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Emerging infestations of bed bugs are affecting normal human lifestyle globally. This study has been
designed to optimize the rearing conditions for Cimex lectularius L. (Hemiptera), to support the
scientific research on them. Bed bugs have been projected onto three different temperature (20 °C,
25 °C, and 30 °C) and relative humidity (50%, 70%, and 90%) conditions to check their overall growth
and survival rate. Adult mortality, weight loss, egg laying, percentage hatching, hatching initiation
and completion, nymph mortality, and molting have been evaluated to optimize the best conditions.
The temperature at 25 °C with 90% RH showed minimum mortality for adults (female 13.33+3.33%
and male 6.67 + 3.33%) and nymphs (13.33 + 3.33%), while maximum egg laying (40.33 +1.86),

with highest percentage hatching (98.23 + 0.58%). At 30 °C with 90% RH, hatching initiation and
completion (5.19+0.12 days and 7.23 £ 0.16 days) as well as molting initiation and completion
(3.73+0.12 days and 7.00 + 0.24 days) were found to be fastest. Thus, it can be concluded that 25 °C
with 90% RH is ideal for rearing of adults and 30 °C with 90% RH is appropriate for rapid growth of
nymphs.
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Climatic conditions like temperature and humidity have very profound influence on the life cycle of arthropods!.
One such arthropod is bed bug, a nocturnal, flightless, and blood feeding ectoparasites of the Cimicidae family.
Their existence was known for over thousands of years, followed humans from cave to modern civilization, and
still possesses a challenging issue in the world>*. Bed bug infestation was controlled post World War-II with the
use of synthetic insecticides. In 1990s resurgence occurred because of insecticides resistance and spread due to
global travelling®™. In recent times infestation of bed bugs were reported in America, Europe, Australia, Africa,
and Asia®®.

There are two main species of bed bugs, C. lectularius (common bed bug) and C. hemipterus (tropical bed
bug) which are mostly found in tropical, sub-tropical and temperate regions. They preferably populate more
when the temperature and relative humidity is around 23-32 °C and 50-90% respectively, and can also enter
to a dormant state if the temperature drops significantly’~. These obligate hematophagous insects mostly stay
hidden under the closest proximity to the host in daytime and become most active during the night when the
host’s movements are significantly low. They feed a warm blood meal with the help of stylet in every 4-5 days
for their growth and reproduction®®-'!.

Nowadays, it has become very necessary to control bed bugs as they are creating a very detrimental influence
on human health all around the globe!?. Their biting may cause sleeping disturbance leading to anxiety, local
inflammation, itching, impetigo, and allergic reactions'*~'®. Pyrethroids and natural oils have been found to
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be effective for their management, but it is very challenging to control the infestations because of their cryptic
behaviour and high adaptability to various physical and chemical controlling paradigms®!’-2,

Hence, a systematic approach to study the behaviour of bed bugs to combat their infestations is required for
which culturing of this insect effectively in the laboratory environment is of utmost importance. This implies that,
a proper culturing technique that results in a good qualitative and quantitative production is a major requirement
for conducting research on them. Usually, bed bugs are cultured in laboratories from 20 to 30 °C with a relative
humidity (RH) of 60-70%, although they have been reported to survive in a very harsh climatic condition.
Researchers around the globe are finding it difficult to control their rearing in the laboratory conditions* .
There are variations in the culturing techniques at different laboratories according to their needs and facilities
available, but optimal conditions of temperature and relative humidity required for the maximum production
of C. lectularius L. species of bed bugs are yet to be established. Thus, the present study has been performed to
optimize the best suitable temperature and RH for the production of maximum number of bed bugs, with low
mortality rate, high egg production, fastest egg hatching and quick nymphal development in the laboratory
facility.

Methodology

Bed bugs collection and identification

Initially, bed bugs were collected from the army barracks of Solmara, Tezpur, Assam. These were mostly found in
the edges and cracks of beds and mosquito nets of army personnel and taken out with the help of a fine painting
brush. A total of 89 bed bugs were collected from three different locations. The adult bed bugs (10 numbers)
were stored in 70% ethanol and sent for species identification in the Zoological Survey of India (ZSI), Dehradun,
India. All the specimens were identified as C. lectularius Linnaeus, 1758 of family Cimicidae. Further, they were
reared to reproduce sufficient quantities for testing.

Laboratory rearing and maintenance of culture

The adult bed bugs were kept at laboratory conditions (temperature 27 + 3 °C, RH 60+ 15%, with a 12: 12 h (L:D))
in glass jars (8 cm height and 6.5 cm inner diameter) with a tightly caped metal lid and black chart papers as
harbourage (Lakeer store, Vadodara, India) (7 cm length, 6 cm width, and 5-6 folds) for hiding and ovipositing.
The middle part of the lid (5 cm diameter) was removed and a nylon sheet of 120 mesh (Taher & Sons, India)
was fit into the lid to promote air circulation and also to suck blood meal (in vitro rabbit blood) once weekly. The
pictorial representations of different culture components are depicted in Fig. 1 below. The experimental protocol
for blood withdrawal from rabbit was approved by the Institutional Animal Ethical Committee (IAEC) (approved
protocol number 07, dated 25/02/2022), Defence Research Laboratory (Registration number 1227/GO/Rbi/S/08/
CPCSEA), Tezpur, Assam, India. This protocol was carried out in compliance with the standards of the Animal
Research: Reporting of In Vivo Experiments (ARRIVE) and CCSEA guidelines. Briefly, 5 ml blood was collected
from the marginal ear vein of a healthy adult New Zealand white rabbit (male, weighing 2-2.5 kg) using a 21 G
needle (DISPO VAN °, Hindustan syringes and medical devices. LTD, India), into K3-EDTA vacutainer vials
(Unitek scientific corporation, India). Then it was injected to a pouch of stretched parafilm “M” °® laboratory film
(Pechiney plastic packaging, Chicago, USA), warmed at 37 °C in a water bath (Equitron, Medica Instrument
Mfg. Co., India). The culture jar was kept upside down position, touching the nylon mesh to the blood-loaded

Figure 1. (a) Nylon mesh, (b) metal lid, (c) folded black chart paper for harborage, (d) glass jar, (e) bed bug
culture inside the jar.
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stretched parafilm “M” ® pouch so that bed bugs could feed the blood*"**. Further, the nymphs were separated
from the parent culture periodically.

Exposure to different temperature and humidity conditions

Adult bed bugs (12-15 days old) (n=20, Male/Female ratio 1:1) were kept in the same type of glass jars that
were used for their culture. For exposure, bed bugs were kept in different temperature and RH conditions with
the help of a controlled temperature and humidity cabinet (Scientech, science enterprises, Delhi, India), with a
12: 12 h (L:D). The temperature and humidity conditions are depicted in Table 1.

Adult mortality and weight loss

Adult bed bugs (12-15 days old) (n =20, Male/Female ratio 1:1) were given a rabbit blood meal (15 min) prior to
initiation of the experiment. The weight of all the adults was taken before exposing them in temperature-humidity
cabinet. For every group, three replicates were taken and checked every day to note down mortality. During the
experimental period (4 weeks for adults) blood meal was given to them once in a week and total weight of the
bugs for each replicate were taken before and after every blood meal. The average weight of bed bugs was taken
every week and the weight loss was calculated by the formula mentioned in Eq. (1) below.

Weight loss = W1 — W2(mg) (1)

where W1 =average weight of blood-fed bed bugs of day 0, W2 =average weight of unfed bed bugs of day 7.

Egg laying and hatching

Female bed bugs start laying eggs after a few days of blood meal, on the paper harbourage that was replaced
by the same type of paper on a daily basis and counted till 4 weeks. The data were represented as the average
number of eggs laid for individual group. The papers were then kept in a disposable polypropylene petri-dish
(8.5 cm diameter) with two small holes on the lid, under the same temperature and humidity condition. It was
then observed on a daily basis for hatching initiation and completion. The percentage of hatching was calculated
and data were represented as mean + S.E.M. (standard error of the mean).

Nymph mortality and molting

The nymphs (n=30) were collected from the newly hatched eggs on the first week and kept in three different
petri-dishes (10 nymphs per petri-dish). Nymphs were fed with blood meal (15 min) once in every 12 days and
observed for molting and mortality. The molting of nymphs to their next stage was recorded when there was a
first appearance of exoskeleton and noted as molting initiation, whereas when all the nymphs completed their
molting was noted as the molting completion. The average days of molting initiation and completion were cal-
culated by taking the mean values of initiation and completion for all stages.

Statistical analysis

For adult mortality the comparisons were made between each group for male and female separately. For adult
weight loss, percentage egg hatching, egg hatching initiation, egg hatching completion, percentage nymph mor-
tality, nymph molting initiation, and nymph molting completion, the comparisons were made between each
group. For egg laying, comparison was made only within a week between all the groups. All the data were rep-
resented as mean + S.E.M. (standard error of the mean). The individual group’s significance for each individual
parameter was analysed by one-way ANOVA followed by Tukey’s multiple comparison test where p <0.05 has
been considered as statistically significant.

Results

Adult mortality and weight loss

The adult mortality was observed on a daily basis for each replicate in every group and percentage mortality was
calculated. The results were represented in Table 2 and were found statistically significant, for female (p <0.001)

Groups Temperature (C) | Relative Humidity (%)
Group-1 50
Group-2 20 70
Group-3 90
Group-4 50
Group-5 25 70
Group-6 90
Group-7 50
Group-8 30 70
Group-9 90

Table 1. Experimental conditions of bed bugs at different temperature and relative humidity.
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Adult mortality percentage (%) Ll
Groups Female Male (mg)
Group-1 100.00+0.00* 93.33+3.334 5.88+0.14
Group-2 53.33+6.675 A0+ 36.67 +3.338 Avxx 5.63+0.12
Group-3 26.67 +3.334%00 Bt 16.67 +3.33400 Bx 4.96+0.15
Group-4 86.67 £3.33¢ 60.00 +5.77C Axxx 5.95+0.194
Group-5 36.67 +3.33D Crex 26.67 +3.33D Crex 5.71+£0.30
Group-6 13.33 £ 3,335 Coon Dax 6.67 +3.33C00 Dx 5.05+0.20*
Group-7 100.00 +0.00" 100.00 +0.00% C+* 6.53+0.24%
Group-8 73.3343,33G B Doer, Fx 56.67 + 3.33F Bt Dok, Exox 5.87+0.07
Group-9 43.33 + 3335006 B, Goox 23.33 43,3300 Peex 5.26+0.155%*

Table 2. Percentage mortality and weight loss of adult bed bugs, values represented as mean+S.E.M.
(standard error of the mean). The letters A, B, C, D, E, F, and G represents individual groups and letter with
superscript *p <0.05, **p <0.01, and ***p <0.001 represents the level of significance derived from one-way
ANOVA followed by Tukey’s multiple comparison test.

and male bugs (p <0.001). The lowest adult mortality of 13.33+3.33% and 6.67 + 3.33% was found at 25 °C with
90% RH after 4 weeks for female and male bed bugs, respectively. Mortality of 100% female bugs had occurred
at 20 °C with 50% RH and 30 °C with 50% RH at the end of third week, while in male bed bugs it was observed
at fourth week only for group 7. The weight loss of adult bed bugs was calculated from the weight of bed bugs
before and after each blood meal for every week (Eq. 1). The loss of body weight was found statistically significant
(p<0.001).

Egg laying

The average number of eggs laid by the female bed bugs in each exposure group were represented in Table 3.
The highest numbers of eggs were laid by the bugs exposed to 25 °C with 90% RH on first and third week, i.e.,
40.33+1.86 and 39.67 +3.84. At 20 °C and 30 °C with 50% RH, eggs were collected up to third week as no female
bed bugs survived beyond third week. The lowest numbers of eggs were collected at 20 °C with 50% RH. A sig-
nificant increase in the average number of eggs on week 1 (p <0.05) and week 2 (p <0.001) was observed in the
bugs exposed to 30 °C with 50% RH when compared to 20 °C with 50% RH.

Egg hatching

The percentage egg hatching, average initiation and completion of hatching were represented in Fig. 2. The
percentage hatching was found maximum at 25 °C with 90% RH i.e., 98.23 +0.58%. The egg hatching at 20 °C
with 50% RH took maximum time (9.24 +0.14 days for initiation and 10.66 + 0.28 days for completion) and the
percentage hatching was also found lowest (86.58 +3.4%). Hatching of eggs at 30 °C with 90% RH was faster
(5.19£0.12 days for initiation and 7.23 +0.16 days for completion) in comparison with other groups.

Nymph mortality
The mortality of nymphs was also observed daily for each group until they grown up to adults. The percentage
mortality of nymphs was found to be similar for 20 °C with 50% RH, 25 °C with 50% RH group, and 30 °C with

Average number of eggs laid
Groups Week-1 Week-2 Week-3 Week-4
Group-1 16.00+1.534 7.67+0.334 3.00+0.584 NA
Group-2 31.67+2.194 19.67 £2.19% A% 8.33+1.20° 3.67+£0.674
Group-3 31.00+ 1.534%* 15.67+2.03¢ 19.00 4 3.06C A+ Bx 19.67 £ 1,675 Aexx
Group-4 27.67+1.76% 4% | 19.00+1.00>** 8.33+0.33° 3.00+0.58¢
Group-5 34.67+2.40 33.33+1.20%00 Dxx 21.33 + 1.86% BrxDxx 11.33 41,200 A% Ot
Group-6 40.33+1.86%* 35.00+2.520000 D00 | 39 67 4 3 84T Crer Do, Bxox | 93 33 49 33000 Dxr
Group-7 | 28.67+3.71% | 23.00£2.65%¢ 3.67+1.76% NA
Group-8 30.33+0.67 25.67 £2.60 21.67 £ 1.765%% Goex 9.00+1.00
Group-9 36.67+3.28 28.00+£2.00%%* 19.00 £ 2,007+ G+ 13.67 £0.88%*

Table 3. The average number of eggs laid in different groups were represented as mean + S.E.M. (standard
error of the mean) from week-1 to week-4. The letters A, B, C, D, E, F, and G represents individual groups and
letter with superscript (*p <0.05, **p <0.01, and ***p <0.001) represents the level of significance derived from
one-way ANOVA followed by Tukey’s multiple comparison test. NA represents no egg available.
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Figure 2. Graphical representation of the effect of temperature and relative humidity on percentage egg
hatching (a), egg hatching initiation (b), and egg hatching completion (c). Each value was represented as

mean +S.E.M. (standard error of the mean). The letters A, B, C, D, E, E, and G represents the individual groups
and the letters with superscript (*p <0.05, **p <0.01, and ***p <0.001) represents the level of significance derived
from one-way ANOVA followed by Tukey’s multiple comparison test.

90% RH i.e., 26.67 +3.33%. No significant changes in mortality were observed when humidity increases from
70 to 90% at 20 °C i.e., 23.33+5.77%. But, when the temperature was increased from 20 to 25 °C for 70% RH,
the percentage mortality was slightly decreased and the values were non-significant (p>0.05) and reported to
be 20.00 £ 5.77%. The group, 25 °C with 90% RH, highest number of nymphs survived till their adult stage and
hence the percentage mortality was found to be minimum (13.33 +3.33%). The maximum nymph mortality was
observed at 30 °C with 50% RH i.e., 36.67 +5.33%. When RH increased to 70% at 30 °C, percentage mortality
decreased non-significantly (p>0.05) and was found to be 33.33 +£3.33.

Nymph molting

The nymph molting was observed for its initiation and completion after every blood meal in each instar stage. The
data for each group is represented in Fig. 3. The results were found statistically significant for molting initiation
(p<0.001) and for molting completion (p <0.001). The molting initiation and completion time were minimum
at 30 °C with 90% RH i.e., 3.73 +£0.12 days and 7.00 £ 0.24 days respectively. In case of 20 °C with 50% RH, the
molting initiation and completion time was found to be maximum i.e., 6.13+0.23 days and 9.87+0.17 days
respectively.

Discussion

The change in behavioural response with respect to variable temperature and relative humidity conditions are
the major criteria that effect the bed bug population worldwide. They are known to cause severe mental trauma
as well as physical discomfort to mankinds'*'°. These types of challenges have aroused various questions in the
scientific community regarding bed bug management. To eradicate the infestation, knowledge of its physiology,
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a. Nymph molting initiation b. Nymph molting completion

Figure 3. Effect of temperature and relative humidity on nymph molting. (a) represents the average number

of days required for initiation of molting for all stages (first instar to fifth instar) after a blood meal, and

(b) represents the average number of days to complete molting after a blood meal. Data are represented as

mean + S.E.M. (standard error of the mean). The letters A, B, C, D, E, F, and G represents the individual groups
and the letters with superscript (*p <0.05, **p <0.01, and ***p <0.001) represents the level of significance derived
from one-way ANOVA followed by Tukey’s multiple comparison test.
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anatomy, disease vectoring conditions, and its controlling strategies are required to be understood at the earliest
for which a good laboratory conditions is a pre-requisite. This study will put insight into unclenched temperature
and RH conditions that will provide best culture acclimatization for C. lectularius L. species of bed bugs.

From the current study, it was observed that maximum mortality of adult bed bugs occurred in group 1 and
group 7. As the humidity increases from 50 to 90%, the mortality rate has decreased significantly for both male
and female bed bugs (p <0.001) which is comparable with the previous findings*>~*’. Moreover, as the reproduc-
tive process reduces the agility and overall strength of female bed bugs, hence, they were more susceptible than
the males as the survival rate of female bed bugs were noted to be less in every individual group.

Generally, after a blood meal, their weight increases almost five times and previous findings also revealed
that due to dehydration and heat stress the body weight reduces eventually when exposed to higher tempera-
ture conditions'>?’*’. In the current study, similar patterns of weight loss have been observed and found to be
increasing with an increase in temperature and decreasing with an increase in RH as represented in Table 2.
However, in Tukey’s multiple comparison test the weight loss for group 1, group 2, and group 3 was found to be
non-significant (p >0.05). This phenomenon can be explained due to the fact that at low temperature, the activity
of bed bug is usually low which can cause conservation of body fluid®. Furthermore, a mortality of 100% for both
females and males were seen for group 7, which is due to an increase in temperature and decrease in RH. Even
the female bed bugs of group 1 and group 7 couldn’t survive beyond 3 weeks which can be ascertained due to its
low humidity conditions. Thus, it clearly indicates that dehydration followed by weight loss plays an important
role in the survival of adult bed bugs.

From the previous studies, it was evident that at 23 °C with 90% RH, female C. lectularius L. can lay 5-8 eggs
per week, which can reach up to 100-150 in their entire life time*'-3. The newly emerged nymphs generally take
a blood meal and molts their keratinous outer shell so as to reach their next stage of development and continue
the nymphal maturation stage, finally growing into an adult®. Herein, the egg laying was found to be maximum
for group 6 and can be considered to be the most favourable environment for egg laying. Nymphs emerge from
fertilized eggs within 5-12 days depending upon the environmental conditions®**. Thus, hatching initiation was
observed to understand the time required for embryonic development under different conditions. The percentage
egg hatching, on the other hand has been found to be maximum in group 6. Therefore, it can be considered that
group 6 (25 °C with 90% RH) is probably the ideal environment for egg incubation too. The nymph mortality
has been observed all through their progressive development and the highest mortality was found at group 7
which was quite similar with the observed adult mortality and adult weight loss patterns. With the increase in
relative humidity, the nymph mortality had slightly decreased. However, it was seen that with an increase in
temperature, the mortality percentage remains almost the same. This suggests that relative humidity has more
profound impact on the survival rate of nymphs than the temperature variations.

One of the vital physiological transitions that occur in nymphs is molting'®. They usually change their
exoskeleton after every 3-7 days following a blood meal which takes almost 40-60 days to become an adult>***.
In this particular study, molting pattern (both initiation and completion) were observed in terms of days. The
data were analysed and found significant in most of the cases when the temperature and humidity conditions
were compared, and reported in Fig. 3. The pictorial representation that the bed bug nymphs go through during
their development has been shown in Fig. 4. It has been observed that with an increase in temperature from 20 to
30 °C and RH from 50 to 90%, both molting initiation and molting completion significantly decreased (p <0.001).
Thus, it can be said that temperature and RH have profound role in the stages of nymphal developments.

Conclusion

The effect of temperature and relative humidity was observed throughout the life cycle of C. lectularius L. After
the completion of this study, it can be stated that at 25 °C with 90% RH, maximum number of adults and nymphs
survived during entire study period, also egg laying and percentage egg hatching was maximum in this condition.
But in case of initiation and completion of both egg hatching and nymph molting the most favourable condi-
tion was 30 °C with 90% RH, but the mortality of adults was found almost 4 times higher than 25 °C with 90%
RH condition. Thus, it can be concluded that 25 °C with 90% RH will be the most suitable condition for rearing
of adult bed bugs, and 30 °C with 90% RH will be the most favourable condition for rapid growth of nymphs,
provided the frequency of blood meal should be increased to obtain better results.
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Figure 4. Pictorial representation of different stages of development of C. lectularius L. The columns first to
fifth represents the nymphal stages (first instar to fifth instar), and the rows represents the day wise changes at
every stage. Row 1 and 2 depict the nymphs of all stages before blood meal (BM) and after blood meal (AM),
while row 3 and 4 represent the changes taking place after blood meal at day-3 and day-5 respectively. A clear
visualisation of changing of old keratinous structure to new apparently whitish skin structure indicates the
completion of molting and transition to their next stage.

Data availability

The datasets used and/ or analyzed during the current study are available from the corresponding author on

reasonable request.

Received: 10 February 2024; Accepted: 15 April 2024
Published online: 22 April 2024

References

1. Kizito, E. B., Masika, F. B., Masanza, M., Aluana, G. & Barrigossi, J. A. E. Abundance, distribution and effects of temperature and

humidity on arthropod fauna in different rice ecosystems in Uganda. J. Entomol. Zool. 5(5), 964-973 (2017).
2. Usinger, R. L. Monograph of cimicidae. Entomol. Soc. Am. 7, 45 (1966).

3. Doggett, S. L., Dwyer, D. E., Penas, P. E. & Russell, R. C. Bed bugs: Clinical relevance and control options. Clin. Microbiol. Rev.

25(1), 164-192. https://doi.org/10.1128/cmr.05015-11 (2012).

4. Yoon, K. S. et al. Biochemical and molecular analysis of deltamethrin resistance in the common bed bug (Hemiptera: Cimicidae).

J. Med. Entomol. 45(6), 1092-1101. https://doi.org/10.1093/jmedent/45.6.1092 (2008).

5. Romero, A., Potter, M. E, Potter, D. A. & Haynes, K. F. Insecticide resistance in the bed bug: A factor in the pest’s sudden

resurgence?. J. Med. Entomol. 44(2), 175-178. https://doi.org/10.1093/jmedent/44.2.175 (2007).

6. Dang, K., Doggett, S. L., Veera Singham, G. & Lee, C. Y. Insecticide resistance and resistance mechanisms in bed bugs, Cimex spp.

(Hemiptera: Cimicidae). Parasit. Vect. 10, 1-31. https://doi.org/10.1186/s13071-017-2232-3 (2017).

Scientific Reports |

(2024) 14:9163 | https://doi.org/10.1038/s41598-024-59728-7 nature portfolio


https://doi.org/10.1128/cmr.05015-11
https://doi.org/10.1093/jmedent/45.6.1092
https://doi.org/10.1093/jmedent/44.2.175
https://doi.org/10.1186/s13071-017-2232-3

www.nature.com/scientificreports/

7. Reinhardt, K. & Siva-Jothy, M. T. Biology of the bed bugs (Cimicidae). Annu. Rev. Entomol. 52, 351-374. https://doi.org/10.1146/
annurev.ento.52.040306.133913 (2007).

8. Cannet, A. et al. A review of data on laboratory colonies of bed bugs (Cimicidae), an insect of emerging medical relevance. Parasite
22,5 (2015).

9. Hinson, K. R. Biology and control of the bed bug Cimex lectularius L. (Doctoral dissertation, Clemson University) (2014). https://
tigerprints.clemson.edu/cgi/viewcontent.cgi?article=2467&context=all_dissertations

10. Benoit, J. B. Stress tolerance of bed bugs: A review of factors that cause trauma to Cimex lectularius and C. hemipterus. Insects 2(2),
151-172. https://doi.org/10.3390/insects2020151 (2011).

11. Miller, D. M., Polanco, A. M. & Rogers, J. Bed bug biology and behavior (2019). https://www.vdh.virginia.gov/content/uploads/
sites/119/2018/02/Bed-Bug-Biology.pdf

12. Papini, R. A. Bed bug infestations: A case report in an urban environment of central Italy and effectiveness of steam treatment
against Cimex lectularius (Hemiptera: cimicidae). Rom. Arch. Microbiol. Immunol. 80(3), 270-277 (2021).

13. Goddard, J. & Deshazo, R. Bed bugs (Cimex lectularius) and clinical consequences of their bites. JAMA 301(13), 1358-1366. https://
doi.org/10.1001/jama.2009.405 (2009).

14. Delaunay, P. Bedbugs and infectious diseases. Clin. Infect. Dis. 52(2), 200-210. https://doi.org/10.1093/cid/ciq102 (2011).

15. Burton, G. J. Bedbugs in relation to transmission of human diseases: Review of the literature. Public Health Rep. 78(6), 513. https://
doi.org/10.2307/4591852 (1963).

16. Boase, C. Bedbugs-back from the brink. Pesticide Outlook 12(4), 159-162. https://doi.org/10.1039/B106301B (2001).

17. Kakati, A. et al. Development of insecticide-impregnated polyester/cotton blend fabric and assessment of their repellent
characteristics against Cimex lectularius and dengue vectors Aedes albopictus and Aedes aegypti. Parasit. Vect. 16(1), 122. https://
doi.org/10.1186/s13071-023-05740-1 (2023).

18. Goddard, J. Long-term efficacy of various natural or “green” insecticides against bed bugs: A double-blind study. Insects 5(4),
942-951. https://doi.org/10.3390/insects5040942 (2014).

19. Lee, C. Y., Wang, C. & Su, N. Y. Perspective on biology and management of bed bugs: Introduction. J. Econ. Entomol. 116(1), 1-4.
https://doi.org/10.1093/jee/toac141 (2023).

20. Gordon, J. R., Potter, M. F. & Haynes, K. E. Insecticide resistance in the bed bug comes with a cost. Sci. Rep. 5(1), 10807. https://
doi.org/10.1038/srep10807 (2015).

21. Feldlaufer, M. F, Harlan, H. J. & Miller, D. M. Laboratory rearing of bed bugs. Rear. Anim. Plant Pathogen Vect. 1(1), 119-130.
https://doi.org/10.1201/b16804-7 (2014).

22. Olson, J. E, Moon, R. D. & Kells, S. A. Off-host aggregation behavior and sensory basis of arrestment by Cimex lectularius
(Heteroptera: Cimicidae). J. Insect Physiol. 55(6), 580-587. https://doi.org/10.1016/j.jinsphys.2009.03.001 (2009).

23. Berry, R. III. The behavioral response to heat in the common bed bug, Cimex lectularius (Hemiptera: Cimicidae). J. Med. Entomol.
58(4), 1626-1637. https://doi.org/10.1093/jme/tjab020 (2021).

24. Aak, A. & Rukke, B. A. Bed bugs, their blood sources and life history parameters: A comparison of artificial and natural feeding.
Med. Vet. Entomol. 28(1), 50-59. https://doi.org/10.1111/mve.12015 (2014).

25. Stutt, A. D. & Siva-Jothy, M. T. Traumatic insemination and sexual conflict in the bed bug Cimex lectularius. PNAS 98(10),
5683-5687. https://doi.org/10.1073/pnas.101440698 (2001).

26. Siva-Jothy, M. T. Trauma, disease and collateral damage: Conflict in cimicids. Philos. Trans. R. Soc. B Biol. Sci. 361(1466), 269-275.
https://doi.org/10.1098/rstb.2005.1789 (2006).

27. How, Y. E. & Lee, C. Y. Effects of temperature and humidity on the survival and water loss of Cimex hemipterus (Hemiptera:
Cimicidae). J. Med. Entomol. 47(6), 987-995. https://doi.org/10.1603/ME10018 (2014).

28. Mellanby, K. Effects of temperature and humidity on the metabolism of the fasting bed-bug (Cimex lectularius), Hemiptera. Parasitol
24(3), 419-428. https://doi.org/10.1017/S0031182000020813 (1932).

29. Rukke, B. A., Aak, A. & Edgar, K. S. Mortality, temporary sterilization, and maternal effects of sublethal heat in bed bugs. PLoS
One 10(5), e0127555. https://doi.org/10.1371/journal.pone.0127555 (2015).

30. 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. Am. J. Trop. Med. Hyg. 76(5), 987-993.
https://doi.org/10.4269/ajtmh.2007.76.987 (2007).

31. Johnson, C. G. The ecology of the bed-bug, Cimex lectularius L., in Britain: Report on research, 1935-1940. Epidemiol. Infect. 41(4),
345-461 (1941).

32. How, Y. F & Lee, C. Y. Fecundity, nymphal development and longevity of field-collected tropical bed bugs, Cimex hemipterus. Med.
Vet. Entomol. 24(2), 108-116. https://doi.org/10.1111/j.1365-2915.2010.00852.x (2010).

33. Khan, H. R. & Rahman, M. M. Morphology and biology of the bed bug, Cimex hemipterus (Hemiptera: Cimicidae) in the laboratory.
Dhaka Univ. J. Biol. Sci. 21(2), 125-130. https://doi.org/10.3329/dujbs.v21i2.11510 (2012).

34. Biology, Habitat, and Management of Bed bug. https://extension.psu.edu/biology-habitat-and-management-of-bed-bugs (last
accessed on March, 2024).

35. Rukke, B. A,, Sivasubramaniam, R., Birkemoe, T. & Aak, A. Temperature stress deteriorates bed bug (Cimex lectularius) populations
through decreased survival, fecundity and offspring success. PLoS One 13(3), €0193788. https://doi.org/10.1371/journal.pone.
0193788 (2018).

Acknowledgements

All the authors have significantly contributed to this work, and would like to thank the anonymous internal
review committee for reviewing the manuscript (IREC number: DRL/PTD/03/2023) and providing construc-
tive suggestions. We would also like to thank Director, Defence Research Laboratory (DRL), Tezpur, Assam for
providing necessary facilities. Lastly, we are thankful to Dr. Aftab Ahmad, Scientist ‘D, Northern Regional Centre,
Zoological Survey of India, for providing identification of the species of bed bugs.

Author contributions

A.B: Conceptualization, methodology, formal analysis, resource, and writing original draft. A.S: Supervision
and writing review and editing. P.D: Visualization, review and editing. A.K: Writing original manuscript, data
curation and resource. B.S: Visualization and editing manuscript. D.G: Method validation, data curation. Y.D.B:
Data curation and resources S.K1: Resources and project management. SK2: Data curation and resources. S.R:
Validation and formal analysis. P.C: Validation, investigation, supervision, and writing-review, and editing

Competing interests
The authors declare no competing interests.

Scientific Reports |

(2024) 14:9163 | https://doi.org/10.1038/s41598-024-59728-7 nature portfolio


https://doi.org/10.1146/annurev.ento.52.040306.133913
https://doi.org/10.1146/annurev.ento.52.040306.133913
https://tigerprints.clemson.edu/cgi/viewcontent.cgi?article=2467&context=all_dissertations
https://tigerprints.clemson.edu/cgi/viewcontent.cgi?article=2467&context=all_dissertations
https://doi.org/10.3390/insects2020151
https://www.vdh.virginia.gov/content/uploads/sites/119/2018/02/Bed-Bug-Biology.pdf
https://www.vdh.virginia.gov/content/uploads/sites/119/2018/02/Bed-Bug-Biology.pdf
https://doi.org/10.1001/jama.2009.405
https://doi.org/10.1001/jama.2009.405
https://doi.org/10.1093/cid/ciq102
https://doi.org/10.2307/4591852
https://doi.org/10.2307/4591852
https://doi.org/10.1039/B106301B
https://doi.org/10.1186/s13071-023-05740-1
https://doi.org/10.1186/s13071-023-05740-1
https://doi.org/10.3390/insects5040942
https://doi.org/10.1093/jee/toac141
https://doi.org/10.1038/srep10807
https://doi.org/10.1038/srep10807
https://doi.org/10.1201/b16804-7
https://doi.org/10.1016/j.jinsphys.2009.03.001
https://doi.org/10.1093/jme/tjab020
https://doi.org/10.1111/mve.12015
https://doi.org/10.1073/pnas.101440698
https://doi.org/10.1098/rstb.2005.1789
https://doi.org/10.1603/ME10018
https://doi.org/10.1017/S0031182000020813
https://doi.org/10.1371/journal.pone.0127555
https://doi.org/10.4269/ajtmh.2007.76.987
https://doi.org/10.1111/j.1365-2915.2010.00852.x
https://doi.org/10.3329/dujbs.v21i2.11510
https://extension.psu.edu/biology-habitat-and-management-of-bed-bugs
https://doi.org/10.1371/journal.pone.0193788
https://doi.org/10.1371/journal.pone.0193788

www.nature.com/scientificreports/

Additional information
Correspondence and requests for materials should be addressed to P.C.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the
Creative Commons licence, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from
the copyright holder. To view a copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2024

Scientific Reports |  (2024) 14:9163 | https://doi.org/10.1038/s41598-024-59728-7 nature portfolio


www.nature.com/reprints
http://creativecommons.org/licenses/by/4.0/

	Optimization and establishment of laboratory rearing conditions for Cimex lectularius L. against variable temperature and relative humidity
	Methodology
	Bed bugs collection and identification
	Laboratory rearing and maintenance of culture
	Exposure to different temperature and humidity conditions
	Adult mortality and weight loss
	Egg laying and hatching
	Nymph mortality and molting
	Statistical analysis

	Results
	Adult mortality and weight loss
	Egg laying
	Egg hatching
	Nymph mortality
	Nymph molting

	Discussion
	Conclusion
	References
	Acknowledgements


