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extensively since 1967 during the Malaria Eradication Program and 
was subsequently replaced with pyrethroids in the form of indoor 
spraying and impregnated bed nets in 1998 (Rohani et� al. 2014). 
In this study, all C.� hemipterus strains (QLD-AU [2007], KL-MY 
[2005], TT-MY [2015], CH-MY [2015], and GL-MY [2015]) dis-
played high levels of resistance to DDT, as well as the pyrethroids. 
The high levels of DDT resistance identi�ed in the Malaysian strains 
in this study could also be due to the side-effect of the Malaria 
Eradication Program described above or the cross-resistance from 
pyrethroid to DDT since both classes of insecticides share a similar 

mode of action. Compared to DDT and the pyrethroids, these �ve 
strains showed moderate to high levels of resistance to malathion. 
This resistance may be attributed to the repetitive use of organophos-
phates (e.g., malathion, diazinon, chlorpyrifos) and carbamates (e.g., 
bendiocarb, propoxur) in the past for bed bug management (Potter 
2018). Despite serious resistance issues, pyrethroids remain a major 
class of insecticides widely used for bed bug control in Malaysia. 
Taken together, the sole use of pyrethroids should be avoided in 
the management of C.�hemipterus infestations. Alternatively, newer 
formulations (e.g., neonicotinoid-pyrethroid mixtures), such as 

Fig. 1.  Cumulative percentage (mean – SE) of knocked down bed bugs for the �ve C.�hemipterus strains used in this study after 72-h exposure to pyrethroids (A: 
Deltamethrin, B: Permethrin, C: Lambda-cyhalothrin) in synergism assays. Statistical differences among treatments within each strain were determined using 
one-way ANOVA and Tukey�s test, with signi�cant differences (P�<�0.05) indicated by different letters. Signi�cant differences were considered when synergism 
knockdown was achieved above 50% in this study. Delta�=�Deltamethrin, Per�=�Permethrin, Lambda�=�lambda-cyhalothrin.
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Temprid (21% imidacloprid, 10.5% beta-cy�uthrin) and Triloafi 
ZC (also known as Tandem, 11.6% thiamethoxam, 3.5% lambda-
cyhalothrin), and nonchemical methods such as heat treatment 
should be considered in best practice.

P450s are the primary enzyme family associated with resist-
ance to most insecticides, especially pyrethroids (e.g., permethrin, 
deltamethrin; David et� al. 2013). Previous studies have identi�ed 
that P450s-mediated metabolic resistance to pyrethroids occurs in 
C.� lectularius (Dang et� al. 2017a, Gonzalez-Morales and Romero 
2019, Khalid et� al. 2019). In contrast, this resistance mechanism 
remains the least understood in C.� hemipterus. Although recent 
biochemical assays identi�ed varied P450s activities in different 
C.� hemipterus strains (Punchihewa et� al. 2019, Soh and Veera 
Singham 2021), the role of P450s in insecticide resistance war-
rants more investigation. In this study, the addition of PBO effect-
ively increased the susceptibility of all �ve C.�hemipterus strains to 

deltamethrin and lambda-cyhalothrin (Fig. 1), suggesting P450s in-
volvement in pyrethroid resistance in C.�hemipterus. P450s can me-
tabolize a broad range of substrates and lead to cross-resistance with 
different classes of insecticides (Mamidala et�al. 2012, David et�al. 
2013). For example, two synergism studies suggested that P450s 
likely metabolize �pronil in bed bugs due to cross-resistance, even 
though �pronil was not registered for bed bug control and not used 
in bed bug management (How and Lee 2011, GonzÆlez-Morales 
et� al. 2021). In this study, PBO effectively increased the suscepti-
bility of C.�hemipterus to DDT in four strains and malathion in the 
QLD-AU strain. This study suggests that P450s are conferring meta-
bolic resistance to pyrethroids and other classes of insecticides in 
C.�hemipterus.

Esterases have been implicated in carbamates and organophos-
phate resistance in numerous insect species, including C.�lectularius 
(Adelman et�al. 2011, Mamidala et�al. 2012, Zhu et�al. 2013, Dang 

Table 5.  Effect of pretreatment with PBO, DEF, and DEM 2�h before application of DDT and malathion to the �ve C.�hemipterus strains

Strains Tests N KT50 (95% CI) (h) KT95 (95% CI) (h) Slope – SE � 2 (df) Knockdowna (%) SR50 RS50

QLD-AU 2% DDT 30 >120 >120 � � 26.7�– 6.7 1 �
2% DDT + PBO 30 11.1 (9.7�12.6)* 52.4 (42.3�69.3) 1.1�– 0.1 1.8 (5) 100 >10.8 >90.7%
2% DDT + DEF 30 >120 >120 � � 23.3�– 12 1 �
2% DDT + DEM 30 >120 >120 � � 10 1 �
5% Mala 30 17.1 (15.4�18.8) 32.7 (27.6�44.5) 2.5�– 0.4 1.9 (3) 100 1 �
5% Mala + PBO 30 4.4 (3.7�5.1)* 10.5 (8.7�14.1) 1.9�– 0.3 0.3 (3) 100 3.9 74.4%
5% Mala + DEF 30 6.1 (4.9�7.3)* 16.0 (12.9�22.2) 1.7�– 0.2 0.8 (2) 100 2.8 64.3%
5% Mala + DEM 30 10.1 (8.8�11.7)* 25.1 (20.0�35.7) 1.8�– 0.2 1.1 (4) 100 1.9 41.2%

KL-MY 2% DDT 30 >120 >120 � � 46.7�– 12 1 �
2% DDT + PBO 30 114.0 (94.1�158.4) >120 1.2�– 0.2 1.5 (3) 51.3�– 6.8 >1.1 >9.1%
2% DDT + DEF 30 >120 >120 � � 33.3�– 14.5 1 �
2% DDT + DEM 30 >120 >120 � � 16.7�– 8.8 1 �
5% Mala 30 31.0 (24.0�39.5) >72 0.9�– 0.2 2.3 (3) 76.7�– 8.8 1 �
5% Mala + PBO 30 30.2 (24.6�37.7) >72 1.1�– 0.2 1.1 (3) 78.2�– 2.8 1 �
5% Mala + DEF 30 12.0 (9.2�14.0)* 32.9 (25.1�62.3) 1.6�– 0.4 1.2 (2) 96.7�– 3.3 2.6 61.5%
5% Mala + DEM 30 17.9 (12.2�26.3) >72 0.5�– 0.1 1.14 (5) 80�– 5.8 1 �

TT-MY 2% DDT 30 >120 >120 � � 26.7�– 6.7 1 �
2% DDT + PBO 30 55.8 (45.1�69.7)* >120 0.9�– 0.1 2.4 (4) 78.8�– 13.2 >2.2 >54.5%
2% DDT + DEF 30 26.9 (20.3�35.1)* >120 0.7�– 0.1 3.2 (6) 93.3�– 3.3 >4.5 >77.8%
2% DDT + DEM 30 >120 >120 � � 13.3�– 3.3 1 �
5% Mala 30 10.7 (8.2�13.6) 96.7 (62.2�189.0) 0.8�– 0.1 8.7 (6) 100 1 �
5% Mala + PBO 30 9.7 (6.9�12.7) 102.9 (62.6�238.3) 0.7�– 0.1 0.5 (5) 93.3�– 6.7 1 �
5% Mala + DEF 30 2.9 (2.1�3.7)* 12.4 (8.6�22.3) 1.1�– 0.2 3.1 (2) 100 3.7 72.9%
5% Mala + DEM 30 10.3 (8.2�12.8) 71.3 (47.3�133.7) 0.9�– 0.1 1.0 (6) 96.7�– 3.3 1 �

CH-MY 2% DDT 30 >120 >120 � � 43.3�– 6.7 1 �
2% DDT + PBO 30 29.4 (22.9�37.4)* >120 1.0�– 0.2 3.9 (3) 90�– 5.8 >4.1 >75.6%
2% DDT + DEF 30 >120 >120 � � 13.3�– 3.3 1 �
2% DDT + DEM 30 >120 >120 � � 13.3�– 8.8 1 �
5% Mala 30 >72 >72 � � 6.7�– 3.3 1 �
5% Mala + PBO 30 >72 >72 � � 23.3�– 6.7 1 �
5% Mala + DEF 30 26.3 (22.9�30.3)* 68.4 (52.8�108.4) 1.7�– 0.3 0.8 (3) 89.6�– 5.8 >2.7 >63%
5% Mala + DEM 30 >72 >72 � � 6.7�– 3.3 1 �

GL-MY 2% DDT 30 >120 >120 � � 30�– 5.8 1 �
2% DDT + PBO 30 18.7 (16.0�22.0)* 132.3 (94.8�210.0) 0.8�– 0.1 6.3 (5) 97.1�– 1.8 >6.4 >84.4%
2% DDT + DEF 30 80.1 (63.1�111.7)* >120 0.9�– 0.2 0.6 (3) 66.7�– 8.8 >1.5 >33.3%
2% DDT + DEM 30 >120 >120 � � 30�– 5.8 1 �
5% Mala 30 32.7 (26.4�41.6) >72 0.9�– 0.2 0.5 (4) 73.3�– 8.8 1 �
5% Mala + PBO 30 32.1 (26.7�39.6) >72 1.2�– 0.2 1.0 (3) 86.7�– 8.8 1 �
5% Mala + DEF 30 19.8 (17.1�22.4)* 47.6 (39.3�64.8) 1.9�– 0.3 2.3 (4) 100 1.7 41.2%
5% Mala + DEM 30 45.6 (39.5�53.6) >72 1.7�– 0.3 0.8 (2) 76.7�– 8.8 1 �

*KT50s were considered signi�cantly different (P�<�0.05) if their 95% CI did not overlap.
aCumulated knockdown to DDT at 120�h, and Malathion at 72�h.
SR50 (synergism ratio at KT50)�=�KT50 in absence of PBO/KT50 in the presence of PBO). RS50 (%, resistance suppression)�=�[1�� (KT50 in presence of PBO/ KT50 in 

absence of PBO)] × 100, same to DEF and DEM.
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et�al. 2017a) and C.�hemipterus (Karunaratne et�al. 2007, Punchihewa 
et�al. 2019). Our investigations demonstrated that esterases conferred 
resistance to malathion, as pretreatment of DEF effectively reduced 
malathion resistance in all �ve strains (Table 5). However, altered 
acetylcholinesterases (AChEs) might also be a resistance mechanism 
against the organophosphates in C.�hemipterus (Karunaratne et�al. 
2007, Punchihewa et� al. 2019, Komagata et� al. 2021). Recently, a 
novel mutation, F348Y (phenylalanine 348 to tyrosine), on the AChE 
gene was identi�ed and was thought to contribute organophosphate 
and carbamate resistance in both C.� lectularius and C.�hemipterus 
(Komagata et� al. 2021). Esterases have also been shown to confer 
cross-resistance to the pyrethroids and �pronil in C.�lectularius (Lilly 
et�al. 2016a, Dang et�al. 2017a, Gonzalez-Morales and Romero 2019, 
GonzÆlez-Morales et�al. 2021).

In this study, DDT resistance was suppressed by DEF in the 
TT-MY and GL-MY strains (Table 5). This observation must be 
treated with caution as DEF is not a completely speci�c inhibitor 
of esterases. DEF could also inhibit microsomal oxidases at concen-
trations of >10�4 M (Scott 1990). Compared with C.�lectularius, the 
role of esterases in conferring pyrethroid resistance still requires fur-
ther investigation in C.�hemipterus, as all synergism assays with DEF 
pretreatment showed negative results (Fig. 1).

DDT dehydrochlorination by GSTs is a major route of detoxi-
�cation in insects (Enayati et�al. 2005). In this study, the pretreat-
ment of DEM did not effectively increase the susceptibility of all 
C.�hemipterus strains to DDT, as well as the pyrethroids. DEM only 
suppressed malathion resistance in the QLD-AU strain. Despite 
GSTs-mediated resistance, other metabolic mechanisms such as 
P450s could instead contribute towards DDT resistance in the �ve 
strains. In addition, DDT shares the same VGSC target site with the 
pyrethroids. Kdr mutations in the VGSC gene may be responsible for 
high levels of DDT resistance in the �ve strains (Karunaratne et�al. 
2007). On the contrary, DDT resistance in Sri Lankan C.�hemipterus 
populations was due to their high GSTs levels rather than kdr muta-
tions (Punchihewa et�al. 2019).

Results from the synergism studies provide insights on the in-
volvement of metabolic enzymes in insecticide resistance and provide 

important information about the potential use of insecticides with 
synergists in the formulation for the management of resistant bed 
bug infestations. For example, PBO and 3-phenoxybenzyl hexanoate 
(PBH) were suggested for use as synergists with pyrethroids against 
resistant C.�lectularius (Romero et�al. 2009, Hardstone et�al. 2015), 
and C.�hemipterus (How and Lee 2011).

The kdr mutation is commonly associated with DDT and pyreth-
roid resistance in a range of insect pests, including bed bugs (Yoon 
et�al. 2008; Davies et�al. 2007, 2012; Dang et�al. 2015b). Dang et�al. 
(2015b) identi�ed four mutations, namely L899V, M918I, D953G, 
and L1014F, in C.�hemipterus from various localities. Subsequently, 
another eight mutations (A468TY/L995H, A1007S, V1010L, 
I1011F, I1011T, V1016E, and L1017F/S) were identi�ed but not 
widely reported (Punchihewa et�al. 2019, Ghavami et al. 2021,  Soh 
and Veera Singham 2021). Both M918I and L1014F mutations were 
commonly identi�ed to occur together in C.�hemipterus populations 
from various locations, including Australia (Dang et� al. 2015b), 
Central Europe (Balvín et�al. 2021), China (Zhao et�al. 2020), India 
(Dang et� al. 2015b), Iran (Ghavami et� al. 2021), Malaysia (Dang 
et� al. 2015b, Soh and Veera Singham 2021), and United States 
(Hawaii; Lewis et�al. 2020). Similarly, the C.�hemipterus strains that 
were highly resistant to both pyrethroids and DDT in this study 
were also found to possess both M918I and L1014F. On this basis, 
M918I and L1014F mutations presumably play a signi�cant role in 
kdr resistance and are widespread among the C.�hemipterus popu-
lations worldwide. Speci�c molecular makers based on M918I and 
L1014F mutations could be developed to detect kdr resistance in 
C.�hemipterus.

Our previous study (Dang et� al. 2015b) identi�ed that when 
L1014F in C.�hemipterus accompanies M918I, it may be acting as a 
�super-kdr mutation� in pyrethroid resistance (much as the combined 
M918T + L1014F mutations that has been reported in the house �y 
[Davies et�al. 2007]). Similar �ndings were reported in later studies 
(Zhao et�al. 2020, Lewis et�al. 2020, Balvín et�al. 2021, Ghavami 
et�al. 2021, Soh and Veera Singham 2021). Irrespective of the pres-
ence of point mutation I1011T, Soh and Veera Singham (2021) re-
ported that PEN1_MY and KYA_AF strains, which possessed only 

Fig. 2.  Amino acid sequence alignments of partial VGSC genes of the C.�hemipterus strains from the study (TT-MY, CH-MY, and GL-MY strains: red letter) and 
those of previous studies (Dang et�al. 2015b: black letter, Zhao et�al. 2020: Guangxi strain, Soh and Veera Singham 2021: purple letter), against the reference 
common bed bug C.�lectularius (FJ031996) and other wild insect species, including the house�y Musca domestica L.�(U38813), mosquito Anopheles gambiae 
Giles (AM422833), German cockroach Blattella germanica (L.) (U71083), and head lice Pediculus humanus capitis De Geer (AY191156) from the NCBI GenBank. 
*NQ-AU is the QLD-AU strain, KL-MA is the KL-MY strain in this study. CH-MY (N�=�5): M918I, D953G, L1014F. GL-MY (N�=�5): M918I, D953G, L1014F. TT-MY (N�=�7; 
refer to Fig. 3): I�(N�=�1), D953G, L1014F; II (N�=�6), M918I, D953G, L1014F.
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