
ABSTRACT 

GORE, JONATHAN CHAD.  Production, developmental expression, physiological 

regulation, and mitigation of German cockroach allergens. 

(Under the direction of Drs. Coby Schal and D. Wesley Watson) 

The German cockroach, Blattella germanica (L.) (Dictyoptera: Blattellidae), 

produces several allergens, including B. germanica allergen 1 (Bla g 1).  Although the 

clinical significance and abatement of German cockroach allergens continues to be 

extensively studied, little is known about their basic biology.   

Using molecular and physiological approaches, my research elucidated where Bla 

g 1 is produced, its tissue distribution, developmental expression patterns, and its 

physiological regulation in the German cockroach.  Bla g 1 is found predominantly in, 

and produced exclusively by, the midgut.  Although it is produced by all stages and both 

sexes, adult females produce and excrete in their feces significantly more Bla g 1 than 

adult males and nymphs.  Quantitative analyses of Bla g 1 mRNA expression in the 

female gut, and Bla g 1 content of the female and her feces showed a cyclic pattern in 

relation to the gonadotrophic cycle; Bla g 1 increased during the first 5 d after adult 

eclosion, when food intake increases, decreased before oviposition, as food consumption 

declines, and remained low while the female carried an egg case.  After hatch, when the 

female resumed feeding, feces and Bla g 1 production increased.  Forced starvation 

depressed both Bla g 1 mRNA expression and protein levels in adult females; Bla g 1 

production increased and the gonadotrophic cycle resumed when food was returned.  Bla 

g 1 mRNA expression also increased significantly in response to feeding compared to 



starved females.  These data show that Bla g 1 is produced in relation to food intake and 

may be involved in digestion.   

The best approach to allergen mitigation is to remove the source of the allergen, 

or cockroach control.  Pest control in the confined swine production industry relies 

primarily on broad-spectrum residual organic sprays.  However, recent regulatory 

restrictions that limit the use of organophosphate insecticides and a rising frequency of 

resistance to pyrethroid insecticides have led to a renewed search for alternative pest 

control methods.  Furthermore, recent evidence suggests that integrated cockroach 

management in infested structures can reduce environmental cockroach allergen levels 

below clinically relevant thresholds.  I sought to develop a liquid formulation of boric 

acid bait for the management of German cockroaches in infested swine farms. 

The efficacy of various liquid borate solutions was assessed in no-choice and two-

choice assays.  While three borates provided effective kill under no-choice conditions, 

boric acid resulted in faster kill than sodium tetraborate or disodium octaborate 

tetrahydrate when cockroaches were given a choice between the borate-laced water and 

clean water.  To evaluate whether various sugars could enhance the insecticidal activity 

of boric acid, solutions of 0.5% boric acid and 1 M sugar were tested.  Finally, dose-

mortality studies were conducted with the most promising sugars (maltose, sucrose, 

glucose, and fructose) at concentrations ranging from 0.01 to 2.0 M and boric acid 

concentrations of 0.5, 1.0, and 2.0%.  From these studies, I concluded that a combination 

of boric acid and sucrose provided excellent control of the German cockroach. 

 In field evaluations, prototype J-shaped bait dispensers filled with liquid boric 

acid bait solution were applied in a cockroach-infested nursery of a swine farm.  Results 



of this 2-year field study showed that the cockroach population was significantly reduced 

by >90% within 1–2 months.  These data also showed that when baits were deployed 

continuously for ~10 months the cockroach populations declined by 90–99%.  In addition 

to providing an alternative management strategy, this approach also provides an option 

for the potential mitigation of cockroach allergens in infested swine farms and homes. 
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Asthma is a chronic lung disorder that affects 14–15 million Americans, 4.8 million 

of whom are children under the age of 18 (CDC 1996).  In 1999, asthmatic conditions 

resulted in 10.8 million physician office visits and nearly 2 million emergency room 

presentations; nearly 500,000 hospitalizations were required (Mannino et al. 2002).  Between 

1980 and 1993, asthma caused 3,850 deaths in persons age <1–24.  Annually, the age-

specific death rate increased from 1.7 to 3.7 per million (118%, CDC 1996); death rates were 

consistently higher among African-Americans aged 15–24.  Asthma is one of the nation's 

most costly diseases with an estimated cost of $14.5 billion for treatment in 2000.  This lung 

disorder has been known for thousands of years, yet its rate of occurrence has increased over 

the past 40 years (Platts-Mills et al. 1998).  While the cause of this increase in morbidity is 

not clearly understood, it is suggested that the progressive change in housing and lifestyle in 

conjunction with increased time spent indoors, has resulted in prolonged exposure to 

perennial allergens and increased asthmatic events (Krieger et al. 2000).  Excellent reviews 

of the genetic basis of atopy, and immunoregulation and pathophysiology of asthma can be 

found in Cohn et al. (2004), Gould et al. (2003), Maddox and Schwartz (2002), and Ono 

(2000). 

The indoor environment contains many allergens derived from inorganic and organic 

sources that can be inhaled as particles, gases or vapors.  Although, most allergens are 

proteins, low-molecular-weight reactive chemicals have been implicated as allergy inducing 

factors in industrial settings (Chan-Yeung and Lam 1986, Pope et al. 1993).  Some of the 

estimated 300 asthma-inducing factors in the work environment include high-molecular-

weight (≥5kDa) agents such as flour dust (O'Hollaren 1992), latex and animals and low-

molecular-weight agents such as isocyanates, acid anydrides (Montanaro 1992a,b) and 
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formaldehyde (Bardana 1992, Toren et al. 2000).  Biological sources of allergens are 

extremely diverse, including animal dander, hair and excreta, fungi, bacteria, plant materials 

such as pollen and various arthropods (Burge 1989, Mathews 1989, Pope et al. 1993, Corey 

1994).  A review of commonly encountered indoor allergens is given by Pope et al. (1993).  

Arlian (2002) and Panzani and Ariano (2001) provide reviews of invertebrate-produced 

allergens, with the latter providing an extensive discussion of the concept of "pan-allergy" 

among invertebrates.   

Research over the last 3 decades has conclusively shown that the German cockroach, 

Blattella germanica (L.), is a major source of indoor allergens with a causative role in 

allergic disease.  In this chapter, I will review our current understanding of the biology of 

known German cockroach allergens.  Particular emphasis will be directed at Blattella 

germanica allergen 1 (Bla g 1) and Bla g 4 because these are the only allergens whose 

biology has been directly addressed.  I also discuss demographic and socioeconomic factors 

associated with German cockroach allergen exposure and sensitization as well as the current 

status of German cockroach allergen abatement research in infested structures.  Finally, this 

chapter briefly introduces German cockroach allergens in the occupational environment, 

specifically as it pertains to our current research in infested swine farms.  A thorough 

examination of occupational asthma is beyond the scope of this chapter.  However, reviews 

by Chan-Yeung and Lam (1986), Bardana et al. (1992), and Lombardo and Balmes (2000) 

are excellent sources for additional information.  
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GERMAN COCKROACH ALLERGENS 

Only about 1% of the >4,000 described cockroach species worldwide are truly 

pestiferous to humans.  The German cockroach is an economically and medically important 

synanthropic pest intimately associated with human-built structures, including homes, 

schools, food service facilities, and occupational environments (Brenner 1995, Schal and 

Hamilton 1990).  Although pathogenic microbes have been found associated with German 

cockroaches (Brenner 1995), there are no documented cases directly linking cockroaches as 

the vector of a human or animal disease.  However, the potential for such a case certainly 

exists (Kopanic et al. 1994, Zurek and Schal 2004).  Cockroaches have been recognized for 

several decades as a major source of indoor allergens with a causative role in allergic disease 

(Kang 1976, Kang et al. 1979).  German cockroach allergen sensitization and exposure can 

lead to the development and onset of allergic respiratory diseases, such as perennial allergic 

rhinitis and asthma, in genetically predisposed individuals, a particularly important 

phenomenon in urban homes where German cockroach infestations can be troublesome and 

quite severe.  

Several German cockroach-produced human allergens (see Table 1) have been 

identified (Pollart et al. 1991a, Schou et al. 1990, Stankus et al. 1990) and cloned (Arruda et 

al. 1995a–c, Chapman et al. 1998, Jeong et al. 2003, Pomes et al. 1998), and several tissues 

in the German cockroach, including the intestinal tract, Malpighian tubules, ovaries, 

oothecae, and exuvia as well as feces and whole body extracts, have been shown to be 

allergenic to sensitized individuals by skin-prick and radioallergosorbent tests (RAST) 

(Musmand et al. 1995, Pollart et al. 1991a, Richman et al. 1984, Zwick et al. 1991).  While 

various biochemical and immunological analyses have lead to some insight into the function 
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of these peptides, only recently has research addressed the basic biology of German 

cockroach allergens.   

Blattella germanica allergen 1 (Bla g 11) 

Bla g 1 shows 94% sequence homology to a previously described 4 kb nucleotide 

sequence, Bla g Bd90K (Helm et al. 1996).  It has a variable molecular weight ranging from 

33 to 37 kDa (Pollart et al. 1991a, Schou et al. 1990) and two Bla g 1 clones (cDNA clones 

Bla g 1.01 and Bla g 1.02), determined to be isoallergens, share 75% amino acid sequence 

identity.  They also show 70–72% amino acid sequence homology to the antigenically cross-

reactive Periplaneta americana (L.) (American cockroach) allergen 1 (Per a 1) and together 

comprise a family of structurally and antigenically related Group 1 allergens (Melen et al. 

1999, Pomes et al. 1998).  A unique feature of the Group 1 cockroach allergens, and not 

found in other allergen sequences, is that they consist of several tandem repeats of 

approximately 100 amino acids (Pomes et al. 1998). 

Bla g 1 contains two duplexes, and each consists of two consecutive amino acid 

repeats with only 26–29% homology between them; a single duplex comprises a distinct 

molecular unit of Bla g 1 (Pomes et al. 2002b).  Despite proteolytic cleaving of Bla g 1 into 

multiple molecular forms, only one duplex is necessary for IgE binding to occur and this 

suggests that allergen integrity may not be essential for allergenicity.   

Exposure to Bla g 1 is a strong risk factor for sensitivity to German cockroaches 

(Eggleston et al. 1998, Pollart et al. 1991b).  Among cockroach allergic individuals, 

approximately 30–47% exhibit detectable IgE antibodies to purified Bla g 1 extract with as 

little as 10-3 to 10-4 µg/ml resulting in positive skin reactivity (Arruda et al. 1995c, Pollart et 
                                                 
1 Allergens are named according to the taxonomic name of their source, using only the first three letters of the 
genus and the first letter of the species, and a number indicating the order of their identification for that species 
(King et al. 1994). 
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al. 1991a).  Furthermore, Helm et al. (1996) demonstrated that 77% of patients with 

documented cockroach hypersensitivity had IgE that recognized recombinant Bla g Bd90K.   

Although Bla g 1 can be found in relatively small amounts throughout the body of the 

cockroach, most of it is associated with the alimentary tract (Pomes et al. 1998), and we 

recently showed that the midgut contains 44-times more Bla g 1 than the hindgut and nearly 

36-times more than the foregut (Chapter 2).  Northern hybridization of various gut tissues 

further demonstrated that Bla g 1 is also produced by midgut cells.   

Quantitative analyses of Bla g 1 mRNA expression and Bla g 1 protein production in 

adult females showed that both are closely modulated in relation to the reproductive cycle 

(Chapter 3). Both peak in vitellogenic females 3–5 d after adult eclosion, as juvenile 

hormone biosynthetic rates rise. However, while juvenile hormone continues to rise through 

d 7 (Sevala et al. 1999), Bla g 1 protein levels and mRNA expression decline considerably 

after d 5. Modulation of Bla g 1 production thus appears related to food intake, which also 

peaks around d 2–4.  Bla g 1 titers plummet after d 5, as the female continues to provision 

her eggs, oviposits them into an egg case, and incubates her developing embryos for ~20 d. 

Bla g 1 levels remain low during this protracted ‘pregnancy’, as the female feeds little and 

only sporadically (DeMark and Bennett 1995, Lee and Wu 1994, Osorio et al. 1998, Schal et 

al. 1994, Sevala et al. 1999).  

The central role of food was demonstrated experimentally by starving females.  

Starvation arrests both the gonadotrophic cycle and the cyclic modulation of gut Bla g 1 

levels, while re-fed females resume Bla g 1 production and mRNA expression (Chapter 3).  

Thus, the production of Bla g 1 is upregulated by food intake, or events associated with it.   
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Large amounts of Bla g 1 are excreted in cockroach feces.  Feces production, in turn, 

follows closely the patterns of food consumption in B. germanica and the Bla g 1 content of 

female feces follows a similar cyclic rise and fall associated with food intake and feces 

production. In general, females eat more and produce much more Bla g 1 than males. 

Following oviposition, however, fecal Bla g 1 dramatically declines and remains low during 

pregnancy.  Adult males, on the other hand, have no discrete feeding patterns, eat 

comparatively less than females (DeMark and Bennett 1995, Hamilton and Schal 1988), and 

produce nearly an order of magnitude less feces and Bla g 1 than females (Chapter 3).   

Bla g 1 might serve at least two interesting physiological functions, both associated 

with food intake.  Pomes et al. (1998), using sequence analysis programs, suggested that Bla 

g 1 is secreted from the midgut epithelium through the rough endoplasmic reticulum, and that 

Bla g 1 could have a role in digestion.  Bla g 1 shares 35–40% deduced amino acid sequence 

identity with ANG12 of Anopheles gambiae (Giles) (Accession No. Q17040) and AEG12 of 

Aedes aegypti (L.) (Accession No. AY038041), both of which are produced in the midgut of 

the female mosquito and undergo temporal changes in expression relative to the acquisition 

of a bloodmeal (Müeller & Crisanti, unpublished, Accession No. Q17040, Morlais et al. 

2003).  An alternative hypothesis is that Bla g 1 serves a structural rather than an enzymatic 

role in the midgut.  Bla g 1 shares 37% amino acid sequence identity with the Tenebrio 

molitor cockroach allergen-like protein (Ferreira et al., unpublished, Accession No. 

AY327800), which, like AEG12 (Shao & Jacobs-Lorena, unpublished, Accession No. 

AY050565) has been described as a microvillar membrane protein. This might account for 

the observation that the Bla g 1 concentration in feces is highest as feeding subsides. It 
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suggests that microvilli might be sloughed off after large food boluses pass through the 

midgut. 

Bla g 2  

Bla g 2, is a species-specific, 36 kDa inactive aspartic protease (Arruda et al. 1995c, 

Chapman et al. 1998, Pomes et al. 2002a).  This heat sensitive protein has an isoelectric point 

of 5.2–5.4 with a cDNA sequence containing 1056 bp encoding 328 amino acids (Arruda et 

al. 1995c, Pollart et al. 1991a).  Sequence similarity analyses show that Bla g 2 is 

homologous to two other insect aspartic proteases, an Aedes aegypti lysosomal protease and a 

Drosophila aspartic protease (Pomes et al. 2002a); similarity has also been observed for 

functionally active human aspartic proteases (Arruda et al. 1995c).  Nevertheless, Bla g 2 

lacks proteolytic activity and has similar amino acid substitutions in the binding pocket, 

closely resembling pregnancy-associated glycoproteins of mammals (Pomes et al. 2002a).  

Similar to Bla g 1, the highest concentrations of Bla g 2 are found primarily associated with 

the alimentary tract (Arruda et al. 1995c) and it is also found in the feces, which is likely the 

source of environmental dissemination (Hong et al. 2000).   

Bla g 2 is a very potent allergen with a high prevalence of IgE (~60%) among 

cockroach allergic patients (Arruda et al. 1995c).  Furthermore, as little as 0.33 µg Bla g 2 /g 

of dust can induce an IgE response in allergic individuals (Sporik et al. 1999). 

Bla g 4 

Most animal allergens are lipocalins, including dog, cow and horse epithelial 

allergens, and rat and mouse urinary allergens (Mantyjarvi et al. 2000).  The first German 

cockroach allergen to be cloned, Bla g 4, is a 21 kDa peptide belonging to the lipocalin 

family (Arruda et al. 1995b, Chapman et al. 1998, Mantyjarvi et al. 2000, Smith et al. 2000), 
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which together with fatty acid binding proteins, avidins, and metalloproteinase inhibitors 

comprise the calycin superfamily of ligand-binding proteins (Flower et al. 2000).  The Bla g 

4 cDNA sequence consists of a 546 bp open reading frame encoding 182 amino acids 

(Arruda et al. 1995b, Chapman et al. 1998).   

Although Bla g 4 shows only 19–24% homology to other lipocalins, it contains each 

of the three structurally conserved regions of the calycins (Arruda et al. 1995b).  Lipocalins 

serve diverse roles in invertebrates; these include nutritive "Milk" proteins in Diploptera 

punctata (Williford et al. 2004), nitric oxide–transporting nitrophorins in Rhodnius prolixus 

(Ascenzi et al. 2002), colorant lipocalins such as insecticyanin, bilin-binding-protein, and 

gallerin in various invertebrates (Flower et al. 2000), and lazarillo lipocalins in Drosophila 

melanogaster (DNLaz and DGLaz) implicated in axonal outgrowth and guidance in the 

embryonic nervous system (Sanchez et al. 2000).  Korchi et al. (1999) found a lipocalin–like 

cuticular surface protein (Lma–P22) that is secreted by the epidermis of the adult male tergal 

glands in the cockroach Leucophaea maderae and is thought to be involved in sexual 

behavior.  Although Bla g 4 and Lma-P22 share low sequence similarity, homology of Bla g 

4 to mouse and rat urinary allergens, which serve as pheromone transport proteins in males, 

suggested that it might serve as a pheromone binding protein in German cockroaches (Arruda 

et al. 1995b, Chapman et al. 1998).  

However, Fan et al. (2004) recently reported that Bla g 4 is produced only in the adult 

male accessory reproductive glands, structures responsible for providing seminal fluids, 

structural and secretory materials for spermatophore formation (Chen 1984, Gillot 2003, 

Happ 1984), and in the case of the uricose glands, storage-excretion of uric acid (Mullins and 

Keil 1980, Roth 1967).  More specifically, Bla g 4 is produced in the conglobate gland and 
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the apical utricles of the male reproductive system, packaged in the spermatophore, and 

transferred to the female's genital tract during copulation.  Although the fate and function of 

Bla g 4 in females remains unclear, Bla g 4 immunoreactivity in mated females disappears 24 

hr after mating.  Furthermore, a substantial amount of Bla g 4 remains in the discarded 

spermatophore, suggesting that Bla g 4 may be a component of the spermatophore and not 

seminal secretions.     

Conglobate gland proteins gradually increase following eclosion of adult male B. 

germanica (Vilaplana et al. 1996a).  Bla g 4 experiences a similar age-related increase in 

adult males between d 0 and d 8, after which it plateaus by d 14 (Fan et al. 2004).  This age-

related production of accessory gland proteins, including Bla g 4, is now known to be 

modulated by juvenile hormone (Piulachs et al. 1992, Vilaplana et al. 1996a,b, Fan et al. 

2004).  Topical administration of juvenile hormone III to newly eclosed adult males causes 

significant increases in Bla g 4 levels by d 6 in both the conglobate gland and the utricles.    

 Production of Bla g 4 only by adult male B. germanica, and its subsequent excretion 

from females in the form of the expelled spermatophore after copulation, may at first suggest 

that Bla g 4 should be a less pervasive environmental allergen.  However, serum IgE 

prevalence to Bla g 4 in cockroach sensitized patients has been shown to range from 40% to 

60% (Arruda et al. 1995b).  It is not known whether greater human exposure to this protein is 

a result of the broad foraging range of adult male cockroaches or environmental stability of 

Bla g 4.   

Bla g 5 

Bla g 5 is a 23 kDa allergen identified as a glutathione-S-transferase (GST), based 

upon its ability to bind glutathione, 42–45% sequence homology to GSTs of several insects, 
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and 28% homology to house dust mite, Dermatophagoides pteronyssinus (Trouessart), GST 

allergen (Der p 8) (Arruda et al. 1997).  It consists of 1,140 bp encoding 203 amino acids and 

is currently only known to be transcribed in B. germanica.  While IgE antibody prevalence 

for Bla g 2 (60%) and Bla g 4 (40–60%) are relatively high (Arruda et al. 1995b, Arruda et 

al. 1995c), prevalence for Bla g 5 is 70% among cockroach-allergic patients, with as little as 

3 pg resulting in positive immediate response in skin tests (Arruda et al. 1997).  Analysis of 

collected house dust using ELISA showed no correlation between the abundance of Bla g 5 

and the abundance of Bla g 1 or Bla g 2 (Gore et al. unpublished data).   

 It is quite possible that future research into environmental Bla g 5 may have some 

repercussions in pest management.  GSTs are important detoxification enzymes linked to 

insecticide resistance in B. germanica (Valles 1998, Valles et al. 1999).  Carbamate and 

organophosphorous insecticide resistance in B. germanica, resulting in elevated GST activity 

(Valles 1998, Valles et al. 1999), might result in a disproportional accumulation of 

environmental Bla g 5 in homes infested with insecticide resistant B. germanica.   

Bla g 6 and 7 

Two lesser-known allergens, Bla g 6 and Bla g 7, are both associated with muscle.  

Bla g 6 is a ~25 kD protein homologous to troponin C (Arruda et al. 1995a), a calcium-

binding subunit of the troponin complex that regulates contraction in striated muscle.  Bla g 7 

is a 33 kD allergen with a 1,115 bp cDNA encoding 284 amino acids (Jeong et al. 2003).  

The deduced amino acid sequence of Bla g 7 has a high degree of similarity to tropomyosin 

from other invertebrates, including 97% identity to the antigenically cross-reactive 

Periplaneta americana tropomyosin (Per a 7) (Asturias et al. 1999, Jeong et al. 2003).   
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Using recombinant Bla g 7 over-expressed in E. coli, Jeong et al. (2003) showed that 

only 16% of sera from cockroach-allergic patients showed positive IgE reactivity, suggesting 

that Bla g 7 may not be a major allergen.  However, tropomyosin belongs to a family of 

phylogenetically conserved proteins with multiple isoforms and has been suggested as a 

cross-reacting allergen (Reese et al. 1999).  In fact, tropomyosin cross-reactivity has been 

shown to occur not only between closely related genera, but also across arthopodan phyla.  

Monoclonal antibodies raised against house dust mite (D. pteronyssinus) tropomyosin (Der p 

10) also reacts with tropomyosin in muscle of P. americana (Santos et al. 1999).  Asturias et 

al. (1999) showed that Per a 7 was cross-reactive with B. germanica and Blatta orientalis (L.) 

protein extracts, as well as tropomyosin from shrimp (Pandalus borealis Kroyer). 

Allergen sampling     

There are no standardized sampling procedures for allergen studies.  Arthropod 

allergens are thought to act as aeroallergens, or inhaled allergens, and like house dust mite 

allergens, cockroach allergens usually depend upon disturbance to become airborne (Mollet 

et al. 1997, de Blay 1997), although they also have been collected under undisturbed 

conditions (De Lucca et al. 1999).  Bla g 1 and Bla g 2 are largely carried by dust particles 

with a diameter of 10 µm or greater and remain airborne for ~30 min after disturbance (de 

Blay 1997, De Lucca et al. 1999).  Airborne sampling probably represents a better index of 

inhalant exposure, and airborne allergen sampling should therefore be pivotal in research and 

clinical efforts.  Although few such studies have utilized airborne allergen sampling, several 

studies have used intranasal samplers and pumps collecting particulates on a variety of 

substrates (De Lucca et al. 1999, Helm et al. 1993, Karlsson et al. 2002, Mollet et al. 1997). 
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Unfortunately, little to no correlation exists between airborne and settled dust sampling 

methods (Karlsson et al. 2002).   

Because allergenic proteins become bound to small dust particles, settled dust has 

been used as surrogate for aeroallergen exposure.  Indeed, the vast majority of studies assay 

settled house dust to determine indoor allergen levels and use that as a proxy for assessing 

exposure.  In general, settled dust is sampled using a modified vacuum cleaner fitted with a 

reservoir for collecting dust.  Dust samples are generally sieved to remove large particulates, 

extracted and assayed by ELISA or similar methods.  The vacuuming equipment, supplies 

and the time and area of sampling vary considerably among studies, and no single method 

appears superior to others (Mansour et al. 2001).  Sampling settled dust could also be 

accomplished by collecting dust that settles on open Petri dishes (Karlsson et al. 2002).  

Arbes et al. 2003 recently introduced another technique, spatial swab sampling, for 

monitoring cockroach allergen.  This has an advantage over other techniques in that it does 

not require specialized equipment and allows for the detection of allergen in multiple 

locations over a smaller spatial area (Arbes et al. 2003).  

 

DEMOGRAPHIC CORRELATES OF COCKROACH ALLERGEN EXPOSURE & 
ALLERGIC RESPIRATORY DISEASE 
 

Since the German cockroach was first implicated as a causative agent in the 

development of asthma, exposure to German cockroach allergens in homes has received 

much attention from the medical community.  Several studies have focused on clinical 

immunology, including the relative percentage of IgE positive asthmatics in study groups and 

less so, efforts to elucidate the relative allergen levels that cause sensitization to cockroach 

allergens and the development of asthmatic symptomology.  While there are generally agreed 
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upon levels that result in sensitization and exacerbation for other allergens, there is no clear 

definition of those levels for cockroach allergens.  Nonetheless, limited dose-response 

research suggests that exposure to 2–4 U2 Bla g 1 per g house dust will cause sensitization to 

cockroaches (Eggleston et al. 1998); the onset or exacerbation of asthmatic symptoms is 

thought to occur at approximately 8 U Bla g 1 per g house dust (Rosenstreich et al. 1997).    

Asthma is a multifactorial disease that disproportionately affects children, minorities 

and persons of low socioeconomic status (Togias et al. 1997).  These associated factors 

include not only biological features (i.e., allergens and genetic predisposition), but also the 

asthmatic's lifestyle, housing type and condition, geographic location, age, ethnicity and 

financial disposition.  Several studies have addressed these disparities in relation to asthma 

and allergen exposure.  Comprehensive coverage of socioeconomic indices as they relate to 

public health is provided by Evans and Kantrowitz (2002).   

Inner-city residence as a predictor for cockroach allergen exposure 

One of the most recurring themes in clinical studies relating cockroaches to asthma 

has been the higher prevalence of cockroach-sensitive individuals in the inner-city (Call et al. 

1992, Gelber et al. 1993, Rosenstreich et al. 1997).  Garcia et al. (1994) showed that inner-

city (41%) and rural, small town (43%) populations were significantly more sensitive to 

cockroaches than suburban individuals (30.1%) upon provocation by skin prick tests (SPT) 

with extracts of mixed cockroach antigens.  Similarly, in Israel, SPT responses were 

generally higher among urban asthmatic children than rural children when challenged with 

numerous, common indoor and outdoor allergens (Bibi et al. 2002).  The National 

Cooperative Inner-City Asthma Study (NCICAS), which examined a cohort of inner-city 

                                                 
2 U is Unit and is an arbitrary designation, per detection assay manufacturer's calibration, for allergen 
measurement.  There are no national or international reference standards for cockroach allergens.  
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asthmatic children from eight major U.S. cities, found that 36.8% of the subjects were 

allergic to a mixed extract of German and American cockroach allergens (Rosenstreich et al. 

1997).  These children were 3.4 times more likely to be hospitalized for asthma, had 78% 

more unscheduled physician office visits, had more days of wheezing, and their caregivers 

had to change their plans due to asthma-related events more often than other groups in the 

study.  Furthermore, these individuals had more school absenteeism, greater numbers of 

sleepless nights and more nights that the caregiver was awakened because of the child's 

asthma.   

The findings from the NCICAS and other studies demonstrate a clear association 

between inner-city residence and sensitization to cockroaches.  However, cockroach-

provoked allergic disease is not always an urban phenomenon.  Matsui et al. (2003) 

suggested that, despite finding a sensitization rate similar to the NCICAS in urban asthmatic 

children (35%), sensitization in suburban, middle-class asthmatic children might be more 

common than previously thought.  They found that 21% of asthmatic children in a suburban-

rural subgroup from 3 pediatric practices in counties surrounding Baltimore, MD were 

specifically sensitized to German cockroach allergens and that exposure to low levels of Bla 

g 1 (>1–8 Units per g house dust) was a risk factor for sensitization. 

Racial and socioeconomic factors as predictors for cockroach allergen exposure 

Many studies have attempted to identify risk factors associated with allergic 

respiratory disease in inner-city youth.  In a study of asthmatic children from 87 homes in the 

Baltimore metropolitan area, Sarpong et al. (1996a) found that African-American children 

were 15.8 times more likely to be exposed to cockroach allergens in their bedroom than 

white children, and 16.4 times more likely to become sensitized to these allergens.  
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Furthermore, children in a low socioeconomic stratification group (SES; calculated by the 

type of residence and the occupation and years of education of the head of the household) 

were nearly 12 times more likely to become sensitized to cockroach allergen than children of 

moderate or higher SES groups (Sarpong et al. 1996a).  A similar study not only reported 

racial differences, but also examined family income, maternal education, home 

characteristics and season of sampling as indicators of exposure and sensitization to 

cockroach allergens in the Greater Boston Area (Kitch et al. 2000).  As observed in other 

studies, homes of minority groups had higher home allergen levels compared to white and 

Asian homes.  They concluded that homes in high poverty areas (< $30,000 annual family 

income), which more frequently included less educated minorities, were at greater risk for 

having cockroach allergen (Bla g 1 or Bla g 2) levels that greater than or equal to 2 U per g 

dust.  Furthermore, those living in high poverty areas were more likely to live in multi-unit 

apartment buildings (58%), which are thought to promote cockroach infestations (Koehler et 

al. 1987) and therefore contribute to a higher allergen burden (Chew et al. 1998).  The 

Connecticut Childhood Asthma Study (CHAS), showed similar results that being poor, 

African-American or Hispanic, having lower maternal education, living in a densely 

populated area, having a higher household density, and living in a multiple family dwelling 

were more likely associated with higher Bla g 1 levels (Leaderer et al. 2002).   

The disparities found to occur at local or regional levels has also been observed 

nationally.  Stevenson et al. (2001), in an investigation of a representative sample of children 

from the third National Health and Nutrition Examination Survey (1988–1994), provided the 

first evidence of racial differences on a national level.  The authors examined national 

demographic correlates of sensitivity, with an emphasis on race, to indoor allergens related to 
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asthma.  They found that 43% of children were sensitive to at least one of four indoor 

allergens studied; 20% were sensitive to German cockroach extract (Stevenson et al. 2001).  

Racial differences in cockroach allergen sensitivity were significant and independent of other 

socioeconomic factors; African-American and Mexican-American children were more likely 

to be cockroach-sensitized compared to Caucasian children.  Like other studies, they reported 

a significant interaction of race and living in urban areas (i.e., inner-city).  Lester et al. 

(2001), in a multiregional examination of asthmatic phenotypes, reported racial differences in 

IgE levels when tested against a battery of indoor allergens.  African-Americans (53%) and 

Hispanics (46%) showed greater positive reactivity to mixed American and German 

cockroach allergen extracts than whites (17%).  Despite being a multi-center study (various 

geographic locations in the U.S.), African-Americans continued to have higher reactivity 

compared to whites when an adjustment was made for site differences.   

Housing type and condition may also play a role in the risk of exposure to cockroach 

allergens.  In the Greater Boston area, living in an apartment was the strongest predictor of 

having high Bla g1 levels (Chew et al. 1999).  Cockroach infestations in multi-unit apartment 

buildings can easily spread, making pest control very difficult; apartments whose residents 

do not use pest management may harbor cockroach populations that can spread to 

neighboring units.  Furthermore, deteriorated conditions in homes, such as leaky drainpipes, 

may contribute to infestations; homes in disrepair have been shown to be significantly 

associated with elevated Bla g 2 levels (Rauh et al. 2002). 
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COCKROACH ALLERGEN MITIGATION 

Control of cockroach populations to reduce exposure to cockroach allergens could be 

an effective strategy for improving the health of sensitized asthmatics (Eggleston et al. 1999, 

Arbes et al. 2003, 2004).  Indeed, reducing exposure to house dust mites has been shown to 

reduce asthma morbidity in asthmatic individuals (Ehnert et al. 1992).  Until recently, 

however, long-term, clinically relevant reductions of cockroach allergens in infested homes 

have been difficult to attain.   

Sarpong et al. (1996) documented the first account of cockroach allergen mitigation 

efforts (Table 2).  They assayed vacuumed dust 2 weeks before and after spray insecticide 

treatments for levels of Bla g 2 in dormitories on the Johns Hopkins University medical 

campus in Baltimore, Maryland (Sarpong et al. 1996b), and concluded that pest control and 

weekly vacuuming by dormitory staff, reduced Bla g 2 levels by 85%.  More importantly, 

marked reductions occurred in Bla g 2 per g dust in 75% of the cases, from 5.2 Units 2 weeks 

before to 0.95 Units 2 weeks after insecticide treatment.  However, these reductions were 

apparently short-lived; samples taken throughout the year showed elevated levels of Bla g 2.  

This study failed to objectively quantify the cockroach infestation throughout the study 

period (Table 2), so it was not clear which of the two interventions (pest control or cleaning) 

had the greatest effect. 

Other studies have unsuccessfully tried to improve upon cockroach allergen 

mitigation using cockroach management and cleaning.  The NCICAS homes twice received 

professional pest control (Avert gel bait [abamectin]) and residents were asked to thoroughly 

clean their homes (Gergen et al. 1999; Table 2).  In addition, residents attended group 

educational sessions, which included information on asthma triggers, physiology, and 



 19

environmental controls. Despite a significant reduction in Bla g 1 in house dust below 

baseline levels (68.7 U per g dust before treatment vs. 33.6 U at 2 months), reductions were 

transitory and Bla g 1 in house dust remained well above clinically significant levels.  Poor 

resident compliance with cleaning instructions was cited among potential reasons for the lack 

of success.  However, as in Sarpong et al. (1996), the efficacy of the pest control efforts was 

not quantified, making it impossible to infer any role of pest control in allergen reductions. 

In inner-city homes in Baltimore, Maryland, Eggleston et al. (1999) used an 

intervention approach that not only combined professional pest management and resident 

education, but also professional cleaning services (Table 2). Intervention was performed at 

the beginning of the study and supplemented at month 4; residents were asked to continue 

pest management and cleaning beyond what was provided.  Unlike previous studies, sticky 

traps were employed in an effort to quantify cockroach population levels.  Although these 

efforts resulted in a decrease in trapped cockroaches and a substantial reduction in allergens 

levels in some homes, allergen levels remained well above clinically relevant thresholds at 

the conclusion of this 8-month study.  Eggleston et al. (1999) concluded that standard 

housecleaning procedures were only partially effective in removing residual Bla g 1 over the 

8-month period, and like Gergen et al. (1999), they cited poor resident compliance with 

continued pest control and cleaning.   

Williams et al. (1999) found similar difficulty abating Bla g 1 and Bla g 2 levels in 

infested North Carolina homes using pest management alone (Table 2).  Upon initiating their 

6-month study, cockroach bait stations containing hydramethylnon were distributed 

throughout study homes, the majority of which were positioned in the kitchen.  Sticky traps 

were used to monitor cockroach population levels at 2-month intervals.  By month 2, the 
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number of trapped cockroaches was reduced by 95%; this was reportedly sustained 

throughout the remainder of the study.  Nonetheless, high allergen levels persisted 6-months 

after treatment.  With only 5 homes receiving insecticide treatment and 2 control homes, this 

study may not have been powered enough to detect clinically significant allergen reductions 

as a result of pest control efforts. 

Chlorine bleach, even at relatively low concentrations, causes fragmentation of some 

indoor allergens, including Bla g 1, and reduces IgE and IgG binding capabilities (Chen and 

Eggleston 2001).  Thus, Wood et al. (2001), in a 6-month study nearly identical in design to 

Eggleston et al (1999), included the use of chlorine bleach solutions as part of their combined 

intervention approach (Table 2).  Residents were also provided bleach solutions and asked to 

incorporate them into their routine cleaning.  Nevertheless, the addition of sodium 

hypochlorite did not improve allergen reduction; allergen levels remained above the 

proposed morbidity threshold level (Wood et al. 2001).  As in previous allergen intervention 

studies, the authors cite noncompliance with bleach solution use as a possible reason for lack 

of efficacy.  They also propose that allergen levels in homes may have been too concentrated, 

thus diluting the bleach solution and interfering with its effect on Bla g 1.   

McConnell et al. (2003) made the first attempt to separate the significance of pest 

control and cleaning on cockroach allergen reduction in inner-city Los Angeles homes (Table 

2).  Their design used two treatment groups, one that received only pest control and 

professional cleaning and the other receiving sham baits (no insecticide) and cleaning, as 

well as a no-treatment control; treatments were provided 1 and 7 weeks after the study began.    

Despite being a relatively short study (11 weeks), the authors reported 90% reduction in 

cockroach counts in insecticide-treated homes and no change in those that received sham 
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baits.  Furthermore, Bla g 2 levels in both treatment groups significantly declined from 

baseline to the final allergen measurement.  However, allergen reduction in homes that 

received only cleaning was greater (but not significantly so) and faster than in homes that 

received insecticide baits as well.  McConnell et al. (2003) suggest that dead and dying 

cockroaches may help to maintain higher allergen loads, and that cleaning might be more 

effective at reducing allergen levels after cockroaches are eliminated.  

Taken together, intervention studies have generally combined pest control, education, 

cleaning, and resident involvement in allergen mitigation.  Yet, most have failed to reduce 

allergen levels below clinically relevant thresholds, and resident noncompliance is most often 

cited as the major impediment to success.  The relative efficacy of each of the other 

intervention procedures has generally not been independently evaluated.  While it is clearly 

difficult to assess the effectiveness of cleaning and resident education, the efficacy of pest 

control is not.  Significant reductions in German cockroach infestations can be realized in 

properly treated homes (Appel 1992) and evaluated with several approaches (Owens 1995).  

Low cockroach infestations require that many traps be deployed for multiple nights.  

Otherwise, data are confounded by many null traps and extremely high variance.  Not only is 

it difficult to evaluate the effectiveness of pest control under such conditions, but McConnell 

et al. (2003) reported little evidence of allergen reductions associated with cleaning or pest 

control in homes with lower initial cockroach counts.  

Arbes et al. (2003), using a combined intervention of integrated cockroach 

management, resident education, and professional cleaning over a 6-month period, 

demonstrated reductions in cockroach allergen levels below the sensitization threshold in 

beds, possibly the most relevant site for exposure, and below the asthma morbidity threshold 
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on bedroom floors and living room floors and sofas in several study homes (Arbes et al. 

2003).  One novel approach in this study was the use of room maps labeled with cockroach 

trap counts and allergen level data for the purpose of targeting these areas with pest control 

and cleaning.  Unlike previous studies, intervention in homes was very extensive, targeted, 

and performed at frequent intervals throughout the study exclusively with reduced-risk bait 

formulations.  However, although significant, and likely biologically relevant reductions in 

Bla g 1 were achieved, no single intervention strategy was identified as being most 

responsible for the reductions (Table 2).  In a 6-month continuation of the first study the 

intervention homes continued to receive pest control treatments, but no cleaning or resident 

education, to determine whether reductions in cockroaches and allergens would persist.  The 

previous control homes now received insecticide bait treatment, and like the intervention 

homes, they received no cleaning or resident education.  Arbes et al. (2004) demonstrated 

that low allergen levels were not transitory and persisted to month 12 in the original 

intervention homes.  Moreover, significant Bla g 1 reductions were achieved in the previous 

control homes that now received insecticide bait only; these levels were no different from the 

original intervention homes at the conclusion of the study.  In contrast to other reports, this 

study showed that allergen reductions below clinically relevant levels could be achieved with 

highly efficacious insecticide bait applications into cracks and crevices throughout the home.   

 

COCKROACH ALLERGENS IN THE OCCUPATIONAL ENVIRONMENT  

Allergen-induced respiratory disorders are not restricted to homes and are a growing 

phenomenon in the workplace.  Occupational asthma (OA) is defined as variable airway 

narrowing caused by exposure in the working environment to airborne dusts, gases, vapors or 
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fumes (Chan-Yeung and Lam 1986, McLarty 1992).  It is the most common occupational 

lung disorder in industrialized nations and is attributed to an estimated 5–15% of adult-onset 

asthma (Lombardo and Balmes 2000, Toren et al. 2000).   

Like the indoor environment of homes, arthropods cause allergic reactions in the 

workplace, of which the encounters are directly related to the nature of the occupation or 

incidental to it (Bellas 1990).  Such encounters include those whose occupation involves 

intimate interaction with arthropods, such as carmine factory workers exposed to Dactylopius 

coccus var Costa (Quirce et al. 1994), insect research laboratories (Soparkar et al. 1993, 

Kanerva et al. 1995), and champignon mushroom (Agaricus bisporus) workers exposed to 

"champignon flies" (Diptera: Phoridae) (Cimarra et al. 1998), those working with arthropod-

contaminated materials, such as baker’s allergy to flour moth, Ephestia kuehniella Keller 

(Mäkinen-Kiljunen et al. 2001), and those who encounter allergens due to workplace 

infestations (Perfetti et al. 2004, Sarpong et al. 1997, Sporik et al. 1999).   

In the past 20 years, traditional pork production has given way to a confinement 

rearing system in which sows are housed with piglets in individual pens within enclosed, 

temperature-controlled farrowing rooms.  The indoor air in confinement buildings is 

characterized by a complex of odors, gases and high levels of dust (Von Essen and Donham 

1999).  Many of the odorants and gases contribute to the odors typically associated with 

swine production, yet most are present only in trace amounts with no associations reported to 

respiratory diseases.  However, a small number of gases, such as carbon dioxide, hydrogen 

sulfide, methane and ammonia, have been linked to respiratory illness in workers in 

confinement swine production (Donham et al. 1984, Von Essen and Donham 1999).  The 

dust in this environment is heterogeneous, composed of animal feed components, swine fecal 
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material, swine and rodent dander, fungi, bacterial endotoxins, pollen and insect parts 

(Donham et al. 1986, Kiekhaefer et al. 1995).   

Several features of the swine production system, many of which are integral 

components of the production practice, are highly favorable for the growth of pest 

populations.  Farrowing barns and nurseries are maintained at relatively high temperatures 

(~30ºC).  Drinking spouts and sprinklers used for cooling sows and frequent flushing of the 

under-floor plenum provides a constant source of water for pests.  Swine feed is always 

present and serves as an excellent source of nutrients for both swine and insect pests.  

Furthermore, hollow hog slats and roughly constructed buildings with large wall voids 

provide excellent refugia for pests.  As a result, German cockroach infestations have become 

a serious problem for swine farms (Waldvogel et al. 1999; Zurek et al. 2003). 

A link has not been established between exposure to cockroach allergens and allergic 

respiratory disease in swine or swine workers.  Nevertheless, exposure to cockroach allergens 

in this environment may be particularly worrisome because cockroach infestations reach 

exceptionally high levels (Waldvogel et al. 1999; Zurek et al. 2003) and the levels of Bla g 1 

in barn dust are the highest recorded in any structure (Gore & Schal, unpublished).  Powerful 

fans stir dust particles into the air and both workers and animals are exposed to this 

environment for extended periods of time.   

Since effective pest management results in significant reductions in cockroach 

allergen in homes (Arbes et al. 2004), it is reasonable to consider this link in swine farms as 

well.  As in residential settings, pest control in swine farms has traditionally relied on 

calendar-based spray applications of broad-spectrum, synthetic organic insecticides.  

However, such applications pose an unnecessary risk to workers, animals, consumers, and 
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the environment and they can result in development of insecticide resistance and failure of 

chemical control measures.  Thus, we recently sought to develop alternatives to conventional 

cockroach management in swine farms.  Using liquid formulations of boric acid baits in 

infested swine nurseries (Chapters 3 & 4), I showed that effective management of German 

cockroach infestations could be achieved with alternatives to neurotoxic insecticides.  This 

approach may also have promise in reducing German cockroach allergens.     

   

CONCLUSIONS AND FUTURE PROSPECTS  

Asthma is a chronic lung disorder of serious importance to public health.  German 

cockroaches, the major domiciliary cockroach pest around the world, produce several 

allergens exposure to which represents a serious risk factor for the development of allergic 

respiratory disease in genetically predisposed individuals.  Much remains unclear about the 

basic biology and function of these allergens.  In this review, I summarized the limited 

information available about the biology of the known German cockroach allergens.   

Furthermore, I detailed our recent work on Bla g 1 and Bla g 4, which localized their  

anatomical sites of production and delineated their developmental expression patterns.  This 

research represents the first thorough investigation of the biology of any German cockroach 

allergen.  Nevertheless, it represents only a small fraction of what remains to be elucidated. 

Further research is needed to allow us to not only identify the biological roles of allergens in 

the German cockroach, but, as in the case of Bla g 4 and Bla g 5, to also provide insight into 

how current pest management tools might affect allergen accumulation in infested 

environments. 
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A vast amount of literature exists that identifies those most at risk for exposure to 

German cockroach allergens.  Recent research has revealed that dramatic reductions in 

cockroach populations and their allergens can be achieved in infested homes, thus suggesting 

the possibility of reduced exposure by those at risk for developing allergic respiratory 

disease.  However, to date, there have been no studies to determine whether a reduction in 

home allergen levels will result in a concomitant improvement in asthma morbidity.  

Furthermore, indoor environmental studies have addressed the effects of allergen mitigation 

only on Bla g 1 and Bla g 2.  Additional research should assess the effects of abatement 

practices on other cockroach allergens, which have been shown to have similarly high 

positive reactivity in cockroach-allergic individuals.   

Finally, research is needed to standardize sampling methodologies.  Because allergen-

laden particles need to become airborne for inhalation, sampling methods that focus on 

airborne particulates need to be developed and validated. 
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SCOPE OF THE DISSERTATION RESEARCH 

An understanding of the basic biology of any insect system is paramount to 

formulation of applied studies associated with it.  Because Bla g 1 is a frequent target of 

mitigation studies and little is known about its biology, a major aim of my studies was to 

elucidate the fundamental biology of Bla g 1 by revealing its tissue distribution, 

developmental expression patterns, and physiological regulation in the German cockroach.  

The results of this investigation are presented in Chapters 2 and 3.  Although not included in 

this dissertation, I also researched other German cockroach allergens. In collaborative 

research, I detailed the developmental and anatomical expression patterns, tissue localization, 

and endocrine regulation of Bla g 4.  This manuscript is currently in press in Insect 

Molecular Biology.  Additionally, during an internship with Indoor Biotechnologies, Inc. 

(Charlottesville, VA) I developed an antibody-based assay for the detection and monitoring 

of Bla g 5.         

In collaborative research, I showed that boric acid dust was as effective as a 

pyrethroid insecticide in reducing cockroach infestations (Zurek et al. 2003). These results 

motivated research, as described in Chapters 4 and 5, to develop a liquid formulation of boric 

acid bait for the management of German cockroaches in an infested swine farm.  This 

research included laboratory evaluations of various borates and sugars, and field evaluation 

of a prototype boric acid bait.  In addition, I am assessing the efficacy of tank mixes of insect 

growth regulators and a pyrethroid insecticide for controlling German cockroach infestations 

in swine farms.  Preliminary results indicate that the growth regulators hydroprene and 

pyriproxifen have significant potential as components of an integrated pest management 

program.  In addition to providing a safer, alternative management strategy, these methods 
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also provide an option for the potential mitigation of cockroach allergens in infested swine 

farms.  This is in keeping with results from collaborative research with the National Institute 

of Environmental Health Sciences, in which I showed that integrated pest management 

strategies could be used to effectively reduce the amount of indoor German cockroach 

allergens below clinically relevant levels in infested, inner-city homes.  These studies have 

been published in the Journal of Allergy and Clinical Immunology (Arbes et al. 2003, 2004).  

A follow-up study is currently in progress.  
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Table 1. Summary of German cockroach allergens. 

Allergen 
M.W. 
(kDa) 

cDNA size
(bp) 

Amino
acids 

IgE 
prevalence  

(%) 
Protein family or 
Deduced function 

Recombinant
expression 

system 
Accession 

No. 
Bla g 1 33–37   30–47 Digestion E. coli, 

Pichia pastoris  

 Bla g 1.0101a 46 1429 412 - - - AF072219 

 Bla g 1.02a 56 1791 492 - - - AF072220 

 Bla g Bd90Kb 90 4058 192 77 - - L47595 

Bla g 2 36 1056 328 60 Inactive aspartic protease;

Digestion 

Pichia pastoris U28863 

Bla g 4 21 546 182 40–60 Lipocalin; 

Male accessory 

reproductive glands 

Pichia pastoris U40767 

Bla g 5 23 1140 203 70 Glutathione-S-transferase; 

Detoxification 

E. coli U92412 

Bla g 6 25 580 38 50 Troponin C; Muscle N/A N/A 

Bla g 7 33 1115 284 16 Tropomyosin; Muscle E. coli AF260897 
 

a Bla g 1.0101 and Bla g 1.02 are isoallergens of Bla g 1. 
b Bla g Bd90K shows 94% homology to Bla g 1. 
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Table 2. Overview of cockroach and allergen mitigation studies. 

 Intervention Cockroach counts; median (range) Allergen mitigation 
Study (duration; site) Cockroach control Cleaning Other Baseline Conclusion Baseline Conclusion 
Sarpong et al. 1996 
(4 wks; dormitories) 

Insecticide spraysa Weekly 
vacuuming 

N/A ND ND 5.2 (0–19.6)  
U Bla g 2/g dust 

0.95 (0–4.2)  

Gergen et al. 1999  
(48 wks; apartments) 

• Avert  
• 2X at start 
• KT & rooms with 

signs of CR 

Families asked to 
clean prior to and 
after 
extermination 

Resident 
education 

resident reported 
sightings (67.6%) 

resident reported 
sightings (42.2%) 

KT = 68.7 
LR = not given 
BR = 8.9 
(mean;U Bla g 1/g dust) 

KT = 33.6  
LR = not given 
BR = 11.1  
(month 2) 

Eggleston et al. 1999  
(32 wks; apartments) 

• Avert  
• 2X at start 
• 1X @ month 4 
• KT, LR, BR, 

basement 

• Prof. clean 
• 2X at start 
• 1X at month 4 
• all surfaces in 

KT, hard 
surfaces in 
other rooms  

N/A • 5 per trap           
(0–63) 

• 3 traps in KT for 
24 hrs 
 

• 0 per trap 
          (0–37) 

KT = 745 
(0–2333) 

LR = 65 
(0–1908) 

BR = 82 
(0–548) 

(median [range];  
U Bla g 1/g dust) 

KT = 36 
(0–1576) 

LR = 15  
(3–142) 

BR = 21 
(0–87) 

 

Williams et al. 1999  
(24 wks; apartments) 

A. Combat 
• 10–15 in KT, 2–4 

in BT, 2–4 other 
rooms 

• replaced @ month 
4 

 
B. Control  
 
 
 

N/A N/A A.  3.7 per trap  
 (0.71–9.5) 
 

• 10–18 traps in 
KT, 2–4 traps 
BT for 24 hrs 

 
B. 2.1 per trap 
         (0.91–8.5) 

A. 0 per trap  
         (0–0.07) 
 
 
 
 
 
B. 1.8 per trap            

(1.15–2.36) 

A. Bla g 1 = 167 
   (88–248) 
     Bla g 2 = 31.9 
   (10.3–110) 
     (mean [range];  
     U/g dust) 

B. Bla g 1 = 127 
 (28.7–2107) 

     Bla g 2 = 32.8 
 (12.6–201)   

A. Bla g 1 = 90 
       (52–120) 
    Bla g 2 = 30.4 
      (8.9–140) 
 
 
 

B. Bla g 1 = 220 
 (127–382) 
     Bla g 2 = 69.3 
 (24–200)  

Wood et al. 2001 
(24 wks; apartments) 

A. Avert; 2X month 1, 
1X @ 12 wks in 
KT, LR, BR, 
basement 

 
 
 
 
 
B. Control  

A.  Prof. clean 
2X at start, 
1X @ 12 
weeks, 
bleach on 
hard surfaces 

 
 
 
B.  None 

N/A A. 3 per home         
(0–24)      

• 3 traps for 24 
hrs 

 
 
 
 
 
B. 102 per home   

(58–127) 

A. 0 per home       
(0–2) 

 
 
 
 
 
 
 
B. 105 per home 

(29–167) 

A. KT= 281    
        (28–4495)          

LR = 43 
 (1–1689) 
     BR= 36 
 (15–875) 
(median [range]; 
U Bla g 1/g dust) 
 
B. KT= 467 
 (22–2063)  

LR = 232 
 (68–560)   

BR= 218 
(50–370) 

A. KT= 26.5 
 (2–879)   
     LR = 10  

         (0–177) 
     BR= 8 

 (0–568) 
 
 
 

B. KT= 1587 
 (465–1964) 

LR = 394  
 (219–1160) 

BR= 450         
(262–1583) 
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Table 2. Overview of cockroach and allergen mitigation studies (continued). 
 

 Intervention Cockroach counts; median (range) Allergen mitigation 
Study (duration; 

site) 
Cockroach control Cleaning Other Baseline Conclusion Baseline Conclusion 

McConnell et al. 
2003  
(11 wks; apartments) 

A. 24 Fipronil bait 
stations + 
Maxforce 

 
 
 
 
B.  24 sham bait + 

sham gel 
  

• trt @ wks 1 & 7 
 
 

C.  Control 

A. Prof. clean @ 
wk 6 

 
 
 
 
 
B. Prof. clean @ 

wk 6, 
 surfaces 

cleaned with 
bleach and/or 
vacuumed 

 
C.   None 

N/A A. 136 per home 
         (14–1600) 
 

• 24 traps in KT & 
BR for 1 wk 

 
 

B.  55 (32–215) 
  
 
 
 
 
 
C.  19 (7-298) 

A.  14 per home  
       (0–26) 
 
 
 
 
 
B.   68 (31–244) 
 
 
 
 
 
 
C.   22 (0-249) 

A. KT = 136  
          (73–402) 
    BR = 32  
          (11–83) 
(median [range]; 
 U Bla g 2/g dust) 
 
B. KT = 214 
 (13–1403) 
 BR = 21 
 (4–41) 
      
 
 
C. KT = 104 
 (9.3–297) 

BR = 15         
(5.3–79) 

A. KT = 66 
 (26–197) 
   BR = 19 
         (8–57) 
 
 
 

B.  KT = 25 
 (5–197) 

 BR = 7.3 
  (4–24) 

 
 
 
C. KT = 61 
 (18–247) 

 BR = 10 
(6.3–32)  

Arbes et al. 2003 
(24 wks; apartments) 

A. Maxforce & Pre-
Empt  

• all rooms treated 
at start & months 
1, 2 & 4 if 
roaches trapped 

 
 
 
 
B. Control 

A.  Prof. clean 
• all rooms @ 

start & 
months 1, 2 & 
4 if allergen 
detected 

 
 
 
 
B.  None 

A. 
Resident 
education 

 
 
 
 
 
 
 
B.  None 

A. KT = 113 
   (38–287) 
LR = 76   
   (3–204)    
BR = 78             

(0–311) 
 
• 6 traps in each 

room for 3 days. 
 
B. KT = 146 
        (87–347) 

LR = 58             
(0–186) 

BR = 14                 
(0–124) 

A. KT = 0  
(0–103) 

     LR = 0  
(0–26) 

BR = 0  
(0–9) 

 
 
 
 
B. KT = 46 

(0–319) 
LR = 10             

(0–366) 
     BR = 6               

(0–204) 

A. KT= 633  
LR = 25  
BR = 46 
bed = 6 

 
(mean; 
U Bla g 1/g dust)  
 
 
 
B. not given  
 
 
 
 

A. KT = 24 
LR = 4 
BR = 7 
bed = 1  

 
 
 
 
 
 
B. no significant 
changes reported 
among controls 

 

 

 



 

 

49

Table 2. Overview of cockroach and allergen mitigation studies (continued). 
 

 Intervention Cockroach counts; median (range) Allergen mitigation 
Study (duration; 

site) 
Cockroach control Cleaning Other Baseline Conclusion Baseline Conclusion 

Arbes et al. 2004 
(24 wks; apartments, 
continued from Arbes 
et al. 2003 

A. Interventionb 

• Maxforce & Pre-
Empt  

• all rooms @ start 
& 3 months later 
(if roaches 
trapped) 

 
 
B. Crossed-over 

controlc 
• see  methods for 

Intervention 
 

N/A N/A A. KT = 0 
LR = 0 

     BR = 0 
 
(range not given) 
 
6 traps in each room 
for 3 days. 
 
B.  KT = 46 
      LR = 10 
      BR = 5 

A. KT = 1 
LR = 0 
BR = 0 

 
 
 
 
 
 
B. KT = 2 

LR = 0  
BR = 0 

A. KT = 24 
LR = 4 
BR = 7 
bed = 1 

 
 
 
 
 
B. KT = 287 

LR = 29 
BR = 27 
bed = 7 

 
(mean; 
U Bla g 1/g dust) 

A. KT = 19 
LR = 5 
BR = 7 
bed = 2 

 
 
 
 
 
B.  KT = 14 

LR = 6  
BR = 5 

      bed = 2 

 
 

 

 

a Pest management company indicated using diazinon, Dursban (chlorpyrifos), Tempo (cyfluthrin), or Safrotin 
(propetamphos) biannually on a rotational basis.   
b Intervention homes received insecticide bait application, professional cleaning, and resident education in previous 6 
months. 
c Crossed-over control homes received no interventions in previous 6 months. 
Avert = gel bait (abamectin); Combat = bait stations (hydramethylnon); Maxforce = gel bait (hydramethylnon); Pre-
Empt = gel bait (imidicloprid) 
N/A - not applicable; ND - not determined; KT = kitchen, BT = bathroom, LR = living room, BR = bedroom 
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CHAPTER II 

 

 

 

Gene Expression and Tissue Distribution of the Major  

Human Allergen Bla g 1 in the German Cockroach,  

Blattella germanica (L.) (Dictyoptera: Blattellidae) 

 

 

 

 

 

 

 

 

 

 
  

1 A version of this chapter, in similar format, was published in the Journal of Medical 

Entomology in 2004 in volume 41 (pp. 953-960) with C. Schal as coauthor.  
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ABSTRACT 

 Exposure and sensitization to cockroach allergens is an important risk factor for 

allergic disease in humans. Despite a recent burgeoning of clinical and socioeconomic 

studies regarding environmental pervasiveness and human exposure to cockroach allergens, 

little is known about the basic biology of these proteins. The purpose of this study was to 

ascertain gene expression patterns and the tissue distribution of Blattella germanica allergen 

1 (Bla g 1), a perennial indoor environmental allergen, thought to be involved in digestion in 

cockroaches. We also investigated the relative potential contribution of different life stages 

of the German cockroach to environmental Bla g 1. Enzyme-linked immunosorbent assay 

was used to quantify the Bla g 1 contents of feces and various anatomical tissues, and 

Northern blot analysis was used to elucidate tissue-specific expression of Bla g 1. Results 

showed that the Bla g 1 protein is most prevalent in the midgut, and the Bla g 1 gene is 

exclusively expressed by midgut cells. Although Bla g 1 is produced by both sexes and all 

life stages of the German cockroach, adult females produce and excrete in their feces 

significantly more Bla g 1 than males or nymphs, even when corrected for body mass or 

mass of voided feces. Our results demonstrate that the concentration of Bla g 1 in feces of 

adult females is 6–7-fold and 30-fold higher than in adult males and nymphs, respectively, 

probably because females process more food than other life stages of the German cockroach.  

 

Key words.  German cockroach, Bla g 1, cockroach allergen, midgut, digestion 
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INTRODUCTION 

 The German cockroach, Blattella germanica (L.), is a synanthropic pest of 

considerable economic, veterinary and medical importance (Schal and Hamilton 1990, 

Brenner 1995, Zurek and Schal 2004). Populations of this pest are intimately associated with 

human-built structures, such as homes, food service facilities, and various occupational 

environments. Since the mid-1970s, cockroaches have been recognized as a major source of 

indoor allergens, playing a causative role in allergic asthma (Kang 1976, Kang et al. 1979). 

Recent studies have confirmed that exposure and sensitization to German cockroach 

allergens can lead to the development and onset of allergic respiratory diseases, such as 

asthma, in genetically predisposed individuals, particularly in “inner-city”, low-income 

homes, where German cockroach infestations are both frequent and severe (e.g., 

Rosenstreich et al. 1997).  

Several German cockroach-produced human allergens have been identified and 

cloned (Schou et al. 1990, Stankus et al. 1990, Pollart et al. 1991, Arruda et al. 1995a-c, 

Chapman et al. 1998, Pomes et al. 1998, Jeong et al. 2003). While analyses of their deduced 

amino acid sequences have lead to some insight into the presumed function of these proteins, 

much remains unknown about their biological function, the tissues responsible for their 

production, and the developmental expression patterns of allergenic proteins.  

Natural Bla g 1, originally identified through immunochemical techniques, has a 

variable molecular weight ranging from 33 to 37 kDa (Schou et al. 1990, Pollart et al. 1991). 

Bla g 1 isoallergens (cDNA clones Bla g 1.01 and Bla g 1.02) show 70–72% nucleotide 

sequence homology to the antigenically cross-reactive Periplaneta americana (L.) (American 

cockroach) allergen 1 (Per a 1) and together they comprise a family of structurally and 
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antigenically related Group 1 allergens (Pomes et al. 1998, Melen et al. 1999). A unique 

feature of this group of cockroach allergens, not previously found in allergen sequences, is 

that they consist of multiple tandem repeats of approximately 100 amino acids (Pomes et al. 

1998). Group 1 allergens are very important because they are the only cockroach allergens 

known to be produced by both B. germanica and P. americana, and are likely common to all 

pest cockroaches. The nucleotide sequence of Bla g 1 also shows 94% identity to a 

previously described 4 kb sequence, Bla g Bd90K (Helm et al. 1996). Bla g 1 and Per a 1 

share 32–42% deduced amino acid sequence identity with AEG12 of Aedes aegypti (L.) 

(Accession No. AY038041) and ANG12 of Anopheles gambiae (Giles) (Accession No. 

Q17040), both of which are induced in the midgut of the female mosquito following a blood 

meal. Furthermore, Bla g 1 sequences contain myristoylation and trypsin-cleavage sites, 

suggesting that natural Bla g 1 is post-translationally modified and secreted into the digestive 

tract, possibly serving a digestive function (Pomes et al. 1998, Smith et al. 2000). The 

AEG12 protein has also been described as a microvillar membrane protein (Shao and Jacobs-

Lorena, Accession No. AY050565). 

Several tissues of the German cockroach have been shown to be allergenic to 

sensitized individuals by skin-prick and radioallergosorbent tests (RAST), including the 

digestive tract, Malpighian tubules, ovaries, oothecae, and exuvia, as well as whole body 

extracts and feces (Richman et al. 1984, Pollart et al. 1991, Zwick et al. 1991, Musmand et 

al. 1995). Pomes et al. (1998) showed that higher Bla g 1 titers were associated with the 

digestive organs, primarily the hindgut and proventriculus.  

In this study we quantify whole body and fecal Bla g 1 contents of nymphs and adult 

males and females, and examine the anatomical distribution and expression patterns of Bla g 
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1 in various tissues of the German cockroach. Our results demonstrate that Bla g 1 is 

produced exclusively within the midgut and that because adult females produce more Bla g 1 

than males and nymphs, they would contribute more to environmental residues of Bla g 1.  

 

MATERIALS AND METHODS 

Insects. Insects were collected from a laboratory colony of insecticide-susceptible 

German cockroaches (American Cyanamid strain, Princeton, NJ) reared at 27˚C, variable 

ambient relative humidity and a photoperiod of L12:D12 h, and provided with water and rat 

chow (Purina No. 5012, Purina Mills, St. Louis, MO). 

Bla g 1 Extraction and Quantitative Enzyme-Linked Immunosorbent Assay 

(ELISA). Whole cockroaches, dissected tissues, or feces were homogenized in 1% bovine 

serum albumin (BSA)-phosphate-buffered saline (PBS)-Tween (1% BSA/PBS-T) containing 

protease inhibitors, using a hand-held pestle motor and sterile disposable pestles 

(Kimble/Kontes, Vineland, NJ). The homogenate was incubated with agitation on an orbital 

shaker at 4°C for ~1 hr, centrifuged at 10,000 rpm for 10 min and the supernatants collected 

and stored at –80˚C until assay. Bla g 1 titers were measured using a monoclonal capture and 

polyclonal detector ELISA (INDOOR Biotechnologies, Inc., Charlottesville, VA) as 

described by Pollart et al. (1991). Bla g 1 content is expressed in arbitrary units because there 

are no national or international reference standards for cockroach allergens. 

Whole Body and Fecal Bla g 1. The relationship between age of adult females (stage 

of the vitellogenic cycle) and amount of Bla g 1 they contained was examined. Females (n = 

10 per age) were cold-anesthetized, briefly rinsed in PBS, and extracted; the Bla g 1 titers 

were measured by ELISA.  
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To examine relative sex or stage differences, feeding-stage cockroaches were assayed 

for whole body and fecal Bla g 1 titers. Individual 5-d old adult males (n = 5) and females (n 

= 5) and groups of d-3 first instars (20 per replicate, n = 5) were cold-anesthetized on ice for 

5 min, weighed, and extracted. To collect feces, same-sex groups of d-5 adult males (10 per 

replicate, n = 5) or females (10 per replicate, n = 5) were placed in 13 X 18 cm plastic cages 

with food and water. Twenty d-3 first instars per replicate (n = 5) were placed in 60 X 15 mm 

plastic Petri plates and subjected to the same conditions as adults. Feces were collected after 

24 h, weighed, extracted, and the Bla g 1 titers were measured by ELISA.    

Tissue Distibution of Bla g 1. Five-d old adult females (n = 5) were cold-

anesthetized and rinsed in PBS to remove any external debris. The head, thorax (including 

wings and legs), and abdomen were dissected, homogenized, and the Bla g 1 titers were 

measured by ELISA.  

Another group of 5-d old adult females (n = 10) was cold-anesthetized, briefly rinsed 

in PBS, and the following tissues dissected: alimentary tract, ovaries, fat body, abdominal 

sternites and abdominal tergites. The anterior and posterior ends of the foregut, midgut, and 

hindgut were ligated with sterile cotton thread prior to separation to preserve lumen contents. 

Tissues were briefly rinsed in PBS after dissection. Hemolymph (1 µl) was collected from a 

severed cercus into a glass capillary tube prior to dissection and diluted into 1% BSA/PBS-T. 

The Bla g 1 titers were measured by ELISA. The total Bla g 1 content of hemolymph was 

derived by multiplying the measured Bla g 1 content of 1 µl of hemolymph by 21.9 (± 0.84 

µl), the hemolymph volume of 5-d old females (Sevala et al. 1999). 

Northern Blot Analysis of Bla g 1 mRNA. Five-d old adult females were cold- 

anesthetized, PBS rinsed, and various tissues dissected and immediately placed into TRIzol 
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reagent (Invitrogen Life Technologies, Carlsbad, CA) in 1.5 ml RNase-free microcentrifuge 

tubes. First, the entire alimentary tract, whole body without the alimentary tract, foregut, 

midgut, and hindgut were processed. To determine whether expression occurred in a distinct 

region of the midgut, it was further divided into a smaller anterior portion containing the 

gastric caeca (posterior to the proventriculus) and a much larger posterior portion comprised 

of the remaining midgut (ventriculus). Because preliminary Northern analysis of the gut 

sections showed that some expression might occur in the hindgut, it was further dissected 

into a smaller anterior portion (including the Malpighian tubules) and a much larger posterior 

region, including the colon and rectum. The Malpighian tubules were also dissected 

separately for analysis. For total RNA extraction, tissues were homogenized in 1 ml TRIzol 

Reagent, chloroform extracted, precipitated with isopropyl alcohol, washed with ethanol, and 

the RNA was resuspended in RNase-free TE buffer (10 mM Tris-HCl, 1 mM EDTA, pH 

7.0). The RNA concentration was determined spectrophotometrically at 260 nm. Samples 

were aliquoted and stored at –80˚C until use.  

Primer sequences were designed based upon the known cDNA sequence of the clone 

Bla g 1.0101 (Pomes et al. 1998; Accession No. AF072219). Forward (5’–

CTTCCCGCAACCTCCAAG–3’) and reverse (5’–CTTATCAGTCTTGAGTTCTC–3’) 

primers were synthesized (GIBCO BRL, Carlsbad, CA) and stored at –20˚C. First-strand 

cDNA was synthesized from 8 µg of total RNA isolated from the whole gut of d-5 females 

using StrataScript reverse transcriptase (Stratagene, La Jolla, CA) in the presence of oligo(dt) 

at 42˚C. The cDNA was used to amplify a Bla g 1 DNA fragment by polymerase chain 

reaction (PCR) in a PCRExpress thermal cycler (Thermo Hybaid, Franklin, MA) for 30 

amplification cycles (45 sec denaturation at 95˚C, 1 min annealing at 58˚C, and 2 min 
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elongation at 72˚C) followed by a final extension at 72˚C for 10 min. The resultant 617 bp 

PCR product was purified by gel extraction using a QIAquick kit (QIAGEN, Valencia, CA) 

according to the manufacturer's protocol, and eluted in 50 µl TE buffer. The gel-purified Bla 

g 1 DNA fragment was labeled for use as a probe for Northern blot analysis using the 

BrightStar Psoralen-biotin Nonisotopic Labeling Kit (Ambion, Austin, TX) according to the 

manufacturer’s specifications.  

Northern blot analysis was carried out using the NorthernMax kit (Ambion, Austin, 

TX) per manufacturer’s protocol. Briefly, total RNA was fractionated on a denaturing 

formaldehyde-1% agarose gel and transferred to a positively charged nylon membrane. 

Following UV crosslinking, the nylon membrane was prehybridized for >30 min at 42˚C in 

hybridization solution, then overnight at 42˚C in the same solution with 1 pM of biotin-

labeled probe. Washing conditions consisted of two low stringency washes in 2 X SSC 

(sodium chloride/sodium citrate) containing 0.1% SDS (sodium dodecyl sulfate) for 5 min 

each at room temperature, followed by two high stringency washes in 0.1 X SSC containing 

0.1% SDS for 15 min each at 42˚C. The hybridized probe was then detected with 

Streptavidin-Alkaline Phosphatase using the BrightStar Biodetect kit (Ambion, Austin, TX) 

using the manufacturer's protocol.  

Data Analysis. The titers of Bla g 1 in whole body, dissected tissues, and feces were 

log-transformed and subjected to analysis of variance (ANOVA; PROC GLM) in SAS 8.2 

(SAS Institute 2001). In pre-planned comparisons, mean separation was by Tukey's 

Studentized Range Test (α = 0.05). 
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RESULTS 

Whole Body and Fecal Bla g 1. Throughout, Bla g 1 content, as determined by 

ELISA, is expressed in arbitrary Units, per manufacturer calibration, because there are no 

national or international reference standards for cockroach allergens. The Bla g 1 content of 

females increased in relation to oocyte maturation during the first 5 d after eclosion, but 

subsequently declined well before oviposition (Fig. 1). Oviposition normally occurs on d 8–

9, followed by a protracted period of “pregnancy” during which the female carries an egg 

case. It thus appears that the Bla g 1 content is highest in feeding, vitellogenic females and 

lowest in pre-vitellogenic females and in postoviposition “pregnant” females. 

Comparative whole body Bla g 1 titers were determined in feeding-stage adult males 

(d 5), adult females (d 5) and first instar nymphs (d 3). Adult females weighed more than 

twice as much as adult males and nearly 83-times as much as first instars (Table 1; F2,14 = 

1117.45,  P < 0.0001). Yet, each female contained 3.2-fold more Bla g 1 than each male, and 

237-fold more than first instar nymphs (F2,14 = 1534.87, P < 0.0001). Corrected for body 

mass, therefore, females contained significantly more Bla g 1 than males, which in turn 

contained more than nymphs. Based on these results, females were used for subsequent tissue 

Bla g 1 assays. 

The stage- and sex-specific differences in Bla g 1 were even more dramatic in feces 

collected over a 24 hr period (Table 1). Females not only produced significantly more feces 

than other stages (F2,14 =  618.47, P < 0.001), but their fecal Bla g 1 titer was significantly 

greater when normalized for fecal mass (F2,14 =  270.29, P < 0.0001). Amazingly, females 

produced 6.8-fold more Bla g 1 per mg of feces than males and 30-fold more than nymphs. 
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These results suggest that adult females might contribute a disproportionate amount of Bla g 

1 to the allergen load in cockroach-infested structures.  

Bla g 1 in Various Tissues. To identify the anatomical tissue(s) that contained the 

most Bla g 1, the head, thorax, and abdomen of d 5 adult females were dissected and the 

soluble protein fraction extracted for assay by ELISA. Bla g 1 was present in all three body 

parts (Fig. 2). However, only trivial amounts were found in the head (0.23 ± 0.064 Units Bla 

g 1), while the abdomen contained 8208-fold more allergen than the head and 51-fold more 

than the thorax (F2,14 =  70.78, P < 0.0001).  

To further determine the tissue distribution of Bla g 1, several tissues and 1 µl 

hemolymph were extracted from d 5 adult females and assayed by ELISA. While all tissues 

contained Bla g 1 (Fig. 3), the midgut titer (2574 ± 308 Units) was significantly greater than 

all others (F2,14 =  128.05, P < 0.0001). The foregut, hindgut, and ovaries contained similar 

amounts, but about 89-fold less Bla g 1 than the midgut. Although other tissues, including the 

abdominal sternites and tergites, fat body, and hemolymph contained low amounts of Bla g 1, 

these values (from 1 Unit in fat body to 16 Units in hemolymph) may nevertheless be 

significant clinically (see Discussion).  

Northern Blot Analysis of Tissue Expression. Northern blot analysis was used to 

determine whether tissues that contained the Bla g 1 protein also expressed Bla g 1 mRNA. 

A 4 kb transcript hybridizing the Bla g 1 cDNA probe was found to occur exclusively in the 

midgut, both in the gastric caeca and in the ventriculus (Fig. 4). No expression was observed 

in the carcass, which excluded the alimentary tract. Because preliminary Northern analysis of 

the alimentary tract sections showed a faint banding associated with the hindgut, more 

comprehensive dissections were conducted. The hindgut was systematically separated into 
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anterior (including the Malpighian tubules) and posterior regions (colon and rectum). 

Furthermore, the Malpighian tubules alone were dissected, to include or exclude them as a 

source of Bla g 1, and assayed independently of the hindgut. From these assays we conclude 

that Bla g 1 expression is limited to the midgut.  

 

DISCUSSION 

The German cockroach has a long history of intimate association with humans. It is 

most often regarded as an unpleasant pest of economic importance, and occasionally 

implicated in transmission of enteric disease. Early observations several decades ago showed 

that 40–60% of asthmatic patients were sensitized to cockroaches (Bernton and Brown 1964, 

Kang et al. 1979). More recent studies, particularly those associated with the National 

Cooperative Inner-City Asthma Study (NCICAS), have established a causal relationship 

between cockroach infestations and the prevalence of allergic disease. The NCICAS found 

that approximately 37% of asthmatic children were sensitized to German cockroach allergens 

(Rosenstreich et al. 1997). Among cockroach-allergic patients attending an allergy clinic, 

47% were sensitive to purified Bla g 1 (Schou et al. 1990), underscoring the importance of 

this protein as a major allergen. A number of research and clinical trials have sought to 

develop approaches to mitigate the harmful effects of allergen exposure. For example, we 

recently showed that clinically relevant, sustained reductions of Bla g 1 below the 

sensitization (2 Units/g of environmental dust; Eggleston et al. 1998) and morbidity (8 

Units/g of dust; Rosenstreich et al. 1997) thresholds for exposure could be achieved with pest 

control efforts, sanitation, and resident education (Arbes et al. 2003, 2004). 
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Despite the recent plethora of socioeconomic surveys, clinical reports, and 

environmental residue studies about the impact of cockroach allergens on cockroach-

sensitized individuals and the prevalence of allergens in the indoor environment, little is 

known about the basic biology of these allergenic proteins. We aimed to elucidate the 

anatomical tissue that produces Bla g 1, and the relationships between sex, stage and age of 

cockroaches and Bla g 1 production.  

The Midgut Produces Bla g 1. Several cockroach tissues have been considered as 

sources of allergens (Richman et al. 1984, Zwick et al. 1991), but the anatomical tissue(s) 

responsible for allergen production has not been clearly defined for any of the six B. 

germanica allergens. Bla g 1 sequence analysis, ELISA (Pomes et al. 1998), 

immunohistochemistry (Zwick et al. 1991), and its presence in feces suggested that this 

allergen might be secreted into the alimentary canal. Using a highly specific ELISA, we first 

showed that the abdomen contained 51 times more Bla g 1 than the thorax, while Bla g 1 

levels in the head were barely detectable (Fig. 2). Next, we systematically dissected, 

extracted and quantified Bla g 1 levels in various abdominal tissues. While previous research 

implicated the hindgut and proventriculus (Pomes et al. 1998), our results showed that the 

midgut contained 44-times more Bla g 1 than the hindgut and nearly 36-times more than the 

foregut, which contains the proventriculus (Fig. 3). Results from RNA hybridization of 

various regions of the gut demonstrated that Bla g 1 was not only secreted into the midgut, 

but also produced by midgut cells (Fig. 4). Our 617 bp probe hybridized to a single 4 kb 

mRNA, which showed 93% identity (BLAST; Altschul et al. 1997) to Bla g Bd90K (Helm et 

al. 1996), now considered to be Bla g 1, and 99% identity to previously reported Bla g 1 

clones (Pomes et al. 1998). Careful dissections of the gastric caeca and the remaining midgut 
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(ventriculus), and the Malphigian tubules, which are associated with the anterior hindgut, 

further confirmed that Bla g 1 expression was exclusively within the midgut. 

Other important arthropod allergens are associated with the alimentary canal. Bla g 2, 

an allergenic aspartic protease, was found in highest titers in the gut of German cockroaches 

(Arruda et al. 1995c). Immunohistochemical studies have also shown that Der p I, a major 

allergen produced by the house-dust mite Dermatophagoides pteronyssinus (Trouessart) and 

thought to be a digestive enzyme, is found in highest concentrations just anterior to the 

hindgut (presumably the midgut) (Thomas et al. 1991).  

The digestive system of the cockroach is relatively simple, with food processing, 

digestion, and absorption occurring in one or more of the morphologically distinct regions. 

Most digestion occurs in the foregut, primarily by enzymes passing forward from the midgut 

that act upon the slow moving food bolus (Dow 1986, Terra et al. 1996). The midgut 

epithelium contains absorptive and secretory cells, the latter producing digestive enzymes, 

and a dense array of apical microvilli. Though the function of Bla g 1 is currently unknown, 

amino acid sequence analysis suggests that Bla g 1 follows a secretory pathway into the 

digestive tract (Pomes et al. 1998). Based on the data presented here and our unpublished 

data on the relationship between Bla g 1 and food intake, we speculate that Bla g 1 is 

secreted by the midgut epithelium and serves a digestive function. This is in keeping with a 

40% deduced amino acid identity to AEG12 of Aedes aegypti (Accession No. AY038041) 

and ANG12 of Anopheles gambiae (Accession No. Q17040). Both proteins are expressed in 

the midgut of female mosquitoes, and undergo changes in expression relative to blood 

feeding (Müeller and Crisanti, Accession No. Q17040; Morlais et al. 2003). Expression of 

AEG12 is female-specific; it is low in the female gut prior to blood feeding, significantly up-
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regulated 12 h after feeding, and thereafter declines to the pre-feeding levels (Morlais et al. 

2003). It is worth noting that the mosquito proteins lack the multiple tandem amino acid 

repeats found in Bla g 1. 

However, the AEG12 protein has also been described as a microvillar membrane 

protein (Shao and Jacobs-Lorena, unpublished; Accession No. AY050565) and it is possible 

that Bla g 1 might serve a structural rather than an enzymatic function. This might be 

consistent with the large amounts of Bla g 1 found in cockroach feces.  

Time-Course of Bla g 1 in Females: Relation to Food Intake? We demonstrated 

that adult females modulate production of Bla g 1 in relation to stages of their reproductive 

cycle. The female’s Bla g 1 content rises through d 5 (Fig. 1), a pattern that parallels early 

stages of vitellogenesis, or events associated with it, such as an escalating juvenile hormone 

titer (review: Schal et al. 1997). However, Bla g 1 declines considerably after d 5, whereas 

the juvenile hormone titer continues to rise through d 7 (Sevala et al. 1999). It thus appears 

that modulation of Bla g 1 content is less related to the changes in the gonadotropic hormone 

and more linked to patterns of food intake. Food intake in female B. germanica peaks around 

d 2–4, and then dramatically declines as the female converts nutrients to yolk proteins, 

provisions the eggs, oviposits, and then incubates her developing embryos for 20 d, during 

which only low and sporadic bouts of feeding occur (Hamilton and Schal 1988; Schal et al. 

1994; DeMark and Bennett 1995; Osorio et al. 1998). A link between Bla g 1 and food intake 

is consistent with our observations that Bla g 1 is expressed exclusively in the midgut and it 

has a high sequence identity to mosquito midgut proteins that are induced by a blood meal 

and involved in digestion. However, the hypothesis of a link between feeding and Bla g 1 



 

64 

production will need to await quantification of Bla g 1 levels throughout the reproductive 

cycle and results from starvation and feeding experiments, which are in progress. 

Comparative Bla g 1 Production in Adults and Nymphs. A comparison of whole 

body and fecal Bla g 1 of feeding-stage adults and first instars showed some remarkable 

disparities among them. Not surprisingly, more or less consistent with differences in body 

mass, the Bla g 1 content of d 5 females was 3 times higher than in adult males and 237 times 

as much as in nymphs (Table 1). However, sex- and stage- differences persisted after Bla g 1 

levels were normalized for fresh body mass of the assayed cockroaches, indicating that adult 

females have higher Bla g 1 titers, probably because of their enormous capacity to eat and 

digest more food during a short vitellogenic burst.  

German cockroach feces is widely known as a source of allergens (Richman et al. 

1984, Zwick et al. 1991), and adult females also produced significantly more feces over a 24 

hr period than either males or first instar nymphs. While adult females modulate food intake 

in relation to reproduction, adult males feed comparatively little, without any apparent cycles 

(Hamilton and Schal 1988; DeMark and Bennett 1995). Nymphs of all instars feed 

extensively during the early half of each intermolt period and little or not at all in preparation 

for the molt (Valles et al. 1996, Young and Schal 1997). Presumably, feces production would 

follow a similar pattern, though with a slight delay related to the passage of food through the 

gut.  

Therefore it is not surprising that the larger females defecated 71-fold more Bla g 1 

than males and a striking 1179-fold more than nymphs. But even when corrected for fecal 

mass, the concentration of Bla g 1 in female feces was 6.8-fold more than in male feces and 

30-fold more than in the feces of nymphs. In 24 h, a single female can produce ~520 times 



 

65 

the proposed human sensitization threshold (2 Units/g of environmental dust) and ~130 times 

the morbidity threshold (8 Units/g of dust) for exposure to Bla g 1.  

Richman et al. (1984) suggested, based on direct RAST analysis of patient sera, that 

fecal extracts contain less allergenically relevant proteins than extracts from whole bodies or 

exuvia. Our results confirm higher Bla g 1 content in whole body extracts than in feces. 

However, the concentration of Bla g 1 in feces (Units per mg) is ~12-fold higher than in 

whole body extracts of females and ~1.2–2.5-fold higher in nymphs and males. Nevertheless, 

it is difficult to extrapolate our results with Bla g 1 to studies using blends of allergens 

because the differential contribution of various allergens to allergic disease has not been 

resolved. 

Although adult females might contribute a disproportionate amount of Bla g 1 to the 

allergen load in infested structures, several features of males and small nymphs would 

suggest that they nevertheless might be highly clinically relevant. Adult males tend to forage 

over larger ranges than females, and therefore might distribute their feces over larger spatial 

spans than other stages. Small nymphs are not only more numerous than adults, but they also 

produce much smaller fecal pellets that are probably more likely to adhere to clinically 

relevant dust that can become airborne and thus available for contact with the pulmonary 

mucosa of allergic individuals. Moreover, all stages of the German cockroach can engage in 

necrophagous behavior (Gahlhoff Jr. et al. 1999), which could concentrate allergenic proteins 

in feces. But small nymphs facultatively ingest feces (coprophagy) more than other life 

stages (Kopanic and Schal 1999, Kopanic et al. 2001), and this behavior, coupled with the 

tendency of small nymphs to remain near their birth site, would result in the coprophagous 
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ingestion of the more concentrated adult Bla g 1 and its processing into smaller, more 

clinically relevant particles. 
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TABLE 1. Whole body and fecal Bla g 1 titers. 

Amount of Bla g 1a 
Bla g 1 
source 

Stage/Age Mass per insect 
(mg)a Units per insect Units per mg 

Adult female d 5 114.5 ± 2.79 a 3038.8 ± 208.64 a 26.5 ±   1.33 a

Adult male d 5 47.8 ± 0.94 b 944.3 ±   61.33 b 19.8 ±   1.57 bWhole body 

First instar d 3 1.4 ± 0.03 c 12.8 ±     1.16 c 9.2 ±   0.79 c

     

Adult female d 5 3.1 ± 0.08 a 1037.5 ± 122.06 a 333.1 ± 42.60 a

Adult male d 5 0.2 ± 0.02 b 14.5 ±     2.58 b 49.0 ±   6.06 bFeces (24 hr) 

First instar d 3 0.1 ± 0.01 c 0.9 ±     0.08 c 11.2 ±   0.99 c

 
n = 5. Values are means ± SEM.  
a Unit is an arbitrary designation for Bla g 1 measurement. Different letters within columns 
and within Bla g 1 source (whole body, feces) indicate significant differences using Tukey's 
Studentized Range Test (P < 0.05). 
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FIGURE  1. Changes in the Bla g 1 content of female German cockroaches in relation to 
early stages of the reproductive cycle. Whole body Bla g 1 content was quantified by ELISA 
and expressed as Units per female ± SEM (n = 10 females). Means with different letters are 
significantly different (Tukey’s studentized range test, P < 0.05). 
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FIGURE  2. Distribution of Bla g 1 in the head, thorax, and abdomen of d 5 adult female 
German cockroaches. Bla g 1 content was quantified by ELISA and expressed as Units per 
body part ± SEM (n = 5 females). Means with different letters are significantly different 
(Tukey’s studentized range test, P < 0.05). 
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FIGURE 3.  Anatomical tissue distribution of Bla g 1 in d 5 adult female German cockroaches. Bla g 1 content was quantified 
by ELISA and expressed as Units per tissue ± SEM (n = 10). Means with different letters are significantly different (Tukey’s 
studentized range test, P < 0.05).  
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FIGURE  4. Northern blot of Bla g 1 expression in alimentary tissues of d 5 adult females. Total RNA (6 µg) was fractionated 
by 1% agarose-formaldehyde gel electrophoresis. The blot was hybridized with a Bla g 1 cDNA probe (A). The estimated size 
of the Bla g 1 mRNA is displayed at the left. (B) Ethidium bromide stained rRNA, indicating relative equal loading of RNA in 
each lane. 
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CHAPTER III 

 

 

 

 

 

Expression, Production and Excretion of Bla g 1,  

a Major Human Allergen, in Relation to Food Intake in  

the German Cockroach, Blattella germanica (L.) 

 

 

  

 

 

 

 

 

 

  

1 A version of this chapter, in similar format, is currently in press in Medical & Veterinary 

Entomology with C. Schal as coauthor.   
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ABSTRACT 

  The German cockroach, Blattella germanica (L.) (Dictyoptera: Blattellidae), 

produces several potent human allergens, one of which, Bla g 1, is produced in the midgut 

and excreted in faeces. We tested with descriptive and experimental approaches the 

hypothesis that Bla g 1 production is related to food intake in adult males and females of the 

German cockroach. Bla g 1 mRNA expression in the female midgut (assayed by real time 

quantitative PCR), her Bla g 1 content (assayed by ELISA), and the female’s faeces 

production and its Bla g 1 content tracked a cyclic pattern in relation to the gonadotrophic 

cycle. All four measures rose as food intake increased, declined before oviposition in relation 

to diminishing food intake, and remained low while the female carried an egg case for 20 

days. After her first clutch of embryos hatched, the female resumed feeding and 

concomitantly, both faeces and Bla g 1 production increased. Both Bla g 1 mRNA expression 

and Bla g 1 protein levels remained low in experimentally starved females. However, when 

starved females were allowed to feed, Bla g 1 production elevated and the gonadotrophic 

cycle resumed. Bla g 1 mRNA expression also increased 6-fold in response to feeding 

compared to starved females. In contrast, there were no apparent cycles in the pattern of Bla 

g 1 production in males, reflecting their low and non-cyclic food intake. Our results therefore 

demonstrate that Bla g 1 production in B. germanica is modulated in relation to food intake. 

 

Key words.  German cockroach, Bla g 1, cockroach allergen, food intake 
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INTRODUCTION 

The German cockroach, Blattella germanica (L.), is an economically and medically 

important, synanthropic pest, intimately associated with human-made structures (Schal & 

Hamilton, 1990; Brenner, 1995). This species has been recognised for several decades as a 

source of allergens, with a causative role in human allergic asthma (Kang, 1976; Kang et al., 

1979). Sensitization and exposure to cockroach-produced allergens can lead to the 

development and onset of allergic respiratory disease—such as asthma—in atopic 

individuals, and is particularly important in "inner-city", low-income homes where cockroach 

infestations can be very troublesome and severe. Many studies have sought to develop 

approaches to mitigate the harmful effects of exposure to these indoor allergens. We recently 

showed, for example, that clinically relevant, sustained reductions of Bla g 1 below the 

sensitization threshold for exposure (2 Units Bla g 1/g of house dust; Eggleston et al., 1998) 

and the morbidity threshold (8 Units/g of house dust; Rosenstreich et al., 1997) could be 

achieved with effective pest control, sanitation, and resident education (Arbes et al., 2003, 

2004).  

Blattella germanica allergen 1 (Bla g 1), one of several known German cockroach 

allergens, has a variable molecular weight ranging from 33 to 37 kD (Schou et al., 1990; 

Pollart et al., 1991). Bla g 1 shows 70–72% nucleotide sequence homology to the 

antigenically cross-reactive Periplaneta americana (American cockroach) allergen 1 (Per a 

1), and together they comprise a family of structurally and antigenically related Group 1 

allergens (Pomes et al., 1998; Melen et al., 1999). A unique feature of this group of 

cockroach allergens, and not previously found in other allergen sequences, is that they 

contain several tandem repeats of approximately 100 amino acids (Pomes et al., 1998). This 
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protein also shows 94% sequence homology to a previously described 4 kb nucleotide 

sequence, Bla g Bd90K (Helm et al., 1996).  

Recent immunochemical and molecular work has shown that not only is Bla g 1 

found in overwhelmingly greater amounts in the midgut of the digestive system, but also is 

produced only by midgut cells (Gore & Schal, 2004). Furthermore, the production of Bla g 1 

is neither sex- nor stage-specific, but adult females produce and excrete in their faeces 

significantly more Bla g 1 than do nymphs and adult males. In a 24 h period, a single adult 

female has the capacity to produce a level of Bla g 1 in her faeces that far exceeds the 

proposed sensitization and morbidity thresholds for Bla g 1 exposure (Gore & Schal, 2004). 

 Although the function of Bla g 1 remains unknown, amino acid sequence analysis 

suggests a secretory pathway into the digestive system (Pomes et al., 1998). Bla g 1 shares 

35–40% deduced amino acid sequence identity with AEG12 of Aedes aegypti (Accession No. 

AY038041) and ANG12 of Anopheles gambiae (Accession No. Q17040), both of which are 

bloodmeal-induced midgut proteins of the female mosquitoes (Müeller & Crisanti, 

unpublished, Accession No. Q17040; Morlais et al., 2003), suggesting a possible role in 

digestion. However, Bla g 1 also shares 37% amino acid sequence identity with the Tenebrio 

molitor cockroach allergen-like protein (Ferreira et al., unpublished, Accession No. 

AY327800), which like AEG12 (Shao & Jacobs-Lorena, unpublished; Accession No. 

AY050565) has been described as a microvillar membrane protein.  

In this study, we investigate the relationship between Bla g 1 gene expression, its 

midgut and faeces contents, and patterns of food intake in adult males and females. We also 

quantify Bla g 1 protein and mRNA expression over time in fed, starved, and re-fed adult 

females. Our results demonstrate that Bla g 1 production is modulated by feeding. 
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MATERIALS AND METHODS 

 
Insects 

Adult females were collected from a laboratory colony of insecticide-susceptible 

German cockroaches (American Cyanamid strain, Princeton, New Jersey, U.S.A.) reared in 

synchronous cohorts at 27˚C, under variable ambient relative humidity and a photoperiod of 

L12:D12 h, and provided with water and rat chow (Purina No. 5012, Purina Mills, St. Louis, 

MO). 

 

Bla g 1 extraction and quantitative enzyme-linked immunosorbent assay (ELISA)   

Dissected tissues or faeces were homogenised in 1% bovine serum albumin (BSA)-

phosphate-buffered serum (PBS)-Tween (1% BSA/PBS-T) containing protease inhibitors, 

using a hand-held pestle motor (Kimble/Kontes, Vineland, NJ) and sterile disposable pestles 

(Kimble/Kontes). The homogenate was incubated with agitation on an orbital shaker at 4°C 

for ~1 h, centrifuged at 10,000 rpm for 10 min and the supernatants collected and stored at –

80˚C until assayed. Bla g 1 titers were measured using a monoclonal capture and polyclonal 

detector ELISA (Indoor Biotechnologies, Charlottesville, VA) as described by Pollart et al. 

(1991) and Gore & Schal (2004). 

 

Total RNA isolation and cDNA synthesis 

Insects were cold-anaesthetised and dissected under cold cockroach saline. Total 

RNA was extracted from dissected tissues using TRIzol reagent (Invitrogen Life 

Technologies, Carlsbad, CA) according to the manufacturer's instruction. Briefly, tissue was 

homogenised in 1 mL of TRIzol reagent. The homogenate was chloroform-extracted, 
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precipitated with isopropyl alcohol, washed with 75% ethanol, and resuspended in RNase-

free water. RNA samples were treated with TURBO DNA-free (Ambion, Austin, TX) to 

remove DNA contamination. The RNA concentration was determined 

spectrophotometrically at 260 nm. Aliquots of samples were stored at –80˚C until use. First 

strand cDNA was synthesised from 6 µg of total RNA using StrataScript reverse transcriptase 

(Stratagene, La Jolla, CA) in the presence of oligo(dt) at 42˚C.  

 

Real time quantitative PCR (rtq-PCR) 

Primers and Taqman probes (Table 1) for Bla g 1 and a reference gene, Blattella 

germanica actin (Accession No. AY004248), were designed using the Assays-by-Design 

service (Applied Biosystems, Foster City, CA). PCR reactions were run in triplicate on an 

ABI PRISM 7900HT Sequence Detection System (Applied Biosystems) in 25 µL containing 

12.5 µL Taqman Universal PCR Master Mix (2X), 1.25 µL Assay mix (20X), 6.25 µL 

RNase-free water, and 5 µL diluted (0.2 ng/ µL) cDNA. Amplification was performed under 

thermal cycling conditions as follows: 2 min at 50°C, 10 min at 95°C, and 40 cycles at 15 sec 

at 95°C and 1 min at 60°C. Relative quantification of expression was determined using the 

comparative Ct method (relative quantification = 2-∆∆CT; Applied Biosystems User Bulletin 

#2: ABI PRISM 7700 Sequence Detection System). The threshold cycle (CT) is the cycle 

number required for the reporter dye fluorescence to become greater than background 

fluorescence. Relative expression of target mRNA (Bla g 1) was determined relative to a 

calibrator (sample used for comparison; i.e., d 1 in Fig 1B) and relative to the housekeeping 

gene (∆∆CT = ∆CT
sample - ∆CT

calibrator, each ∆CT = ∆CT
Bla g 1- ∆CT

actin).   
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Age-related changes in Bla g 1 levels and expression in females and males 

Levels of Bla g 1 protein were measured in adult females 1, 3, 5, 7, 9, 11, and 20 d 

after the imaginal moult (n = 5 per day). Females were mated on d 6 with 12-d old adult 

males. Following homogenisation and extraction of whole females, Bla g 1 was measured by 

ELISA.  

To examine Bla g 1 levels in faeces, same-sex groups of 20 adult females (n = 10 

groups) and males (n = 10 groups) were collected within 12 h of eclosion and placed in 13 x 

18 cm plastic cages with food and water. Faeces was collected daily, weighed, extracted, and 

Bla g 1 content measured by ELISA. 

Temporal changes in expression of Bla g 1 mRNA were quantified. cDNA 

synthesised from total RNA of 1, 3, 5, 7, 9, 11, and 15 d old adult females (n = 3 per day) 

was assayed using rtq-PCR. Our previous results showed that Bla g 1 is produced exclusively 

by the midgut (Gore & Schal, 2004). Therefore, only the alimentary tract was used for 

quantitative expression analysis. 

 

Starvation effects on Bla g 1  

The hypothesis that Bla g 1 protein levels change with levels of food intake was 

tested with starved adult female cockroaches. Adult females (n = 5) were collected within 12 

h of eclosion, placed in 13 x 18 cm plastic cages and supplied food and water for 2 d, 

followed by starvation through d 11. Another set of females also was starved on d 2, but food 

was returned on d 7 through d 11. Because cockroaches are coprophagous (Kopanic et al., 

2001), insects were moved to clean cages daily to minimize the ingestion of Bla g 1 
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contained in faeces. Whole alimentary canals, ligated at the anterior and posterior ends, were 

dissected and processed for assay by ELISA. 

Differential expression of Bla g 1 mRNA in relation to feeding was also examined. 

cDNA synthesised from whole alimentary tract total RNA of d 11 females (n = 3 groups) 

from the previously described starvation regimes were assayed by rtq-PCR.  

  

Statistical analyses 

Whole body, gut, and faeces (square root transformed) Bla g 1 contents, and the 

relative expression of Bla g 1 mRNA were subjected to analysis of variance (ANOVA; 

PROC GLM) in SAS 8.2 (SAS Institute, 2001). In pre-planned comparisons, means were 

compared using Fisher's least square difference (LSD; α = 0.05).  

  

RESULTS 

 

Bla g 1 protein and mRNA expression profiles of adult females  

In the German cockroach, about 40 basal oocytes synchronously mature between d 0 

and 9 of the first ovarian cycle (Schal et al., 1997). Females oviposit on d 9, and although B. 

germanica is considered oviparous, females exhibit functional ovoviviparity: fertilised eggs 

are oviposited into an egg case (ootheca) that remains attached at the genital vestibulum of 

the female between d 9 and 28. During this ‘pregnancy’, embryogenesis proceeds and the 

new basal oocytes in the ovaries are prevented from growing. After hatch, the female 

resumes a new vitellogenic cycle. 
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Because there are no national or international reference standards for cockroach 

allergens, Bla g 1 content, as determined by ELISA, is expressed in arbitrary Units, per 

manufacturer calibration. The Bla g 1 content in adult females significantly changed (F5,59 = 

16.05; P < 0.0001) in relation to the stage of their reproductive cycle. The Bla g 1 content 

increased during the vitellogenic stage (first 5 d) of the gonadotrophic cycle (Fig. 1A). After 

d 5, Bla g 1 levels significantly declined, and by ovipositon on d 9 they reached a level not 

significantly different from that of d 1 females. Bla g 1 levels remained low through d 20, the 

middle of ‘pregnancy’. 

Bla g 1 mRNA expression also changed significantly over time (F6,20 = 14.61; P < 

0.0001) in a similar cyclic pattern observed for the protein during the first half of the 

reproductive cycle (Fig. 1B). Relative to d 1, there was significant up-regulation of Bla g 1 

mRNA by d 3 (~4-fold) and d 5 (3-fold). Expression levels significantly declined after d 5 to 

a low on d 9. However, a significant increase in mRNA expression levels was evident by d 

15, although only 1.7-fold higher than on d 1. 

 

Faeces and its Bla g 1 content  

Faeces production, an indirect measure of food intake, followed a distinct cyclic 

pattern in females with a significant age effect (F26,269 = 226.68; P < 0.0001) (Fig. 2A). 

Following eclosion, the faeces mass per female per day significantly increased, peaked on d 4 

(3.4 ± 0.2 mg), and subsequently declined ~54-fold by d 9. Faeces output remained low while 

the female carried an egg case (d 9–28). Following hatch on d 28, at the beginning of the 

second gonadotrophic cycle, faeces production immediately increased and followed a similar 
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pattern as observed during the first cycle. Thus, faeces production followed the pattern of 

food intake in reproductive female cockroaches.  

The Bla g 1 content of female faeces followed a similar cyclical pattern, but with a 2 

d delay relative to faeces production (Figs. 2A,B). Faecal Bla g 1 per female increased in the 

first several days of the first gonadotrophic cycle, reaching a peak of 1188 ± 68 Units Bla g 1 

on d 6, when mating occurred (Fig. 2A). Thereafter, Bla g 1 levels declined significantly 

(~12-fold), and remained low between oviposition on d 9 and hatching on d 28. The cycle of 

faecal output and faecal Bla g 1 repeated during the second gonadotrophic cycle between d 

28 and 34 (Fig. 2A).  

The concentration of Bla g 1 in faeces (Units/mg faeces) exhibited a similar cyclic 

pattern as described above (Fig. 2B). Interestingly however, the highest Bla g 1 

concentrations in female faeces appeared 2–5 d later than the peaks of faecal mass and Bla g 

1 content in both the first and second gonadotrophic cycles. This suggests that faeces that is 

excreted late in each vitellogenic cycle contains more Bla g 1 per unit mass than faeces 

produced earlier and later in the gonadotrophic cycle. 

Adult males produced approximately 10-fold less faeces than adult females (Fig. 3A). 

Moreover, unlike females, males showed no apparent cycles in either faecal mass per day or 

Bla g 1 content in faeces. Nevertheless, there was a significant age effect (F28,279 = 15.35; P < 

0.0001) with more faeces produced by males during the first 4 d after adult eclosion and 

significantly less after d 5; faeces output after d 5 was also highly variable, and at times 

higher than in gravid females (F1,19 = 68.37; P < 0.0001). There also was a significant effect 

of age on faecal Bla g 1 levels per male (F28,279 = 22.91; P < 0.0001; Fig. 3A) and on Bla g 1 

concentration (F28,279 = 26.05; P < 0.0001; Fig. 3B). However, unlike faeces mass, faecal Bla 
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g 1 was lowest in the first 5 d, slowly increased during the next ~12 d, and fluctuated 

between ~20 and 35 Units Bla g 1 per male for the remainder of the assay period. The Bla g 

1 concentration in male faeces (Units/mg faeces) peaked at a level 10-fold lower than in 

female faeces.    

 

Effects of feeding and starvation on Bla g 1 protein and mRNA expression patterns  

To examine the relationship between food intake and Bla g 1 production, adult 

females were starved after d 2 and changes in Bla g 1 content in dissected alimentary tracts 

were determined by ELISA. In fed females the pattern of Bla g 1 production in the 

alimentary tract was similar to that described for whole females, with highly significant 

modulation of Bla g 1 over time (F8,44 = 12.30; P < 0.0001; Fig. 4). Starvation after d 2 

significantly affected the gut Bla g 1 contents (F2,109 = 8.94; P = 0.0003; Fig. 4). After a 2-

fold increase in Bla g 1 level by d 3 in females fed only for the first 2 d after eclosion (F8,44 = 

5.12; P = 0.0003), their gut Bla g 1 contents plateaued by d 5 at a significantly lower level 

than in fed females (1608 ± 238 vs 2703 ± 352, respectively; F1,9 = 6.63; P = 0.033). Bla g 1 

levels remained unchanged for the remainder of the assay period in the absence of food.  

The return of food to starved females on d 7 resulted in a significant stimulation of 

Bla g 1 production (F8,44 = 15.06; P < 0.0001; Fig. 4). After a delay of ~2 d, Bla g 1 

significantly increased to 2664 ± 219 Units/gut by d 11, followed by an immediate decline. 

Interestingly, the decline in Bla g 1 between d 9 and 15 in re-fed females was not different 

from that observed between d 3 and 9 in continuously fed females. In an apparent return to 

normal physiological function, starved insects produced infertile oothecae after given access 

to food. It is noteworthy that on d 15, the Bla g 1 level of starved females was significantly 
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greater (F2,14 = 10.13; P = 0.003) than in both sets of fed females that oviposited, suggesting 

that Bla g 1 oscillates between maximal and minimal levels under normal reproductive 

conditions, and remains intermediate in starved females.  

The changes in Bla g 1 protein levels could be due to changes in mRNA expression or 

post-transcription events. Starved and re-fed d 11 females were assayed by rtq-PCR and 

compared to d 11 fed control females. These treatments significantly altered the level of Bla 

g 1 mRNA expression in adult females (F2,8 = 39.06; P = 0.002). At this age, fed females had 

oviposited and exhibited low Bla g 1 mRNA expression (Figs. 1B, 5). When females were 

starved, Bla g 1 mRNA expression remained low. However, when food was returned to the 

insects after a 5 d starvation period, Bla g 1 expression was nearly 6-fold higher, again 

confirming that food intake, or events associated with it, stimulate Bla g 1 production.  

 

DISCUSSION 

 

This is the first report on the physiological modulation of the level of any of the 6 known 

German cockroach allergens, and indeed, to our knowledge, of any allergen of arthropod 

origin. The German cockroach has long been regarded as a pest of economic importance, and 

repeatedly implicated in the transmission of enteric disease. Since the first report ~40 years 

ago suggesting its involvement in human allergic response (Bernton and Brown, 1964), 

several potent allergens, including Blattella germanica allergen 1 (Bla g 1), have been 

identified and cloned from this cockroach (Schou et al., 1990; Stankus et al., 1990; Pollart et 

al., 1991; Arruda et al., 1995a,b, 1997; Chapman et al., 1998; Jeong et al., 2003). However, 

despite the plethora of information from clinical studies on the impact of cockroach allergens 
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on allergic individuals, and from environmental studies on the prevalence of allergens in 

infested structures, only recently has research begun to address some fundamental questions 

regarding the biology of the allergens produced by the German cockroach (Fan et al., 2004; 

Gore & Schal, 2004). The present study aimed to elucidate the hypothesized relationship 

between Bla g 1 production and events associated with reproduction, particularly in adult 

females of the German cockroach (Gore & Schal, 2004). 

Quantitative analyses of Bla g 1 mRNA and production of the Bla g 1 protein in 

females indicated that both are closely modulated in relation to the reproductive cycle. 

Relative to d 1, Bla g 1 expression reaches maximal levels in vitellogenic females around d 

3–5, followed by a dramatic decline through d 7 to 11. The female’s Bla g 1 protein content 

likewise increases during the first 5 d after adult eclosion, concomitantly with early stages of 

vitellogenesis, when the juvenile hormone titer increases and the basal oocytes mature (Schal 

et al., 1997). During pregnancy, a period marked by low juvenile hormone levels (Sevala et 

al., 1999; Cruz et al., 2003) the Bla g 1 titers remain low.   

However, unlike juvenile hormone, which continues to rise through d 7 (Sevala et al., 

1999), Bla g 1 levels decline considerably after d 5. It appears, therefore, that Bla g 1 

production is less related to juvenile hormone and more so to food intake. Food consumption 

by adult female B. germanica follows a well-defined pattern. Food intake peaks around d 2–

4, followed by a dramatic decline during which the female continues to provision her eggs, 

oviposits them into an egg case, and incubates her developing embryos for ~20 d. Only little 

and sporadic feeding occurs during this protracted ‘pregnancy’ (Lee & Wu, 1994; Schal et 

al., 1994; DeMark & Bennett, 1995; Osorio et al., 1998; Sevala et al., 1999).  
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The relationship between Bla g 1 and food intake was also explored experimentally 

by starving adult females. Whereas gut Bla g 1 levels of normally fed females exhibited a 

typical cycle that mirrored the gonadotrophic cycle, both starvation and re-feeding of starved 

females resulted in clear shifts in Bla g 1 production. In starved females we were able to halt 

the normal cyclic production of Bla g 1 at an intermediate level. When food was returned 

after 5 d of starvation, Bla g 1 production in the gut resumed at normal levels with a delayed 

peak and a subsequent decline, as in normally fed females. Quantitative analysis of mRNA 

expression levels confirmed the ELISA results, leading us to conclude that the production of 

Bla g 1 is upregulated by food intake, or events associated with it. 

These data, together with the results of Gore & Schal (2004) showing 

disproportionately higher Bla g 1 protein levels in the midgut than in the foregut and hindgut, 

raise at least two interesting possibilities about the physiological function(s) of Bla g 1. One 

hypothesis is that Bla g 1 may serve a digestive purpose. Bla g 1 shares 35–40% deduced 

amino acid sequence identity with ANG12 of Anopheles gambiae (Giles) (Accession No. 

Q17040) and AEG12 of Aedes aegypti (L.) (Accession No. AY038041), both of which are 

produced in the midgut of the female mosquito and undergo temporal changes in expression 

relative to the acquisition of a bloodmeal (Müeller & Crisanti, unpublished, Accession No. 

Q17040; Morlais et al., 2003). Furthermore, Bla g 1 sequences contain myristoylation and 

trypsin-cleavage sites suggesting that it is post-translationally modified and secreted into the 

digestive tract.  

Another interesting possibility is that Bla g 1 actually serves a structural rather than 

an enzymatic role in the midgut. Although Pomes et al. (1998), using sequence analysis 

programs, suggested that Bla g 1 is not a membrane protein, but instead is secreted from the 
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midgut epithelium through the rough endoplasmic reticulum, Bla g 1 also shares 37% amino 

acid sequence identity with the Tenebrio molitor cockroach allergen-like protein (Ferreira et 

al., unpublished, Accession No. AY327800), which, like AEG12 (Shao & Jacobs-Lorena, 

unpublished; Accession No. AY050565) has been described as a microvillar membrane 

protein. This presumed function may account for the observation that the Bla g 1 

concentration in faeces is highest as feeding subsides. It suggests that microvilli might be 

sloughed off after large food boluses pass through the midgut. Nevertheless, further 

functional assays will be needed to resolve these two hypotheses.  

Cockroach faeces is a source of some allergens (Richman et al., 1984; Zwick et al., 

1991), and our recent results unambiguously showed that Bla g 1 is produced exclusively 

within the midgut and is excreted in faeces (Gore & Schal, 2004). Because faeces production 

is an indirect measure of food consumption, it is not surprising that the production of faeces, 

reported herein, follows very closely the patterns of food consumption previously reported 

for female B. germanica. Adult males have no discrete feeding patterns and eat 

comparatively less than females (Hamilton & Schal, 1988; DeMark & Bennett, 1995), a point 

reflected in our results which show that, in general, females produce nearly an order of 

magnitude more faeces than males, especially during their vitellogenic stage.   

In general, the Bla g 1 content of female faeces follows the patterns of faeces 

production. Surprisingly however, greater faecal mass does not always correspond to higher 

Bla g 1 levels. Rather, faecal Bla g 1 tends to peak 1–2 d after maximal faeces excretion, 

possibly related to a delay in the upregulation of the Bla g 1 transcript relative to food intake 

(but see Fig. 1). This delay is best observed near oviposition, on d 8 and 9 of the first 

gonadotrophic cycle, and again on d 33 of the second cycle, when faeces production is 
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minimal but the concentration of Bla g 1 in female faeces peaks at >1700 Units/mg faeces. 

These high concentrations in females represent ~12-fold more Bla g 1 per mg faeces than in 

males.  

Females consistently produced more Bla g 1 than males, as previously noted for 

vitellogenic females (Gore & Schal, 2004). Following oviposition, however, faecal Bla g 1 

dramatically declined and remained low during pregnancy, a protracted period during which 

Bla g 1 in male faeces was typically greater than in females, albeit only slightly so. 

Nonetheless, over the course of a single reproductive cycle (~28 d), females excrete ~3-fold 

more faeces and produce ~8-fold more Bla g 1 than males. Moreover, since adult females 

tend to live nearly twice as long as males (Ross & Mullins, 1995), the potential lifetime input 

of a single adult female to environmental Bla g 1, from faeces alone, would be ~25,000–

50,000 Units compared to ~2,000–3,000 Units for males. However, the tendency of males to 

travel greater distances than females (DeMark & Bennett, 1995) may result in spreading of 

their allergen-laden faeces over a larger residential area. In any case, it is still apparent that 

both sexes are quite capable of excreting enough allergen to easily surpass the human 

sensitization (2 Units/g of environmental dust) (Eggleston et al., 1998) and morbidity (8 

Units/g of environmental dust) (Rosenstreich et al., 1997) thresholds for exposure, even 

during periods of low faeces excretion. 
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TABLE 1. Real time PCR primers and probes. 

Name Orientation Oligonucleotide sequence 5΄–3΄ Nucleotide 
number 

Forward 
primer ACTAGTGAGAACTCAAGACTGATACGT 

1235–1258 

Reverse 
primer CGTGGAACAATCAAAATATAATACAAGTGTTCA 

1350–1318 Bla g 1 a 

Taqman 
probe CCAAACTTCATTTCTGATAATAA 

1269–1291 

    
Forward 
primer GCATCACACCTTCTACAATGAACTC 

90–114 

Reverse 
primer CTGTTGGCCTTTGGGTTCAG 

179–160 Actin b 

Taqman 
probe CCAGAGGAACACCCAATCC 

124–142 

 

a Bla g 1 primers and probes were designed based upon a non-repeating segment of the 
known cDNA sequence of clone Bla g 1.0101 (Accession No. AF072219). 
b Actin primers and probe were designed based upon Blattella germanica actin (Accession 
No. AY004248). 
Taqman probes were labeled with FAM at the 5΄ end and TAMRA at the 3΄ end.  
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FIGURE 1. (A.) Changes in Bla g 1 content of adult female German cockroaches in relation 
to the reproductive cycle. Whole body Bla g 1 content was quantified by ELISA and 
expressed as Units per female ± SEM (n = 10 females). (B.) Relative changes in Bla g 1 
mRNA expression of adult female German cockroaches in relation to the reproductive cycle. 
Values, representing the mean ± SEM (n = 3 alimentary tract cDNA per day), were 
normalized to Blattella germanica actin and d 1 values. Fold-change in expression was 
calculated using the formula: relative quantification = 2-∆∆CT. Means accompanied by 
different letters are significantly different (Fisher's LSD, P < 0.05). 
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FIGURE 2. (A.) Changes in the mass of faeces excreted and faecal Bla g 1 content per adult 
female German cockroach per 24 h and (B.) in the calculated concentration of Bla g 1 in 
faeces (Units per mg). Values represent the mean ± SEM (n = 10). Faecal Bla g 1 content 
was quantified by ELISA and expressed as Units. 
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FIGURE 3. (A.) Changes in the mass of faeces excreted and faecal Bla g 1 content per adult 
male German cockroach per 24 h and (B.) in the calculated concentration of Bla g 1 in faeces 
(Units per mg). Values represent the mean ± SEM (n = 10). Faecal Bla g 1 content was 
quantified by ELISA and expressed as Units. 
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FIGURE 4. Changes in gut Bla g 1 content in fed, starved and re-fed adult female German 
cockroaches. Starvation commenced on d 2, and some females were re-fed on d 7, as 
indicated by the schematic diagram below the abscissa (black bar = fed, grey bar = starved). 
Gut Bla g 1 content was quantified by ELISA and expressed as Units per female gut ± SEM 
(n = 5). 
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FIGURE 5. Relative changes in Bla g 1 mRNA expression in 11 d-old fed, starved and re-fed 
adult female German cockroaches, treated as in Fig. 4. Values, representing the mean ± SEM 
(n = 3 alimentary tract cDNA), were normalized relative to Blattella germanica actin and d 
11 fed females. Fold-change in expression was calculated using the formula: relative 
quantification = 2-∆∆CT. The reproductive stage of females on d 11 is represented on the 
abscissa, below which are schematic diagrams depicting the treatment (black bar = fed, grey 
bar = starved). Means with different letters are significantly different (Fisher's LSD, P < 
0.05). 
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CHAPTER IV 

 

 

 

Laboratory Evaluation of Boric Acid-Sugar Solutions as Baits  

for Management of German Cockroach Infestations 

 

 

 

 

 

 

 

 

 

 

 

  

1 A version of this chapter, in similar format, was published in the Journal of Economic 

Entomology in 2004 in volume 97 (pp. 581-587) with C. Schal as coauthor.   
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ABSTRACT 

 Boric acid dust has a long history as an insecticide in urban pest management and it 

has been shown to be an effective alternative to conventional neurotoxic insecticides.  

However, dust formulations require specialized equipment and are difficult to apply, while 

gel and paste formulations contain large amounts of boric acid and tend to be less efficacious 

than other insecticide baits.  The purpose of this study was to evaluate the effectiveness of 

borate solutions as baits against the German cockroach.  Several borate-sugar combinations 

were evaluated in choice and no-choice assays in the laboratory.  Mortality was recorded for 

15 d and expressed as LT90—the time taken to kill 90% of the cockroaches.  Results showed 

that boric acid was more effective than sodium tetraborate or disodium octaborate 

tetrahydrate, and that aqueous solutions containing mixtures of 0.5–2% boric acid and any of 

several inexpensive sugars, including fructose, glucose, maltose and sucrose as a 

phagostimulant, at molar concentrations of 0.05–1.0-M, can provide rapid and effective kill 

of German cockroaches.  

 

Key words. German cockroach, boric acid, liquid bait, insecticide, IPM 
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INTRODUCTION 

Boric acid (H3BO3) dust, a non-volatile, slow-acting inorganic insecticide, has long 

been used in urban pest management (Ebeling 1995).  Negligible absorption of boric acid 

through unbroken skin, and relatively low mammalian toxicity (Fail et al. 1998, Hubbard 

1998, Wester et al. 1998) have contributed to its favorable safety record as an insecticide. 

Nevertheless, following World War II, the use of inorganic insecticides in structural pest 

management gave way to organic, neurotoxic compounds, which provided much faster kill.  

For almost 40 years, conventional cockroach management has thus shifted to greater reliance 

on spray applications of residual formulations of broad-spectrum organic insecticides, 

primarily organophosphates and pyrethroids.  In the last two decades, however, insecticide 

baits have largely displaced other formulations for control of German cockroaches and other 

structural pests, especially as components of integrated pest management programs (Appel 

1990, Reierson 1995).  Because insecticides in baits are part of a solid or gel matrix that is 

applied in cracks and crevices, the toxins are typically much less translocatable and therefore 

less hazardous than in spray formulations.  However, baits containing 30–50% boric acid 

have been only marginally effective against the German cockroach (Appel 1992). 

Recent regulatory restrictions imposed by the U.S. Food Quality Protection Act 

(FQPA) of 1996, the large financial obligation required for pesticide registration, health and 

environmental concerns, and the emergence of insecticide resistance in urban pests have led 

to a vigorous search for alternative, cost-effective pest management approaches, including a 

re-examination of boric acid dust (Zurek et al. 2002, 2003).  However, dust formulations are 

usually more difficult to apply, require specialized equipment, and can result in drift and 
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translocation in windy conditions.  Therefore, alternative formulations have been sought to 

counter these limitations.   

A favorable property of boric acid is its relatively high solubility in water and 

apparent lack of repellency to German cockroaches (Ebeling et al. 1966, Strong et al. 1993).  

Water can thus serve as a matrix into which water-soluble attractants such as aggregation 

pheromones, food odorants, and phagostimulants (Rust and Reierson 1977, Sugawara et al. 

1975, Tsuji 1965, Wileyto and Boush 1983) may be added.  Although recent studies have 

shown that liquid baits containing boric acid and sucrose can be effective against several ant 

species (Klotz and Moss 1996, Klotz et al. 1996, 1997a,b) and house flies (Hogsette and 

Koehler 1994), such formulations have not been tested against cockroaches.  The goal of our 

study was to develop liquid borate baits for the control of German cockroach populations.  

We undertook four objectives, namely to (a) determine which of three borates would be most 

effective, (b) determine which of various sugars is most effective as a phagostimulant in a 

borate solution, (c) develop dose-mortality curves with various borate-sugar combinations, 

and (d) evaluate the efficacy of a prototype aqueous bait under field conditions.  Herein we 

report the results of the first three aims, while the field evaluation are reported separately 

(Gore et al. 2004). 

 

MATERIALS AND METHODS 

Insects and Experimental Cages.  Adult males (12–18 d old) and females (1–2 d 

old) were collected from a synchronously reared laboratory colony of insecticide-susceptible 

German cockroaches (American Cyanamid strain, Princeton, NJ).  Cockroaches were 

supplied ad libitum with rat chow (Purina No. 5012, Purina Mills, St. Louis, MO) and water 
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was provided in glass tubes with cotton stoppers.  The inner vertical surfaces of Plexiglas 

cages (small cage: 30 X 15 cm; large cage: 30 X 117 cm) were coated with a thin layer of 

petroleum jelly to prevent cockroaches from escaping.  Each cage was provided a paper egg 

carton for refuge.  Cockroaches were allowed to acclimate in cages for 48 h before the start 

of each assay. 

Borate Assays.  In no-choice assays, 20 adult females were provided water vials 

containing various concentrations (wt/vol) of boric acid (Fisher Chemicals, Fair Lawn, NJ), 

sodium tetraborate (borax) (Sigma Chemical Co., St. Louis, MO), or disodium octaborate 

tetrahydrate (DOT) (MOP-UP®, Waterbury Companies, Independence, LA) without access to 

clean water.  In two-choice assays, females were provided a choice of distilled water and one 

of the three borates.  Each assay was conducted twice in both small and large cages.  

Mortality was recorded daily for 15 d. 

Sugar Assays.  Choice assays consisted of 24 h, 48 h, or continuous exposures to 

water vials containing 0.5% or 1% boric acid with and without 0.1-M sugar in either small (n 

= 20 females) or large (n = 50 males) cages. In a preliminary screen of sugars, assays were 

conducted only once after exposure to baits for 24 or 48 h, but assays of continuous exposure 

were replicated (n = 40 females).  Sugars assayed were D(-)-fructose (ICN Biochemicals, 

Cleveland, OH), D(+)-sucrose (Fisher Chemicals, Fair Lawn, NJ), maltotriose, D(+)-

melezitose, D(+)-trehalose, D(+)-maltose, palatinose, L(-)-sorbose, D(-)-mannose, D(+)-

glucose, D(+)-galactose, D(+)-xylose, D(-)-ribose, L(+)-arabinose, and D(-)-arabinose 

(Sigma Chemical Co., St. Louis, MO).  The glycoside p-nitrophenyl α-D-glucopyranoside 

(Sigma) was also assayed.  Mortality was recorded daily for 15 d. 
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Combined Boric Acid and Sugar Assays.  In each assay, 30 males in a small cage 

were given a 48 h choice between distilled water and a boric acid-sugar solution.  Sugars 

were selected based upon the preliminary screen above, and they included maltose, sucrose, 

glucose, and fructose at concentrations ranging from 0.01 to 2.0-M.  Boric acid was assayed 

at concentrations of 0.5, 1.0, and 2.0% wt/vol.  Controls consisted of water vials that 

contained boric acid but no sugar.  Mortality was recorded daily for 15 d.  

Data Analysis.  Lethal time (LT90) values were generated by PROC UNIVARIATE 

and analyzed by ANOVA (PROC GLM) in SAS 8.2 (SAS Institute, 2001) to determine if 

borate type, sugar type, combinations of boric acid and sugars, and their concentrations 

affected mortality.  Treatment means were compared using Fisher’s LSD (α = 0.05). 

 

RESULTS 

Comparison of Borates.  Days to 90% mortality (LT90 values) were determined in 

response to three different borates in no-choice and choice assays in small cages.  All three 

borates resulted in relatively rapid mortality when females were confined in small cages and 

forced to drink 0.5–5% borate-laced water (no-choice assays) (Fig. 1A, Table 1); none of the 

control females exposed to clean water without borates died in these assays.  At all 

concentrations >2%, boric acid killed cockroaches faster than the other borates (F1, 71 = 480, 

P < 0.0001; t6 = 2.45, P < 0.05).  This pattern was even more pronounced in two-choice 

assays (Fig. 1B, Table 1).  Mortality was significantly slower (t36 = 2.03, P < 0.05) in two-

choice assays than in no-choice assays.  Furthermore, given a choice of clean water and 

various concentrations of borax- or DOT-water, females avoided the borates and survived the 

15 d assays. On the other hand, females exposed to boric acid under these conditions 
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exhibited a significant dose-dependent mortality, indicating that there was minimal 

avoidance of this insecticide (Fig. 1B).   

Because the two choices were only 12.5 cm from each other in the small cages, 

females could easily sample both choices while foraging.  Larger cages represent more 

realistic foraging conditions, and we expected females to less clearly discriminate among the 

borates.  In fact, we obtained similar results using large cages (Fig. 1C, D, Table 1).  Under 

these conditions females also avoided disodium octaborate tetrahydrate and sodium 

tetraborate in favor of clean water, but did not avoid the boric acid bait.  Based on these 

results, only boric acid was included in further studies. 

Comparison of Sugars.  To compare the palatability of various sugars, we exposed 

50 males for 24 or 48 h to a choice of clean water and baits containing 0.1-M sugar and 1% 

boric acid in water; survivorship was monitored for 15 d.  Only two sugars, maltose and 

sucrose, caused males to consume lethal amounts of boric acid during the 24 h exposure (Fig. 

2).  Most other sugars resulted in lower LT90 values after a 48 h exposure in large cages, but 

none performed significantly better than maltose and sucrose.  Boric acid solutions 

containing ribose or sorbose failed to kill 90% of the cockroaches within 15 d. 

These results were confirmed with 1–2 d old females (feeding stage) continuously 

exposed in small cages to a choice of clean water and water solutions containing 0.5% boric 

acid and 0.1-M sugar.  Although many sugars were equally effective in stimulating females 

to consume boric acid, several, including ribose and sorbose, were weakly active (Fig. 3).  

The glycoside p-nitrophenyl α-D-glucopyranoside was the least effective in these assays.  

Based upon the results of these screens of various carbohydrates, and considering their cost 
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for future implementation in pest management programs, we selected maltose, sucrose, 

glucose and fructose for further assays. 

Complete survival was observed in control cohorts of male cockroaches that were not 

exposed to boric acid (data not shown).  Solutions of 0.5, 1.0 and 2.0% boric acid without 

sugar caused dose-dependent mortality with LT90 = 5.8 d at 2% boric acid and LT90 values 

exceeding 15 d at 0.5% boric acid (Fig. 4). 

The concentration of boric acid and the concentration of sugar significantly affected 

mortality of cockroaches (F4, 155 = 77.49, P < 0.0001 and F5, 155 = 56.34, P < 0.0001, 

respectively; Fig. 4).  Although ANOVA indicated that the type of carbohydrate alone did 

not affect mortality, a significant interaction of sugar concentration and boric acid 

concentration (P = 0.0007) indicated that different sugars resulted in significantly different 

levels of mortality at different dose combinations.  At low boric acid levels (0.5% and 1%), 

all four sugars were most effective at intermediate molar concentrations, and less so at low 

and high sugar concentrations.  At 2% boric acid, the addition of sugar contributed less to the 

LT90 values, but at concentrations of sugar >1-M the baits were aversive to cockroaches and 

thus resulted in delayed mortality (Fig. 4). 

Mixtures of glucose and boric acid resulted in dose-dependent mortality (F17, 35 = 

5.43, P = 0.0004; Fig. 4A).  Whereas no mortality was observed with 0.5% boric acid alone, 

the addition of 0.1, 0.5, and 1.0-M glucose resulted in significant mortality within 15 d.  With 

1% boric acid, LT90 values were lowest (rapid mortality) when 0.1 or 0.5-M glucose was 

added.  However, higher molar concentrations of glucose were aversive to cockroaches and 

2.0-M glucose significantly delayed mortality relative to 1% boric acid baits without glucose 

(15.5 ± 0.5 vs. 10.8 ± 1.9; t81 = 1.99, P < 0.05; Fig. 4A).  Addition of glucose to a 2% boric 
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acid solution failed to significantly hasten mortality.  Nevertheless, LT90 values as low as 3.0 

d were obtained with mixtures of 2% boric acid and 0.05-M glucose. 

Baits with the monosaccharide fructose resulted in similar dose-dependent mortality 

to glucose (P < 0.0001; Fig. 4B).  However, unlike glucose, cockroach mortality on 1% boric 

acid and low fructose concentrations (0.01 and 0.05-M) was significantly greater than 

without fructose. 

The disaccharides sucrose and maltose were more effective than the monosaccharides 

at equivalent molar concentrations. At 0.5 and 1% boric acid, LT90 values were lowest with 

0.05–0.5-M sucrose solutions and increased at both lower and higher concentrations of 

sucrose (P < 0.0001; Fig. 4C).  With maltose, 0.5 and 1% boric acid solutions killed 

cockroaches even more rapidly than sucrose at equivalent concentrations of 0.01-M (Fig. 

4D).  

 

DISCUSSION 

Borates have been used primarily as dusts for management of structural pests.  Dust 

formulations take advantage of the grooming habits of insects, whereby insecticide is 

ingested after being removed from antennae and other appendages.  However, repellency of 

some dusts has seriously limited their efficacy on cockroaches.  Borax dust, for example, is 

moderately repellent to cockroaches and adheres less to their cuticle than does boric acid 

(Ebeling et al. 1966).  Unlike other inorganic insecticides and many fast acting organic 

insecticides, boric acid is not repellent to German cockroaches when properly used as either a 

dust (Ebeling et al. 1966) or as bait (Strong et al. 1993).  Because boric acid has a favorable 

safety record and no known cases of resistance in insects, it was extensively used before the 
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advent of fast acting organic insecticides, including carbamates, organophosphates, and 

pyrethroids.  Although it has been suggested that cuticular penetration and the destruction of 

the foregut epithelium contribute to its insecticidal activity (Cochran 1995, Ebeling 1995), 

the mode of action of boric acid remains unresolved.  Sublethal effects, including premature 

drop of oothecae and reduced hatching success, may also contribute to its efficacy (Barson 

1982, Zhou and Patourel 1990). 

Our recent research has shown that boric acid dust is effective as a stand-alone 

treatment for cockroach infestations in swine farms (Zurek et al. 2003) or in combination 

with Metarhizium anisopliae in lab assays (Zurek et al. 2002).  However, extensive dust 

applications, as required in agricultural settings, entail specialized and expensive equipment.  

Also, such applications, including in residential settings, may expose occupants and 

applicators to respiratory health risks associated with dust inhalation.  Therefore, our goal has 

been to develop and evaluate aqueous solutions of borates for cockroach control. 

Our first step in the development of aqueous borate baits was to determine which 

borate would be most effective.  Although disodium octaborate tetrahydrate solutions are 

significantly more toxic to cockroaches than boric acid solutions in no-choice tests, Strong et 

al. (1993) reported that disodium octaborate tetrahydrate was also more repellent than boric 

acid.  Our results showed that solutions of disodium octaborate tetrahydrate and boric acid 

performed equally, but significantly better than borax in no-choice assays (Table 1).  In 

choice assays, however, boric acid consistently performed better than either disodium 

octaborate tetrahydrate or borax, suggesting that cockroaches are less averse to eating boric 

acid.  We therefore excluded disodium octaborate tetrahydrate and borax from further 

considerations in bait development.  Because the cotton surface became encrusted with 
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crystallized boric acid at high (>2%) concentrations, we decided to consider more dilute 

boric acid solutions in subsequent assays. 

Second, we evaluated whether various sugars could enhance the insecticidal activity 

of boric acid solutions.  It is important to note that water itself constitutes a vital and 

attractive resource for cockroaches.  Cockroaches drink regularly (e.g., Cochran 1983) and 

survive longer in higher than in lower humidity (Dambach and Goehlen 1999).  Numerous 

reports have suggested that reducing water availability—for example, through improved 

sanitation—can reduce cockroach infestations (Schal and Hamilton 1990, Appel 1997).  The 

trend in the last decade to deploy gel baits in place of solid insecticide baits or pastes also is 

largely based upon greater acceptance by cockroaches of bait formulations with high water 

content.  Other urban pests, Argentine ants for example, consume twice as much liquid 

sucrose bait as gel formulations of the same bait (Silverman and Roulston 2001).  Because 

boric acid appears to interfere with water balance, insects may also elevate ingestion rates of 

boric acid solutions to counteract dehydration (Klotz et al. 1996, Strong et al. 1993). 

Our ultimate goal is to control cockroach populations with a boric acid-sugar bait.  

We therefore monitored cockroach mortality on sugar-boric acid mixtures as an indirect 

measure of bait intake, rather than directly measure ingestion of various sugars.  For this 

reason we also measured LT90 rather than LT50 values.  Several carbohydrates were clearly 

ineffective in these assays, including some highly nutritious sugars, like galactose and 

mannose, as well as sugars with relatively less nutritional value, such as ribose and sorbose 

(Figs. 2, 3).  We included p-nitrophenyl α-D-glucopyranoside in these assays because in the 

blowfly Phormia terraenovae Robineau-Desvoidy it was ≈10-fold more effective than 
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sucrose at stimulating labellar electrophysiological responses (Dethier 1976).  However, this 

glycoside was least effective in our assays with the German cockroach (Fig. 3). 

Tsuji (1965) found that L-arabinose, maltose, sucrose, glucose, and fructose were 

moderately to highly effective feeding stimulants to cockroaches.  Our results generally 

corroborate Tsuji’s (1965) findings.  Water-based baits containing 0.5 or 1.0% boric acid 

killed cockroaches significantly faster when fortified with the monosaccharides fructose, 

glucose, and L-arabinose, the disaccharides maltose, sucrose, and trehalose, or the 

trisaccharides maltotriose and melezitose (Figs. 2, 3).  Nevertheless, several of these 

sugars—for example, melezitose—are prohibitively expensive for practical pest control.  

Arabinose, however, may be of interest for future investigations because it is relatively non-

nutritious (Dethier 1976), yet it stimulates feeding, a combination that might result in greater 

long-term ingestion. 

Our evaluation of the four most active sugars in combination with boric acid revealed 

that maximum mortality was typically achieved at low to moderate sugar molar 

concentrations (Fig. 4).  With 1% boric acid and sugar concentrations <0.1 or >1-M, these 

mixtures became increasingly less effective; little or no mortality was observed at 2.0-M 

sugar.  Although behavioral aversion of high molar concentrations of sugars is likely at play, 

physical changes on the cotton surface, which became encrusted with solid sugar within 24 h 

of deployment of high sugar solutions, also hindered feeding. 

Of the four sugars, the disaccharides outperformed glucose and fructose.  Maltose is 

especially interesting because it occurs in male German cockroach tergal gland secretions, 

along with maltotriose and other maltose derivatives (Nojima et al. 2002).  These sugars are 

offered to females during courtship and thus serve as highly effective pre-nuptial 
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phagostimulants, arresting the female while the male attempts copulation.  Nevertheless, 

largely for economic reasons, we chose to develop and field evaluate a prototype bait 

consisting of 1% boric acid and 0.5-M sucrose.  In addition to serving as a phagostimulant, 

the relatively high sucrose concentration also retards microbial growth and therefore 

significantly extends the interval between successive refilling of the baits in highly infested 

settings.  Dethier (1976) stated that “next to water, sucrose is the most universally acceptable 

compound.”  Indeed, boric acid solutions containing sucrose have proved successful against 

other structural pests including pharaoh ants (Klotz et al. 1997a) and Argentine ants (Klotz et 

al. 1998).  Sucrose solutions containing ≤ 1.0% boric acid also resulted in 90% reduction in 

brood and workers of the red imported fire ant (Solenopsis invicta Buren) (Klotz et al. 

1997b). 

Dispenser-contained liquid formulations of boric acid potentially could serve as 

effective alternatives to conventional cockroach management.  Such dispensers would use 

≈1% boric acid, representing a substantial reduction in active ingredient compared with dust 

(≈100% AI) and solid bait (30–50% AI) formulations.  The addition of inexpensive and 

readily accessible sugars can enhance the efficacy of boric acid, further reducing AI 

concentration.  The benefits of this approach include reducing risk of exposure to harmful 

dusts or more toxic insecticides that are typically used in cockroach control.  Ultimately, 

acceptance of these baits will depend upon efficacy and ease of use.  We have evaluated the 

efficacy of liquid formulations of boric acid for German cockroach population management 

in confinement swine production.  Their efficacy is comparable to that of boric acid dust or 

residual applications of cyfluthrin wettable powder formulations (Gore et al. 2004). 
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TABLE 1.  Time (d) to 90% mortality (LT90) for all concentrations combined of each borate 
in no-choice and choice assays in small and large cages 

 
   LT90 ± SEM (d)a 

Assay Borateb N Small cages Large cages 

No-choice Borax 12 5.7 ± 0.43 a 6.5 ± 0.28 a 

No-choice DOT 12 5.0 ± 0.30 b  5.5 ± 0.79 a,b 

No-choice Boric acid 12 4.4 ± 0.49 b 4.7 ± 0.49 b 

     

Choice Borax 12 16.0 ± 0.00 a 15.6 ± 0.42 a 

Choice DOT 12 14.8 ± 0.76 a 13.9 ± 1.36 a 

Choice Boric acid 12 7.6 ± 1.72 b 8.5 ± 1.24 b 

 
LT90 values represent time to 90% mortality. Values greater than 15 d represent less than 

90% mortality at the conclusion of the 15 d bioassay.   
a Means within columns and within assay type (choice, no-choice) with the same letter are 

not significantly different using LSD. 
b Borax is sodium tetraborate, and DOT is disodium octaborate tetrahydrate. 
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FIGURE 1.  No-choice and choice mortality assays with water solutions of various concentrations of three different borates in 
small and large cages.  Clean water was also provided in the choice assays.  LT90 values represent d to 90% mortality from 
univariate analyses.  Each point represents the average (± SEM) of duplicate assays, each with 20 adult females. 
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FIGURE 2.  Time to death (LT90 in d) after 24- or 48-h exposure to solutions of 0.1-M sugar and 1.0% boric acid in large cage 
choice assays.  Fifty adult males were monitored for each exposure time-sugar combination.  LT90 values >15 d represent less 
than 90% mortality at the conclusion of the 15 d assay.  See Materials and Methods for complete designations of sugar 
stereoisomers. 
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FIGURE 3.  Time to death (LT90 in d) under continuous exposure to solutions of 0.5% boric acid and 0.1-M sugar.  Values 
expressed as LT90 ± SEM in d and LT90 values >15 d represent less than 90% mortality at conclusion of the 15 d assay.  Each 
bar represents the average (+ SEM) of duplicate assays, each with 20 adult females. See Materials and Methods for complete 
designations of sugar stereoisomers. 
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FIGURE 4.  Dose-mortality curves for boric acid-sugar combinations in water, reflecting preference-aversion decisions by 
cockroaches.  Adult males (n = 30) in a small cage were exposed for 48-h to a choice of clean water and water containing boric 
acid and sugar.  Mortality is expressed as the mean LT90 values (in d) of 2 replicates ± SEM.  LT90 values >15 d represent less 
than 90% mortality at the conclusion of the 15 d assay. 
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Water Solutions of Boric Acid and Sugar for  

Management of German Cockroach Populations  

in Livestock Production Systems 

 

 

 

 

 

 

 

 

 

  

1 A version of this chapter, in similar format, was published in the Journal of Economic 

Entomology in 2004 in volume 97 (pp. 715-720) with L. Zurek, R.G. Santangelo, S.M. 

Stringham, D.W. Watson and C. Schal as coauthors.   
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ABSTRACT 

 Pest management in confinement swine production relies primarily on calendar-based 

applications of broad-spectrum insecticides.  However, regulatory restrictions imposed by the 

US Food Quality Protection Act of 1996, the large financial obligation of pesticide 

registration, and development of insecticide resistance have led to a renewed search for 

alternative control methods.  Boric acid dust has long served as an insecticide in urban pest 

management and has been shown to be an effective alternative for use in sensitive 

environments such as swine production.  However, dust formulations are difficult to apply 

and require specialized equipment.  The purpose of this study was to evaluate the efficacy of 

liquid baits containing boric acid for the control of German cockroaches in a commercial 

swine nursery.  Bait, consisting of 1 or 2% boric acid and 0.5-M sucrose, was deployed in 21 

bait delivery tubes per room.  Results of a 2 yr study showed significant reductions in 

cockroach populations.  When baits were withdrawn in the summer, the cockroach 

population increased significantly faster than when the baits were removed during the winter.  

These data indicate that liquid formulations of boric acid effectively reduce the burden of 

cockroach infestation in swine production.  This approach should have applications in 

structures in other urban and agricultural environments. 

 

Key words.  German cockroach, boric acid, insecticide bait, swine production, IPM 
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INTRODUCTION 

 In the last two decades, traditional pork production has given way to a confinement 

rearing system in which lactating sows are housed with piglets in individual pens within 

enclosed, temperature-controlled farrowing rooms.  Older piglets are likewise housed in 

groups in temperature-controlled nurseries.  This “urbanization” of swine farming in roughly 

constructed structures has also led to the appearance and intensification of traditional urban 

pest problems typically associated with structures.  The German cockroach, Blattella 

germanica (L.), is a synanthropic pest clearly recognized as medically and economically 

important (Schal and Hamilton 1990, Brenner 1995, Rosenstreich et al. 1997) and substantial 

effort is being expended on developing tactics to mitigate its harmful effects (Arbes et al. 

2003, 2004).  German cockroaches are intimately associated with swine and have been 

observed at night on pig manure, feed, and on the animals (Waldvogel et al. 1999).  Although 

cockroaches have not been directly associated with transmission of swine diseases, the 

potential for such a case certainly exists.   

Several features of the swine production system—many of which are integral 

components of production practices—are highly favorable to the growth of pest populations.  

Farrowing barns (for birthing and lactation) and nurseries are maintained at relatively high 

temperatures (~30ºC).  Hog feed is always present and serves as an excellent source of 

nutrients not only for swine but also for insect pests.  Drinking spouts and sprinklers that 

keep sows cool, and frequent flushing of the under-floor pits and gutters provide ample water 

for pests.  Furthermore, the roughly constructed buildings provide excellent pest refugia 

within the walls and other voids.  As a result, German cockroach infestations have become a 

serious problem for swine farms. 
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Swine are a major agricultural commodity in North Carolina; the 10 million hogs 

represent more than $1 billion.  As in many swine facilities in the U.S., North Carolina 

growers rely largely upon broadcast, calendar-based applications of broad-spectrum synthetic 

organic insecticides, primarily organophosphates and pyrethroids, for pest management.  

Such frequent application regimes can lead to the development of insecticide resistance and 

failure of chemical control measures (Cochran 1995).  Furthermore, frequent applications of 

insecticides may pose an undue health risk to workers, animals and the consumer, as well as 

the environment.  Regulatory restrictions imposed by the U.S. Food Quality Protection Act of 

1996 and the great financial burden required for registration of insecticides has limited the 

availability of effective pesticides and their labeling for this environment.  Therefore, 

alternative approaches to calendar-based applications of neurotoxic insecticides, as well as 

safe, effective, and environmentally sound integrated pest management strategies are needed.  

Waldvogel et al. (1999) showed that proper targeting of pest refugia with a single “clean-out” 

treatment of cyfluthrin, instead of every 3 weeks at the end of each production cycle, could 

provide significant population reduction and at least 3 months of residual activity; this would 

reduce the amount of active ingredient by 99.98%, from 34 kg (AI) to 4.8 g per farm per 

year.  More “environmentally benign” baits (Maxforce and Avert) provided little long-term 

control and their applications were much more labor intensive and costly.   

Boric acid (H2BO3) dust, a non-volatile, slow-acting inorganic insecticide, has long 

been used in cockroach management (Ebeling 1995).  It has a favorable safety profile with 

negligible absorption through unbroken skin (Pfeiffer 1951, Valdes-Dupena and Arey 1962, 

Fail et al. 1998).  We have recently shown that boric acid dust can be used as an effective 

alternative to cyfluthrin for the management of German cockroach infestations in farrowing 
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rooms (Zurek et al. 2003).  Nevertheless, dust formulations are difficult to apply, require 

specialized equipment, and can only be applied when pigs are removed from the room at the 

end of each production cycle.  Liquid formulations of boric acid have previously been shown 

effective against other insect pests (Klotz and Moss 1996, Klotz et al. 1997a,b, 1998) and our 

recent laboratory evaluations of three borates and various sugars in liquid baits have shown 

potential for control of German cockroaches (Gore and Schal 2004).  Water solutions of the 

disaccharides maltose and sucrose at 0.01–0.5-M and 0.5 or 1.0% boric acid provided the 

best results.   

In this study, we evaluate the efficacy of water solutions containing boric acid and 

sucrose as bait against German cockroaches in a commercial swine nursery in Eastern North 

Carolina. 

 

MATERIALS AND METHODS 

Farm.  Trials were conducted in the nursery of a commercial farm located in Duplin 

County, NC. The nursery consisted of four 37.9 m2 rooms, housing approximately 80 piglets. 

Each room was on a six-week production cycle at the end of which it was vacated, washed at 

high pressure, and disinfected before being repopulated with a new lot of piglets. 

Monitoring.  A 7-person-min (i.e., 7 min by one observer, 3.5 min by each of two 

observers) visual inspection of the perimeter of each room was used for cockroach 

monitoring.  Monitoring was consistently conducted by the same personnel and involved 

daytime counting of all visible cockroaches along the walls and within cracks and crevices 

with the aid of a flashlight and a mechanical counter.  Individual cockroaches were counted 

when numbers were low, but in heavily infested rooms cockroaches were counted by fifties.  
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Our previous research (Schal et al. unpublished) has shown a close correlation between 

visual counts and overnight trap catches. These counts represented relative measures of 

population size and they were conducted immediately before treatments and again each time 

bait stations were refilled. 

Treatments.  Bait dispensers were constructed from 30-cm X 3.12-cm-OD thin 

walled PVC tubes connected with two PVC Ell (L) connectors to form a U-shaped feeder 

(Fig. 1A).  A rubber stopper (#8, Fisher Scientific, Pittsburgh, PA) was fitted at the top end 

of the long tube, and a cotton plug at the other end served as a drinking surface for 

cockroaches (Fig. 1B).   Each bait tube was filled with ~500 ml of fresh bait solution of 1 or 

2% boric acid and 0.5-M sucrose and changed every 2–3 weeks.  Twenty-one baits were 

placed in each of the four rooms; 4 vertically oriented dispensers per corner, one vertically 

oriented dispenser on each of two sidewalls, one vertically oriented dispenser on each of two 

door frames, and one horizontally oriented on the upper frame of an outward swinging door.  

Bait placement was based upon locations of cockroach aggregations and where baits were 

inaccessible to piglets. 

Because of concerns about disease transmission and other biosecurity issues, this 

research was restricted to a single farm.  However, modern confinement swine production 

farms are extremely similar in design and production practices.  Treatments were replicated 

over time by sequentially imposing a pesticide treatment and then removing the treatment to 

allow the pest population to increase.  Each of the four rooms in the nursery represented a 

replicate.   

Data analysis.  To compare the results of different trials in the presence of the baits, 

cockroach counts were converted to percentages of the pre-treatment (d 0) counts and 
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analyzed by repeated-measures ANOVA (PROC GLM) in SAS 8.2 (SAS Institute, 2001).  

To compare the increase in the cockroach population after baits were removed in three trials, 

cockroach counts at each census were square root-transformed and analyzed by repeated-

measures ANOVA.  Comparisons of means were conducted with Tukey’s Studentized Range 

Test (α = 0.05).  

 

RESULTS 

Interviews with farm workers indicated that they were most bothered when the 

infestation corresponded to counts > 1,000 cockroaches per room in farrowing barns (Schal 

et al. unpublished).  Based upon this census, a count of 1,000 cockroaches per room was used 

as the treatment threshold.  Nursery rooms are considerably smaller than farrowing rooms, 

but in each case, we began our studies with populations that substantially exceeded this 

threshold.   

In the first trial, baits containing 1% boric acid and 0.5-M sucrose were introduced in 

the summer, when counts averaged 3625 cockroaches per room, and remained deployed for 

62 d (Fig. 2A).  Cockroach counts were significantly reduced by 69 ± 17% (SEM) (Tukey’s, 

df = 30, P < 0.05) within 20 d of introducing the baits to the four rooms of the nursery and 

subsequently remained below the threshold while the baits were present.  Sixty-two d after 

the start of the first trial, when baits were removed from the nursery, cockroach counts had 

been reduced by 94 ± 3%.  However, 43 d after the baits were removed cockroach counts 

significantly increased to 2150 ± 480 per room, or 29 ± 17-fold (Tukey’s, df = 30, P < 0.05) 

relative to the counts on d 62 (Fig. 2A).  Furthermore, the cockroach counts on d 105 also 

correspond to a return to levels not significantly different from those at d 0. 
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The second trial, with the same boric acid-sucrose bait solution, began in October and 

immediately followed the first trial when mean cockroach counts per room were 3225.  As in 

the first trial, a significant decline in cockroach counts was evident 26 d after bait application 

(71 ± 12%; Tukey’s, df = 42, P < 0.05); counts remained below the threshold while baits 

were in place (Fig. 2B).  The bait dispensers were removed in late December (70 d after their 

first introduction), when cockroach counts had been reduced by 90 ± 2%, to 330 

cockroaches.  Counts slowly increased after bait removal, but only by 10 ± 2.9-fold through 

the winter months.  It took 144 d after the baits were removed before cockroach counts were 

significantly greater than the counts on d 70 (Tukey’s, df = 42, P < 0.05).  Nonetheless, only 

98 d after bait removal, cockroach counts had increased to a level not significantly different 

from the pre-treatment (d 0) counts. 

A comparison of these two trials showed a significant effect of the bait over time 

(F1,39 = 16.01, P = 0.0004).  The declines in cockroach counts in the two trials relative to the 

respective pre-treatment counts were not significantly different from each other (Fig. 2A, B).   

The third trial began in mid-June with a cockroach count of ~2300 per room.  We 

doubled the boric acid concentration to 2% in an effort to induce faster declines in the 

cockroach population, and the baits were left in place for ~10 months to evaluate their long-

term efficacy.  Although the visual counts declined below threshold (62 ± 21.1%) within 42 d 

after the baits were installed (Fig. 2C), the rate of this decline was not significantly different 

from the first two trials despite doubling of active ingredient.  During the 10-month 

evaluation the cockroach counts were reduced by 90–99%, and maintained well below the 

threshold level of 1000 cockroaches per room.  Baits were removed in April, 307 days after 

the start of trial three, as cockroach counts stabilized at a low level.  A significant increase of 
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53 ± 17-fold (Tukey’s, df = 54, P < 0.05) in cockroach counts was first evident 113 d after 

baits were withdrawn, at which time the counts were not different from the pre-treatment 

counts.   

A comparison of the three trials following the removal of the baits showed a 

significant effect of trial (F2,67 = 6.13, P = 0.0354) and time after baits were removed (F1,67 = 

133.11, P < 0.0001), indicating a seasonal effect upon the return of suppressed populations to 

the respective pre-treatment levels.  

 

DISCUSSION 

Boric acid is an inexpensive inorganic insecticide with a favorable safety record and 

no known cases of resistance in arthropods.  Various boric acid formulations have been used 

for more than a century for effective management of German cockroach infestations (Ebeling 

1995).  However, its use has declined in the last several decades primarily because much 

faster acting organic insecticides are preferred by consumers and pest management 

professionals. 

Nonetheless, the insecticidal and toxicological profiles of boric acid are highly 

favorable in the agricultural structural environment because its slow insecticidal activity is 

not a major constraint, numerous wall voids can be treated, unsightly dust formulations are 

more tolerated, and dusting can be integrated into the animal production schedule.  Indeed, 

the efficacy of boric acid dust is comparable to that of residual pyrethroid formulations in 

highly infested confinement livestock production barns (Zurek et al. 2003).  But use of the 

dust formulation is limited by certain technical, managerial, and health constraints.  For 

example, insecticide applications occur shortly after a thorough high pressure washing of 
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farrowing or nursery rooms, and the bioavailability of the dust would be reduced on wet 

surfaces.  Also, whereas farrowing cycles are short (~22 d), nursery cycles last up to 45 d, 

during which dust cannot be used around the piglets.  It was therefore necessary to consider 

alternative boric acid formulations. 

Recently, laboratory studies showed that boric acid, admixed with sugar and water as 

a liquid bait, effectively killed cockroaches (Gore et al. 2003).  Dose-mortality studies with 

three borates and various sugars indicated that 0.5–2% boric acid and 0.5-M sucrose resulted 

in the fastest kill under rigorous conditions where cockroaches had access to clean water and 

food.  Ready availability of both bait ingredients and likely acceptance of this approach by 

growers prompted us to test this concept under field conditions.  

The results of the present 2 yr study in a swine nursery corroborated the laboratory 

results.  Cockroach populations in the nursery were significantly reduced by >90% within 1–

2 months (i.e., within one production cycle) and maintained below threshold levels as long as 

the baits were deployed (Fig. 2).  However, the initial declines in visual counts were more 

variable than in farrowing rooms after either boric acid dust or cyfluthrin treatments (Zurek 

et al. 2003).  This is likely attributable to physical and cultural differences between the 

farrowing and nursery rooms.  When a nursery room reaches the end of its production cycle, 

approximately every six weeks, it is vacated and disinfected.  This disturbance can cause 

cockroaches to redistribute to adjacent rooms through loosely constructed walls with large 

voids, open flooring, and an attic.  With no residual insecticides to intercept the moving 

cockroaches, this redistribution can result in transient increases and decreases in the visual 

counts.  Overall, however, it is clear that multiple placements of water-based baits containing 

boric acid and sucrose were highly effective in the field, as they were in the lab. 
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This study reveals interesting comparisons between summer and winter pest 

populations.  Lower winter temperatures in some sections of the nursery cause cockroaches 

to aggregate in fewer favorable areas that are relatively accessible and easy to target with 

baits.  Surprisingly, however, the rate of decline of the cockroach population was similar in 

summer and winter (Fig. 2A, B), suggesting that proper placement of multiple bait dispensers 

can effectively target even highly scattered and rapidly reproducing cockroaches in summer.  

However, the increase in the cockroach population following removal of the boric acid baits 

was much faster in summer (Fig. 2A, 2C) than in winter (Fig. 2B).  This most likely resulted 

from cooler winter temperatures that slowed cockroach development within refugia, despite 

the warm ~30ºC ambient temperature near the piglets.  A similar trend was observed in a 

comparison of cyfluthrin sprays and boric acid dust treatments (Zurek et al. 2003).  These 

results indicate that removal of the baits, as is sometime necessary for farm maintenance, 

would be least disruptive to pest management if done in winter. 

Doubling the boric acid concentration to 2% failed to accelerate the rate of decline of 

the pest population (Fig. 2C).  This confirms laboratory findings that at moderate molar 

concentrations of sugar (0.1–0.5-M) no significant differences were observed between 1 and 

2% boric acid solutions.  Moreover, at high sugar concentrations, boric acid tends to 

precipitate out of the sugar solution and it may physically interfere with cockroaches feeding 

on the bait.  Similar laboratory results have been shown with house flies; ≥ 2.25% boric acid 

mixed with sucrose became repellent and increasingly less efficient (Hogsette and Koehler 

1994).  Nonetheless, our lab results indicated no repellent activity with 2.0% boric acid in a 

0.5-M sucrose solution.  In the end, low levels of boric acid in liquid baits make this a low 
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cost and environmentally benign approach compared even to solid baits of boric acid, which 

usually contain 30–50% AI (Appel 1990, 1992, Waldvogel et al. 1999). 

The third trial also documented that when the baits were deployed continuously for 

~10 months the cockroach counts in the nursery declined by 90–99% and were maintained 

well below the threshold level for 9 out of the 10 months (Fig. 2C).  Although some 

aggregations of cockroaches are difficult to target with this approach (e.g., within metal 

crates, feeders, under the slotted floor), this relatively low cost and low input pest 

management tactic clearly reduced the overall pest population.  Moreover, similar mixtures 

kill house flies in the laboratory (Hogsette and Koehler 1994), and flies were routinely 

observed to feed upon the sugar-based liquid baits.  This has important implications to farm 

biosecurity, prevention of disease transmission, and dramatic reductions in worker exposure 

to cockroaches and possibly flies. 

A similar approach needs to be tested against German cockroaches in residential and 

other structural environments.  Solid bait formulations of boric acid have generally been less 

effective than similar formulations of other insecticides, such as hydramethylnon (Appel 

1990, 1992).  However, because gels tend to outperform solid formulations, it is likely that 

water is a major limiting resource for pest cockroaches and that water-based formulations 

may more effectively target cockroaches.  Aqueous solutions of boric acid have been shown 

to be effective against other structural pests including Monomorium pharaonis (L.) (Klotz et 

al. 1997), Linepithema humile (Mayr.) (Klotz et al. 1996, 1998), Camponotus abdominalis 

floridanus (Buckley) (Klotz and Moss 1996), and Solenopsis invicta Buren (Klotz et al. 

1997). 
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FIGURE 1.  Bait dispenser for delivery of the boric acid-sucrose solution to cockroaches.  (A) A bait dispenser positioned on a 
doorframe. (B) German cockroaches feeding from the cotton plug on a bait dispenser. 
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FIGURE 2.  Three trials documenting the efficacy of boric acid-sucrose solutions on 
cockroach populations in four nursery rooms of a confinement swine farm.  (A) Trial 1 from 
Summer to Fall (126 d).  (B) Trial 2 from Fall to Summer (238 d).  (C) Trial 3 from Summer 
to Summer (420 d).  Each trial was initiated immediately after the conclusion of the previous 
trial.  Bait for trials 1 and 2 consisted of 1% boric acid and 0.5-M sucrose; 2% boric acid and 
0.5-M sucrose was used for trial 3.  Baits were deployed on d 0 and replenished every 2–3 
weeks.  The baits were removed after 62, 70, or 307 d, respectively, and growth of the 
cockroach population was monitored for several months.  Percentage reduction is the mean 
of four rooms, calculated for each visual count relative to the respective d 0 count.  The first 
* in each trial represents the first occurrence of a significant decrease in cockroach counts 
relative to introduction of baits (d 0), whereas the second * represents the first occurrence of 
a significant increase in cockroach counts relative to the d when baits were removed.  Error 
bars represent SEM. 
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