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Abstract: Recent emergence of bed bugs (Cimex spp.) has prompted a significant 

expansion of research devoted to this pest. The ability to survive and recover from stress 

has significant implications on the distribution and survival of insects, and bed bugs are no 

exception. Research on bed bug stress tolerance has shown considerable progress and 

necessitates a review on this topic. Bed bugs have an extraordinary ability to resist 

dehydration between bloodmeals, and this represents a critical factor allowing their 

prolonged survival when no host is available. High relative humidities are detrimental to 

bed bugs, leading to reduced survival in comparison to those held at lower relative 

humidities. Continual exposure of bed bugs, eggs and mobile stages, to temperatures below 

freezing and short term exposure (=1 h) to temperatures below −16 to −18 °C results in 

mortality. The upper thermal limit for short term exposure of eggs, nymphs and adults is 

between 40–45 °C for the common (Cimex lectularius) and tropical (C. hemipterus) bed 

bugs. Long-term exposure to temperatures above 35 °C results in significant reduction in 

survival of mobile bed bugs. Eggs for C. lectularius and C. hemipterus are no longer viable 

when held below 10 °C or above 37 °C throughout embryogenesis. Blood feeding, 

although necessary for survival and reproduction, is discussed as a stress due to thermal 

and osmotic fluctuations that result from ingesting a warm bloodmeal from a vertebrate 

host. Cold, heat, water stress and blood feeding prompted the expression of heat shock 

proteins (Hsps). Pesticide application is a common human-induced stress for urban pests, 

and recent studies have documented pesticide resistance in many bed bug populations. 

High levels of traumatic insemination (mating) of bed bugs has been linked to reduced 

survival and fecundity along with possibly exposing individuals to microbial infections 

after cuticular penetration by the paramere (=male reproductive organ), thus represents a 

form of sexual stress. Additionally, less common stress types such as microbial infections 
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that have been documented in bed bugs will be discussed. Overall, this review provides a 

current update of research related to bed bug stress tolerance and how their ability to resist 

stressful conditions has lead to their expansion and proliferation. 

Keywords: stress tolerance; traumatic insemination; bed bug; Cimex; cold; heat; 

dehydration 

 

1. Introduction 

Bed bugs have experienced a worldwide emergence in the last decade, particularly in regions that 

were once rid of this pest [1,2]. Humans have been plagued by bed bugs since at least 1350 BC as 

evidenced by their recovery from Egyptian archeological sites [3,4]. Bed bugs are Old World pests that 

were introduced to the Americas by early immigrants and were endemic before World War II [2]. Wide 

spread application of dichloro-dephenyl-trichloroenane (DTT) and other residual pesticides resulted in 

the near eradication of bed bugs throughout North America [2,5]. Over the past decade, bed bug 

populations have increased worldwide and are now present in nearly all major cities [6–10]. The exact 

cause of this emergence is not known, but is likely due to a combination of increased travel, frequent 

exchange of used, potentially bed bug-infested furniture, increased usage of species-specific bait traps 

over residual pesticide spraying and the increased pesticide resistance in bed bug populations [11–17].  

Previous studies have failed to conclusively prove that bed bugs can act as a disease  

vector [2,18–20]. The negative consequences of bed bugs are more due to reduction in quality of life 

from a combination of health and economic impacts. Individuals that are allergic can experience 

severe irritation along with erythematous or papular urticaria-like dermatitis, and these can lead to 

secondary infections [21–26]. Along with the direct effects of bed bug bites, infestations can cause 

anxiety and insomnia [20,26,27]. Bed bug infestations have been documented in different  

socio-economic classes, but large infestations are more prevalent in low income housing. This is likely 

due to the lack of resources, i.e. insufficient funds for pest control, to respond to infestations. The 

substantial monetary resources necessary to eliminate bed bug infestations suggest that economic 

consequences may be more critical than health-related issues [21–27].  

Studies on biochemistry, physiology and molecular biology have been minimal or lacking  

since 1960, which is likely due to the eradication of bed bugs from most developed countries [1,28]. 

The recent bed bug emergence has prompted research in all areas of bed bug biology. In particular, 

there have been multiple studies on the molecular physiology of the common bed bug,  

Cimex lectularius, including the regulation of heat shock proteins [29], genetic basis of pesticide 

resistance [16,28,30] and the bed bug sialome [31]. Additionally, recent studies have begun to examine 

many physiological aspects of the common and tropical (C. hemipterus) bed bugs including more in-

depth understanding of positive and negative effects of traumatic insemination [32–38], effects of 

blood feeding as a stress and comparative aspects of environmental stress tolerance [29,39,40].  

There have been many studies that focused on aspects of bed bug stress tolerance, particularly 

abiotic stresses such as cold, heat and dehydration, but no reviews have provided a complete synopsis 

of the response of bed bugs to stress. This article presents a review of research on bed bug stress 
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tolerance emphasizing recent advances that focus on the common bed bug, C. lectularius, and the 

tropical bed bug, C. hemipterus. First, a section on the basic biology of bed bugs is provided, including 

their development and reproduction, host seeking and blood feeding, bed bug chemical ecology and 

population aggregation and dispersal. More detailed information on general bed bug biology is 

provided by Reinhardt and Siva-Jothy [1] and Usinger [2]. Second, background on general insect stress 

tolerance is discussed, specifically behavioral, biochemical and physiological mechanisms that allow 

individuals to avoid, tolerate and recover from exposure to adverse conditions. Lastly, there is a 

synopsis of current research on bed bugs during exposure to environmental stress, blood feeding, 

traumatic insemination, pesticide application and other less common stresses. 

2. Bed Bug Biology 

2.1. Development and Reproduction  

The development of bed bugs is similar to that of other hemimetabolous insects, specifically other 

hemipterans [2]. Briefly, bed bugs progress through five nymphal instars before emerging as adult 

males and females [2]. Usually each stage requires a bloodmeal to progress to the next instar, and 

development is dependent on temperature and host availability [2,41]. Under warm, favorable 

conditions (25–32 °C, 40–75% RH) bed bugs can complete development in a little over one month and 

under cool conditions (below 20 °C) development can take one-two years [2,29,41–43]. As with 

development, longevity is dependent on temperature and access to blood, where fifth instar nymphs 

and adults can persist up to two years under the proper conditions with no access to blood [2,29,41–43].  

The reproductive physiology of bed bugs has been well studied [1,2,33,38]. First, bed bugs need to 

locate the opposite sex. Likely, individuals are drawn to bed bug harborages by the presence of 

aggregation pheromones [44]. Once aggregated, males seem to be attracted and copulate with any 

object the size of bed bugs [2,33,41,45]. After mounting the dorsal side of the female, the male probes 

the female with his intermittent organ (= paramere) until locating the penetration site (female 

ectospermalage) on the ventral side of the abdomen to deposit sperm [46]. This process of mating is 

known as traumatic insemination, and represents a period of stress due to sexual conflict [33]. The role 

of traumatic insemination as a stress is discussed later in this review. Females become sterile after  

35–50 d of isolation, indicating that multiple matings are necessary throughout the lifetime of the  

female [2,32,46–48]. Egg laying will occur until senescence (30–250 d depending on species,  

200–250 d for C. lectularius; [2,32,38]) as long as females can periodically mate and blood feed. Egg 

production, rate and total eggs laid, is dependent on temperature and access to blood [2,41].  

Johnson [41] provides an excellent review of the interplay between temperature, blood feeding and egg 

production for C. lectularius.  

2.2. Host Location and Blood Feeding  

All cimicids are obligate hematophages, obtaining nutrients from only the blood of their host. Thus, 

all stages and both sexes require vertebrate blood to survive, develop and reproduce [2]. The evolution 

of blood feeding in cimicids likely occurred only once, but how it exactly evolved has not been 

determined [49]. Feeding usually occurs weekly, if a host is available, and the bloodmeal represents  
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a 1.5–6.1x increase in unfed body mass [2]. Cimcids usually have a narrow range of hosts that share 

some particular ecological features such as predictable distribution, both temporal and spatial, 

assembly in enclosed spaces (cave, buildings, etc.) and warm body temperature [1]. Likely, cimcids 

initially parasitized bats or birds, and then made the transition to bats, birds and humans due to 

coexistence [2]. Currently, there have been three species of cimicids that have made the switch to 

using humans as the primary host, C. lectularius, C. hemipterus, and Leptocimex boueti [2]. The 

trigger for changing to a new host is likely starvation from the absence of the primary host. If fitness 

while feeding on a new host is comparable or better to that when utilizing an old host, selection will 

allow the individuals to remain utilizing the new host. The major factor that determines if transfer will 

occur is if the stylet morphology (specifically the food canal), feeding ability and digestive system 

developed for the previous host is compatible with the new host. As an example, the diameter of the  

C. lectularius food canal is 8–12 µm [50], which can accommodate feeding on chicken erythrocytes 

(~11.2 µm in diameter) and human erythrocytes (6–8 µm in diameter). In C. hemipterus, flexibility of 

the joint and hinge system of the mouthparts allows C. hemipterus to control food canal size for access 

to different hosts and similar mechanisms likely act for C. lectularius [2]. The flexibility of the stylet 

and differences in erythrocyte sizes may be responsible for the drastic differences in the feeding time 

and egg production when bed bugs utilize different hosts [2].  

As mentioned before, blood is the only source of nutrients for bed bugs. Although rich in protein 

and other resources, blood is devoid of key nutrients, such as B vitamins [49]. This is remedied by the 

harboring symbiotic bacteria within the mycetome (a paired organ located adjacent to the  

gonad [2,51]). Recent studies on C. lectularius have identified that Wolbachia and γ-proteobacteria are 

the bacteria present in the mycetome [52]. Elimination of Wolbachia from the mycetome by antibiotic 

treatment resulted in reduced fecundity that can be rescued by vitamin supplements [52]. The 

similarity between Wolbachia in C. lectularius and other cimicids suggests the function of this 

bacterium is likely conserved among Cimicidae [53,54]. Additionally, there are at least two other 

symbionts that are present within C. lectularius [51,55–57], but the exact role of these bacteria on bed 

bug physiology is unknown. Heat exposure reduced fecundity of C. lectularius by 90%, likely due to 

changes in microbes within the mycetome [55]. Reduction in the mycetomes may be involved in bed 

bug senescence since this organ is not present or greatly reduced when females cease laying  

eggs [41,56].  

Host location is extremely important to the survival of bed bugs since egg production depends the 

acquisition of a bloodmeal and first instar nymphs need to feed within a few days after emergence 

since starvation and dehydration occur quickly [2,29,39,41–43]. Locating of a host occurs in a three 

phases: (1) searching, (2) orientation to host, and (3) contact with host [49]. First, Romero et al. [58] 

have studied the spontaneous locomotor activity of bed bugs. In this study, activity normally increased 

during the scotophase with starved adults moving more frequently than recently fed individuals [58]. 

As starvation proceeds, bed bugs transition to a host cue dependent search strategy to conserve 

nutrients [58]. Host cues that have been identified that operate at a longer distance (~1.5 m) include 

temperature, CO2 and other host kairomones [45,59–62]. Once the host has been located, temperature 

of and kairomones on the skin elicit probing with the proboscis [2,59–61,63]. After engorgement, bed 

bugs become repelled or are no longer attracted to host cues [59,60]. 
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2.3. Bed Bug Pheromones  

Multiple pheromones have been identified from bed bugs, including different types of alarm 

pheromones and the airborne aggregation pheromone [44,61,64–70]. The alarm pheromone of bed 

bugs consist of (E)-2-hexenal, (E)-2-octenal, 4-oxo-(E)-2-hexenal and 4-oxo-(E)-2-octenal [65,68,70]. 

(E)-2-hexenal and (E)-2-octenal were the first to be isolated and prompt the typical alarm  

response [40,70]. 4-oxo-(E)-2-hexenal and 4-oxo-(E)-2-octenal have only recently been recovered 

from dorsal abdominal glands of 5th instar nymphs and act as alarm pheromones [68,70]. The activity 

of the aggregation pheromone was identified by Levinson and Bar Ilan [64], but only recently was the 

chemical composition identified by Siljander et al. [44]. Antennal sensing of pheromone and other 

chemical cues has been thoroughly characterized in C. lectularius [69]. A recent summary by  

Weeks et al. [61] provides a comprehensive review of bed bug chemical ecology.  

2.4. Population Dispersal, Localization and Aggregation 

Bed bugs usually reside within protective harborages near their host [2]. These sites are maintained 

by the presence of chemical cues, likely aggregation pheromones [1,2,44,71]. Infestation rates of 

different regions vary greatly, and for humans, localities with high turnover rates and brief occupancy 

are more prone to bed bug outbreaks [1,2,5,72,73]. Thus, people that are highly mobile such as 

backpackers, immigrants, and homeless people, are frequently associated with passive transport of bed 

bug in their clothing, luggage and furniture [2,5,6,74,75]. In relation to agriculture, bed bugs have been 

commonly associated with poultry breeding facilities [76]. Active dispersal is accomplished by 

individual bed bugs walking between rooms, usually after extended periods without a host available at 

close range, following the release of alarm pheromones after colony disturbance that prompt harborage 

evacuation or after exposure to certain pesticides [2,41,77]. Overall, long distance mobilization of bed 

bugs between buildings, cities and countries is likely accomplished by passive transport and active 

movement of bed bugs is responsible for movement within or between adjacent buildings.  

3. Insect Stress Tolerance  

Insect stress tolerance has been the subject of many reviews including heat [78,79], cold [80–83], 

water stress [84–87], changes in the expression of stress proteins [88,89], microbial infections [90–94] 

and diapause [95,96], thus there is a great deal of literature on this topic. These previous general 

reviews could provide background for research directed towards bed bug stress tolerance. Overall, any 

factor that results in potentially negative consequences to an insect can be classified as stress. This 

includes both abiotic factors such as temperature and water stresses and biotic factors such as fungal 

and bacterial infections. Briefly, stress is signaled by an indicator, such as membrane damage, 

misfolded proteins or DNA damage, which begins the stress response. Cellular damage that is too 

severe for recovery will usually result in necrosis (uncontrolled cell death) or apoptosis (controlled cell 

death). Following cellular survival, the stress signal progresses by stress-activated protein kinase 

pathways (SAPK). Detailed reviews of these pathways in relation to insect stress tolerance have been 

previously organized by Stronach and Perrimon [97] and Hatanaka et al [94]. SAPK pathways are 

typical mitogen activated protein kinase (MAPK) pathways, and Jun Kinase (JNK) and p38 pathways 
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are the two most common [94,97–100]. These two pathways have been linked to multiple types of 

stress in many insects [101–107], and are likely associated with stress signaling in bed bugs. 

Many proteins have been associated with insect stress either by their upregulation or through gene 

knockdown experiments [89,108–110]. The most studied class of proteins involved during insect stress 

is heat shock proteins (HSPs), which are predominantly classified as chaperones [88,89]. These stress 

proteins have been examined in bed bugs in relation to environmental stress [29] and blood  

feeding [111] and are discussed later in sections on environmental stress tolerance and blood feeding. 

Antioxidants have been documented in response to many types of insect stress to prevent oxidative 

stress [89]. Ice active proteins (IAPs) have been shown to be critical for cold and freezing tolerance 

[112]. Along with heavily-studied stress proteins, many others have been documented to be critical to 

stress tolerance, but their primary role is not during the stress response [89]. As an example, 

expression of aquaporins, a water channel protein, is critical to during cold exposure, dehydration 

tolerance and removal of excess fluid during feeding [113–115]. Cytoskeletal proteins have been noted 

to be important during cold exposure, dehydration stress and blood feeding [87,89,116]. Lastly, there 

have been many proteome and transcriptome studies focused on the response of insects to stress, 

particularly cold, heat and dehydration [89,108–110]. These have led to the identification of many 

genes that are potentially critical for tolerating and responding to stress. 

Changes in particular metabolites have been observed during stress exposure [89]. It is important to 

note that insects can tolerate large concentration ranges of sugars and other biochemical molecules in 

their hemolymph [117–119]. The ability of insects and other invertebrates to use increases in these 

metabolites to reduce damage from stress is unique, as other organisms, particularly mammals and other 

vertebrates, cannot tolerate high concentrations of particular metabolites, such as sugar. Currently, two 

molecules, trehalose and glycerol, have been studied in multiple insect systems [117,120–123]. 

Trehalose increases have been documented during cold and dehydration exposure [118,121–123] and 

likely act as a buffer to prevent unwanted biochemical interactions [117,123–126]. Glycerol has been 

documented as a cryoprotectant and desiccation buffer [117]. Many other metabolites have been 

identified to increase during stress exposure [121,122], and additional studies will be needed to 

determine the exact role of each during stress. 

Studies have recently highlighted significant metabolic changes after stress. Usually, there is 

reduction in metabolic proteins during or immediately following the stress and a subsequent increase 

in these proteins during the recovery period [83,108–110,127–129]. For thermal resistance, studies 

indicate that metabolic genes and proteins are expressed at lower levels immediately after stress and 

increase during recovery [107–110,127,130–132]. Decreases in metabolism have been documented 

during dehydration, particularly as a method to suppress water loss through respiration and reduce 

oxidative stress [87,129,133–136]. Overall, metabolism suppression during stress prevents damage 

from the generation of excess reactive oxygen species (ROS) associated with metabolism during a 

period when individuals are responding to damage caused from stress exposure. 

Rather than only responding to stress, insects can prevent stress by avoidance, thus reducing the 

energetic demands of repairing stress-induced damage. Long-distance migration into favorable regions 

occurs in few insects, such as Monarch butterflies. Another possibility at avoidance is to enter a period 

of dormancy [95,96] and retreat into protective harborages [79,95,133]. Within these refuges, 

environmental changes are buffered to reduce temperature fluctuations and the localized relative 
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humidity is much higher [133]. Clustering is utilized to prevent water loss within harborages, and this 

has been noted in bed bugs [39]. As the group size increase, water loss rates drop in the individual 

leading to enhanced water conservation [39,117,137]. Thus, behavioral changes represent a 

mechanism by which insects can prevent stress.  

Recently, multiple bouts of stress exposure have been identified to be rife with negative 

consequence [138,139]. For many years, studies focused on one bout of stress, rather than multiple 

exposures [138–141]. Numerous studies have shown that multiple freeze/thawing or 

dehydration/rehydration bouts have negative impacts that compound with each cycle [138–141]. 

During each exposure, individuals need to utilize a finite amount of nutrients, leading to the inability to 

respond as the number of bouts increase. These results suggest that multiple bouts of stress need to be 

assessed when examining insect stress tolerance.  

4. Bed Bug Stress Tolerance 

Currently, studies on bed bug stress tolerance have been lacking with the exception of early projects 

before 1960 when bed bugs were more prevalent [1,2]. Only recently studies have begun to identify 

aspects that cause stress along with mechanisms that promote tolerance and potential response factors 

to stress in bed bugs.  

4.1. Environmental Stress Tolerance  

Studies on water balance of bed bugs have revealed that common and tropical bed bugs are 

extremely resistant to dehydration [29,39,42] (Table 1). The water loss rates for all stages of  

C. lectularius were extremely slow [39] and comparable to other insects that are extremely resistant to 

dehydration [85–87]. First instar larvae are the developmental stage that is least resistant to 

dehydration and die quickly under dry conditions with no bloodmeal [29,39,42]. Fifth instar nymphs 

and adults are the most resistant to dehydration, which is likely only due to surface to volume ratios 

which decrease as bed bugs advance instars [29,39,42]. Along with differences in dehydration 

resistance between stages, high temperature increases water loss substantially, leading to a significant 

reduction in the length of survival under dehydrating conditions [29,39,42]. Exposure to alarm 

pheromones was shown to reduce the ability of bed bugs to maintain water balance [40]. Bed bugs are 

vulnerable to overhydration with reduced survival following prolonged exposure to conditions near 

saturation (100% RH) [29,39,42,142]. Immersion of mobile stages of C. lectularius in liquid water for 

24h results in significant mortality, but this treatment had no discernable consequence on eggs [143]. 

Dehydration has been documented to increase transcript levels for heat shock protein 70 (Hsp70) and 

Hsp90 after 5d under 0% RH and during rehydration at 100% RH [29]. 

The upper thermal limits for tropical and common bed bugs have been determined (Table 1). 

Generally, C. hemipterus is slightly more resistant to heat than C. lectularius [29,39,42]. This is not 

surprising since tropical species are usually more tolerant to higher temperatures than related 

temperate species. For eggs, incubation length decreases with increasing temperature [2,41,42]. The 

incubation period of C. hemipterus eggs decreases until up to 35–37 °C, but over 37 °C hatchability  

is reduced until no eggs are viable at 37 °C [42]. No C. lectularius eggs are viable if held  

above 37 °C [2,14]. At the lower limit, bed bug eggs are no longer viable if individuals are held  



Insects 2011, 2              

 

 

158 

below 10 °C throughout embryogenesis, and short term exposure to temperatures near −15 °C will 

reduce egg viability [2,42,143].  

Table 1. Cold, heat and dehydration tolerance of the common bed bug, Cimex lectularius, 

and the tropical bed bug, C. hemipterus. DT, dehydration tolerance; WLR, water loss rate at 

0% relative humidity (RH), 25 °C. Survival for bed bugs at 0 and 75% RH were at 25 °C. 

The short-term upper and lower lethal limits represent significantly reduced survival after  

1–2 h. The long-term upper and lower lethal limits  are indicative of reduced survival when 

individuals are continually held at these temperatures. Results for C. hemipterus were from 

Omori [142], Usinger [2] and How and Lee [42,43] and C. lectularius were from Johnson 

[41], Mellanby [143], Usinger [2], Benoit et al. [29,39,40] and Naylor and Boase [143].  

 Water Balance Characteristics Thermal Tolerance 

 
DT (%) WLR (%/h) 

Survival (d) 

at 0% RH 

Survival (d) 

at 75% RH 

Heat Cold 

C. hemipterus Short-Term 
Long-

Term 

Short-

Term 

Long-

Term 

   Egg ND ND ND 5.8 ± 0.2 ND 37–39 °C ND <0 °C 

   1st instar 35–40% ND ND 26.1 ± 0.8 42–44 °C 30–35 °C ND <0 °C 

   Male 35–40% ND ND 32.0 ± 2.9* 40–45 °C 30–35 °C ND <0 °C 

   Female 35–40% ND ND 62.4 ± 3.8* 40–45 °C 30–35 °C ND <0 °C 

C. lectularius 
    

    

   Egg 24.6 ± 3.4 0.037 ± 0.001 5.4 ± 2.3 5.1 ± 4.5 >40 °C/60 °C1 37–39 °C −17°C <0 °C 

   1st instar 37.4 ± 4.6 0.402 ± 0.011 3.9 ± 0.9 11.2 ± 2.1 40–46 °C 28–33 °C ND <0 °C 

   Male 32.9 ± 0.9 0.101 ± 0.007 13.6 ± 0.8 37.8 ± 5.6* 40–46 °C 28–33 °C ND <0 °C 

   Female 34.9 ± 1.5 0.402 ± 0.013 16.0 ± 1.5 72.3 ± 3.4* 44–46 °C 28–33 °C 
−14 to 

−16 °C 
<0 °C 

Note: * unmated. ND, not determined. 1 > 40 °C exposure was conducted for 30 min in a dryer and 60 °C was in a laundry 

wash cycle, which were effective against all bed bug stages [142]. 

Mobile stages of bed bugs have a relatively high heat tolerance (Table 1). For the common and 

tropical bed bug, short term heat tolerance (~1 h exposure) can reach 46 to 48 °C, but continual 

exposure around 40 °C results in significant reduction of longevity and survival [2,29,42]. In 

comparison to the heat exposure research, cold temperature exposure has not been as thoroughly 

studied [2,29]. Bed bugs are not tolerant of freezing and adult females have a super cooling point 

(SCP, the temperature that insect freezing occurs) at −20 °C to −21 °C [29]. Adult females of  

C. lectularius can tolerate −14 °C to −16 °C for short periods with increased cold tolerance after rapid 

cold hardening, a short term pre-exposure to warmer than lethal temperatures that promotes survival 

when individuals are moved potentially lethal temperatures [29]. For all stages of C. hemipterus and C. 

lectularius, prolonged exposure to temperatures below freezing has been shown to be lethal [2], but in 

depth studies will be needed to assess cold tolerance for each developmental stage. Temperatures 

below 10 °C prevent molting to the next developmental stage [2,42]. Expression of Hsps increased in 

response to cold and heat in C. lectularius [29], indicating a role for these proteins in bed bug 

temperature tolerance.  
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The utilization of cold and heat exposure has been touted to be a potential method for the control of 

bed bugs [143,146]. Based on heat tolerance studies, short term exposure (~1 h) to temperatures  

above 46 °C or extended time at slightly lower temperature will be useful for eradication of bed bug 

populations [29,42]. Laundering of bed bug infested materials in warm water or extended periods in a 

dryer can kill bed bugs [143]. To utilize cold for control, bed bugs may need to be exposed to 

temperatures slightly below freezing for much longer periods (3–5 d) to ensure bed bug death. Thus, 

time and temperature of exposure need to be carefully examined before using cold and heat exposure 

for bed bug control, especially when bed bugs may be protected from thermal changes within their  

off-host harborages.  

4.2. Blood Feeding 

Blood feeding, although necessary for survival and reproduction, can be an extremely taxing  

period [49,89,111]. In particular, blood feeding insects needs to evade the host’s immune response [49], 

tolerate significant changes in water content due to fluids in the bloodmeal [49,89], and respond to the 

temperature changes due to the heat of the bloodmeal [111]. Hematophagous insects have adapted to 

tolerate these conditions to utilize the protein- and lipid-rich blood [49]. To resist the rapid 

overhydration, nearly all blood feeding insects, including bed bugs, have developed efficient excretory 

systems to remove the excess fluid in the bloodmeal [147–150]. Temperature changes following blood 

feeding in insects can potentially be 10–12 °C, prompting the heat shock response to protect the midgut 

from heat stress [111]. This response has been documented in bed bugs [111]. Overall, although blood 

feeding is necessary for bed bug development, survival and reproduction, it is still a drastic physiological 

shift that likely results in multiple stress types.  

4.3. Traumatic Insemination 

Bed bugs are polyandrous insects (female mate with multiple males) and optimal mating interaction 

for the male is not same as the female [1,2,33]. This is due to bed bugs undergoing traumatic 

insemination and male sperm precedence [2,46]. Briefly, male reproductive organ (=paramere) is 

heavily sclerotized to allow the male to copulate by piercing the abdominal wall of female and 

transferring sperm directly into the hemocoel, even though the female genital tract is intact [1,2,33]. 

To tolerate insemination from the male, females have developed supplemental mesodermal genitalia  

(=paragenitalia [33]). There is a wide-range of adaptations among cimcids, ranging from almost  

non-existent paragenitalia (Primicimex cavernis) to others with extensive paragenitalia (Crassicimex 

sexualis [33]). In C. lectularius and C. hemipterus, the most distinct aspect of the paragenitalia is the 

spermalage [1,2]. This organ is noticeable on the surface of the female as an ectospermlage, a dorso-

ventral groove in the fifth abdominal sternite. This groove likely serves as a guide for males during 

mating so the paramere pierces the female abdomen in favorable areas. The mesopermalage, a bag 

structure full of hemocytes (blood cells associated with immunity and wound healing), is directly 

under the ectospermalage. Males inject semen directly into the mesospermalage during copulation and 

the sperm migrates through the hemolymph until penetration at the oviduct allowing fertilization after 

movement to the ovaries [2]. It is not uncommon that females mate multiple times with different 

males, even though this may be unfavorable [32,33]. This is due to precedence for sperm of the last 
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male to copulate to fertilize more eggs [2,32]. Thus, even though mating is necessary, the act of 

traumatic insemination is fraught with potential aspects that can cause stress.  

There are three main negative consequences of traumatic insemination, (1) reduced longevity and 

reproductive success of the females, (2) potential infections due to piercing of the paramere into the 

female and (3) unwanted copulation between fifth instar nymphs/males and other conspecific  

males [32,33,38]. Experimental manipulation of mating indicates that high mating frequencies, 

considered normal, reduces the longevity of bed bugs by nearly 40d [32]. The longer survival of 

female bed bugs due to low mating increased egg production throughout the lifetime of a female [32]. 

Although low mating is preferable to females, sperm precedence indicates that multiple matings are 

beneficial to males to ensure that it is the last male to mate [32,33]. The exact mechanism for this 

reduced longevity is not known. Two possibilities for the reduced lifespan after mating are nutrient 

resources need to be utilized for repairing the damage caused by copulation and insemination or cuticle 

piercing increases the likelihood of microbial infection [33,34,151]. The spermalage is likely present to 

reduce the likelihood of microbial infections during traumatic insemination [34]. Along with these 

possibilities, continual harassment and copulation leads to increased water loss rates of female bed 

bugs (Figure 1), which suggests that individuals are more susceptible to dehydration with increased 

mating. This increased water loss could cause dehydration stress between bloodmeals, resulting in 

increased oxidative stress and other types of dehydration-induced damage which will need to be 

repaired at the expense somatic maintenance [137]. Previous studies failed to reveal an apparent 

advantage to multiple copulation for females through traumatic insemination [32,152]. It was 

suggested that the presence of the mesospermalage may select sperm that is better suited for producing 

offspring [33], but this is still speculative. Recently, it has shown that ejaculate components delay 

reproductive senescence [38], but this is independent of the number of copulations. 

Along with adaptations that occur in females to ameliorate damage from traumatic insemination, 

avoidance by behavioral or biochemical cues has been documented in fifth instar nymphs, males and 

females adults. First, females can behaviorally prevent males from accessing the ectospermalge by 

pressing right side of the abdomen (ectospermalage is located on the ventral side of the abdomen) 

against a substrate [33]. Second, recently fed females are no longer drawn to aggregation pheromones 

associated with bed bug harborages, possibly reducing female exposure to harassment from males in 

commonly utilized off-host harborages [44]. Lastly, there are chemicals cues that prevent unwanted 

copulation [67,68,70]. Previous studies have shown that males remain on fed females for over  

90 seconds and on fed males for less than 10 seconds [33]. This rapid recognition is likely due to 

chemical factors released from male bed bugs, and recently it was shown that males release alarm 

pheromones, (E)-2-hexenal and (E)-2-octenal, to reduce mounting [67]. Nymphs release these same 

two aldehydes to prevent unwanted male copulation [68]. Another recently identified chemical,  

4-oxo-(E)-2-hexenal, released from the dorsal abdominal glands of nymphs reduces mating [68,70]. 

Thus, bed bugs have developed behavioral and pheromonal cues to prevent, or reduce, unwanted 

mounting.  
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Figure 1. Proportion of water mass lost at 0% relative humidity (RH) and 25 °C after removal 

of an individual female held in containers containing 0, 1, 10 and 20 males for 6 h. Water loss 

rates were determined according to Benoit et al. [39]. Water loss rate is presented as percent 

water lost per hour. Data represents the mean ± SE, N = 30.*, significantly different from 0 

males (P < 0.05).  

 

4.4. Microbial and Predator Stress  

Previous reviews have addressed the role of predators and disease on the survival of bed bugs [2,153]. 

Many insects and other terrestrial arthropods could act as predators of bed bugs, such as spiders, mites, 

ants, pseudoscorpions, could act as predators [2], but their ecological relevance is not known. Exposure 

to specific pathogens, such as the fungus, Aspergillus flavus, and bacteria, Serratia sp., have been shown 

to cause considerable mortality in laboratory populations [2], but whether similar situations occur in field 

populations is not known. Additionally, as mentioned before, traumatic insemination increases the 

potential of microbial infection due to cuticle penetration [34,154].  

4.5. Mechanical Host Response 

The mechanical host response (direct contact by the host) could potentially lead to immediate and 

significant, likely mortality-causing, damage to the bed bugs. To avoid this fate, bed bugs usually feed 

during the scotophase [2,58], except when severe starvation prompts random or chemical-initiated host 

seeking. Additionally, while feeding, movement of the host prompts bed bugs to terminate feeding, and 

then resume feeding after host movement ceases [2]. This interruption in feeding by host movement is 

the typical reason for multiple bites found in close proximity, likely from the same bug feeding multiple 

times between interruptions. Lastly, mechanical disturbance of bed bug populations leads to the release 

of alarm pheromones, prompting bed bugs to evacuate their microhabitat [64,65]. Thus, behavior of bed 

bugs during feeding reduces the likelihood of host detection.  
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4.6. Potential Stress Associated with Bed Bug Harborages  

Bed bugs are thigmotactic, meaning tactile stimulus causes a change in movement. Positive stimulus 

results in attraction and/or arrestment to a surface and negative results may cause the individual to be 

repelled. Many insects, such as cockroaches, are known to be thigmotactic. Thus, if bed bugs cannot 

locate a harborage with proper thigmotactic cues, individuals may become stressed. Additionally, as bed 

bugs utilize a limited number of harborages that meet their thigmotactic criteria aggregation pheromones 

will begin to accumulate in these locations, leading to larger aggregations [2,44]. Although these 

aggregations will decreases water loss rates [39], individuals may defecate on other nearby bed bugs, 

possibly causing stress by blocking spiracles that could leads to suppressed respiration. This may be a 

reason why bed bug spiracles are located on underneath their abdomen [2]. Thus, thigmotactic responses 

of bed bugs may be positive due to increased clustering, which reduces water loss rates and allows mate 

access. Alternatively, there may also be negative consequences to thigmotactic responses of bed bugs 

such as the inability to locate thigmotactically-favorable harborages, increased traumatic insemination 

due to increased mate access and feces potentially blocking spiracles may yield stress.  

4.7. Pesticide Resistance in Bed Bugs  

One of the most critical periods of stress for bed bugs is following the application of insecticides, 

and survival depends on detoxification and development of permanent resistance. Recently, 

transcriptomic analysis of bed bugs has identified potential genes that could be critical for 

detoxification following pesticide exposure [28]. Expression of two detoxification genes, cytochrome 

P450 and glutathione-S-transferase, were specifically tested in control (no pesticide exposure) and 

pesticide-exposed populations, but only cytochrome P450 was found to be higher in pesticide-exposed 

populations [28]. Future studies will need to be conducted to establish the role of other detoxification 

and antioxidant enzymes during pesticide exposure in bed bugs. Specific resistance to pyrethroids has 

been identified as the result of point mutations in the open reading frame of voltage-sensitive sodium 

channel genes [30], and resistance mutations are likely to be widespread [16]. Varying levels of 

resistance to other pesticides, such as DTT, has been reported in bed bug populations [155–160]. Bed 

bugs avoid harborages treated with certain pesticides, representing a behavioral mechanism of 

pesticide avoidance [71]. More detailed information on pesticide resistance of bed bugs is provided in 

this issue of Insects [161,162]. 

5. Conclusions and Future Directions  

Research on bed bugs had been nearly at a standstill since the 1950s [1,2]. The reemergence of bed 

bugs has prompted a flurry of research on all aspects of bed bug biology that have built on early 

studies. Since the last review on bed bugs by Reinhardt and Siva-Jothy [1], significant advances have 

been made on nearly every facet of bed bug biology. One important field of bed bug biology that has 

expanded is stress tolerance, which can range from environmental stress to pesticide resistance. Based 

on current studies, I have included a synopsis of potential stresses that bed bugs will be exposed to in 

their lifetime and studies that have focused on each topic (Table 2). In relation to human contact, these 

stresses can be divided into those that will commonly occur (blood feeding, dehydration between 
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bloodmeals and traumatic insemination) to those that occur sporadically (pesticide application and 

microbial infection). Other than multiple studies that focus on traumatic insemination, few studies 

have addressed underlying biochemical, molecular and physiological mechanisms of bed bug stress 

tolerance. To do so, transcriptome studies will be needed to establish C. lectularius transcript libraries, 

eventually leading to the organization of the bed bug genome. After genome annotation, large scale 

transcriptome projects can be quickly conducted and analyzed to begin to determine underlying 

transcript changes associated with different physiological states in bed bugs. Thus, progression of 

research on stress tolerance, along with other aspects of bed bug physiology, will be greatly expanded 

by developing genomic tools and databases available for C. lectularius and other cimcids.  

Table 2. Common stresses that bed bugs (Cimex lectularius or C. hemipterus) encounter 

throughout their lifetime. +: indicates this stress has been studied; −: indicates this stress 

has not be studied. 

Stress C. lectularius Reference C. hemipterus Reference 

Environmental 
    

   Cold + [2, 29, 41,143] + [2,142] 

   Heat + [2, 29, 41,143,146] + [2,41–43,142,145] 

   Dehydration + [2,39–41,145] + [42,142] 

Blood feeding + [111] − NA 

Microbial stress + [2,153] − NA 

Traumatic 

inseminaton 
+ [32–37,46,67,68,145,154] + [2,33] 

Thigmotactic 

response 
+ [2] − NA 

Pesticide 

resistance 
+ [15,16,30,71,155–159] + [12,160] 

Acknowledgments  

Bed bugs utilized in this study were provided by George Keeney (The Ohio State University).  

References 

1. Reinhardt, K.; Siva-Jothy, M.T. Biology of the bed bugs (Cimicidae). Ann. Rev. Entomol. 2007, 

52, 351–374. 

2. Usinger, R.L. Monograph of Cimicidae (Hemiptera, Heteroptera); Entomological Society of 

America: Lanham, MD, USA, 1966. 

3. Panagiotakopulu, E. An insect study from Egyptian stored products in the Liverpool Museum.  

J. Egypt. Archaeol. 1998, 84, 231–234. 

4. Panagiotakopulu, E. An examination of biological materials from coprolites from XVIII Dynasty 

Amarna, Egypt. J. Archaeol. Sci. 1999, 26, 547–551. 

5. Boase, C.J. Bed bugs: Back from the brink. Pest Outlook 2001, 12, 159–162. 



Insects 2011, 2              

 

 

164 

6. Doggett, S.L.; Geary, M.J.; Russell, R.C. Resurgence of bed bugs in Australia, with notes on 

their ecology and control. Environ. Health 2004, 4, 30–38. 

7. Ter Poorten, M.C.; Prose, N.S. The return of the common bedbug. Pediat. Dermatol. 2005, 22, 

182–187. 

8. Reinhardt, K.; Kempke, D.; Naylor, R.A.; Siva-Jothy, M.T. Sensitivity to bites by the bedbug, 

Cimex lectularius. Med. Vet. Entomol. 2009, 23, 163–166. 

9. Lee, I.Y.; Ree, H.I.; An, S.J.; Linton, J.A.; Yong, T.S. Reemergence of the bedbug Cimex 

lectularius in Seoul, Korea. Korean J. Parasitol. 2008, 46, 269–271. 

10. Anderson, A.L.; Leffler, K. Bedbug infestations in the news: A picture of an emerging public 

health problem in the United States. J. Environ. Health 2008, 70, 24–27. 

11. Potter, M.F. A bed bug state of mind: emerging issues in bed bugs management. Pest Cont. Tech. 

2005, 33, 82–85. 

12. Myamba, J.; Maxwell, C.A.; Asidi, A.; Curtis, C.F. Pyrethroid resistance in tropical bedbugs, 

Cimex hemipterus, associated with use of treated bednets. Med. Vet. Entomol. 2002, 16,  

448–451. 

13. Moore, D.J.; Miller, D.M. Laboratory evaluations of insecticide product efficacy for control of 

Cimex lectularius. J. Econ. Entomol. 2006, 99, 2080–2086. 

14. Karunaratne, S.H. P. P.; Damayanthi, B.T.; Fareena, M.H. J.; Imbuldeniya, V.; Hemingway, J. 

Insecticide resistance in the tropical bed bug Cimex hemipterus. Pest. Biochem. Physiol. 2007, 

88, 102–107. 

15. Romero, A.; Potter, M.F.; Potter, D.A.; Haynes, K.F. Insecticide resistance in the bed bug: a 

factor in the pest's sudden resurgence? J. Med. Entomol. 2007, 44, 175–178. 

16. Zhu, F.; Wigginton, J.; Romero, A.; Moore, A.; Ferguson, K.; Palli, R.; Potter, M.F.; Haynes, 

K.F.; Palli, S.R. Widespread distribution of knockdown resistance mutations in the bed bug, 

Cimex lectularius (Hemiptera: Cimicidae), populations in the United States. Arch. Insect 

Biochem. Physiol. 2010, 73, 245–257. 

17. Wang, C.L.; Saltzmann, K.; Chin, E.; Bennett, G.W.; Gibb, T. Characteristics of Cimex 

lectularius (Hemiptera: Cimicidae), infestation and dispersal in a high-rise apartment building. 

J. Econ. Entomol. 2010, 103, 172–177. 

18. Silverman, A.L.; Qu, L.H.; Blow, J.; Zitron, I.M.; Gordon, S.C.; Walker, E.D. Assessment of 

hepatitis B virus DNA and hepatitis C virus RNA in the common bedbug (Cimex lectularius L). 

and kissing bug (Rhodnius prolixus). Am. J. Gastroenterol. 2001, 96, 2194–2198. 

19. Blow, J.A.; Turell, M.J.; Silverman, A.L.; Walker, E.D. Stercorarial shedding and transtadial 

transmission of hepatitis B virus by common bed bugs (Hemiptera: Cimicidae). J. Med. Entomol. 

2001, 38, 694–700. 

20. Goddard, J. Bed bugs: Do they transmit diseases? In Infectious Diseases and Arthropods,  

2nd ed.; Goddard, J., Ed.; Humana Press: New York, NY, USA, 2010; pp. 177–181. 

21. Stucki, A.; Ludwig, R. Bedbug bites. N. Eng. J. Med. 2008, 359, 1047–1047. 

22. Scarupa, M.D.; Economides, A. Bedbug bites masquerading as urticaria. J. Allergy Clin. 

Immunol. 2006, 117, 1508–1509. 



Insects 2011, 2              

 

 

165 

23. Leverkus, M.; Jochim, R.C.; Schad, S.; Brocker, E.B.; Andersen, J.F.; Valenzuela, J.G.; 

Trautmann, A. Bullous allergic hypersensitivity to bed bug bites mediated by IgE against 

salivary nitrophorin. J. Invest. Dermatol. 2006, 126, 91–96. 

24. Abdel-Naser, M.B.; Lotfy, R.A.; Al-Sherbiny, M.M.; Sayed, A.N.M. Patients with papular 

urticaria have IgG antibodies to the bed bug (Cimex lectularius) antigens. Parasitol. Res. 2006, 

98, 550–556. 

25. Stibich, A.S.; Schwartz, R.A. Papular urticaria. Cutis 2001, 68, 89–91. 

26. Rossi, L.; Jennings, S. Bed bugs: A public health problem in need of a collaborative solution.  

J. Environ. Health 200, 72, 34–35. 

27. Goddard, J.; deShazo, R. Bed bugs (Cimex lectularius) and clinical consequences of their bites. 

JAMA-J. Am. Med. Assn. 2009, 301, 1358–1366. 

28. Bai, X.; Mamidala, P.; Rajarapu, S.P.; Jones, S.C.; Mittapalli, O. Transcriptomics of the bed bug 

(Cimex lectularius). PLOS One 2011, 6, e16336. 

29. Benoit, J.B.; Lopez-Martinez, G.; Teets, N.M.; Phillips, S.A.; Denlinger, D.L. Responses of the 

bed bug, Cimex lectularius, to temperature extremes and dehydration: Levels of tolerance, rapid 

cold hardening and expression of heat shock proteins. Med. Vet. Entomol. 2009, 23, 418–425. 

30. Yoon, K.S.; Kwon, D.H.; Strycharz, J.P.; Hollingsworth, C.S.; Lee, S.H.; Clark, J.M. 

Biochemical and molecular analysis of deltamethrin resistance in the common bed bug 

(Hemiptera: Cimicidae). J. Med. Entomol. 2008, 45, 1092–1101. 

31. Francischetti, I.M.; Calvo, E.; Andersen, J.F.; Pham, V.M.; Favreau, A.J.; Barbian, K.D.; 

Romero, A.; Valenzuela, J.G.; Ribeiro, J.M. Insight into the sialome of the bed bug, Cimex 

lectularius. J. Proteome. Res. 2010, 9, 3820–3831. 

32. Stutt, A.D.; Siva-Jothy, M.T. Traumatic insemination and sexual conflict in the bed bug Cimex 

lectularius. Proc. Natl. Acad. Sci. USA 2001, 98, 5683–5687. 

33. Siva-Jothy, M.T. Trauma, disease and collateral damage: conflict in cimicids. Philos. Trans. R. 

Soc. Lond. B. Biol. Sci. 2006, 361, 269–275. 

34. Reinhardt, K.; Naylor, R.A.; Siva-Jothy, M.T. Potential sexual transmission of environmental 

microbes in a traumatically inseminating insect. Ecol. Entomol. 2005, 30, 607–611. 

35. Reinhardt, K.; Harney, E.; Naylor, R.; Gorb, S.; Siva-Jothy, M.T. Female-limited polymorphism 

in the copulatory organ of a traumatically inseminating insect. Amer. Nat. 2007, 170, 931–935. 

36. Reinhardt, K.; Naylor, R.A.; Siva-Jothy, M.T. Situation Exploitation: Higher male mating 

muccess when female resistance is reduced by feeding. Evolution 2009, 63, 29–39. 

37. Otti, O.; Naylor, R.A.; Siva-Jothy, M.T.; Reinhardt, K. Bacteriolytic activity in the ejaculate of 

an Insect. Amer. Nat.. 2009, 174, 292–295. 

38. Reinhardt, K.; Naylor, R.A.; Siva-Jothy, M.T. Ejaculate components delay reproductive 

senescence while elevating female reproductive rate of an insect. Proc. Natl. Acad. Sci. USA 

2009, 106, 21743–21747. 

39. Benoit, J.B.; Del Grosso, N.A.; Yoder, J.A.; Denlinger, D.L. Resistance to dehydration between 

bouts of blood feeding in the bed bug, Cimex lectularius, is enhanced by water conservation, 

aggregation, and quiescence. Amer. J. Trop. Med. Hyg. 2007, 76, 987–993. 



Insects 2011, 2              

 

 

166 

40. Benoit, J.B.; Phillips, S.A.; Croxall, T.J.; Christensen, B.S.; Yoder, J.A.; Denlinger, D.L. 

Addition of alarm pheromone components improves the effectiveness of desiccant dusts against 

Cimex lectularius. J. Med. Entomol. 2009, 46, 572–579. 

41. Johnson, C.G. The ecology of the bed-bug, Cimex lectularius L, in Britain-Report on research, 

1935-40. J. Hygiene 1941, 41, 345–461. 

42. How, Y.F.; Lee, C.Y. Effects of Temperature and Humidity on the Survival and Water Loss of 

Cimex hemipterus (Hemiptera: Cimicidae). J. Med. Entomol. 2010, 47, 987–995. 

43. How, Y.F.; Lee, C.Y. Fecundity, nymphal development and longevity of field-collected tropical 

bedbugs, Cimex hemipterus. Med. Vet. Entomol. 2010, 24, 108–116. 

44. Siljander, E.; Gries, R.; Khaskin, G.; Gries, G. Identification of the airborne aggregation 

pheromone of the common bed bug, Cimex lectularius. J. Chem. Ecol. 2008, 34, 708–718. 

45. Rivnay, E. The tropism effecting copulation in the bed bug. Psyche 1933, 40, 115–120. 

46. Davis, N.T. The morphology and functional anatomy of the male and female reproductive systems  

of Cimex lectularius L. (Heteroptera, Cimicidae). Ann. Entomol. Soc. Amer. 1956, 49, 466–493. 

47. Khalifa, A. A contribution to the study of reproduction in the bed bug (Cimex lectularius L.) 

Bull. Soc. Entomol. 1952, 36, 311–316. 

48. Mellanby, K. Fertilization and egg production in the bed bug (Cimex lectularius L.) Parasitology 

1939, 31, 193–199. 

49. Lehane, M.J. Biology of Blood-Sucking Insects, 2nd ed.; Cambridge University Press: 

Cambridge, UK, 2005. 

50. Tawfik, M.S. Feeding mechanisms and the forces involved in some blood-sucking insects. 

Quaest. Entomol. 1968, 4, 92–111. 

51. Buchner, P. Endosymbiosis of Animals with Plant Microorganisms; Interscience Publishers/John 

Wiley: New York, NY, USA, 1965. 

52. Hosokawa, T.; Koga, R.; Kikuchi, Y.; Meng, X.Y.; Fukatsu, T. Wolbachia as a  

bacteriocyte-associated nutritional mutualist. Proc. Natl. Acad. Sci. USA 2010, 107, 769–774. 

53. Hypsa, V.; Aksoy, S. Phylogenetic characterization of two transovarially transmitted 

endosymbionts of the bedbug Cimex lectularius (Heteroptera: Cimicidae). Insect Mol. Biol. 

1997, 6, 301–304. 

54. Rasgon, J.L.; Scott, T.W. Phylogenetic characterization of Wolbachia symbionts infecting Cimex 

lectularius L. and Oeciacus vicarius Horvath (Hemiptera : Cimicidae). J. Med. Entomol. 2004, 

41, 1175–1178. 

55. Chang, K.P. Effects of elevated temperature on mycetome and symbiotes of bed bug Cimex 

lectularius (Heteroptera). J. Invert. Pathol. 1974, 23, 333–340. 

56. Chang, K.P.; Musgrave, A.J. Morphology, histochemistry and ultrastructure of mycetome and its 

rickettsial symbiotes in Cimex lectularius L. Canad. J. Microbiol. 1973, 19, 1075–1081. 

57. Chang, K.P. Haematophagous insect and hemoflagellate as hosts fro prokaryotic endosymbionts. 

Sym. Soc. Exp. Biol. 1975, 29, 407–428. 

58. Romero, A.; Potter, M.F.; Haynes, K.F. Circadian rhythm of spontaneous locomotor activity in 

the bed bug, Cimex lectularius L. J. Insect Physiol. 2010, 56, 1516–1522. 



Insects 2011, 2              

 

 

167 

59. Aboul-Nasr, A.E.; Erakey, M.A. S. Behavior and sensory physiology of the bed-bug, Cimex 

lectularius L. to some environmental factors: chemoreception. Bull. Entomol. Soc. Egypt 1968, 

52, 353–362  

60. Aboul-Nasr, A.E.; Erakey, M.A. S. On the bahavior and sensory physiology of the bed bug. 1. 

Temperature reactions (Hemiptera: Cimicidae). Bull. Entomolo. Soc. Egypt 1967, 51, 43–54. 

61. Weeks, E.N. I.; Birkett, M.A.; Cameron, M.M.; Pickett, J.A.; Logan, J.G. Semiochemicals of the 

common bed bug, Cimex lectularius L. (Hemiptera: Cimicidae), and their potential for use 

inmonitoring and control. Pest Manag. Sci. 2011, 67, 10–20. 

62. Anderson, J.F.; Ferrandino, F.J.; McKnight, S.; Nolen, J.; Miller, J. A carbon dioxide, heat and 

chemical lure trap for the bedbug, Cimex lectularius. Med. Vet. Entomol. 2009, 23, 99–105. 

63. Rivnay, E. Studies in tropisms of the bed bug Cimex lectularius L. Parasitology 1932, 40,  

115–120. 

64. Levinson, H.Z.; Bar Ilan, A.R. Assembling and alerting scents produced by the bed bug Cimex 

lectularius L. Experientia 1971, 27, 103–103. 

65. Levinson, H.Z.; Levinson, A.R.; Muller, B.; U. M. Action and composition of the alarm 

pheromone of the bed bug, Cimex lectularius L. Naturwissenschaften 1974, 12, 684–685  

66. Siljander, E.; Penman, D.; Harlan, H.; Gries, G. Evidence for male- and juvenile-specific contact 

pheromones of the common bed bug Cimex lectularius. Entomol. Exp. Appl. 2007, 125, 215–219. 

67. Ryne, C. Homosexual interactions in bed bugs: Alarm pheromones as male recognition signals. 

Anim. Behav. 2009, 78, 1471–1475. 

68. Harraca, V.; Ryne, C.; Ignell, R. Nymphs of the common bed bug (Cimex lectularius) produce 

anti-aphrodisiac defence against conspecific males. BMC Biol. 2010, 8, 121. 

69. Harraca, V.; Ignell, R.; Lofstedt, C.; Ryne, C. characterization of the antennal olfactory system of 

the bed bug (Cimex lectularius). Chem. Senses 2010, 35, 195–204. 

70. Feldlaufer, M.F.; Domingue, M.J.; Chauhan, K.R.; Aldrich, J.R. 4-Oxo-Aldehydes from the 

dorsal abdominal glands of the bed bug (Hemiptera: Cimicidae). J. Med. Entomol. 2010, 47, 

140–143. 

71. Romero, A.; Potter, M.F.; Haynes, K.F. Behavioral responses of the bed bug to insecticide 

residues. J. Med. Entomol. 2009, 46, 51–57. 

72. Boase, C.J. Bed bugs-reclaiming our cities. Biologist 2004, 51, 9–12. 

73. Hwang, S.W.; Svoboda, T.J.; De Jong, I.J.; Kabasele, K.J.; Gogosis, E. Bed bug infestations in 

an urban environment. Emerg. Infect. Dis. 2005, 11, 533–538. 

74. Coghlan, A. Bedbugs bite back. New Sci. 2002, 176, 10. 

75. Paul, J.; Bates, J. Is infestation with the common bedbug increasing? British Med. J. 2000, 320, 

1141–1141. 

76. Steelman, C.D.; Szalanski, A.L.; Trout, R.; McKern, J.A.; Solorzano, C.; Austin, J.W. 

Suspectibility of the bed bug Cimex lectularius L. (Heteroptera: Cimicidae) collected in poultry 

production facilties to selected insecticides. J. Agric. Urban Entomol. 2008, 25, 41–52.  

77. Mellanby, K. The physiology and activity of the bed bug (Cimex lectularius L.) in a natural 

infestation. Parasitology 1939, 31, 200–211. 



Insects 2011, 2              

 

 

168 

78. Yocum, G.D.; Denlinger, D.L. Physiology of heat sensitivity. In Temperature Sensitivity in 

Insects and Application in Integrated Pest Management; Hallman, G.J., Denlinger, D.L., Eds.; 

Westview Press: Boulder, CO, USA, 1999; pp. 7–57. 

79. Chown, S.; Nicolson, S.W. Insect Physiologicsl Ecology: Mechanisms and Patterns; Oxford 

University Press: Oxford ; New York, NY, USA, 2004. 

80. Lee, R.E.; Denlinger, D.L. Insects at Low Temperature; Chapman and Hall: New York, NY, 

USA, 1991. 

81. Denlinger, D.L.; Lee, R.E. Low Temperature Biology of Insects; Cambridge University Press: 

Cambridge, UK, 2010. 

82. Sinclair, B.J.; Vernon, P.; Klok, C.J.; Chown, S.L. Insects at low temperatures: An ecological 

perspective. Trends Ecol. Evol. 2003, 18, 257–262. 

83. Clark, M.S.; Worland, M.R. How insects survive the cold: Molecular mechanisms-a review.  

J. Comp. Physiol. B 2008, 178, 917–933. 

84. Danks, H.V. Dehydration in dormant insects. J. Insect Physiol. 2000, 46, 837–852. 

85. Wharton, G.A. Water balance of insects. In Comprehensive Insect Physiology, Biochemistry and 

Pharmacology; Kerkut, G.A., Gilbert, L.M., Eds.; Pergamon: Oxford, UK, 1985; pp. 565–603. 

86. Hadley, N.F. Water Relations of Terrestrial Arthropods; Academic Press: New York, NY, USA, 

1994. 

87. Benoit, J.B.; Denlinger, D.L. Meeting the challenges of on-host and off-host water balance in 

blood-feeding arthropods. J. Insect Physiol. 2010, 56, 1366–1376.  

88. Feder, M.E.; Hofmann, G.E. Heat-shock proteins, molecular chaperones, and the stress response: 

evolutionary and ecological physiology. Ann. Rev. Physiol. 1999, 61, 243–282. 

89. Benoit, J.B.; Lopez-Martinez, G. Role of conventional and unconventional stress proteins during 

the response of insects to traumatic environmental conditions. In Hemolymph Proteins and 

Functional Peptides: Recent Advances in Insects and Other Arthropods; Tufail, M., Takeda, M., 

Eds.; Bentham Science Publishers Oak Park: Oak Par, IL, USA, 2011. 

90. Gillespie, J.P.; Kanost, M.R.; Trenczek, T. Biological mediators of insect immunity. Annu. Rev. 

Entomol. 1997, 42, 611–643. 

91. Hoffmann, J.A. The immune response of Drosophila. Nature 2003, 426, 33–38. 

92. Brennan, C.A.; Anderson, K.V. Drosophila: The genetics of innate immune recognition and 

response. Ann. Rev. Immunol. 2004, 22, 457–483. 

93. Siva-Jothy, M.T.; Moret, Y.; Rolff, J. Insect immunity: an evoluntionary ecology perspective. In 

Advances in Insect Physiology; Simpson, S., Ed.; Academic Press: Oxford, UK, 2005; pp 1–36. 

94. Hatanaka, R.; Sekine, Y.; Hayakawa, T.; Takeda, K.; Ichijo, H. Signaling pathways in 

invertrebrate immune and stress response. Invert. Sur. J. 2009, 6, 32–43. 

95. Denlinger, D.L. Regulation of diapause. Ann. Rev. Entomol. 2002, 47, 93–122. 

96. MacRae, T.H. Gene expression, metabolic regulation and stress tolerance during diapause.  

Cell. Mol. Life Sci. 2010, 67, 2405–2424. 

97. Stronach, B.E.; Perrimon, N. Stress signaling in Drosophila. Oncogene 1999, 18, 6172–6182. 

98. Inoue, H.; Tateno, M.; Fujimura-Kamada, K.; Takaesu, G.; Adachi-Yamada, T.; Ninomiya-Tsuji, 

J.; Irie, K.; Nishida, Y.; Matsumoto, K. A Drosophila MAPKKK, D-MEKK1, mediates stress 

responses through activation of p38 MAPK. EMBO J. 2001, 20, 5421–5430. 



Insects 2011, 2              

 

 

169 

99. Wang, M.C.; Bohmann, D.; Jasper, H. JNK signaling confers tolerance to oxidative stress and 

extends lifespan in Drosophila. Dev. Cell 2003, 5, 811–816. 

100. Tibbles, L.A.; Woodgett, J.R. The stress-activated protein kinase pathways. Cell Mol. Life Sci. 

1999, 55, 1230–1254. 

101. Han, Z.Q. S.; Enslen, H.; Hu, X.D.; Meng, X.J.; Wu, I.H.; Barrett, T.; Davis, R.J.; Ip, Y.T.  

A conserved p38 mitogen-activated protein kinase pathway regulates Drosophila immunity gene 

expression. Mol. Cell Biol. 1998, 18, 3527–3539. 

102. Han, S.J.; Choi, K.Y.; Brey, P.T.; Lee, W.J. Molecular cloning and characterization of a 

Drosophila p38 mitogen-activated protein kinase. J. Biol. Chem. 1998, 273, 369–374. 

103. Craig, C.R.; Fink, J.L.; Yagi, Y.; Ip, Y.T.; Cagan, R.L. A Drosophila p38 orthologue is required 

for environmental stress responses. EMBO Rep. 2004, 5, 1058–1063. 

104. Zhuang, Z.H.; Zhou, Y.; Yu, M.C.; Silverman, N.; Ge, B.X. Regulation of Drosophila p38 

activation by specific MAP2 kinase and MAP3 kinase in response to different stimuli.  

Cell. Signal. 2006, 18, 441–448. 

105. Botella, J.A.; Baines, I.A.; Williams, D.D.; Goberdhan, D.C. I.; Proud, C.G.; Wilson, C. The 

Drosophila cell shape regulator c-Jun N-terminal kinase also functions as a stress-activated 

protein kinase. Insect Biochem. Mol. Biol. 2001, 31, 839–847. 

106. Chen, S.C.; Gardner, D.G. Osmoregulation of natriuretic peptide receptor signaling in inner 

medullary collecting duct - A requirement for p38 MAPK. J. Biol. Chem. 2002, 277, 6037–6043. 

107. Ryabinina, O.P.; Subbian, E.; Iordanov, M.S. D-MEKK1, the Drosophila orthologue of 

mammalian MEKK4/MTK1, and Hemipterous/D-MKK7 mediate the activation of D-JNK by 

cadmium and arsenite in Schneider cells. BMC Cell Biol. 2006, 7, 1–10. 

108. Qin, W.; Neal, S.J.; Robertson, R.M.; Westwood, J.T.; Walker, V.K. Cold hardening and 

transcriptional change in Drosophila melanogaster. Insect Mol. Biol. 2005, 14, 607–613. 

109. Colinet, H.; Lee, S.F.; Hoffmann, A. Temporal expression of heat shock genes during cold stress 

and recovery from chill coma in adult Drosophila melanogaster. FEBS J. 2010, 277, 174–185. 

110. Sorensen, J.G.; Nielsen, M.M.; Kruhoffer, M.; Justesen, J.; Loeschcke, V. Full genome gene 

expression analysis of the heat stress response, in Drosophila melanogaster. Cell Stress 

Chaperones 2005, 10, 312–328. 

111. Benoit, J.B.; Lopez-Martinez, G.; Patrick, K.R.; Phillips, Z.P.; Krause, T.B.; Denlinger, D.L. 

Drinking a hot blood meal elicits a protective heat shock response in mosquitoes. Proc. Natl. Acad. 

Sci. USA 2011, In press. 

112. Duman, J.G. Antifreeze and ice nucleator proteins in terrestrial arthropods. Ann. Rev. Physiol. 

2001, 63, 327–357. 

113. Izumi, Y.; Sonoda, S.; Yoshida, H.; Danks, H.V.; Tsumuki, H. Role of membrane transport of 

water and glycerol in the freeze tolerance of the rice stem borer, Chilo suppressalis Walker 

(Lepidoptera : Pyralidae). J. Insect Physiol. 2006, 52, 215–220. 

114. Philip, B.N.; Yi, S.X.; Elnitsky, M.A.; Lee, R.E. Aquaporins play a role in desiccation and freeze 

tolerance in larvae of the goldenrod gall fly, Eurosta solidaginis. J. Exp. Biol. 2008, 211,  

1114–1119. 

115. Drake, L.L.; Boudko, D.Y.; Marinotti, O.; Carpenter, V.K.; Dawe, A.L.; Hansen, I.A. The 

aquaporin gene family of the yellow fever mosquito, Aedes aegypti. PLOS One 2010, 5, e15578. 



Insects 2011, 2              

 

 

170 

116. Li, A.; Benoit, J.B.; Lopez-Martinez, G.; Elnitsky, M.A.; Lee, R.E. Jr.; Denlinger, D.L. Distinct 

contractile and cytoskeletal protein patterns in the Antarctic midge are elicited by desiccation and 

rehydration. Proteomics 2009, 9, 2788–2798. 

117. Yoder, J.A.; Benoit, J.B.; Denlinger, D.L.; Rivers, D.B. Stress-induced accumulation of glycerol 

in the flesh fly, Sarcophaga bullata: Evidence indicating anti-desiccant and cryoprotectant 

functions of this polyol and a role for the brain in coordinating the response. J. Insect Physiol. 

2006, 52, 202–214. 

118. Benoit, J.B.; Lopez-Martinez, G.; Elnitsky, M.A.; Lee, R.E.; Denlinger, D.L. Dehydration-

induced cross tolerance of Belgica antarctica larvae to cold and heat is facilitated by trehalose 

accumulation. Comp. Biochem. Physiol. A 2009, 152, 518–523. 

119. Zhang, H.; Liu, J.N.; Li, C.R.; Momen, B.; Kohanski, R.A.; Pick, L. Deletion of Drosophila 

insulin-like peptides causes growth defects and metabolic abnormalities. Proc. Natl. Acad. Sci. 

USA 2009, 106, 19617–19622. 

120. Watanabe, M. Anhydrobiosis in invertebrates. Appl. Entomol. Zool. 2006, 41, 15–31. 

121. Overgaard, J.; Malmendal, A.; Sorensen, J.G.; Bundy, J.G.; Loeschcke, V.; Nielsen, N.C.; 

Holmstrup, M. Metabolomic profiling of rapid cold hardening and cold shock in Drosophila 

melanogaster. J. Insect Physiol. 2007, 53, 1218–1232. 

122. Michaud, M.R.; Benoit, J.B.; Lopez-Martinez, G.; Elnitsky, M.A.; Lee, R.E.; Denlinger, D.L. 

Metabolomics reveals unique and shared metabolic changes in response to heat shock, freezing 

and desiccation in the Antarctic midge, Belgica antarctica. J. Insect Physiol. 2008, 54, 645–655. 

123. Crowe, J.H.; Hoekstra, F.A.; Crowe, L.M. Anhydrobiosis. Ann. Rev. Physiol. 1992, 54, 579–599. 

124. Suemoto, T.; Kawai, K.; Imabayashi, H. A comparison of desiccation tolerance among 12 

species of chironomid larvae. Hydrobiologia 2004, 515, 107–114. 

125. Worland, M.R.; Grubor-Lajsic, G.; Purac, J.; Thorne, M.A. S.; Clark, M.S. Cryoprotective 

dehydration: Clues from an insect. Top. Curr. Genet. 2010, 21. 

126. Elbein, A.D.; Pan, Y.T.; Pastuszak, I.; Carroll, D. New insights on trehalose: a multifunctional 

molecule. Glycobiology 2003, 13, 17r–27r. 

127. Nguyen, T.T. A.; Michaud, D.; Cloutier, C. A proteomic analysis of the aphid Macrosiphum 

euphorbiae under heat and radiation stress. Insect Biochem. Mol. Biol. 2009, 39, 20–30. 

128. Purac, J.; Burns, G.; Thorne, M.A. S.; Grubor-Lajsic, G.; Worland, M.R.; Clark, M.S. Cold 

hardening processes in the Antarctic springtail, Cryptopygus antarcticus: Clues from a 

microarray. J. Insect Physiol. 2008, 54, 1356–1362. 

129. Matzkin, L.M.; Markow, T.A. Transcriptional regulation of metabolism associated with the 

increased desiccation resistance of the cactophilic Drosophila mojavensis. Genetics 2009, 182, 

1279–1288. 

130. Clark, M.S.; Thorne, M.A. S.; Purac, J.; Burns, G.; Hillyard, G.; Popovic, Z.D.; Grubor-Lajsic, 

G.; Worland, M.R. Surviving the cold: Molecular analyses of insect cryoprotective dehydration 

in the Arctic springtail Megaphorura arctica (Tullberg). BMC Genomics 2009, 10, 328. 

131. Clark, M.S.; Thorne, M.A. S.; Purac, J.; Grubor-Lajsic, G.; Kube, M.; Reinhardt, R.; Worland, 

M.R. Surviving extreme polar winters by desiccation: clues from Arctic springtail (Onychiurus 

arcticus) EST libraries. BMC Genomics 2007, 8, 475. 



Insects 2011, 2              

 

 

171 

132. Colinet, H.; An Nguyen, T.T.; Cloutier, C.; Michaud, D.; Hance, T. Proteomic profiling of a 

parasitic wasp exposed to constant and fluctuating cold exposure. Insect Biochem. Mol. Biol. 

2007, 37, 1177–1188. 

133. Benoit, J.B. Water management by dormant insects: comparisons between dehydration resistance 

during summer aestivation and winter diapause. In Aestivation: Molecular and Physiological 

Aspects; de Carvalho, J.E., Navas, C.A., Eds.; Springer-Verlag: Berlin, Germany, 2010;  

pp. 209–229. 

134. Gibbs, A.G.; Matzkin, L.M. Evolution of water balance in the genus Drosophila. J. Exp. Biol. 

2001, 204, 2331–2338. 

135. Matzkin, L.M.; Mutsaka, K.; Johnson, S.; Markow, T.A. Metabolic pools differ among 

ecologically diverse Drosophila species. J. Insect Physiol. 2009, 55, 1145–1150. 

136. Matzkin, L.M.; Watts, T.D.; Markow, T.A. Evolution of stress resistance in Drosophila: 

interspecific variation in tolerance to desiccation and starvation. Funct. Ecol. 2009, 23, 521–527. 

137. Benoit, J.B.; Yoder, J.A.; Rellinger, E.J.; Ark, J.T.; Keeney, G.D. Prolonged maintenance of 

water balance by adult females of the American spider beetle, Mezium affine Boieldieu, in the 

absence of food and water resources. J. Insect Physiol. 2005, 51, 565–573. 

138. Benoit, J.B.; Patrick, K.R.; Desai, K.; Hardesty, J.J.; Krause, T.B.; Denlinger, D.L. Repeated 

bouts of dehydration deplete nutrient reserves and reduce egg production in the mosquito Culex 

pipiens. J. Exp. Biol. 2010, 213, 2763–2769. 

139. Sinclair, B.J.; Chown, S.L. Deleterious effects of repeated cold exposure in a freeze-tolerant  

sub-Antarctic caterpillar. J. Exp. Biol. 2005, 208, 869–879. 

140. Bale, J.S.; Worland, M.R.; Block, W. Effects of summer frost exposures on the cold tolerance 

strategy of a sub-Antarctic beetle. J. Insect Physiol. 2001, 47, 1161–1167. 

141.  Teets, N.M.; Kawarasaki, Y.; Lee Jr. R.E.; Denlinger, D.L. Survival and energetic costs of 

repeated cold exposure in the Antarctic midge, Belgica antarctica: A comparison between frozen 

and supercooled larvae. J. Exp. Biol. 2011, 214, 806–814.  

142. Omori, N. Comparative studies on the ecology and physiology of common and tropical bed bug, 

with special reference to the reactions to temperature and moisture. J. Med. Assoc. Taiwan 1941, 

60, 555–729. 

143. Naylor, R.A.; Boase, C.J. Practical solutions for treating laundry infested with Cimex lectularius 

(Hemiptera: Cimicidae). J. Econ. Entomol. 2010, 103, 136–139.  

144.  Mellanby, K. Efffects of temperature and humidity on the metabolism of the fasting bed-bug 

(Cimex lectularius), Hemiptera. Parasitology 1932, 24, 419–428.  

145. Mellanby, K. A comparison of the physiology of the two species of bed bugs which attack man. 

Parasitology 1935, 27, 111–122. 

146. Roberto, M.P.; Philip, G.K.; Margie, P.; Wayne, W. Lethal effects of heat and use of localized 

heat treatment for control of bed bug infestations J. Econ. Entomol. 2009, 102, 1182–1188. 

147. Coast, G.M.; Zabrocki, J.; Nachman, R.J. Diuretic and myotropic activities of N-terminal 

truncated analogs of Musca domestica kinin neuropeptide. Peptides 2002, 23, 701–708. 

148. Coast, G. The endocrine control of salt balance in insects. Gen. Comp. Endocrin. 2007, 152, 

332–338. 



Insects 2011, 2              

 

 

172 

149. Coast, G.M. Neuroendocrine control of ionic homeostasis in blood-sucking insects. J. Exp. Biol. 

2009, 212, 378–386. 

150. Williams, J.C.; Hagedorn, H.H.; Beyenbach, K.W. Dynamic changes in the flow rate and 

composition of urine during the post-bloodmeal diuresis in Aedes aegypti (L.) J. Comp. Physiol. 

A 1983, 153, 257–265. 

151. Armitage, S.A. O.; Thompson, J.J. W.; Rolff, J.; Siva-Jothy, M.T. Examining costs of induced 

and constitutive immune investment in Tenebrio molitor. J. Evol. Biol. 2003, 16, 1038–1044. 

152. Lessels, C.M. The evolutionary outcomes of sexual conflict. Philos. Trans. R. Soc. B 2006, 361, 

301-317. 

153. Strand, M.A. Pathogens of Cimcidae (bed bugs) Bull. WHO 1977, 55, 313–315. 

154. Reinhardt, K.; Naylor, R.; Siva-Jothy, M.T. Reducing a cost of traumatic insemination: female 

bed bugs evolve a unique organ. Proc. R. Soc. London B 2003, 270, 2371–2375. 

155. Moore, D.J.; Miller, D.M. Laboratory evaluations of insecticide product efficacy for control of 

Cimex lectularius. J. Econ. Entomol. 2006, 99, 2080–2086.  

156. Feroz, M. Toxicological and genetical studies of organophosphorus-resistance in Cimex 

lectularius. Bull. Entomol. Res. 1968, 59, 377–382.  

157. Nagem, R.L.; Williams, P. Suspectibility tests of the bed bug, Cimex lectularius L. (Hemiptera, 

Cimicidae) to DDT in Belo Horizonte, Brazil. Rev. Saude Public 1992, 26, 125–128.  

158. Fletcher, M.G.; Axtell, R.C. Suspectiblity of the bedbug, Cimex lectularius L. to selected 

insecticides and various treated surfaces. Med. Vet. Entomol. 1993, 7, 69–72.  

159. Lofgren, C.S.; Keller, J.C.; Burden, G.S. Resistance tests with the bed bug and evaluation of 

insecticide for its control. J. Econ. Entomol. 1958, 51, 241–244.  

160. Karunaratne, S.H.P.P.; Damayanthi, B.T.; Fareena, M.H. J.; Fareena, I.V.; Hemmingway, J. 

Insecticide resistance in the tropical Cimex hemipterus. Pest. Biochem. Physiol. 2006, 88,  

102–107.  

161.  Mittapali, O. Metabolic ressitance to pesticides in bed bugs. Insect 2011, in press.  

162.  Romero, A. Moving from the Old to the New: Insecticide research on bed bugs since the 

resurgence. Insects 2011, in press.  

© 2011 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article 

distributed under the terms and conditions of the Creative Commons Attribution license 

(http://creativecommons.org/licenses/by/3.0/). 


