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Derivatives of 1-benzyl-2-methylbenzimidazoles (BMBIs) were synthesized to evaluate their bio-
logical activities against Bombyx mori, a lepidopteran model insect. Synthesized BMBIs exhibited 
two different biological activities: inhibition of development and acute lethality. From a structur-
al perspective, the activity varied with the position of the substitutions on the 1-benzyl moiety; 
BMBIs with substitutions on the 2 and/or 4 positions had comparatively high activity in compari-
son with those with substitutions on the 3-position. There was more activity for the inhibition 
of development with low doses, and more for acute lethality with high doses. The activity was 
also affected by the applied stage, that is, application in the 4th instar mostly interfered the larval 
molting or pupation, whereas that in the 3rd instar caused more acute mortality. Taken together, 
these results suggest that BMBIs have multiple modes of action.
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Introduction

Lepidoptera includes numerous pest insects practicing agri-
culture and horticulture, such as diamondback moth (Plutella 
xylostella),1) common cutworm (Spodoptera litura),2) cabbage 
armyworm (Mamestra brassicae),3) and tobacco hornworm 
(Manduca sexta).4) Insecticides are essential agrochemicals for 
controlling pest insects; however, resistance has developed by 
the continued application of insecticides with similar mode of 
action.5) One of the strategies to manage emerging resistant in-
sects is to discover novel insecticides with different modes of ac-
tion from those of the commonly used insecticides.

Insect growth regulators (IGRs) are promising candidates for 

this goal because they are specific towards insects. They rely on a 
mode of action based on affecting the insect endocrine system that 
is different from the major insecticides targeting the insect nervous 
system.6) Post-embryonic development of insects is regulated by 
two key hormones, juvenile hormone (JH)7) and 20-hydroxyec-
dysone (20E).8) Currently, some IGRs are commonly used as in-
secticides: JH mimics (IRAC code 7), ecdysone receptor agonists 
(code 18), and chitin biosynthesis inhibitors (IRAC codes 15 and 
16). In addition, some imidazole derivatives have been reported 
to exhibit IGR activity in Lepidoptera larvae as candidates for 
novel insecticides. For example, 1-benzyl-5-[(E)-2,6-dimethyl-
1,5-heptadienyl] imidazole (KK-42) induces precocious metamor-
phosis in silkworms9,10) and it breaks the diapause of Japanese oak 
silkworm at embryonic stage.11) 1-[3-(4-phenoxyphenoxy) propyl]-
imidazole (KS-175) inhibits the biosynthesis of ecdysteroids in the 
prothoracic gland to inhibit molting or pupation.12) Furthermore, 
1-(3,7-dimethyl-7-ethoxy-2-octenyl)-2-methylbenzimidazole 
(B-1) possesses larvicidal activity that inhibits cuticular synthe-
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sis.13) Therefore, the imidazole derivatives are thought to be prom-
ising candidates for the development of novel IGRs.

In this study, we synthesized 1-(substituted benzyl)-2-methyl-
benzimidazoles (BMBIs) to evaluate their activity of acute 
lethality and inhibition of development in the model insect 
Bombyx mori. We have also shed light on the relationship be-
tween the structure of the substituents and biological activity to 
deduce their modes of action.

Materials and methods

1. Chemicals
The synthetic pathway of BMBIs is shown in Scheme 1. When 
using benzoic acid or benzaldehyde derivatives to construct 
benzyl moiety of 1-substituted benzyl-2-methylbenzimidazole, 
these precursors are reduced using LiAlH4 or NaBH4 and pre-
pared benzyl alcohol derivatives followed by Appel reaction to 
synthesis benzyl bromide derivatives. Subsequently, these ben-
zyl bromide derivatives were introduced to 2-methylbenzimid-
azole using SN2 reactions and yielded 1-benzyl-2-methylbenz-
imidazole derivatives. When derivatives of benzyl halides were 
commercially available, the target compounds were synthesized 
using reactions after these reductions and halogen exchange 
reactions described above. After extraction with ethyl acetate 
(EtOAc) following by the dehydration using Na2SO4, the crude 
was purified by silica gel chromatography after each reaction.

1-Benzyl-2-methylbenzimidazole (1) was prepared based on 
procedure B (Scheme 1), 1-benzyl-2-methylbenzimidazole (1) 
was prepared from 2-methylbenzimidazole (0.19 g, 1.4 mmol), 
NaH (0.06 g, 2.8 mmol; 60% oil suspension) and benzyl chloride 
(0.20 g, 1.0 mmol). Extraction and washing and purification by 
silica gel chromatography (19 cm×20 mm chromatographic-tube, 
n-hexane : EtOAc=1 : 3, v/v) yielded 1 as a yellowish oil (0.24 g, 
91%). m.p. 65.5–68.6°C. 1H NMR δH (CDCl3): 7.08–7.73 (m, 
9H), 5.28 (s, 2H), 2.56 (s, 3H). HRMS m/z ([M+H]+): Calcd for 
C15H15N2: 223.1230; Found, 223.1230. The related compounds 
were prepared in similar procedure as described in Supplement.

Chemical structures were confirmed by 1H-NMR using JEOL 
JNM A-400 FT NMR spectrophotometer (400 MHz) with tet-
ramethyl silane as an internal standard. High resolution mass 
spectrometry was conducted with LTQ Orbitrap Velos Pro hy-
brid mass spectrometer. Melting points were measured with a 
Yanaco MP-500D melting point apparatus and uncorrected.

KK-42 and methoprene were given by Prof. Kuwano at 
Kyushu University as gifts.

2. Evaluation of biological activity on silkworms
Bombyx mori (Shunrei×Shougetsu) larvae were reared on Silk-
mate 2S (Nippon-nosan Kogyo, Japan) under a photoperiodic 
regime of 12 hr of light and 12 hr of darkness at 25°C.

Each compound in acetone (1 µL) was topically applied to the 
skin on the dorsal thorax of 1 day-old 3rd or 4th instar larvae. 
The same volume of acetone was administered as a control. The 
timing of death, molt, and spinning, and phenotypes were re-
corded and observed.

The corrected mortality was calculated using the formula 
shown below. 

 − −= ×Corrected mortality (%) (Mt Mc)/(100 Mc) 100   

where Mc is mortality of the control and Mt is the mortality by 
each tested chemical. Origin Pro (Light Stone) was used to cal-
culate the median lethal dose (LD50). Excel (Microsoft) was used 
to conduct multiple comparison, ANOVA test, F-test, and t-test. 
The details of statistics are described in the legend of each figure.

Results

1. Analysis of biological activities of BMBIs
The application of BMBIs to silkworm caused multiple out-
comes, such as acute larvicidal effect and growth-inhibition af-
fecting the molting and metamorphosis of insects. The visual 
appearance of larvae after the application differed depending on 
the structural properties and dosage of the BMBIs, in addition 
to the developmental stages when the compounds were applied.

Scheme 1. General procedure for the preparation of BMBI derivatives
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Figure 1 shows the survival curves observed, after the applica-
tion of 10 µg/larvae of each BMBI (1–13) to the 3rd instar larvae 
on day 1. The period when the population declines were promi-
nent was within 48 hr after administration and the timing of 

molting and pupation. The BMBIs caused acute death and mor-
tal growth inhibition. Acute toxicity did not lead to notable con-
vulsions or muscle contractions (Fig. 2, B). In contrast, BMBIs 
caused multiple phenotypes resulting from growth inhibition, 

Fig. 1. Survival curves after 10 µg/larva BMBIs were applied to the 3rd instar larvae. The survival rate was followed for 30 days after the application. Each 
derivative was applied to 15 larvae, except that 110 larvae were used as control. The following letters indicated below the horizontal axis represent the time 
of the shift of developmental stages of control individuals, M1: molting 3rd to 4th instar, M2: molting 4th to 5th instar, S: spinning, and P: pupation.

Fig. 2. Typical appearance of individuals affected by administration of BMBIs to 3rd day 1 instar. The bars on the top left side of each picture represent 
1 cm. A: The appearance of control individuals (3rd day 1). B: The appearance of individuals dead within 48 hr after application of 4-Me derivative (4, 10 µg/
larva, 1 day after administration). C: The phenotype of larva-pupa intermediate induced by 4-Me (4, 3.0 µg/larvae) occurred in prepupal stage (22 days after 
administration). D: The larva of abnormal metamorphosis induced by 4-Cl (7, 0.10 µg/larva) occurred in the end of the 5th instar (13 days after adminis-
tration). E: The individual of abnormal precocious metamorphosis induced by non-substituted derivative (1, 10 µg/larvae) occurred in 3rd to 4th ecdysis (6 
days after administration). F: Right side: the individual of precocious metamorphosis induced by 4-Cl (7, 3.0 µg/larvae), left side: the individual of the con-
trol (29 days after administration). G: Right side: the dwarfed individual induced by 4-Cl (7, 3.0 µg/larvae, 4th day 2), left side: the individual of the control 
(5th day 2), 11 days after administration.
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such as inhibition of molt, abnormal pupation, and precocious 
metamorphosis (Fig. 2, C–E). Additionally, individuals with 
smaller body size were confirmed by the application of 1, 2, 4, 5, 
7, and 8 (Fig. 2, F).

Abnormal molting and metamorphosis and dwarfed indi-
viduals occurred, suggesting an effect on growth rate. Therefore, 
the duration of each instar of larvae that survived until pupation 
after compound administration was determined. The duration 
from the 2nd molting to the end of the 5th instar was 16±1.5 
days in the control group. In contrast, 3 derivatives (1, 2, and 10) 
out of the 11 tested BMBIs were found to prolong the total du-
ration of individuals that survived to pupation, 18±14, 19±0.7, 
and 17±1.2 days, respectively (Table 1). The duration of the 3rd, 
4th, and 5th instar stages of the control was 3.4±0.6, 5.0±0.7, 
and 7.8±1.3 days, respectively. In contrast, 9 of the 11 BMBIs 
(1–6 and 9–11) resulted the 3rd instar stage elongation signifi-
cantly, for example, the duration of 3rd instar was 5.8±0.4 days 
with the application of 2. In addition, larvae that eventually died 
due to BMBIs application significantly elongated the total larval 
stage compared to the control. For example, 25 of the 81 larvae 
treated with the unsubstituted derivative (1, 10 µg/larva) died 
at the 5th instar stage or later. In this group, the total duration 
from the 3rd day1 to the end of the 5th instar stage was 21±4.3 
days, confirming elongation of 5 days compared to the control 
(p<0.001, Welch’s t-test). Several BMBIs induced an extension 
in the instar period.

In terms of structural characteristics of the BMBI for their 
biological activities, electron-donating 2- and 4-position sub-
stituents on the 1-benzyl group showed relatively high activ-
ity, whereas low or no activity was found with the BMBIs with 

3-position substituents. Interestingly, the phenotypes were dif-
ferent for the positions of chlorine on the 1-benzyl group, that 
is, acute toxicity with 2-Cl substituent (5), inhibition of develop-
ment with 4-Cl (7), and almost no activity with 3-Cl substituent 
(6) (Fig. 3) when applied on day 1of the 3rd instar.

2. Comparison of the phenotype of BMBIs to KK-42 and methoprene
The phenotypes induced by BMBIs were compared with those 
induced by KK-42 and methoprene. Their biological activities 
and modes of action have been well studied.9,14,23,24) In this study, 
the outcomes caused by BMBIs combined their characteristics 
induced by KK-42 and methoprene.

When applied to the 3rd and 4th larvae, KK-42 was reported 
to induce precocious metamorphosis (anti-JH activity). In addi-
tion, acute larval death is known to be caused either at a high 
dose (10 µg/larva) and/or an application administered immedi-
ately after molting to 3rd instar. After KK-42 application (1.0 µg/
larva) in this experiment, the precocious metamorphosis was 
induced with 47±38% (Fig. 3, A). In addition, acute death was 
resulted by 10 µg/larva application at day 1 of 3rd instar with 
40±43%. The abnormal pupation and dwarfed individuals were 
not observed with those applications. Unsubstituted (1, 10 µg/
larva) and 4-Cl derivatives (7, 3.0 µg/larva) caused a precocious 
metamorphosis at a rate of 9% (7 out of 81 individuals) and 7% 
(1 out of 15 individuals), respectively. Moreover, these two de-
rivatives (1 and 7) resulted in acute death at 10 µg/larva with 
47±19% and 80±0% mortality (Fig. 3, A), respectively, which 
resembled that of KK-42.

In contrast, methoprene (13) caused a delay and an arrest of 
metamorphosis (JH-like activity). Application of BMBIs caused 

Table 1. Duration (days) of developmental stage of survived individuals until pupae after treatment on the 3rd day1 larvae.

No. Compounds Dosage  
(µg/larva) N

Duration, daysa)

3rd 4th 5th Total durationb)

1 H 10 8 4.4±0.7*** 5.0±0.5 8.6±1.1 18±14***
2 2-Me 10 4 5.8±0.4*** 4.5±0.5 8.8±0.4 19±0.7***
3 3-Me 10 15 3.7±0.7* 4.7±0.4 7.2±0.7 16±1.1
4 4-Me 10 3 5.7±0.5*** 4.7±0.5 7.3±0.5 18±0.5
5 2-Cl 10 8 4.0±0.0** 5.0±0.5 7.9±1.1 17±1.4
6 3-Cl 10 14 3.7±0.5* 5.0±0.0 6.9±0.5** 16±0.8
7 4-Cl 10 0 — — — —
8 2,4-diMe 10 0 — — — —
9 3,4-diMe 10 13 4.0±0.0*** 4.5±0.5* 7.3±0.5 16±0.7

10 2,4-diCl 10 15 3.8±0.8** 5.5±0.5** 7.6±0.8 17±1.2*
11 3,4-diCl 10 13 4.2±0.4*** 5.1±0.5 7.3±0.5** 17±1.0

KK-42 10 2 7.0 6.5 — 14
1.0 6 6.2±1.3** 5.7±1.2* — 12±0.4**

Methoprene 10 6 4.0±0.0** 5.0±0.0 8.2±0.7 17±0.7
1.0 9 3.2±0.6 4.7±0.5 8.4±1.0 16±1.1

Acetone — 170 3.4±0.6 5.0±0.7 7.8±1.3 16±1.5
a) Mean±S.D. Homogeneity of variances between control and derivative-treated groups was tested using the F-test. The significant differences between 

the data of control and each compound-treated group were analyzed using Student’s t-test, as F-tests showed equal variances between controls and most 
groups (***p<0.001; **p<0.01; *p<0.05; not shown, p>0.05). b) The total days until the end of the final instar.
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delays in molting and pupation; abnormal pupae, such as larvae-
pupae intermediates, were also observed. Acute toxicity with 
methoprene was not observed up to a dose of 10 µg/larva on the 
3rd day (Fig. 3). Some BMBIs (1, 2, 4, 5, 7, and 8) also inhib-
ited pupation, similar to methoprene. Nevertheless, they caused 
acute death at doses up to 10 µg/larva.

3. Structure–activity relationship of substitution on 1-benzyl group
Electron-donating substitution on the 2- and 4-position of the 
1-benzyl group can be crucial for its biological activity. This was 
observed as a result of comparing the mortality of each BMBI 
derivative in 3rd instar.

As shown in Fig. 3 (A), the mortalities induced by 2 and/or 4 
methyl- or chlorine-substituted BMBIs (2, 4, 5, and 7) were high-
er than those of the non-substituted 1-benzyl compound (1). De-
rivatives with 2- or 4-methyl and 4-chloro substituents (2, 4, and 
7) displayed acute lethality preferentially overgrowth inhibition. 
Moreover, the use of 2,4-dimethyl di-substituted BMBI (8) result-
ed in an acute lethality for both 1.0 and 10 µg/larva application. 
However, 2-chloro substituents (5) showed a greater growth-
inhibiting activity than acute toxicity. Additionally, 2,4-dichloro 
BMBI (10) and 3-substituted derivatives (3, 6, 9, and 11) showed 

neither an acute lethal nor growth inhibition activity.
Our results suggest that the electron-donating methyl sub-

stituents exerted positive effects on the biological activity. This 
is because both 2- and 4-methyl (2 and 4) and 2,4-dimethyl 
(8) derivatives induced comparatively high mortality in 3rd in-
star application. In contrast, the electron withdrawing chloro-
substitutions imparted negative effects because the di-substitut-
ed derivative (10) no longer exerted lethal activity, although the 
mono-substituted derivatives (5 and 7) did. Furthermore, the 
3-position substitution reduced the biological activity of both 
the methyl and chloro substituents. In summary, the electron-
donating substituents at the 2- and 4-position of the 1-benzyl 
group of BMBI are crucial for their biological activity.

4. Dose-dependent effects of the biological activities of BMBIs
The dose-dependent activities of 4-methyl, 4-chloro, 2,4-dimethyl, 
and unsubstituted benzyl derivatives (1, 4, 7, and 8) were investi-
gated. This was performed at a dose from 0.01 to 30 µg/larva with 
the 3rd instar larvae. Growth inhibition was observed with low 
doses (≦3 µg/larva), although a high acute death rate was ob-
served at high doses (10 and 30 µg/larva) using all four compounds 
(Figs. 4 and 5). The 2,4-dimethyl substituted derivative (8) showed 

Fig. 3. Mortality after application of BMBIs on 3rd and 4th day1 instar. Data represent corrected mortality (%) and error bars indicate S.D. A: Corrected 
mortality after 1.0 µg/larva (below side in the row of each compound) and 10 µg/larva (above side) compounds to 3 day1 instar application (n=3 with five 
larvae). Mortality within 48 hr after administration is in the left side, after 48h is in the right side of this figure. Data were analyzed by one-way ANOVA fol-
lowed by Tukey’s multiple comparison test (p<0.05). Bars with the same letter are not significantly different (The letters ‘a’ and ‘b’ are used to compare acute 
mortality of 10 µg/larva application. The letters ‘*’ and ‘ ’ are used to compare acute mortality of 1.0 µg/larva application. The letters ‘a’, ‘b’, and ‘c’ are used 
to compare growth inhibition of 10 µg/larva application. The letters ‘**’, ‘*’, and ‘ ’ are used to compare growth inhibition of 1.0 µg/larvae application.). 
B: Corrected mortality after 4th day1 instar application (Compounds 1, 2, 13, and KK-42: n=3, Compounds 5 and 8: n=4, Compound 4: n=6, with five 
larvae, 10 µg/larva). Data were analyzed by Tukey–Kramer multiple comparison tests (p<0.05). Bars with the same letter are not significantly different (The 
letters ‘a’ and ‘ ’ are used to compare acute mortality. No significant difference between each group was detected as a result of comparison of growth inhibi-
tion rate.). N.T. represents not tested. Incidentally, the difference in corrected lethality after administration of 3rd and 4th instar larvae was compared by 
Student’s t-test (10 µg/larva of 1, 2, 4, 5, 7, 8, KK-42, and methoprene). The significant difference was validated with p<0.05 in the case of acute death rate 
excepting the KK-42, while no significant difference was confirmed in growth inhibition rate.
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LD50=0.6±0.2 µg/larva, whereas LD50 of 1, 4, and 7 were more 
than 1.0 µg/larva. The 2,4-dimethyl substituted derivative (8) ex-
erted an acute lethal activity rather than growth inhibition activity, 

even at a low dosage of 0.3 µg/larva. In contrast, the larvicidal ac-
tivity (LD50=7.5±3.1 µg/larva) of 1 was less than that of the other 
3 derivatives with LD50 lower than about 3 µg/larva (Fig. 5).

Fig. 4. Dose-dependent fluctuation of the survival curves of BMBIs. The survival rate was followed for 30 days after the application. Each derivative was 
applied to 15 larvae, except that 110 larvae were used as control. The following letters indicated below the horizontal axis represent the time of the shift of 
developmental stages of control individuals, M1: molting 3rd to 4th instar, M2: molting 4th to 5th instar, S: spinning, and P: pupation. Dosages are corre-
sponded to the color indicated in the right-side legend.

Fig. 5. Dose-dependent fluctuation of the biological activities of BMBIs. Data represent corrected mortality (%) and error bars indicate S.D. (n=3 with 
five larvae). The color of right green and orange indicates the rate of growth inhibition and acute death respectively. N.T. represents not tested.
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BMBIs inhibit insect growth or are also highly lethal when 
administered at high doses. Moreover, among the tested BMBIs, 
the 2,4-dimethyl derivative (8) had comparatively higher biolog-
ical activity. In contrast, the lethal activity of the unsubstituted 
derivative (1) was the lowest, followed by the derivatives with a 
substitution at the 3-position (3, 6, 9, and 11).

5. Difference of the biological activity of BMBIs between applied 
stages

Application of 10 µg of BMBIs (1, 4, and 7) did not cause any 
acute toxicity on the day 1 of the 4th instar larval stage. In con-
trast, high acute lethality was observed for the 3rd instar larvae 
(Fig. 4, B). The 2,4-dimethyl derivative (8) showed acute toxicity, 
whereas the observed mortality was lower than that of the 3rd 
instar application (Fig. 3, B).

In addition, abnormal pupation and precocious metamorpho-
sis were also induced, as in the 3rd instar application, although 
the abnormal morphology of the epidermis was confirmed at 
the time of the 4th to 5th molting caused by 4-chloro BMBI (7). 
This phenotype did not appear after applications to the 3rd in-
stars. Thus, the biological activity of BMBIs on 4th instar larvae 
was lower than that on 3rd instar larvae.

Discussion

Based on the reported imidazole/benzimidazole structure of 
several compounds showing IGR activity, novel basic skeleton, 
1-benzyl-2-metylbenzimidazole (BMBI) was chosen for de-
rivatization because it was easily prepared by SN2 reaction of 
substituted benzyl halides with 2-metylbenzimidazole. The 
BMBIs tested in this study had two insecticidal properties: acute 
toxicity and growth inhibition against silkworms. The pheno-
types of the growth inhibition were as follows: dwarfing with 
prolongation of each larval stage, inhibition of pupation, and 
precocious metamorphoses. Notably, the growth inhibition ac-
tivity was confirmed after a low-dose administration. This was 
observed even though the same structural compounds showed 
acute lethal activity at the high dose when applied to 3rd instar 
larvae. Moreover, the biological activities of the BMBIs were 
higher against 3rd instar larvae than against 4th instar. As differ-
ent phenotypes were observed with different position of chlorine 
on the 1-benzyl group, the acute toxicity and IGR activity could 
be separated with derivatization of benzimidazole, the prepara-
tion of more related compounds such as different substituted 
groups on 1- and/or 2-position of benzimidazole are in progress.

Multiple phenotypes induced by BMBIs and their dose and 
applied stage-dependent change of effects suggest more than two 
modes of action. BMBIs showed biological activities similar in 
part to methoprene,14) KK-42,9) and B-1.13) One of the modes of 
action may be similar to these IGRs. For example, methoprene 
prolongs the larval stage and inhibits pupation because of its JH 
agonistic activity.14) Generally, the JH titers in the hemolymph 
of insect larvae decrease before pupation.15) JH is an insect hor-
mone that controls the time of pupation.16) This occurs by it 
binding to the nuclear receptor complex, methoprene-tolerant 

(Met), and steroid receptor coactivator (SRC) to upregulate the 
transcription factor Krüppel homolog 1 (Kr-h1), an early re-
sponse gene.17,18) Kr-h1 negatively regulates the ecdysone ac-
tion by downregulating the expression of BR-C and E93,19–21) 
which transmit signals by 20E to the downstream gene cluster 
to induce the molting and metamorphosis. Furthermore, tran-
scription of ecdysteroidogenic enzyme genes Nvd, Sro, Spok/Spo, 
Cyp6t3, Phm, Dib, and Sad were inhibited in response to the ap-
plication of methoprene and knockdown of Kr-h1 in an experi-
ment using cultured Drosophila brain–ring gland (RG) complex 
and B. mori prothoracic gland (PG).22) Thus, the inhibition of 
pupation by methoprene application was triggered by binding to 
JH signaling receptor Met/SRC. Thus, BMBIs may be affecting 
this particular signaling mechanism.

Moreover, KK-42, the imidazole IGR, induces precocious 
metamorphosis of B. mori9) by inhibiting the biosynthesis of ec-
dysteroids in PG.23,24) This causes an early decrease in JH. Preco-
cious metamorphosis is considered to be due to the reduction in 
the JH titer by the inactivation of JH biosynthesis and induction 
of the activity of hemolymph JH-degrading esterase. This is at-
tributed to the inhibitory effect of ecdysteroid synthesis.25) Pre-
cocious metamorphosis by BMBIs may be due to the inactiva-
tion of 20E.

In the meantime, acute death observed within 48 hr of BMBI 
application might be attributed to the inhibition of respiration. 
Because the 2-methylbenzimidazole structure is common with 
B-1 reported to inhibit the electron transport13) even though the 
part of structure on the 1-position of 2- methylbenzimidazole 
is totally different as branched alkyl chain with double bond in 
B-1, which is similar to piericidin known for inhibition of elec-
tron transport resembled with ubiquinone. Thus, the mode of 
actions of BMBIs is diverse; it can affect the endocrine system 
and respiration of insects. However, the similarities between the 
phenotypes or chemical structures of BMBIs and IGRs cannot 
explain why dwarfed individuals with prolonged larval stages 
were observed.

To explain the multiple phenotypes triggered by BMBIs, an-
other mode of action was speculated. It involved octopamine 
signaling in hormone homeostasis. The significant extension of 
the larval stage in the insect neuropeptide prothoracicotropic 
hormone (PTTH) gene-knockout silkworms was found by 
Daimon et al.26) Ohhara et al. revealed that PTTH and insulin-
like peptide signaling were impaired by one of the octopamine 
receptor (Octβ3R) knockdown in the RG. This induced defects 
in the metamorphosis of D. melanogaster.27) The phenotypes 
with elongating larval stages and deficient pupation by BMBIs 
were similar in part to those seen in our study. Since it might be 
that the structural properties caused the different modes of ac-
tion, more derivatives must be made to extract the factors in the 
structure for different effects in biological activity. Investigations 
in expression analyses of insect hormone-related genes by the 
administration of BMBIs are also to be conducted for efficient 
molecular design in regards to specific mode of action in insect 
development.
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In conclusion, novel IGRs and BMBIs were deduced to have 
several possible modes of action. In this study, they include af-
fecting the endocrine system and respiration to cause the mul-
tiple phenotypes of growth inhibition and acute toxicity.

Electronic supplementary materials

The online version of this article contains supplementary materials, which 
are available at https://www.jstage.jst.go.jp/browse/jpestics/.
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