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]n the Philippines, stored grain insect pests such as the red flour beetle 
(Tribolium castaneum Herbst) have developed resistance to malathion (Sayaboc and 
Acda 1990, Gibe and Motoyama 2002). This led to the substttution of malathion by 
another organophosphorous compound, pirimiphos methyl and the pyrethroids, 
permethrin and deltamethrin. Extensive use of permethrin in the field resulted in the 
development of T. castaneum resistance to permethrin and cross-resistance to 
fenvalerate {Gibe and Motoyama 2004). Biochemical mechanisms, inheritance and 
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Permethrin resistance in the red flour beetle (Tribolium castaneum 
Herbst) was characterized using permethrin-selected (R-per1) strain. In the 
absence of selection pressure, permethrin resistance was stable for 8 (ca. 8 
months) generations and then showed a partial decrease in degree of 
resistance. The resistance was in a stable level in the succeeding months 
suggesting two types of resistance mechanism. The KT 50 values obtained by 
topical application of permethrin exhibited a 2.0 fold knockdown resistance 
(kdr) against larvae of R-per1 as compared to the susceptible strain. The 
shortened knockdown time as a result of pretreatment with the metabolic 
inhibitors PBO and DEF confirmed the presence of kdr factor in the 
permethrin resistant strain. The cytochrome P450 content as estimated by the 
CO-binding difference spectrum was 2.2 times larger in adult and 2.7 times 
larger in larva of permethrin-resistant strain, indicating the participation of 
monooxygenase system as part of the mechanism of resistance. The third 
mechanism is the participation of esterases as exhibited by an increased 
activity in the presence of a- and 13-naphthyl acetates as substrates, implying 
a relationship between permethrin resistance and degradation by esterases. 
The implication of such findings was discussed in relation to the current use 
of grain protectants in managing resistant stored grain insect pests. 
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Two permethrin-resistant strains of the red flour beetle, T. castaneum Herbst 
and an insecticide susceptible (S) NFRI strain originally obtained from the National 
Food and Research Institute, Japan were used in this study. The resistant strains were 
coded R-per 1 and R-per2, respectively, and were established by laboratory selection of 
the R-org obtained from Vtgan, Philippines, With permethrin. The R-org strain had 3 
times higher LC50 compared With (S) NFRI when tested against permethrin (Gibe and 
Motoyama 2004). The resistant populations received further selection with 
permethrin for 2 more generations prior to commencement of the current study. All the 
insects were reared on rice bran enriched With commercial yeast (20: 1 ratio) at 30 2C 
and 655% relative humidity. 

Grain Insects 

MATERIALS AND METHODS 

In protecting stored grains in the Philippines, the extensive use of permethrin 
over pirimiphos methyl and deltamethrin as grain protectant and residual spray 
contributed much to the status of T. castaneum resistance at present. Permethrin is 
extensively used because of its versatility, cutting across household, industrial and 
commercial store usage to control variety of insects and other arthropod pests. 
However, the substitution of malathion by permethrin resulted in further development 
of resistance in malathion-resistant Tribolium castaneum. Esterase-mediated 
resistance has been documented in pyrethroid resistance cases in many insects. A 
number of esterases that can hydrolyze pyrethroids have been reported to be 
associated With pyrethroid-resistant insects (De Jersey et al 1985, Devonshire 1986, 
Delorme et al 1988; Shchukin and Wool 1994, Pruett et al 2002). Previous studies on 
fenvalerate resistance also include genetics and stability of resistance. It is believed 
that availability of such information would be beneficial in the development of 
improved resistance monitoring to prevent further emergence and development of 
resistant populations (Bengston et al 1999). The present study further investigated 
stability of resistance and elucidated mechanisms of pyrethroid resistance and 
implication of these findings in the management of stored grain insect pests, 
particularly permethrin-resistant red flour beetle. 

stability of resistance to the pyrethoid fenvalerate have been studied. Fenvalerate 
resistance in the red flour beetle is conferred by two mechanisms, i.e. target site 
insensitivity or the so-called knockdown resistance (kdr) and increased degradation 
mediated by cytochrome P450- dependent monooxygenase system (Gibe and 
Motoyama 2012). 
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Knockdown effect of permethrin was determined following a single dose 
treatment against fourth instar larvae of Sand R-perl strains as previously described 
by Gibe and Motoyama (2012). R-perl strain was chosen over R-per2 due to latter's 
lower LC50 response during the test of stability of resistance. One microliter of 
permethrin acetone solution was topically applied at 1.0 ugtlarva to 15-20 larvae on the 
third dorsal segment from the head capsule. The treated larvae were kept at 25°C until 
they were knocked down. Knockdown is defined as the inability of the larvae to move 
when pricked. Median knockdown time (KT50) was calculated from the length of 
exposure period in minutes. After the completion of knockdown, the treated larvae 
were transferred to plastic cups (65 mm diameter X 40 mm depth, ca. 100 ml volume) 
and supplied with a small amount of rice bran. To examine the effect of PBO and DEF 
on knockdown time, the synergtsts were topically applied to the same site on the larvae 
at 10 and 5 ,ugtlarva, respectively, 10 min prior to pyrethroid application. Cumulative 
recovery was also recorded for larvae within specified period of 24 to 48 hrs. after 
treatment. 

Knockdown Bioassay 

The stability ofresistance in R-perl and R-per2 strains was studied based on 
methods described by Gibe and Motoyama in 2012. After restoration ofresistance by 
laboratory selection with pyrethroids for 8 generations, the selection was terminated 
and stability of resistance was monitored every other generation starting from the 10th 
generation, designated as FO. to the subsequent fourteen generations Adults were 
exposed to a treated surface by impregnated filter paper assay as previously described 
( Gibe and Motoyama 2004) except that insecticidal solutions were prepared in acetone 
alone and no risella oil was used. After exposing adults for 24 hours, insects were 
transferred to rice bran and mortality was re-assessed after another 24 hours. LD50 

values were then estimated. 

Stability of Resistance 

Technical grade permethrin (91.6%) was obtained from Sumitomo Chemical 
Co. Ltd., Japan. Piperonyl butoxide (PBO) (90%) was purchased from Wako Pure 
Chemical Industries Ltd., Japan. S, S, S-tributyl phosphorotrithioate (DEF) (99.8%) 
was from AccuStandard, USA. All other chemicals used were at the highest grade 
commercially available. 

Chemicals 
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Change in resistance level in the absence of selection pressure with permethrin 
was monitored for 14 generations (ca. 14 months). The results are presented in Fig. 1 
as LD50 against adults. Resistance to permethrin in R-perl and R-per2 strains was 
stable at least for 8 generations after cessation of selection (Fig. 1). There was a sudden 
drop of LD50 at F10, which stabilized at about 10 to 15 µgjcm2 in the succeeding 

Stability of Resistance 

RESULTS AND DISCUSSION 

General esterase activity was measured calorimetrically using the substrates a. 
naphthyl acetate and ~-naphthyl acetate according to the method of van Asperen in 
1962. Three larvae ( 4th instar) or adults { 1 week post eclosion) were homogenized in 1 
ml of l/15M of phosphate buffer, pH 6.8 fortified with 0.5% TritonX-100 using a glass 
teflon homogenizer at 4°C. The homogenate was centrifuged at 10,000xg for 15 min 
and the supernatant post-mitochondrial fraction was used as the enzyme source for 
esterase assay. The reaction mixture consisted of 4ul of enzyme in 1.5 ml of 1/15 M 
phosphate buffer, pH 6.8 and 1.5 ml of 5 X 10·4 M aqueous solution of a. and B naphthyl 
acetate (acetone 1 %). The reaction mixture was incubated at 30°C for 15 min and the 
reaction was stopped by adding 0.45 ml of a mixture (5:2) of 5% sodium dodecyl 
sulphate and 1 % naphthanil diazoblue. Absorbance was read at 600 nm for the 
reaction with a.-naphthyl acetate and 540 nm for ~-naphthyl acetate with a Shimadzu 
UV-Visible Recording Spectrophotometer (UV- l 60A) and converted to µmole using a 
calibration line prepared either with a.-naphthol or ~-naphthol. Non-enzymatic 
hydrolysis was corrected by substituting the enzyme with the buffer. 

Determination ofEsterase Activity 

CO-binding difference spectrum of cytochrome P450 was measured as 
described by Gibe and Motoyama in 2012. To 2 ml of microsomal suspension 
(equivalent to 200 mg insect; 0.8 to 1.0 mg protein/ml), 2 mg of sodium dithionite was 
added and then CO was bubbled into a sample cuvette for 15 seconds. Reduction of 
cytochrome P450 by dithionite is used in routine quantitative determinations of heme 
proteins (Davydov, D. R. et.al, 2005). Difference spectrum was recorded with the 
Shimadzu UV-Visible Spectrophotometer (UV- l 60A). Absorbance at 450 nm alone was 
recorded and was converted to nmole using the extinction coefficient 91 mM·1 cm 1• 

Protein was measured according to the method of Bradford, ( 1976) with Coumassie 
protein assay reagent (PIERCE) using bovine serum albumin as standard. 

CO-binding Difference Spectrum of Cytochrome P450 
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Symptomatically, kdr is often manifested by prolonged time required for 
knockdown of insects. Based on experimentation, the Kn~ck-down Time (KT50) value 
of R-perl was 41.4 min (95% C. L. 28.0 - 53.1) and 1. 7 times longer than 25.4 min 
(95% C.L. 21.6- 28.7) of the S strain (Fig. 2). A slight overlap in 95% confidence limits 
of Sand R-perl may have been apparent at KT50 however, complete knockdown time 
( 100%) for S strain was shorter at 110 minutes as compared with R-perl which is 4.4 

Knockdown resistance or kdr is a type of resistance common in stored 
product insects like T. castaneum exposed to pyrethroid insecticides. In cases where 
cross resistance extends to other insecticides of the same group, the underlying 
resistance mechanism can be considered as a 'kdr' type. 

These results suggest that there are at least two mechanisms in permethrin 
resistance in the red flour beetle, one which destabilizes after 8 to 10 generations and 
the other which remains stable for 14 generations or even 5 years in the absence of 
selection pressure. 

generations. Fenvalerate resistance in T. castaneum as described by Gibe and 
Motoyama in 2012 was 2 generations less stable than permethin resistance. This result 
confirms the stability of permethin resistance in T. castaneum in the original strain 
(R-org) from Vigan. In spite of keeping the strain unexposed to any insecticide for 
5 years, the strain was still resistant to permethrin (Gibe and Motoyama 2004) 

Figure 1. Change in knock down response (KD50) of two permethrin-resistant strains, R-per1 and R-per2, of the red 
flour beetle, (Tribolium castaneum Herbst) through generations, in the absence of selection pressure. 
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Although R-perl strains treated with permethrm-were knocked down after 140 
minutes, 91.3 % of the population recovered after 48 hours (Table 1). The 
pretreatment of R-per 1 strain With PBO or DEF resulted in a slightly lower but 
significant recovery as compared to the control. The results indicate that both 
hydrolytic and oxidative degradation could be playing a role for permethrin resistance. 

The pretreatment With the metabolic inhibitors PBO and DEF appeared to 
shorten the knockdown time of the resistant strains to a certain extent, but not to the 
level of S strain (Fig. 2). The results indicate again the presence of kdr in addition to 
metabolic factors. 

times longer at 480 minutes, making the difference significant. These results, 
combined With the fact that the selected strains showed cross-resistance to other 
pyrethroid insectides, suggest the involvement of the kdr factor in permethrin 
resistance (Gibe and Motoyama 2004). 

Figure 2. Time-course of knockdown and recovery in R-per1 and S strains of the red flour beetle (Tribolium 
castaneum) treated with permethrin and the effect of metabolic inhibitors. S, S, S-tributyl 
phosphorotrithioate (DEF) at 5 µg/larva and piperonyl butoxide (PBO) at 1 Oµg/larva were applied 1 O min. 
prior to pesticide application. 
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NFRI (S) 
R-perl 

Larva Adult 

A max P450 Content R/S A max P450 Content R/S 
(nm) (nmole rng') (nm) (nmole mg-1) 

451.4 0.092 ± 0.011 451.2 0.070 ± 0.018 
450.2 0.204 ± 0.006 2.2 449.9 0.188 ± 0.018 2.7 

Strain 

Table 2. Cytochrome P450 content and Amax of CO-binding difference spectra of microsomes in 
susceptible (S) and permethrin-resistant (R-per1) strains of the red flour beetle, Tribolium 
castaneum. 

Microsomes from pyrethrotd-resistant and susceptible strains gave a typical 
peak around 450 nm. The ).max and cytochrome P450 content of the S and 
permethrin-resistant strains are given in Table 2. The 11,max of R-perl appeared 
slightly lower compared to that of the S strain. A similar observation was also 
documented in fenvalerate resistant T castaneum (Gibe and Motoyama, 2012). The 
cytochrome P 450 content in R-perl strain was 2.7- fold for adult and 2.2- fold for 
larvae greater than that in the S strain. This result affirms the participation of oxidative 
resistance played by the monooxygenase system in permethrin-resistant T. 
castaneum. 

CO-binding Difference Spectra 

•DEF applied at Sµg/larva and PBO at 1 Oµg/larva 
e After completion of 100% knockdown, insects were allowed to recover in untreated rice bran to check whether 

knockdown would lead to recovery or mortality. Cumulative recovery was then recorded after 24 and 48 hours. 

7.5 ± 2.9 
91.3 ± 4.8 
71.3 ± 8.5 
69.8 ± 4.5 

3.8 ± 4.8 
31.3 ± 8.5 
22.5 ± 6.4 
23.8 ± 8.5 

DEF 
PBO 

NFRI (S) 
R-perl 
R-perl 
R-perl 

Permethrin 

48 hrs 24 hrs 

% Recoverv" 
Svnergist" Insecticide Strain 

Table 1. Percent recovery of permethrin-resistant (R-per1) and S strains of the red flour beetle, 
(Tribo/ium castaneum) from knockdown caused by single dose treatment of 1.0 µg 
permethrin/larva and the effect of metabolic inhibitors DEF and PBO after 24 and 48 hrs. 
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The use of synergtst as a preliminary approach in characterizing possible 
mechanism of resistance was found acceptable. The oxidase inhibitor PBO and 
esterase inhibitor DEF when tested against permethrin-resistant (R-per 1) red flour 

Mechanism of Pyrethroid Resistance 

enzyme source. 

Esterase Activity (µmole/insect/minute) 
Strain 

a-naphthyl acetate ~-naphthyl acetate 

Adult R/5 Larva R/5 Adult R/5 Larva R/5 

NFRI (5) 1.39 ± 0.02 3.50 ± 0.02 4.99 ± 0.11 13.0 ± 
0.45 

R-perl 1.80 ± 0.02 1.3 4.76 ± 0.08 1.4 6.60 ± 0.23 1.3 46.2 ± 3.5 
0.83 

Table 3. A comparison of general esterase activity towards a-and !3-naphthyl acetate in NFRI 
(S) and R-per1 strains of the red flour beetle, Tribolium castaneum. Post 
mitochondrial fractions from adult and larva of the red flour beetle were used as 

In the study of Gibe and Motoyama in 2004, the demonstrated synergism with 
DEF, an esterase inhibitor, against permethrin resistance in the permethrin-selected 
strain conjectured a possible involvement of hydrolytic degradation in permethrin 
resistance. The present study investigated general esterase activity between R-perl 
and NFRI (S) strains using the post-mitochondrtal fraction of larvae and adults as 
enzyme sources and a- and P-naphthyl acetate as substrates. Regardless of the strains 
and substrates used, the larvae showed higher esterase activity than the adults 
(Table 3). Physiological difference in two different stages (larva and adult) of the red 
flour beetle might have influenced the variation in response. It was also noticed that the 
resistant strain appeared to have higher esterase activity for P-naphthyl acetate than 
the susceptible strain especially with larvae. Although it can be noted that esterases 
contribute part of the multiplicity of resistance mechanisms in the red flour beetle, in 
depth study on the difference in response of adult and larva of the red flour beetle and 
the difference in response to substrates tested, however, remains to be investigated. 

Esterase Activity 
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Some approaches have been evaluated like increasing the dose within the 
maximum residue limit and combining it with a synergtst. A number of researches 
were successful in overcoming resistant strains. Deltamethrin at 0.8 mg kg-1 
synergized with 8 mg kg·1 piperonyl butoxide in combination with pirimiphos methyl at 
4 mg kg" was successful in managing various insects in maize, including resistant 
populations for 9 months (Sayaboc et al 1998). Increasing the dose of a certain 
insecticide to attain better control against resistant msects'could be effective. However, 
this method has limitations since the increased dose of grain protectant may cause 
residue problem. Better control is attainable but within a short period of time, a new 
breed of resistant populations will arise. It is important to consider the mode of action 

In the present situation, malathion resistance co-exists with pyrethroid 
resistance. Malathion-specific resistance rarely exists in the field due to the continuous 
exposure of these strains to the currently used grain protectants. The present 
approach of using single dose of insecticide for grain protection will only encourage 
further development of resistance. 

Implication oflnsecticide Resistance to Grain Industry 

It can be concluded from the present study that permethrin resistance in the red 
flour beetle is conferred by three different mechanisms, i.e. reduced sensitivity at the 
target site as shown by longer KT50, increased degradation mediated by cytochrome 
P450-dependent monooxygenase system, and by esterases to a lesser extent. 

beetle partially suppressed permethrin resistance, implicating the involvement of 
increased degradation by cytochrome P450-dependent monooxygenases and 
esterase(s) as resistance mechanism. In most cases, DEF and PBO were successful in 
reducing resistance to pyrethroid insecticides. As an example, DEF successfully 
eliminated carboxylesterase-associated resistance in females of permethrin-resistant 
sweet potato whitefly (Horowitz et al 1988). In the same way, PBO, an oxidase inhibitor, 
almost completely suppressed cyfluthrin resistance in the pyrethroid-resistant red 
flour beetle collected from Australia (Collins 1990). The role of carboxylesterases in 
permethrin resistance in the present study is in part important and was substantiated 
by an increased non-specific (aliesterase) activity as compared to the susceptible 
strain. The involvement ofmonooxygenases as another mechanism of resistance in R 
perl, on the other hand was substantiated by a 2.7 fold increase in cytochrome P450 
contents. The fact that permethrin resistance was only partially suppressed by either 
synergist indicated the presence of additional mechanism, which was target site 
insensitivity caused by kdr. This mechanism was a common factor responsible for 
various cross-resistances in many insects (Bloomquist 1993). 
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Permethrin resistance in the red flour beetle, Tribolium castaneum Herbst 
could be conferred by three different mechanisms. First is reduced sensitivity at the 
target site as exhibited by a 1. 7 times longer knock-down time as expressed in KT50• 

Second is the larger cytochrome P450 content as estimated by the CO-binding 
difference spectrum with 2.2 to 2. 7 times larger cytochrome P450 contents in adults 
and larva, respectively. The third mechanism is the participation of esterases as 
exhibited by a pronounced increased activity in the presence of (3-naphthyl acetate as 
substrate. Multiple mechanisms of resistance in the red flour beetle, T . castaneum 
exist in permethrin. Permethrin is still considered as one of the more effective 
protectant currently used in managing insect pests in grain storage. However, 
permethrin based on its structure, is a carboxylic ester. Its continued use would 
encourage further development of carboxylesterase-mediated resistance. Alternative 
protectants should be explored taking into consideration the mode of action and the 
nature of insect pest resistance in the field. It is of prime importance to periodically 
monitor the status of permethrin resistance to other primary insect pests like 
Rhyzopertha dominica, Sitophilus oryzae, S. zeamais including emerging pests such 
as psocopterans, Liposcelis bostrychophila, Liposcelis entomophila and Liposcelis 
decolor. There is no need to wait for any reports of control failures before any 
recommended solutions are employed. Integration of phosphine fumigation with other 
measures can still be relied on for residue free treatments. Pest management tactics 
other than chemical means should also be explored to form part in managing 
resistance problems. 

SUMMARY, CONCLUSION AND RECOMMENDATION 

of a certain insecticide and the nature of existing resistance in the field before any 
candidate grain protectant is adopted for commercial use. The decision to replace 
malathion with permethrm may not be a good move in managing pest infestation in 
national grain centers in the country. Both protectants are carboxylic esters and 
therefore carboxylesterase-mediated resistance is common. The use of different 
groups of grain protectants on a rotational basis should be practiced to delay further 
development of resistance. Some of the organophosphates are still effective although 
unregistered for grain protection. The use of these protectants when approved would 
offer alternative chemicals used in rotation with PBO-synergized pyrethroids. Other 
means such as phosphine fumigation is readily available and very much effective and 
residue-safe. The red flour beetle, T. castaneum, is still susceptible to phosphine and 
can be managed effectively by following proper fumigation protocol. Integrating 
available methods with strict observance of sanitation and good warehouse keeping 
would be a good approach in managing resistant insect pests in grain storage. 
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