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Insect Juvenile Hormone Antagonists as Eco-friendly Insecticides
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ABSTRACT: Because of their specificity to target insects and relatively low toxicity to non-target organisms, insect growth regulators
(IGRs) have been regarded as attractive alternatives to chemical insecticides. Commercially available IGRs are classified into juvenile
hormone agonists (JHAs), ecdysone agonists (EAs), and chitin synthesis inhibitors (CSIs) according to their mode of action. Recently,
JH-mediated interaction of methoprene-tolerant (Met), which is JH receptor, and its binding partners have been replicated i vitro using
yeast cells transformed with the Met and FISC/CYC genes of A. aegypti. Using this in vitro yeast two-hybrid [S-galactosidase assay, juvenile
hormone antagonists (JHANs) have been identified from various sources including chemical libraries, plants, and microorganisms. As
juvenile hormone (JH) is an insect specific hormone and regulates development, reproduction, diapause and other physiological
processes, JHANS fatally disrupt the endocrine signals, which result in abnormal development and larval death. These results suggested
that JHANs could be efficiently applied as IGR insecticides with a broad insecticidal spectrum. This review discuses JH signaling
pathway mediated by Met and future prospects of JHANS as environmentally benign IGR insecticides.
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U 2SR 2AA, FFEEE, a2 F8A B9, fEsas A3
e S THRe=a Ao Ats A AEH 2= {71 A L 7 | o| B Bl w22 20| EA|E 2
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2]
A AsAle] BpE Q] gigkez ZisgRial Qltk(Pener and
Dhadialla, 2012). T3 A2 A A= 71 214 7] 2o| ufe} G35
& 25 2-8.A|(juvenile hormone agonist, JHA), 1] $ = 1L 2}
B-A|(ecdysone agonist, EA) & 7|€l $HJ A4 A|(chitin synthesis
inhibitor, CSD) 2] 4] 7442 T8It 95528 2§ Ao
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=45 Hdshe a8 RSl 7199 S A= of
Al 8|52 2| Atof| o] 27| St Hartfelder and Emlen, 2012). 71
Lo| AR o AFS Hol= dlleE0l &
& LS EAA DE 7= 2l o
A7} 2RFs) o] 0] 2| 11 9t Dennehy et al., 2010; Silva
and Mendes, 2007).
LZ 3535 2 2(juvenile hormone, JH) 2] 5=-8A(receptor)
] methoprene-tolerent (Met) TH&-2- JHS] Z7] 3}of Ftz-
Fl-interacting steroid receptor coactivator (FISC) T &} 4=
8] 53R receptor comlex) & B J3H=t, 2 Sof o=
% 17](dedes aegypti)©] Met 2} FISC T R H2-E F2AH
slot £ES o] gojo] ket AR 228 W R R §
23 25 Z18HA|(juvenile hormone antagonist, JHAN)E 2=
A7} o]Fojx| a1 QJci(Kim et al., 2020; Lee et al., 2018a,
2015; Woo et al., 2020). o]of thg}, & =R A= 7|89 &5
T EE AGA 9 o]oh= ThE A 7 AS Tl e EE
ZAAol ek 2o A sk Xehd AFA=A O] A
of| thsf| Lropidara} gtet.
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=
=
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T
=
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A= 8%22(Juvenile hormone, JH)

+L5Y FFE 28| tigt A= olw] 20001 HEH Al
ZE A A4, 1936 0f| o]™ -§-5A]7] Rhodnius prolixus 2] &
e}eblcorpora allata) 2 914121 7|48 o] g 3fo] mhA]u} £
= 9713 5% 5ol ol4lshH Hefi(metamorphosis) S 1A
3}l 65 520 & 9] ¥}Et|(supernumerary molt) S -3-12H5h,
PR MEHE Welishes S=o] defekA|o A A th=
Ao Y& A HA] B4 7 0 2 A ZFE] 9 th Wigglesworth, 1936).
ESY, Platysamia cecropia 57 A& A §-55 25 9] 34
S nES AR 2201 ol Y AN S5 2R

et 771 71458} = e Williams, 1956). 71 5, op4 =0
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Q1 Hyalophora cecropia®] A& &5 32072 5535
B Esto] I 25 ERIskSItHRoller, 1967). 3}ek4]
o] methyl(2E,6E,10-cis)-10,11-epoxy-7-ethyl-3,11-dimethyl-
2,6-tridecadienoate?] o] 35 222 cecropia JH = C18
JHE 2ot oj3 JH 102 = qlch T3l 5d7 2159
FEEOA JH IR e v J7o] f-5o 20| £
gLow, C79] M= 7|(methyl group)o] ATk Aol A JH 13}
Z}o] 1S B A thMeyer et al., 1968). Al HA| G55 222l JH
11+ methyl 10,11-epoxy-farnesoate & Manduca sexta®| &2}
B2 Yol ui|of A HelstackJudy et al, 1973). JH
= C3, C7 9 Cllof 5= w77k 22 Qleh= HolA thE
$FB2EET Ao U malon, ke o] 2EolA 7}
A=A o g 23 sl= §-25 2 Ho|tk(Schooley et al., 1984).
71 Qo] trihomosesquiterpenoidQ] JH 02} 1 o] 4 ZA]|9] 4-
methyl JH I (iso-JH 0)7} M. sexta®] Lol A 2= A9, oF
A7kA] 71 eke e A 9)A] erth(Bergot et al., 1981). JH 111
bisepoxy (JHB3)+= A 2] vl 521 Drosophila melanogaster
] 2 l(ring glands) ol A 2] = ATk, ERE ZA 7N =AY
(Plautia stali)o)| A 713 2o H2]%l JH 11T skipped bise-
poxide (JHSB3)= L= A A& 5ok Aot 5288
2 C2,37C10,110f 5= 7§ €] ol FA| E(epoxide) & 7HA] 2L 1Tt
(Kotaki, 1996; Kotaki et al., 2009).

He oA s s del fE5o a2 o8t Ao
2= acyclic sesquiterpenoidsof] £&31= E2lo], U=ElA|E}
E2)= 3k 40] WEH]4(endocrine glands)oll A Eu]Ech &
Zseme g, W), A4, theke 4(polyphenism), AFe]
g oA AlgEs} & TR 259 e olA Fastt o
S st (Hartfelder, 2005; Raikhel et al., 2005). 2152] A 2]
oA FEazEo] mie- 5a%t Ags Aol = £k
Fre2Eol o2eh Ae|d IS 2dsk= 714l s

= o}] 48ts] 98|21 %] QSkTRiddiford, 2008).

rl

30

5922 4+21(Receptor)

Ethyl methanesulfonate mutagenesis (ESM) 7| o2 =
Hol| & kst gtz ulg|(Drosophila melanogaster) S tjA;
o2 825 28 2-2.7)|9] methopreneS =514 2|5t &
W7 & (semidominant) © 2 AHHE &1 0] 7} methoprene-
tolerant (Met) -4+ S W o| Drosophila (Met')$1 2 ©. =2 8}
SO =M, Met T o] A2l fFo=mo] +8AY
7FsAd o] A7 = Rt Wilson and Fabian, 1986). 3142t T}%F

B 25 ol FE 22 status quo B/ 0] F A=A U=



o= B3l Met E¢1Ho] Zule|i= Y2 Fol| A Ast A
A% N717HA ABESESA=T, ol Met2] o]
A|(paralog) 2] Germ-cell expressed (Gee)7} MetS F-52-2] 0 &2
SIS 7] el Ao & AZEEItHAbdou et al., 2011;
Baumann et al., 2010a, 2010b). 0]%& Zu}g]el= ] sh}9]
Met A5 GAA 7FR| 11 Q)= AR EA A 2)(Tribolium
castaneum) | 4] RNA interference 7|%-& 28510 Met Tl
29| dH-S AA|SHH F<5 8-3K(premature pupation)”| Lo
L 2|4} Rith= Ao BHEAHA Meto] f5o2 484191
o] A=A o 72 L w] it Konopova and Jindra, 2007).

Met2 3t 7119 basic-helix-loop-helix (bHLH)®} 5 71 <]
Per-Ahr/Arnt-Sim (PAS) domain (PAS-A 2} Pas-B)& 7}A| =
bHLH-PAS A& 2] transcription factoro|TH Ashok et al., 1998).
Met} 22 bHLH-PAS A E 2] Tl o] transcription factor
2 24357 YJei-= E oh2 bHLH-PAS 23} dimer
£ g AJ3]loF 3 Gee, Taiman (Tai), Ftz-F1-interacting steroid
receptor coactivator (FISC), CYCLE (CYC) Y steroid receptor
coactivator (SRC) 5-2] bHLH-PAS tHilZlo] -5 2 4~ 8
A 2] partner2 L&A T Godlewski et al., 2006; Li et al.,
2011; Shin et al., 2012; Zhang et al., 2011).

Met T2 o] PAS-A 9} PAS-B= 7}2} PAS fold 17} fold 2
£ A1, Z7te] PAS foldts 4 Zwo] 3-4719] a-
helix©]] ©]©]Z five-stranded antiparallel 3-sheet® ©]Fo] A
@JtiBernardo and Dubrovsky, 2012a; Hefti et al., 2004). PAS
fold 1-2 PAS A motife} 371 2] sequence block (block I, IT 2
D)o 2 o]FojA 9o, PAS A motifQ} block I, block 112}
block 11T A}o]of+=loop7} A5ttt PAS fold 2+=PAS B motif
2} PAS-associated C-terminus (PAC) 292 LA E]o] Qlom,
PAC 3-2Jo]l= 37)9] B-sheet9} 17]9] a-helix7} ZA51=,
o] PAS fold 27} 2424 9] ligand-binding pocket-2 -/d35}3L
(Charles et al., 2011), fold 2¢] 233t -5 2 X2 Met2] ¢
A|F-%2] Ho|(conformational change) S -§-5=3}+© & 4 partner
thalat Asksto] heterodimerE FAISHA Stch(Bernardo
and Dubrovsky, 2012b).

iAo g fHTEro] 50| R IS 2Hs=
712 tsfiAl= & A A A AT, dedes H7|oA 75
TR o) 2= 250 FHAF 7R early trypsin
(ET)&} kriippel homolog 1 (Kr-h1)3} 242 @ JH-responsive
elements (JHRE) 7} Meti} FISCo]| &3} uj7lj = A o2 3}+9]
F 0, o]& JHRE+= bHKH-PAS transcription factor®] &
Zlo] vt A 291 E-box-like motifE 7}A]3L QJITHLI et al.,

2011). o3t A3}=bHLH-PAS T+ 20| DNA-binding trans-

SERICER)

i
tlo

criptional activators 2 28-3Hch= Zlof] A3}, 532 %
o] MetZ} bHLH-PAS partner 2] 23} %718132, MetZ} bHLH-
PAS partner 2] heterodimer”} JHER 2] E-box-like motife]] Z
Fslth= A& AJARSIH(Bernardo and Dubrovsky, 2012b). T}
o RE, 20PN FE5E 20| A slofl Meto] 3
4=8-A|(nuclear receptor) 21 BFtz-F13} A& 218510 Hk-3-7]5
21X competence factor) 2 2}-8-5}7] wj&oj|(Bernardo and Du-
brovsky, 2012a), Met©| DNA-binding transcriptional activators
7} ol transcriptional coactivators & 288 4= Q]1t} Met 2}t
BFtz-F12] A3 2-28-2 PAS-B domain®] C-terminal ]| ¢] |3}
nuclear receptor box (NR box)¢] LXXLL motifE 53} o] 0]
A0, o] A& 21§05 2 Mol 03] 73hEl = uhE PAS-B
domaino] 24=0] 9L ALk, o) §FB 2] o3|
A3l Met2 LXXLL motifE ©]-8-5F9 nuclear receptor2}
AT AE-S oM FF T 20| o5k AT A A A|(sign-
aling pathway) ]l &oi3tth= 21& AJARRHE:

5T 25| 93] A%+ transcription factorZ Z7H
2 0 g2 A-23517] QA= A 3£ & o150 2 HF(translocation)
g 4= Qlojof =1, Metofl+=nuclear localization signal (NLS)
9 nuclear export signal (NES) 5-2] A3 & 29| o]&¢ 7}
THAE ot motifs 7} EAstaL, 1 FolA = 53] PAS-B
domain®]| §J+= NES-2+= Drosophila®| X G532 29] ZX]
sJolM Meto] MZAGIA] ZHElo] 3 vz WAl 2
3= A0 2 IRIE] A Greb-Markiewicz et al., 2011). G5
T2 ofsf Meto] 3 W2 o] &= 7|2k ob4] Aets] 4
%] x| = 2FQkA]l heat shock protein 83(HSP83)o] o) &2
= Ao R A QIchHe et al., 2014). £33 02 Met2>
$5 58] oj2A9) QAP wo| @ HSPoRo) At
B2 55t Al 3 Y| Q)= o] &) k= o2 o AXITh

{

fu o

AWIEA(Insect growth regulator, IGR)
Williams (Williams, 1967)+&= +159] & 223} FARSH 28

8% S 7HA)7] diizoll o] & 3AIt) AFAlEL AgRt
o, FEAFEAA|R= Bol= 1972d0f A5z A
25|t (Schneiderman, 1972). 24719 L&A
$Em 2o} g saw o] 2o gl
Hopz B2E0) A8 AN 250 YA
3 A%k ooz ApgEglot, of
S olAlehe BAE 78 3y

H
RrgdA o] ol et Sl ©

19 '101' ro ﬂlg.
Y ff o
Voot BNorr

M2

=
=
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LE9=2 A2j(Juvenile hormone agonist, JHA)

Williams (1956)7} Platysamia cecropia®|X| 222 G535
ERSHS 7RI A FEES 2ol F, ol f5 e =
© Be] A 23E0| n]UE, A% U Cfs 435
7| = EAstcs A o] A AW A|(Schneiderman et al.,
1960; Williams et al., 1959) 0] 52] A=A 2 ] AR 7154 0]
Y FE lch Williams, 1967).

ZA A A 2] (Tenebrio molitor) Q] WA & A S-S5 25 &
A& 7}A| = acyclic sesquiterpenoid alcohol €1 farnesolol e
=P 3305 727} 4502 FHHUA FEI2E 8
THE e S Bk 7R A o Fof Ktk (Schmialek,
1961). E3E, H]<=3E A]7]of| o| 28} “paper factor”E]-ﬂ o 21
juvabiono] FRUTPARR 2] A| 2] 5ol A] fEJEl“W(Bowers
etal., 1966), A% ABA7} 24] 250 thgs7] I £
S 2 X 22 A5 SHYSIE = RSt A2 S 4+ 011;].L 7].
o] A|7] =] A th(Slama and Williams, 1965). ©]
/ol 71Nt F} A 7He] A ARG thigh ﬂ 7+ &
| ololAo), YA OR AEe §EEZE g0l

4@1

ol

2 OFLA] 9] sesquiterpenoid E3-S 35311
Aoz 4EAoH HelE §EEER 44 2 7k
)R] oFerti(Bowers, 2012).

0]% 100 F9tol= t}efst isoprenoid A H2] §-E3 =
2 2REAIZE 7184 H 3o, T1 - methoprene o] 2f T T %
11-methoxy-3,7,11-trimethyldodeca-2,4-dienoate 7} &3] &
Z<ﬂ1?_]_ o iiEE §>Z]—/H‘°— Eo:] .T'..%:)J—IX]—Z

]

> AL

9

AA=e 22
213}t=] tk(Henrick et al., 1973). 19810l 71&9] §53%
2% 2-gA9] A 2ol 4-phenoxyphenyl 7| & 4H¢lgt
SoEE AGATE 17134 =l
], 71 % fenoxycarb+=methoprene 2 c} 95+ Akt SHAJ 31} AF
= XS HojFo] 483wt Masner et al., 1987). 4-
phenoxyphenyl A8 9] §-52 2 2484 5 7P Wol o
A 28 EAKES(side chain)o] pyridyl 25 7143 Q=
pyriproxyfen©|th. Fenoxycarb@} BFRE7FA]| 2 pyriproxyfen T
g 7)ot i e 5 3R thelRl 3 Foll el fre
23] 7|9kt Ae] 2H4S HoFEQItiBanks and Lofgren,
1991; Koehler and Patterson, 1991; Okazawa et al., 1991).

H
for o

nonisoprenoid A& 2] &
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7] DA - 38} JLzof whaf o}
St 2 o7fe] AR BRE T ek 1 52 W AR §e]
7 < juvenoids; 2. Farnesoates; 3. dodecadienates; 4. alicyclic

25 am AeAs

terpenoids; 5. heterocyclic juvenoids; 6. aryl terpenoids; 7.
simple non-isoprenoid juvenoids; 8. polycyclic non-isoprenoid
juvenoids; 9. juvanogens (Slama, 2016). =2 W& AT} AF
fH o e 3 EAL A= oz Qs o 5d &
328 AL Y| uiEEle e A 35 W 4
& 3ES WA bl A o7 o]8-5 11 ¢t (Bennett and

Reid, 1995; Letellier et al., 1995).

YRsT==(Anti-JH agent)

AN7A] e PR 22w 284 Bl B
719t ule] 9l Bl & St o] A DA oA s o= Q1A E
© 54 Foll dishA e ARg-o] == aL 917] wiZoll(Pedigo et
al,, 2021), oof] thgt tiete 2 fE5o =0l e AAlsh=
EAL 2] 25t A7} o] Fo]A] ¢kt Kaneko et al., 2011).
%22 WAY FRFT 2 A= E45E (Ageratum houstoni-
anum) | A 2% precocene 0.2 =R E-S T HH F
of 3] thsto] 24
25} th(Banerjee et al., 2008; Bowers et al., 1976). Precocene
9 19] gy fEASS oS nle o R nujstol
25 2 H O] SHA]S AR]85t 0 2N 3925 2 H SA]S 1 o]
= 70 7 ot Azambuja and Garcia, 1991; Schooneveld,
1979).

Precocene®| W% 0|32 ethyl 4-[2-(tert-butylcarbonyloxy)
butoxy]benzoate (ETB), (S)-ethyl 4-[2-benzylhexyloxy|benzoate
(KF-13S), fluoromevalonate (FMev), ethyl (E)-3-methyl-2-
dodecenoate (EMD) 5 Er} 20| %fi 3o 25 2 HAE )
w517] 3t chokst A| =50 o]F o]t Furuta et al., 2007,
Stall, 1986). L = ETB= M. sextail— ol UHi(Bombyx mori)
o thellA] TR BT fF 2R 484 TS 2
= R FtK(Stall, 1986). ETBY] G- =491 KF-13S%= =ofl Uy
of el o 55 2E ARe] Wale 27]Q) 24 WefE G
k= e A Eylen, 522w 2H8A|Q] metho-
prene3 4 2]5HH KF-1359] 3955 2.2 g4 ALaj=|oict
(Furuta et al., 2007). 3}A|h ETBL} upd7}A] 2 KF-13S 35t
TEToNe3he2s 2B ko] 3435 Asll 552

= 28R 2d-S H ¢ thFuruta et al., 2007).

HElj(precocious metamorphosis)S

Jo

Ir

S5 oEo] 4

== LEHERAIE B35z precocene k= 2] KF-13S=
AdefeRAol A 5220 Aol Trofshe thaRt a4



TS JAFe =N o TS 2ol

HH ti(Kaneko et al., 2011).

e

A

|

o)

RS2 ZY(Juvenile hormone antagonist,
JHAN)

T2 284 B/ 7HA1= juvabioneo] A=A o] A
22 HIE o3& AZA7L f52 2 ARAE 24
of gt /o] 712ke] shtz o]-§& 7hs/do] =t
(Slama and Williams, 1966), AA| 2 Al Ao A WAH 5
TaE 2AgAl= 2 7HA =4 Rkt Bowers, 2012). o] of wh
g Fea2s AHA| ks 23]y feiars At =
A 5ol gt AEA|S] o] e s o Fadt TS S
7VFsAd o] AN = AH Lee et al., 2015).

2T FF3EL ATdE AA A Meto] transcription
activator B+= coactivator 2 2-8-5}7] 9|3 A}A419] partner T+
WZI(SRC, FISC, CYC 5)I Zgste] 84 E-¢A|(receptor
complex) & FAaHs Tgo] §EB 20| 2l ZrhECH:
Aol 2eEstoi(Fig. 1), o]FE«i7]2] Metd} FISC E+=
CYC vz GHR=E 7212} bait?} prey 2 =3t yeast two-
hybrid system-2- ]85} 4] 355 2 120] Z7l5l= Met I} partner
ch A o] ASES in virrool| A A& TO 24 (Lee et al., 2015),
[F-galactosidase ligand binding assay S £-3}o] 313HE library
B0k ol el AlE3 v YRR TR f5Eas A

7} E2) 5] thKim et al., 2020; Lee et al., 2018a, 2018b; Park

rk

:

(A)

———————
\

<

o

AY

——————
AY
Ay
\
A

Cmmmmm

—> Transcription

-

{

et al., 2020; Woo et al., 2020).

1%, A= A F=E=5F 223t undecyl aldehyde
2} dodecyl aldehyde+=MetI} FISCO] 23S s o|&Z o7
A g o 24 ot BELH 7 (dedes albopictus) ’352) A
e feoas o 2dE= Aor A Hairy %
Kr-hl §20212) g A3k S{th(Lee et al., 2018a). 3], o
FA4Q F52 22 2HgA ] pyriproxifend} H]wsko] of ¥ f
T A9 Eem7]of tal oF 6.6-10.4u] W2 LCso g4 7F
A= Ao 2 YEITHLee et al., 2018a). Streptomyces cellulo-
Sflavus AN120537 o-5=0]| A E-2]3tantinycin -3 =4 & E3F =
< fre2Ee AgA 240 A dEer), ey
(Plutella xylostella), Z2 =22 A H|(Frankliniella occidentalis)
8l HHol-goll(Tetranychus urticae)ofl Haf &2 45 <

H A HKim et al., 2020).

T2 ASTZN RET=2 20| MY

¥

Jo
N
)
ox,

N

Alo) Tt AMg-o. R ZupE 817 0T} A

f
ofy

P 5] =3 T wAIE ast] flsiA 2kehE library
S HIESo] Al W uE o AR A o= R E Hof Xgt
AR A% B BRG] 918 BY-L A5} ol o]
A ghom, 2R = g E ASAIL HEo 71EY
7184 AEAS B0 dAIR 4 Gl ST ST
2 7FFEE 31 It (Cantrell et al., 2012). £3], G552 Ho| L
%0] §% W 4% T mEolx] choke o) 1hAo] 2l

~~
=)
N

P
-
-
-

—————————
AY

3

-
®)

€=

Transcription

.

Fig. 1. Schematic diagram of JH signaling pathway (A) and interference of JH signaling by JHAN (B).
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XA 2 FEE AR 7]EHQL E](Stall, 1986).

’gxﬂi fenoxycarbL} pyriproxyfen -2 453 2 L 287
st ] ST WA ARlA - FE A o= o]
17 QJti(Bennett and Reid, 1995). 13U} G-&5 2 X 22 4| =

A&t dllFol HE Foll =7tE o] 7] ol 2L ARgl
A|sto] Q= A o] (Pedigo et al., 2021), 0|23t 55 =X
o] giete 2 AAE FHrFE2eA|9] Aol 5 B4d0]
o9 S B chol et AR A5 5o A
2 AR15hE ArA| 2 o] AEke o] Rofx] %] ¢al QJtKAlzo-
garay and Zerba, 2017; Pedigo et al., 2021).

olo] vhsl FFT = A= 484121 Metaho] Ao

et fEEERe] A B3l HEEER 284 2

e HolH 7120 FREEERAcdE o
ST AR TS Bl R
o WE ABUFAR A 7Hs o] 58 A0 7]

THKim et al., 2020). %%*—J%—Hliﬁ ﬂ% 22 43

ofy
IM
i
HLON:
il
j,g
o
s
N
E
U
=
o
;)'ll
lo
Jo
Onl |
1-01!
it
r

04 28 7407 Wzl A Wetol e o)
b e 6l A ol 5] £e
2 R W7ol 20| wRolA e,

° o]
T2 EEo] T5Y Aol 2 T2 EAEH= 15 A7

o OHOT o
o

T
L

o
Ir o
(o]

= 30
(o]

(U
o H
x; ot

ol SR AgA Nk F5S2R A7 H& &
Aoz 28-Sk 4= QIS Alolt). mpA o =, = gA-ull 1A}
(ligand) A 9] T ollA] AT} 919k B4 7919 2gH/do]
g9 B Ao h= F50 E—:—E‘ A-gA ol vlstol 2

o TN dAsh He feaes AAZE A gkt
O 2 G FHSHA A Al EA H@’7P§*§ | =2 Aotk ¢
o] AdA ol EAfsh= ol2Rt fEEal AAE s
Z(lead compound) & AFg-5to] GE T2 AR EAjo] ¢

2 7o EAS AT 39 N2 A
A Aol w9 831 o188 5= 9 A0 2 7.

H A1 = EE2RT Ao A APt sEAE AJAFEAT] oF
7]47HHEARY(PI015927) 2] Atu] o)l o]ate] 4=

106 Korean J. Appl. Entomol. 61(1) 101~108 (2022)

XiXE &4 g, oigt

22} Ag) QTG B 2L =8 A

~
AAE: ALt iy B A =5 w7
RE A= A E 31 B0 525192

Literature Cited

Abdou, M.A., He, Q., Wen, D., Zyaan, O., Wang, J., Xu, J., Bau-
mann, A.A., Joseph, J., Wilson, T.G., Li, S., 2011. Drosophila
Met and Gce are partially redundant in transducing juvenile
hormone action. Insect Biochem. Mol. Biol. 41, 938-945.

Alzogaray, R.A., Zerba, E.N., 2017. Rhodnius prolixus intoxicated.
J. Insect Physiol. 97, 93-113.

Ashok, M., Turner, C., Wilson, T.G., 1998. Insect juvenile hormone
resistance gene homology with the bHLH-PAS family of trans-
criptional regulators. Proc. Natl. Acad. Sci. 95, 2761-2766.

Azambuja, P.d., Garcia, E.S., 1991. Effects of proallatotoxins
(precocenes) on the development and reproduction of %: some
data. Memorias do Instituto Oswaldo Cruz. 86, 113-115.

Banerjee, S., Kalena, G., Banerji, A., Singh, A., 2008. New synthetic
precocenoids as potential insect control agents. J. Environ. Biol
29, 951-957.

Banks, W., Lofgren, C., 1991. Effectiveness of the insect growth
regulator pyriproxyfen against the red imported fire ant (Hymen-
optera: Formicidae). J. Entomol. Sci. 26, 331-338.

Baumann, A., Barry, J., Wang, S., Fujiwara, Y., Wilson, T.G.,
2010a. Paralogous genes involved in juvenile hormone action in
Drosophila melanogaster. Genetics 185, 1327-1336.

Baumann, A., Fujiwara, Y., Wilson, T.G., 2010b. Evolutionary
divergence of the paralogs Methoprene tolerant (Met) and germ
cell expressed (gce) within the genus Drosophila. J. Insect Physiol.
56, 1445-1455.

Bennett, G., Reid, B., 1995. Insect growth regulators, in: Rust,
M.K., Owens, J.M., Reierson, D.A. (Eds.), Understanding and
controlling the German cockroach. Oxford University Press,
New York, pp. 267-286.

Bergot, B., Baker, F., Cerf, D., Jamieson, G., Schooley, D., 1981.
Qualitative and quantitative aspects of juvenile hormone titers in
developing embryos of several insect species: discovery of a new
JH-like substance extracted from eggs of Manduca sexta. Juvenile
Hormone Biochemistry 15, 33-45.

Bernardo, T.J., Dubrovsky, E.B., 2012a. The Drosophila juvenile
hormone receptor candidates methoprene-tolerant (MET) and
germ cell-expressed (GCE) utilize a conserved LIXXL motif to
bind the FTZ-F1 nuclear receptor. J. Biol. Chem. 287, 7821-7833.

Bernardo, T.J., Dubrovsky, E.B., 2012b. Molecular mechanisms of



transcription activation by juvenile hormone: a critical role for
bHLH-PAS and nuclear receptor proteins. Insects 3, 324-338.

Bowers, W., Fales, H., Thompson, M., Uebel, E., 1966. Juvenile
hormone: identification of an active compound from balsam fir.
Science 154, 1020-1021.

Bowers, W.S., 2012. Insect hormones and antihormones in plants,
in: Rosenthal, G.A., Berenbaum, M.R. (Eds.), Herbivores: their
interactions with secondary plant metabolites. Academic Press,
New York, pp. 431-456.

Bowers, W.S., Ohta, T., Cleere, J.S., Marsella, P.A., 1976. Discovery
of insect anti-juvenile hormones in plants? 2U. Science 193,
542-547.

Boyer, S., Zhang, H., Lempériere, G., 2012. A review of control
methods and resistance mechanisms in stored-product insects.
Bull. Entomol. Res. 102, 213-229.

Cantrell, C.L., Dayan, F.E., Duke, S.0., 2012. Natural products as
sources for new pesticides. J. Nat. Prod. 75, 1231-1242.

Chatles, J.-P., Iwema, T., Epa, V.C., Takaki, K., Rynes, J., Jindra,
M., 2011. Ligand-binding properties of a juvenile hormone receptor,
Methoprene-tolerant. Proc. Natl. Acad. Sci. U. S. A. 108, 21128-
21133.

Dennehy, T.J., Degain, B.A., Harpold, V.S., Zaborac, M., Morin,
S., Fabrick, J.A., Nichols, R.L., Brown, J.K., Byrne, F.J., Li, X.,
2010. Extraordinary resistance to insecticides reveals exotic Q
biotype of Bemisia tabaci in the New World. J. Econ. Entomol.
103, 2174-2186.

Furuta, K., Ashibe, K., Shirahashi, H., Fujita, N., Yamashita, H.,
Yamada, N., Kuwano, E., 2007. Synthesis and anti-juvenile hor-
mone activity of ethyl 4-(2-benzylalkyloxy) benzoates and their
enantiomers. J. Pestic. Sci. 32, 99-105.

Godlewski, J., Wang, S., Wilson, T.G., 2006. Interaction of bHLH-
PAS proteins involved in juvenile hormone reception in Drosophila.
Biochem. Biophys. Res. Commun. 342, 1305-1311.

Greb-Markiewicz, B., Ortowski, M., Dobrucki, J., Ozyhar, A., 2011.
Sequences that direct subcellular traffic of the Drosophila metho
prene-tolerant protein (MET) are located predominantly in the
PAS domains. Mol. Cell. Endocrinol. 345, 16-26.

Hartfelder, K., 2005. Endocrine control of insect polyphenism.
Comprehensive Molecular Insect Science 3, 651-703.

Hartfelder, K., Emlen, D., 2012. Endocrine control of insect poly-
phenism, in: Gilbert, L.I. (Ed.), Insect endocrinology. Elsevier,
pp. 464-522.

He, Q., Wen, D., Jia, Q., Cui, C., Wang, J., Pallj, S.R., Lj, S., 2014.
Heat shock protein 83(Hsp83) facilitates methoprene-tolerant
(Met) nuclear import to modulate juvenile hormone signaling. J.
Biol. Chem. 289, 27874-27885.

Hefti, M.H., Frangoijs, K.J., de Vries, S.C., Dixon, R., Vervoort, J.,
2004. The PAS fold: A redefinition of the PAS domain based
upon structural prediction. Eur. J. Biochem. 271, 1198-1208.

Henrick, C.A., Staal, G.B., Siddall, J.B., 1973. Alkyl 3, 7, 11-

trimethyl-2, 4-dodecadienoates, a new class of potent insect
growth regulators with juvenile hormone activity. J. Agric. Food
Chem. 21, 354-359.

Hill, C.A., Kafatos, F.C., Stansfield, S.K., Collins, F.H., 2005.
Arthropod-borne diseases: vector control in the genomics era.
Nat. Rev. Microbiol. 3, 262-268.

Judy, K.J., Schooley, D.A., Dunham, L.L., Hall, M., Bergot, B.J.,
Siddall, J.B., 1973. Isolation, structure, and absolute configuration
of a new natural insect juvenile hormone from Manduca sexta.
Proc. Natl. Acad. Sci. U. S. A. 70, 1509-1513.

Kaneko, Y., Furuta, K., Kuwano, E., Hiruma, K., 2011. An anti-
juvenile hormone agent, ethyl 4-(2-benzylhexyloxy) benzoate,
inhibits juvenile hormone synthesis through the suppression of
the transcription of juvenile hormone biosynthetic enzymes in the
corpora allata in Bombyx mori. Insect Biochem. Mol. Biol. 41, 788-
794.

Kim, J.H., Choi, J.Y., Park, D.H., Park, D.-J., Park, M.G., Kim,
S.Y.,Ju, Y.J, Kim, J.Y., Wang, M., Kim, C.-J., Je, Y.H., 2020.
Isolation and characterization of the insect growth regulatory
substances from actinomycetes. Comp. Biochem. Physiol. C-
Toxicol. Pharmacol. 228, 108651.

Koehler, P.G., Patterson, R.S., 1991. Incorporation of pyriproxyfen
in a German cockroach (Dictyoptera: Blattellidae) management
program. J. Econ. Entomol. 84, 917-921.

Konopova, B., Jindra, M., 2007. Juvenile hormone resistance gene
Methoprene-tolerant controls entry into metamorphosis in the
beetle Tribolium castaneum. Proc. Natl. Acad. Sci. U. S. A. 104,
10488-10493.

Kotaki, T., 1996. Evidence for a new juvenile hormone in a stink
bug, Plautia stali. J. Insect Physiol. 42, 279-286.

Kotaki, T., Shinada, T., Kaihara, K., Ohfune, Y., Numata, H., 2009.
Structure determination of a new juvenile hormonefrom a hetero-
pteran insect. Org. Lett. 11, 5234-5237.

Lee, S.-H., Ha, K.B., Park, D.H., Fang, Y., Kim, J.H., Park, M.G.,
Woo, R.M., Kim, W.J., Park, I.-K., Choi, J.Y., Je, Y.H., 2018a.
Plant-derived compounds regulate formation of the insect juvenile
hormone receptor complex. Pest. Biochem. Physiol. 150, 27-32.

Lee, S.-H., Lim, H.N., Choi, J.Y., Park, D.H., Ahn, B.H., Fang, Y.,
Kim, J.H., Park, M.G., Woo, R.M,, Lee, B.R., Kim, W.J., Ko,
Y K, Lee, 1.Y., Je, Y.H., 2018b. Mosquitocidal activity of pen-
fluridol as juvenile hormone antagonist. J. Asia-Pac. Entomol.
21, 130-133.

Lee, S.-H., Oh, H.-W,, Fang, Y., An, S.-B., Park, D.-S., Song,
H.-H., Oh, S.-R.,Kim, S.-Y., Kim, S., Kim, N., Raikhel, A.S., Je,
Y.H., Shin, S.W., 2015. Identification of plant compounds that
disrupt the insect juvenile hormone receptor complex. Proc. Natl.
Acad. Sci. U. S. A. 112, 1733-1738.

Letellier, C., Haubruge, E., Gaspar, C., 1995. Biological activity of
fenoxycarb against Sitophilus zeamais Motsch.(Coleoptera:
Curculionidae). J. Stored Prod. Res. 31, 37-42.

Juvenile hormone antagonists as insecticides 107



Li, M., Mead, E.A., Zhu, J., 2011. Heterodimer of two bHLH-PAS
proteins mediates juvenile hormone-induced gene expression.
Proc. Natl. Acad. Sci. U. S. A. 108, 638-643.

Masner, P., Angst, M., Dorn, S., 1987. Fenoxycarb, an insect growth
regulator with juvenile hormone activity: A candidate for Heliothis
virescens (F.) control on cotton. Pestic. Sci. 18, 89-94.

Meyer, A.S., Schneiderman, H.A., Hanzmann, E., Ko, J.H., 1968.
The two juvenile hormones from the Cecropia silk moth. Proc.
Natl. Acad. Sci. U. S. A. 60, 853-860.

Nicolopoulou-Stamati, P., Maipas, S., Kotampasi, C., Stamatis, P.,
Hens, L., 2016. Chemical pesticides and human health: the urgent
need for a new concept in agriculture. Front. Public Health 4, 148.

Okazawa, T., Bakote'e, B., Suzuki, H., Kawada, H., Kere, N., 1991.
Field evaluation of an insect growth regulator, pyriproxyfen,
against Anopheles punctulatus on north Guadalcanal, Solomon
Islands. J. Am. Mosq. Control Assoc. 7, 604-607.

Park, D.H., Choi, J.Y., Lee, S.-H., Kim, J. H., Park, M.G., Kim,
J.Y., Wang, M., Kim, H.J., Je, Y.H., 2020. Mosquito larvicidal
activities of farnesol and farnesyl acetate via regulation of juvenile
hormone receptor complex formation in Aedes mosquito. J. Asia-
Pac. Entomol. 23, 689-693.

Pedigo, L.P., Rice, M.E., Krell, R.X., 2021. Entomology and pest
management. Waveland Press. Illinois.

Pener, M.P., Dhadialla, T.S., 2012. An overview of insect growth
disruptors; applied aspects. Adv. Insect Physiol. 43, 1-162.

Raikhel, A., Brown, M., Belles, X., 2005. 3.9 Hormonal control of
reproductive processes. Comprehens Mol. Insect Sci. 3, 433-491.

Riddiford, L.M., 2008. Juvenile hormone action: a 2007 perspective.
J. Insect Physiol. 54, 895-901.

Roller, H., 1967. The structure of the juvenile hormone. Angew.
Chem. Int. Ed. Engl. 6, 179-180.

Schmialek, P., 1961. Die Identifizierung zweier im Tenebriokot
und in Hefe vorkommender Substanzen mit Juvenilhormon-
wirkung. Zeitschrift fiir Naturforschung B 16, 461-464.

Schneiderman, H.A., 1972. Insect hormones and insect control, in:
Menn, J.J., Beroza, M. (Eds.), Insect juvenile hormones. Academic
Press, New York and London, pp. 3-27.

Schneiderman, H.A., Gilbert, L.I1., Weinstein, M.J., 1960. Juvenile
hormone activity in micro-organisms and plants. Nature 188,
1041-1042.

Schooley, D., Baker, F., Tsai, L., Miller, C., Jamieson, G., 1984.
Juvenile hormones O, I, and II exist only in Lepidoptera, in:
Hoffmann, J., Porchet, M. (Eds.), Biosynthesis, metabolism and
mode of action of invertebrate hormones. Springer-Verlag, pp.

108 Korean J. Appl. Entomol. 61(1) 101~108 (2022)

373-383.

Schooneveld, H., 1979. Precocene-induced necrosis and haemocyte-
mediated breakdown of corpora allata in nymphs of the locust
Locusta migratoria. Cell Tissue Res. 203, 25-33.

Shin, SSW., Zou, Z., Saha, T.T., Raikhel, A.S., 2012. b(HLH-PAS
heterodimer of methoprene-tolerant and Cycle mediates circadian
expression of juvenile hormone-induced mosquito genes. Proc.
Natl. Acad. Sci. U. S. A. 109, 16576-16581.

Silva, J.J.d., Mendes, J., 2007. Susceptibility of Aedes aegypti (L) to
the insect growth regulators diflubenzuron and methoprene in
Uberlandia, State of Minas Gerais. Rev. Soc. Bras. Med. Trop.
40, 612-616.

Slama, K., 2016. Pharmacology of insect juvenile hormones. Com-
prehensive Insect Physiol. Biochem. Phramacol. 11, 357-394.
Slama, K., Williams, C.M., 1965. Juvenile hormone activity for the

bug Pyrrhocoris apterus. Proc. Natl. Acad. Sci. U. S. A. 54,411-414.

Slama, K., Williams, C.M., 1966. ‘Paper factor’as an inhibitor of
the embryonic development of the European bug, Pyrrhiocoris
apterus. Nature 210, 329-330.

Stall, G., 1986. Anti juvenile hormone agents. Annu. Rev. Entomol.
31, 391-429.

Wigglesworth, V.B., 1936. Memoirs: The function of the corpus
allatum in the growth and reproduction of Rhodnius prolixus
(Hemiptera). J. Cell Sci. 2, 91-121.

Williams, C.M., 1956. The juvenile hormone of insects. Nature 178,
212-213.

Williams, C.M., 1967. Third-generation pesticides. Sci. Am. 217,
13-17.

Williams, C.M., Moorhead, L.V, Pulis, J.F., 1959. Juvenile hormone
in thymus, human placenta and other mammalian organs. Nature
183, 405-405.

Wilson, T.G., Fabian, J., 1986. A Drosophila melanogaster mutant
resistant to a chemical analog of juvenile hormone. Dev. Biol.
118, 190-201.

Woo, R.M., Park, M.G., Choi, J.Y., Park, D.H., Kim, J.Y., Wang,
M., Kim, H.J., Woo, S.D., Kim, J.S., Je, Y.H., 2020. Insecticidal
and insect growth regulatory activities of secondary metabolites
from entomopathogenic fungi, Lecanicillium attenuatum. J. Appl.
Entomol. 144, 655-663.

Zhang, Z., Xu, J., Sheng, Z., Sui, Y., Palli, S.R., 2011. Steroid
receptor co-activator is required for juvenile hormone signal trans-
duction through a bHLH-PAS transcription factor, methoprene
tolerant. J. Biol. Chem. 286, 8437-8447.



