/13.2.603
http://doi.org/10.1093/jmedent/44.5.772
http://www.ncbi.nlm.nih.gov/pubmed/17915507
http://doi.org/10.1603/EC13052
http://doi.org/10.1093/aesa/51.1.53
http://doi.org/10.18474/0749-8004-22.1.39
http://doi.org/10.1146/annurev.ento.47.091201.145106
http://www.ncbi.nlm.nih.gov/pubmed/11729068
http://doi.org/10.1093/jee/97.6.2067
http://www.ncbi.nlm.nih.gov/pubmed/15666766
http://doi.org/10.1603/ME11106
http://doi.org/10.1603/EC12384
http://doi.org/10.1002/ps.4211
http://doi.org/10.1016/0022-1910(93)90002-9
http://doi.org/10.1126/science.1234854
http://doi.org/10.1146/annurev.en.35.010190.002513
http://www.ncbi.nlm.nih.gov/pubmed/2405773
http://doi.org/10.2307/3494947
http://doi.org/10.1093/jee/81.2.536
http://doi.org/10.1653/024.099.0401
http://doi.org/10.1093/jee/toy307
http://www.ncbi.nlm.nih.gov/pubmed/30321349
http://doi.org/10.1007/BF03404131
http://doi.org/10.1289/ehp.6069
http://www.ncbi.nlm.nih.gov/pubmed/14527845
http://doi.org/10.1093/jee/97.2.559
http://doi.org/10.1093/jee/99.3.879
http://doi.org/10.1603/029.102.0428
http://www.ncbi.nlm.nih.gov/pubmed/19736776

Insects 2021, 12, 550 17 of 20

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

Noureldin, E.M. Integrated pest management (IPM) for the German cockroach (Blattella germanica L.) in Jeddah province, Saudi
Arabia. Biosci. Biotechnol. Res. Asia 2010, 7, 657-665.

Nalyanya, G.; Gore, ].C.; Linker, H.M.; Schal, C. German cockroach allergen levels in North Carolina schools: Comparison of
integrated pest management and conventional cockroach control. J. Med. Entomol. 2014, 46, 420-427. [CrossRef]

Zha, C.; Wang, C.; Buckley, B.; Yang, I.; Wang, D.; Eiden, A.L.; Cooper, R. Pest prevalence and evaluation of community-
wide integrated pest management for reducing cockroach infestations and indoor insecticide residues. J. Econ. Entomol. 2018,
111, 795-802. [CrossRef]

Wang, C.; Eiden, A.; Cooper, R.; Zha, C.; Wang, D. Effectiveness of building-wide integrated pest management programs for
German cockroach and bed bug in a high-rise apartment building. J. Integr. Pest. Manag. 2019, 10, 1-9. [CrossRef]

Wang, C.; Eiden, A.L.; Cooper, R.; Zha, C.; Wang, D.; Hamilton, R.G. Abatement of cockroach allergens by effective cockroach
management in apartments. J. Allergy Clin. Immunol. Pract. 2020, 8, 3608-3609. [CrossRef] [PubMed]

Frishman, A.M.; Bello, PJ. The Cockroach Combat Manual II; AuthorHouse: Bloomington, IN, USA, 2013; pp. 52-59.

Wang, C.; Singh, N.; Cooper, R.; Scherer, C. Baiting for success. Pest. Contr. Tech. 2013, 41, 60-64.

Rabito, FA.; Carlson, J.C.; He, H.; Werthmann, D.; Schal, C. A single intervention for cockroach control reduces cockroach
exposure and asthma morbidity in children. J. Allergy Clin. Immunol. 2017, 140, 565-570. [CrossRef]

Miller, D.M.; Smith, E.P. Quantifying the efficacy of an assessment-based pest management (APM) program for German cockroach
(L.) (Blattodea: Blattellidae) control in low-income public housing units. J. Econ. Entomol. 2020, 113, 375-384. [CrossRef]
Robinson, W.H.; Zungoli, P.A. Integrated pest management: An operational view. In Understanding and Controlling the German
Cockroach, 1st ed.; Rust, M.K., Owens, ] M., Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 345-359.
Appel, A.G. Contamination affects the performance of insecticidal baits against German cockroaches (Dictyoptera: Blattellidae). J.
Econ. Entomol. 2004, 97, 2035-2042. [CrossRef] [PubMed]

Wang, C.; Eiden, A.; Cooper, R.; Zha, C.; Wang, D.; Reilly, E. Changes in indoor insecticide residue levels after adopting
an integrated pest management program to control German cockroach infestations in an apartment building. Insects 2019,
10, 304. [CrossRef]

Kaakeh, W.; Bennett, G.W. Evaluation of trapping and vacuuming compared with low-impact insecticide tactics for managing
German cockroaches in residences. J. Econ. Entomol. 1997, 90, 976-982. [CrossRef]

Zha, C.; Wang, C.; Eiden, A.; Cooper, R.; Wang, D. Spatial distribution of German cockroaches in a high-rise apartment building
during building-wide integrated pest management. J. Econ. Entomol. 2019, 112, 302-310. [CrossRef]

Fardisi, M.; Gondhalekar, A.D.; Ashbrook, A.R.; Scharf, M.E. Rapid evolutionary responses to insecticide resistance management
interventions by the German cockroach (Blattella germanica L.). Sci. Rep. 2019, 9, 1-10. [CrossRef] [PubMed]

Owens, ].M.; Bennett, G.W. German cockroach movement within and between urban apartments. J. Econ. Entomol. 1982,
75,570-573. [CrossRef]

Runstrom, E.S.; Bennett, G.W. Distribution and movement patterns of German cockroaches (Dictyoptera: Blattellidae) within
apartment buildings. J. Med. Entomol. 1990, 27, 515-518. [CrossRef]

Eliopoulos, P; Tatlas, N.-A.; Rigakis, I.; Potamitis, I. A “smart” trap device for detection of crawling insects and other arthropods
in urban environments. Electronics 2018, 7, 161. [CrossRef]

Ballard, J.B.; Gold, R.E. Laboratory and field evaluations of German cockroach (Orthoptera: Blattellidae) traps. J. Econ. Entomol.
1984, 77, 661-665. [CrossRef] [PubMed]

Ebeling, W. Inorganic insecticides and dusts. In Understanding and Controlling the German Cockroach, 1st ed.; Rust, M.K., Owens,
J.M., Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 193-230.

Ebeling, W.; Reierson, D.A.; Pence, R.].; Viray, M.S. Silica aerogel and boric acid against cockroaches: External and internal action.
Pestic. Biochem. Physiol. 1975, 5, 81-89. [CrossRef]

Fardisi, M.; Gondhalekar, A.D.; Scharf, M.E. Development of diagnostic insecticide concentrations and assessment of insecticide
susceptibility in German cockroach (Dictyoptera: Blattellidae) field strains collected from public housing. J. Econ. Entomol. 2017,
110, 1210-1217. [CrossRef]

Zurek, L.; Watson, D.W.; Schal, C. Synergism between Metarhizium anisopliae (Deuteromycota: Hyphomycetes) and boric acid
against the German cockroach (Dictyoptera: Blattellidae). Biol. Control 2002, 23, 296-302. [CrossRef]

Zurek, L.; Gore, ].C,; Stringham, S.M.; Watson, D.W.; Waldvogel, M.G.; Schal, C. Boric acid dust as a component of an integrated
cockroach management program in confined swine production. J. Econ. Entomol. 2003, 96, 1362-1366. [CrossRef]

Bennett, G.W.; Reid, B.L. Insect growth regulators. In Understanding and Controlling the German Cockroach, 1st ed.; Rust, M.K.,
Owens, ].M., Reierson, D.A., Eds.; Oxford University Press: New York, NY, USA, 1995; pp. 267-286.

Bennett, G.W.; Yonker, ].W.; Runstrom, E.S. Influence of hydroprene on German cockroach (Dictyoptera: Blattellidae) populations
in public housing. J. Econ. Entomol. 1986, 79, 1032-1035. [CrossRef]

Kaakeh, W.; Scharf, M.E.; Bennett, G.W. Efficacy of conventional insecticide and juvenoid mixtures on an insecticide-resistant
field population of German cockroach (Dictyoptera: Blattellidae). . Agric. Entomol. 1997, 14, 339-348.

Staal, G. Insect growth regulators. In Proceedings of the National Conference on Urban Entomology; Zungoli, P.A., Ed.; University
of Maryland: College Park, MD, USA, 1986; pp. 59-64.

Hamilton, J.A.; Wada-Katsumata, A.; Ko, A.; Schal, C. Effects of novaluron ingestion and topical application on German cockroach
(Blattella germanica) development and reproduction. Pest. Manag. Sci. 2021, 77, 877-885. [CrossRef] [PubMed]


http://doi.org/10.1603/033.046.0302
http://doi.org/10.1093/jee/tox356
http://doi.org/10.1093/jipm/pmz031
http://doi.org/10.1016/j.jaip.2020.06.040
http://www.ncbi.nlm.nih.gov/pubmed/32615257
http://doi.org/10.1016/j.jaci.2016.10.019
http://doi.org/10.1093/jee/toz302
http://doi.org/10.1093/jee/97.6.2035
http://www.ncbi.nlm.nih.gov/pubmed/15666762
http://doi.org/10.3390/insects10090304
http://doi.org/10.1093/jee/90.4.976
http://doi.org/10.1093/jee/toz128
http://doi.org/10.1038/s41598-019-44296-y
http://www.ncbi.nlm.nih.gov/pubmed/31165746
http://doi.org/10.1093/jee/75.4.570
http://doi.org/10.1093/jmedent/27.4.515
http://doi.org/10.3390/electronics7090161
http://doi.org/10.1093/jee/77.3.661
http://www.ncbi.nlm.nih.gov/pubmed/6480977
http://doi.org/10.1016/0048-3575(75)90047-4
http://doi.org/10.1093/jee/tox076
http://doi.org/10.1006/bcon.2001.1012
http://doi.org/10.1093/jee/96.4.1362
http://doi.org/10.1093/jee/79.4.1032
http://doi.org/10.1002/ps.6092
http://www.ncbi.nlm.nih.gov/pubmed/32949086

Insects 2021, 12, 550 18 of 20

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.
93.

94.

95.

96.

97.

98.

99.

Pachamuthu, P.; Kamble, S.T.; Yuen, G.Y. Virulence of Metarrhizium anisopline (Deuteromycotina: Hyphomycetes) strain
ESC-1 to the German cockroach (Dictyoptera: Blattellidae) and its compatibility with insecticides. ]. Econ. Entomol. 1999,
92, 340-346. [CrossRef]

Pachamuthu, P.; Kamble, S.T. In vivo study on combined toxicity of Metarhizium anisopliae (Deuteromycotina: Hyphomycetes)
strain ESC-1 with sublethal doses of chlorpyrifos, propetamphos, and cyfluthrin against German cockroach (Dictyoptera:
Blattellidae). J. Econ. Entomol. 2000, 93, 60-70. [CrossRef]

Barbarin, A.M.; Bellicanta, G.S.; Osborne, J.A.; Schal, C.; Jenkins, N.E. Susceptibility of insecticide-resistant bed bugs (Cimex
lectularius) to infection by fungal biopesticide. Pest. Manag. Sci. 2017, 73, 1568-1573. [CrossRef]

Koehler, P.G.; Patterson, R.S.; Martin, W.R. Susceptibility of cockroaches (Dictyoptera: Blattellidae, Blattidae) to infection by
Steinernema carpocapsae. J. Econ. Entomol. 1992, 85, 1184-1187. [CrossRef]

Appel, A.G.; Benson, E.P; Ellenberger, ] M.; Manweiler, S.A. Laboratory and field evaluations of an entomogenous ne-
matode (Nematoda: Steinernematidae) for German cockroach (Dictyoptera: Blattellidae) control. J. Econ. Entomol. 1993,
86, 777-784. [CrossRef]

Appel, A.G.; Gehret, M.].; Tanley, M.]. Repellency and toxicity of mint oil to American and German cockroaches (Dictyoptera:
Blattidae and Blattellidae). J. Agric. Urban. Entomol. 2001, 18, 149-156.

Phillips, A.K.; Appel, A.G.; Sims, S.R. Topical toxicity of essential oils to the German cockroach (Dictyoptera: Blattellidae). J. Econ.
Entomol. 2010, 103, 448-459. [CrossRef]

Phillips, A K.; Appel, A.G. Fumigant toxicity of essential oils to the German cockroach (Dictyoptera: Blattellidae). J. Econ. Entomol.
2010, 103, 781-790. [CrossRef]

Oladipupo, S.O.; Hu, X.P.; Appel, A.G. Topical toxicity profiles of some aliphatic and aromatic essential oil components
against insecticide-susceptible and resistant strains of German cockroach (Blattodea: Ectobiidae). ]. Econ. Entomol. 2020,
113, 896-904. [CrossRef] [PubMed]

Norris, E.J.; Johnson, J.B.; Gross, A.D.; Bartholomay, L.C.; Coats, ].R. Plant essential oils enhance diverse pyrethroids against
multiple strains of mosquitoes and inhibit detoxification enzyme processes. Insects 2018, 9, 132. [CrossRef]

O’Neal, S.T.; Johnson, E.J.; Rault, L.C.; Anderson, T.D. Vapor delivery of plant essential oils alters pyrethroid efficacy and
detoxification enzyme activity in mosquitoes. Pestic. Biochem. Physiol. 2019, 157, 88-98. [CrossRef]

Ruttanaphan, T.; Pluempanupat, W.; Aungsirisawat, C.; Boonyarit, P.; Goff, G.L.; Bullangpoti, V. Effect of plant essential oils and
their major constituents on cypermethrin tolerance associated detoxification enzyme activities in Spodoptera litura (Lepidoptera:
Noctuidae). J. Econ. Entomol. 2019, 112, 2167-2176. [CrossRef]

Gaire, S.; Zheng, W.; Scharf, M.E.; Gondhalekar, A.D. Plant essential oil constituents enhance deltamethrin toxicity in a
resistant population of bed bugs (Cimex lectularius L.) by inhibiting cytochrome P450 enzymes. Pestic. Biochem. Physiol. 2021,
175,104829. [CrossRef] [PubMed]

Sims, S.R.; Appel, A.G. Linear alcohol ethoxylates: Insecticidal and synergistic effects on German cockroaches (Blattodea:
Blattellidae) and other insects. J. Econ. Entomol. 2007, 100, 871-879. [CrossRef]

Baldwin, R.W.; Koehler, P.G.; Pereira, R.M. Toxicity of fatty acid salts to German and American cockroaches. |. Econ. Entomol.
2008, 101, 1384-1388. [CrossRef] [PubMed]

Pereira, R.M.; Koehler, P.G.; Pfiester, M.; Walker, W. Lethal effects of heat and use of localized heat treatment for control of bed
bug infestations. J. Econ. Entomol. 2009, 102, 1182-1188. [CrossRef] [PubMed]

Kells, S.A.; Goblirsch, M.J. Temperature and time requirements for controlling bed bugs (Cimex lectularius) under commercial heat
treatment conditions. Insects 2011, 2, 412-422. [CrossRef]

Zeichner, B.C.; Hoch, A.L.; Wood, D.E,, Jr. Heat and IPM for cockroach control. IPM Practitioner 1998, 20, 1-6.

Tunaz, H.; Isikber, A.A.; Pur, H.A.; Kubiay, M. Mortality effects of elevated temperatures on adult German cockroach, Blattella
germanica L. (Dictyoptera: Blattellidae). KSU J. Nat. Sci. 2017, 20, 111-114.

Fire, A.; Xu, S.; Montgomery, M.K.; Kostas, S.A.; Driver, S.E.; Mello, C.C. Potent and specific genetic interference by double-
stranded RNA in Caenorhabditis elegans. Nature 1998, 391, 806-811. [CrossRef]

Baum, J.A.; Bogaert, T.; Clinton, W.; Heck, G.R.; Feldmann, P,; Ilagan, O.; Johnson, S.; Plaetinck, G.; Munyikwa, T.; Pleau, M.; et al.
Control of coleopteran insect pests through RNA interference. Nat. Biotechnol. 2007, 25, 1322-1326. [CrossRef]

Mao, Y.B,; Cai, WJ.; Wang, J.W,; Hong, G.J.; Tao, X.Y.; Wang, L.J.; Huang, Y.P; Chen, X.Y. Silencing a cotton boll-
worm P450 monooxygenase gene by plant-mediated RNAi impairs larval tolerance of gossypol. Nat. Biotechnol. 2007,
25,1307-1313. [CrossRef] [PubMed]

Zhang, J.; Khan, S.A.; Heckel, D.G.; Bock, R. Next-generation insect-resistant plants: RNAi-mediated crop protection. Trends
Biotechnol. 2017, 35, 871-882. [CrossRef]

Niu, X.; Kassa, A.; Hu, X.; Robeson, J.; McMahon, M.; Richtman, N.M.; Steimel, J.P.; Kernodle, B.M.; Crane, V.C.; Sandahl, G.; et al.
Control of western corn rootworm (Diabrotica virgifera virgifera) reproduction through plant-mediated RNA interference. Sci. Rep.
2017, 7, 1-13. [CrossRef] [PubMed]

Clynen, E.; Bellés, X.; Piulachs, M.D. Conservation of fruitless’ role as master regulator of male courtship behaviour from
cockroaches to flies. Dev. Genes Evol. 2011, 221, 43-48. [CrossRef] [PubMed]


http://doi.org/10.1093/jee/92.2.340
http://doi.org/10.1603/0022-0493-93.1.60
http://doi.org/10.1002/ps.4576
http://doi.org/10.1093/jee/85.4.1184
http://doi.org/10.1093/jee/86.3.777
http://doi.org/10.1603/EC09192
http://doi.org/10.1603/EC09358
http://doi.org/10.1093/jee/toz323
http://www.ncbi.nlm.nih.gov/pubmed/31820778
http://doi.org/10.3390/insects9040132
http://doi.org/10.1016/j.pestbp.2019.03.007
http://doi.org/10.1093/jee/toz126
http://doi.org/10.1016/j.pestbp.2021.104829
http://www.ncbi.nlm.nih.gov/pubmed/33993977
http://doi.org/10.1093/jee/100.3.871
http://doi.org/10.1093/jee/101.4.1384
http://www.ncbi.nlm.nih.gov/pubmed/18767751
http://doi.org/10.1603/029.102.0342
http://www.ncbi.nlm.nih.gov/pubmed/19610436
http://doi.org/10.3390/insects2030412
http://doi.org/10.1038/35888
http://doi.org/10.1038/nbt1359
http://doi.org/10.1038/nbt1352
http://www.ncbi.nlm.nih.gov/pubmed/17982444
http://doi.org/10.1016/j.tibtech.2017.04.009
http://doi.org/10.1038/s41598-017-12638-3
http://www.ncbi.nlm.nih.gov/pubmed/28974735
http://doi.org/10.1007/s00427-011-0352-x
http://www.ncbi.nlm.nih.gov/pubmed/21340608

Insects 2021, 12, 550 19 of 20

100.

101.

102.

103.

104.

105.

106.

107.

108.

109.
110.

111.

112.

113.

114.

115.

116.

117.
118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

Harrison, M.C.; Jongepier, E.; Robertson, HM.; Arning, N.; Bitard-Feildel, T.; Chao, H.; Childers, C.P.; Dinh, H.; Doddapa-
neni, H.; Dugan, S.; et al. Hemimetabolous genomes reveal molecular basis of termite eusociality. Nat. Ecol. Evol. 2018,
2,557-566. [CrossRef] [PubMed]

Myers, A].; Gondhalekar, A.D.; Fardisi, M.; Pluchar, K.D.; Saltzmann, K.D.; Bennett, G.W.; Scharf, M.E. RNA interference and
functional characterization of a tergal gland alpha amylase in the German cockroach, Blattella germanica L. Insect Mol. Biol. 2018,
27,143-153. [CrossRef] [PubMed]

Kaletta, T.J. RNAi for the Control of Insects and Arachnids. U.S. Patent US 8,759,306 B2, 24 June 2014.

Toyama, G.M.; Kitaguchi, G.; Ikeda, J. A cockroach infestation survey of high, medium, and low income homes in Hawaii. Bull.
Soc. Vector Ecol. 1986, 11, 268-270.

Tawatsin, A.; Thavara, U.; Chompoosri, ].; Kongngamsuk, W.; Chansang, C.; Paosriwong, S. Cockroach surveys in 14 provinces of
Thailand. J. Vector Ecol. 2001, 26, 232-238. [PubMed]

Kinfu, A.; Erko, B. Cockroaches as carriers of human intestinal parasites in two localities in Ethiopia. Trans. R. Soc. Trop. Med.
Hyg. 2008, 102, 1143-1147. [CrossRef]

Gaikwad, S.M.; Koli, Y.J.; Bhawane, G.P. Blattodea of Kolhapur District with the first record of Supella (Supella) longipalpa
(Blattodea: Blattellidae) for the state of Maharashtra, India. Fla. Entomol. 2014, 97, 80-84. [CrossRef]

Kimura, G.; Inoue, T.; Tanikawa, T. Colonization of Supella longipalpa (Fabricius) in a restaurant of a shopping plaza in Fukuoka
Prefecture, Japan. Med. Entomol. Zool. 2016, 67, 37-38. [CrossRef]

Komatsu, N.; Ooi, HK.; Uchida, A. Habitation was confirmed of the Japanese mainland by the brownbanded cockroach Supella
longipalpa (Fabricius). Med. Entomol. Zool. 2016, 67, 79-82. [CrossRef]

Nasirian, H. New aspects about Supella longipalpa (Blattaria: Blattellidae). Asian Pac. |. Trop. Biomed. 2016, 6, 1065-1075. [CrossRef]
Appel, A.G.; Reierson, D.A.; Rust, M.K. Comparative water relations and temperature sensitivity of cockroaches. Comp. Biochem.
Physiol. Part. A Physiol. 1983, 74, 357-361. [CrossRef]

Benson, E.P,; Huber, I. Oviposition behavior and site preference of the brownbanded cockroach, Supella longipalpa (E.) (Dictyoptera:
Blattellidae). . Entomol. Sci. 1988, 24, 84-91. [CrossRef]

Melton, R.H. Differential adaptation to water deprivation in first-instar nymphs of the German cockroach (Blattella germanica) and
the brown-banded cockroach (Supella longipalpa). Entomol. Exp. Appl. 1995, 77, 61-68. [CrossRef]

Charlton, R.E.; Webster, EX.; Zhang, A.; Schal, C.; Liang, D.; Sreng, I.; Roelofs, W.L. Sex pheromone for the brownbanded
cockroach is an unusual dialkyl-substituted alpha-pyrone. Proc. Natl. Acad. Sci. USA 1993, 90, 10202-10205. [CrossRef]

Liang, D.; Zhang, A.; Kopanic, RJ., Jr.; Roelofs, W.L. Field and laboratory evaluation of female sex pheromone for de-
tection, monitoring, and management of brown banded cockroaches (Dictyoptera: Blattellidae). J. Econ. Entomol. 1998,
91, 480-485. [CrossRef]

Santangelo, R.G.; Eliyahu, D.; Gore, J.C.; Waldvogel, M.G.; Schal, C. Controlling cockroaches in insect rich environments. Pest.
Contr. Tech. 2007, 35, 80-90.

Narasimham, A.U. Comparative biological parameters of Comperia merceti (Compere) (Hym., Encyrtidae) and Anastatus tenuipes
Bolivar (Hym., Eupelmidae), oothecal parasitoids of the cockroach Supella longipalpa (Fab.). Biol. Control. 1992, 2, 73-77. [CrossRef]
Slater, A.; Hurlbert, M.; Lewis, V. Biological control of brownbanded cockroaches. Calif. Agric. 1980, 34, 16-18.

Sharififard, M.; Mossadegh, M.S.; Vazirianzadeh, B.; Latifi, S.M. Biocontrol of the brown-banded cockroach, Supella longipalpa E.
(Blattaria: Blattellidae), with entomopathogenic fungus, Metarrhizium anisopliae. ]. Arthropod Borne Dis. 2016, 10, 335-346.
Al-Salihi, M.A.A.S. Evaluating the efficiency of the entomopathogenic fungus Beauveria bassiana to control the brown banded
cockroach Supella longipalpa E. Ibn. AL Haitham ]. Pure Appl. Sci. 2017, 30, 1-9. [CrossRef]

Savoldelli, S.; Stiss, L. Laboratory evaluation of insecticide gel baits for control of Supella longipalpa (Dictyoptera: Blattellidae). In
Proceedings of the Fifth International Conference on Urban Pests, Singapore, 11-13 July 2005; pp. 155-158.

Bayer, B.E.; Pereira, R.M.; Koehler, P.G. Differential consumption of baits by pest blattid and blattellid cockroaches and resulting
direct and secondary effects. Entormol. Exp. Appl. 2012, 145, 250-259. [CrossRef]

Smith, L.M.,, II; Appel, A.G.; Mack, T.P.; Keever, G.J.; Benson, E.P. Evaluation of methods of insecticide application for control of
smokybrown cockroaches (Dictyoptera: Blattidae). J. Econ. Entomol. 1997, 90, 1232-1242. [CrossRef] [PubMed]

Smith, L.M., II; Appel, A.G.; Mack, T.P; Keever, G.J.; Benson, E.P. Model for estimating relative abundance of Periplaneta fuliginosa
(Dictyoptera: Blattidae) by using house and landscape characteristics. J. Econ. Entomol. 1995, 88, 307-319. [CrossRef]

Smith, LM, II; Appel, A.G.; Mack, T.P; Keever, G.J.; Benson, E.P. Comparative effectiveness of an integrated pest management
system and an insecticidal perimeter spray for control of smokybrown cockroaches (Dictyoptera: Blattidae). J. Econ. Entomol.
1995, 88, 907-917. [CrossRef]

Roth, L.M. Blattella asahinai introduced into Florida (Blatteria: Blattellidae). Psyche 1986, 93, 371-374. [CrossRef]

Snoddy, E.T.; Appel, A.G. Distribution of Blattella asahinai (Dictyoptera: Blattellidae) in southern Alabama and Georgia. Ann.
Entomol. Soc. Amer. 2008, 101, 397-401. [CrossRef]

Pfannenstiel, R.S.; Booth, W.; Vargo, E.L.; Schal, C. Blattella asahinai (Dictyoptera: Blattellidae): A new predator of lepidopteran
eggs in South Texas soybean. Ann. Entomol. Soc. Amer. 2008, 101, 763-768. [CrossRef]

Snoddy, E.T. Distribution and Population Dynamics of the Asian Cockroach (Blattella asahinai Mizukubo) in Southeastern Alabama
and Georgia. Master’s Thesis, Auburn University, Auburn, AL, USA, 2007.


http://doi.org/10.1038/s41559-017-0459-1
http://www.ncbi.nlm.nih.gov/pubmed/29403074
http://doi.org/10.1111/imb.12353
http://www.ncbi.nlm.nih.gov/pubmed/29030997
http://www.ncbi.nlm.nih.gov/pubmed/11813661
http://doi.org/10.1016/j.trstmh.2008.05.009
http://doi.org/10.1653/024.097.0110
http://doi.org/10.7601/mez.67.37
http://doi.org/10.7601/mez.67.79
http://doi.org/10.1016/j.apjtb.2016.08.017
http://doi.org/10.1016/0300-9629(83)90615-1
http://doi.org/10.18474/0749-8004-24.1.84
http://doi.org/10.1111/j.1570-7458.1995.tb01986.x
http://doi.org/10.1073/pnas.90.21.10202
http://doi.org/10.1093/jee/91.2.480
http://doi.org/10.1016/1049-9644(92)90078-R
http://doi.org/10.30526/30.3.1595
http://doi.org/10.1111/eea.12008
http://doi.org/10.1093/jee/90.5.1232
http://www.ncbi.nlm.nih.gov/pubmed/9374599
http://doi.org/10.1093/jee/88.2.307
http://doi.org/10.1093/jee/88.4.907
http://doi.org/10.1155/1986/60130
http://doi.org/10.1603/0013-8746(2008)101[397:DOBADB]2.0.CO;2
http://doi.org/10.1093/aesa/101.4.763

Insects 2021, 12, 550 20 of 20

129.

130.

131.

132.
133.

134.
135.

136.

137.

138.

139.

140.

141.

142.

143.

144.

145.

146.

147.

148.

Snoddy, E.T.; Appel, A.G. Mulch preferences of the Asian cockroach (Dictyoptera: Blattellidae). J. Econ. Entomol. 2013,
106, 322-328. [CrossRef] [PubMed]

Pierre-Leandri, C.; Fernandez, X.; Lizzani-Cuvelier, L.; Loiseau, A.; Fellous, R.; Garnero, J.; Anderoli, C. Chemical composition
of cypress essential oils: Volatile constituents of leaf oils from seven cultivated Cupressus species. ]. Essent. Oil Res. 2003,
15, 242-247. [CrossRef]

Snoddy, E.T.; Appel, A.G. Field and laboratory efficacy of three insecticides for population management of the Asian cockroach
(Dictyoptera: Blattellidae). J. Econ. Entomol. 2014, 107, 326-332. [CrossRef]

Spencer, C.B.; White, R.D.; Stover, L.C. Discovery and control of Turkestan cockroach. Pest. Control. 1979, 47, 14-45.

Olson, C.A. Blatta (Shelfordella) lateralis, the Turkestan cockroach (Blattoidea: Blattidae) recorded from Arizona. Bull. Entomol. Soc.
Am. 1985, 31, 30. [CrossRef]

Gulmahamad, H. Cockroach control, moving along. Pest. Control. Tech. 2004, 32, 72-80.

Petersen, W.; Cobb, K. First record of the Turkestan cockroach, Blatta lateralis (Walker), in Georgia (USA). J. Entomol. Sci. 2009,
44, 415-416. [CrossRef]

Rios, L.A.; Honda, J.Y. New records for Blatta lateralis (Walker 1868) (Blattaria: Blattidae) in California. Pan-Pac. Entomol. 2013,
89, 120-121. [CrossRef]

University of California. Effective bait-only control for outdoor cockroaches. UC IPM Green Bull. 2019, 9, 1-6. Available online:
http:/ /ipm.ucanr.edu/PDF/PUBS/ greenbulletin.2019.summer.pdf (accessed on 10 June 2021).

Gaire, S. Toxicity and Repellency of Essential Oils on the Turkestan Cockroach (Blattodea: Blattidae). Master’s Thesis, New
Mexico State University, Las Cruces, NM, USA, 2016.

Gaire, S.; O’Connell, M.; Holguin, F.O.; Amatya, A.; Bundy, S.; Romero, A. Insecticidal properties of essential oils and some of
their constituents on the Turkestan Cockroach (Blattodea: Blattidae). J. Econ. Entomol. 2017, 110, 584-592. [CrossRef]

Thoms, E.M.; Robinson, W.H. Potential of the cockroach oothecal parasite Prosevania punctata (Hymenoptera: Evaniidae) as a
biological control agent for the oriental cockroach (Orthoptera: Blattidae). Environ. Entomol. 1987, 16, 938-944. [CrossRef]
Deyrup, M.; Atkinson, T.H. Forum: Survey of Evaniid wasps (Hymenoptera: Evaniidae) and their cockroach hosts (Blattodea) in
a natural Florida habitat. Fla. Entomol. 1993, 76, 589-593. [CrossRef]

Thoms, E.M.; Robinson, W.H. Distribution, seasonal abundance, and pest status of the oriental cockroach and an evaniid wasp in
urban apartments. . Econ. Entomol. 1986, 79, 431-436. [CrossRef]

Thoms, E.M. The Ecology and Management of the Oriental Cockroach Blatta orientalis L. (Orthoptera: Blattidae) in the Urban
Environment. Ph.D. Thesis, Virginia Polytechnic Institute and State University, Blacksburg, VA, USA, 1986.

Gaire, S.; Romero, A. Comparative efficacy of residual insecticides against the Turkestan cockroach, Blatta lateralis, (Blattodea:
Blattidae) on different substrates. Insects 2020, 11, 477. [CrossRef] [PubMed]

Ebeling, W.; Wagner, R.E.; Reierson, D.A. Influence of repellency on the efficacy of blatticides. I. Learned modification of behavior
of the German cockroach. J. Econ. Entomol. 1966, 59, 1374-1388. [CrossRef] [PubMed]

Steltenkamp, R.J.; Hamilton, R.L.; Cooper, R.A ; Schal, C. Alkyl and aryl neoalkanamides: Highly effective insect repellents. |.
Med. Entomol. 1992, 29, 141-149. [CrossRef] [PubMed]

Nalyanya, G.; Moore, C.B.; Schal, C. Integration of repellents, attractants, and insecticides in a “Push-Pull” strategy for managing
German cockroach (Dictyoptera: Blattellidae) populations. J. Med. Entomol. 2000, 37, 427-434.

Zhu, J. Push and pull strategy in control of filth flies in urban settings. In Proceedings of the 2012 National Conference on Urban
Entomology, Atlanta, GA, USA, 20-23 July 2012; Suiter, D., Ed.; USDA ARS: Washington, DC, USA, 2012; p. 168.


http://doi.org/10.1603/EC12032
http://www.ncbi.nlm.nih.gov/pubmed/23448047
http://doi.org/10.1080/10412905.2003.9712130
http://doi.org/10.1603/EC13342
http://doi.org/10.1093/besa/31.2.30
http://doi.org/10.18474/0749-8004-44.4.415
http://doi.org/10.3956/2012-57.1
http://ipm.ucanr.edu/PDF/PUBS/greenbulletin.2019.summer.pdf
http://doi.org/10.1093/jee/tox035
http://doi.org/10.1093/ee/16.4.938
http://doi.org/10.2307/3495790
http://doi.org/10.1093/jee/79.2.431
http://doi.org/10.3390/insects11080477
http://www.ncbi.nlm.nih.gov/pubmed/32731364
http://doi.org/10.1093/jee/59.6.1374
http://www.ncbi.nlm.nih.gov/pubmed/5976110
http://doi.org/10.1093/jmedent/29.2.141
http://www.ncbi.nlm.nih.gov/pubmed/1495022

	Introduction 
	Domestic Cockroach Pests 
	Blattella Germanica 
	Role of Sanitation and Public Education in German Cockroach IPM 
	Importance of Trapping and Vacuuming in German Cockroach IPM 
	Inorganic Insecticides and Insect Growth Regulators 
	Emerging Technologies for German Cockroach Control 

	Supella Longipalpa 

	Peridomestic Cockroach Pests 
	Periplaneta spp. and Parcoblatta spp. 
	Blattella Asahinai 
	Blatta spp. 

	Summary and Conclusions 
	References

