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Advancesin research on the molecular basis
of insect olfactory coding
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Abstract Insects rely on olfaction to locate hosts, avoid enemies, find mates, and more importantly, to adapt to an
ever-changing environment. The integration of neuroethology and molecular biology over the last half-century has led to the
neural architecture and molecular basis of the peripheral insect olfactory system being better understood. Normally, the
olfactory sensory neurons (OSNs), housed in corresponding sensilla, detect odorants and then project their axons into the
glomeruli of the antennal lobe. The odorant receptor/odorant receptor co-receptor (OR/ORco) complex on the OSNs’ dendrite
plays a key role in odorant recognition. In most cases, insect olfactory systems can be summarized via a classic formula; one
class of OSN expresses one member of the OR family, and converges to the same glomerulus in the brain. However, recent
advances in research on receptor deorphanization and evolution suggest that this process of olfactory coding is more complex.
Not only do multiple organs act as the ‘nostrils’ of insects, but also some non-OR receptor families, such as the gustatory
receptors (GRs), ionotropic receptors (IRs), and transient receptor potential (TRP) channels, are involved in olfaction. Some
studies have found that air pollutants are interfering with insect olfaction. How insect olfaction evolves and adapts to such
anthropogenic factors should become an increasingly important topic of research.
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B I FH 22 it 28 495 S8 i by 4 PRI, £
FEACEY T . G L Ml L PR SRR R B A
HHERBORFNZ, 55 B AL 2
PE | BRSSP nT Be A48 PR B 14
AT YY) o B H o A A MR IR e S8 AZ 3 |
55, SARE AR LS WAL, =S
TSR S 9 BG5BTk B 37
F . REOMFEZERER, BT T2 mm
WRGE, W LEECT R b X oA B LY
KBk (Haverkamp et al., 2018 ) . B HLAY R 51 bl
W Jymiefe, Hrh i KoK s, 7617
R T R AR SR AAE S b i 22 e ]
HIBIETE I EE PR R 224724 2% ( Neuroethology ),
X R S AARAT R, SRl AL S
BRI IER S AT Iy Sl 28 R e pLH AT B
FEFF (Hoyle, 1984) o FTILT4FK, Bl H
SR FHEYFBRR R, B RS R0
FKOMNEER TR A EAR TIRAWIRR

(a5, 2020 ) o

1 BRRERZEHNMESEM

fik A7 7 B SRS R ok i e o O
T R B U AR ST R, Al AEAN [ 2 AR
MBS LR (Keil, 1999) o BAL, 78K
Py D, IS Y il A R S B 2R TR
RAMCE, B, 7EREL b s AT,
ZIEFL Coreidae o 58 A IRl A, X 5 E
ITEIBAE R AT (Du et al., 2020 ) o WLGEERE
LT sn b, &R R A AR A, T
HIEAR | AR DL 3 AN [ 28001, G045 B IR AR |
HETE % | v (B St s T 8% 45 ( Stocker,
1994; Shanbhag et al., 1999 ) . AN[A]AYEAR 25
Y EAAARRLR NP 2 254, e i) Lo JR o At
27t ( Olfactory sensory neurons, OSNs ) Fl137F
20 M AR LT S T X BRI R ( Zacharuk, 1980;
Kaissling, 1986 ) . &% ML oW R
2R, BIERNE Drosophila melanogaster 3%
2y OSN &y 2-4 />, TVMIREE Schistocerca
gregaria W|>k 20-50 4~ ( Ochieng et al., 1998 ) .

SUMGE RS A T A FLBR s 2 A

AR, IR S H AP ARIRES G E 1 (Odorant
binding protein, OBP ) X{4% ( Steinbrecht, 1997 ) ,
i OBP B WK 2 3k B 58 i B 19 0Bk 32 1K
( Odorant receptor, OR ) FI W2 (K It 3Z {4k
( Odorant receptor co-receptor, ORco ) BEY,
Fro IR AR R FH B Tl B F T, 772k i fbpf
ZW {55 (Gao and Chess, 1999; Malnic et al.,

1999; Vosshall et al., 1999; Larsson et al., 2004;
Benton et al., 2006; Butterwick et al., 2018;

Fleischer et al., 2018 ) , i J& SR B R it it
( Odorant-degrading enzyme, ODE ) [#f# ( Ishida
and Leal, 2005; Leal, 2013 ) . i, OR/ORco
HEYXTT BRI 2L AT ( Vosshall
et al., 1999; Elmore et al., 2003; Krieger et al.,
2003; Larsson et al., 2004; Sato et al., 2008;

Wicher et al., 2008 ) , {HEE1EA W H ST
W, RIAYFE OR AT LAKET ORco ST
SEMMLEIIRE (del Marmol ef al., 2021) . 55
JELRSFHY ORco ANfA], OR 7B Uy b i it
FINEEA B AR AL ( Touhara and Vosshal, 2009;
EHREIAE, 2013 ) o WA, BRAARSWmE#E
AN]SR A, DA 2 H AR SR 2 DAt
X OR HEAT RHUSE I T REJIE °T USROG T4 Fh
A28 3E L E R A S (Hallem et al., 2004;
Hallem and Carlson, 2006; de Fouchier et al., 2017;
Dietal.,2017; Hou et al., 2021 ) .
1. OR/ORco 55 W AH I B SR BC AR
Jo . HALAE 5 AR 5 728 0 A% 3ok 3]l 5 R fi £ o
( Antennal lobe, AL ) . B AL 5EHEshY)
B IELBR [R5, LA R #h 28 21 4 R 2 A8 ( Hildebrand
and Shepherd, 1997; Touhara and Vosshall, 2009;
Hansson and Stensmyr, 2011; 5K¥i5%, 2016 ) . &
iK[A— OR Y OSN 23 TR Y #l Z2£FLEBR
X B R SE RS —1 OR-—> OSN-—Mifi
LA HEERIE N ( Vosshall, 2000; de Bruyne and
Baker, 2008 ) . 7E8E# HE dUh, AL BHE 2
SR, HEE R S 0 B R A ek Gk
( Macroglomerular complex, MGC ) {37 T fil ffi i%
ABAL, IF FEANEE B RAE S, PR A A
[a)47°8 (Boeckh and Boeckh, 1979; Koontz and
Schneider, 1987; Hansson et al., 1992; Ignell et al.,
1998 ), FHALFAERREE PPN 5+ ( Vosshall et al.,
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2000 ) , WIFEVHELIEY AL oy A 1000
AP ERR, R H IS R R — A
80 >, EHG LM I A 43 /> ( Hansson et al., 1996;
Anton et al.,2002) (% 1) . OR-OSN-AL 4%
1Y) & e A J Lot G i SO A W A 7 20 B AR
PEAR B T3 8 T SR B 4 A g S O =R T
SR RS /56 2R M 7 ) 28 T R AR 1 2 Ak b
3 ( Dethier, 1982; Haverkamp et al., 2018 ) . B
Mo 5 AT AR Yk D) L[] B R R L S B
TREWE R DX A3 AN R IEA B BT, A SR R A TR
. HE, AMYRhat bt 7RE R RGE RS0
VIAE W IR, B ANZR 3 RIS Locusta migratoria 1)
SR A i A 78 IR ( Chang er al., 2023 ),
AR S Aedes aegypti AL T AR AR IR BT
R, Wi ER— OSN LRk AZIAK, $EA5T
KSR PUIE (Herre er al., 2022)

2 ETERENREHD

B HOHF B2 832 38 o R (Y 2 M G A
SEBE, B AT R R B LR AT B L R Y
iR A EES % 5 AR B JUREk e
W H{E B K 455 % H ( Pheromone binding protein,
PBP) i3k, SRJE9HiZ5] OSN L& ITE
F1 1 ( Sensory neuron membrane protein 1, SNMP 1)
{5 B ZE 32K ( Pheromone receptor, PR ) /ORco
244 (Fleischer et al., 2018 ) , SNMP 1 #iA K
P 2855 TR PBP JE QLR PUNBC R 1 PR BHIE
/8% 515 B £ PR BB ( Benton et al., 2007;
Gomez-Diaz et al., 2016 ) . H 60 24 Fij Zv i izt
& BRI ( Butenandt et al., 1961 ) , @§#HE
H—EE M AR B R WS A i R, B
AT HIR LY 75% R AI T 185 B3R, HALH
C10-C18 ZT2s . FEFIEE (Ando er al., 2004;
Lofstedt et al., 2016 ) . T #UfFE B R WA H—3%
PRSP SR Z ARSI S8 I, AR g LAY 1Y
5 B Z %K% ( Classic PR clade )( Wanner et al.,
2007 ) o AR, EAEHIPFFRERM], PR 4L 250
P mPERI KL OR WS 5EEREZ, filin
Lampronia capitella TRHEFZILE) OR6 A1 ORS
SRR G R R 29, EN-IUBERE (29,

E11-14: Ald )M 29, E11-+ DURRIGE 29, E11-14.
OH) , fiJFdt—4 & BUAE B AR i 2 n g ik v b
EFE ML PR 43 SZ4RE9#T PR 433 ( Yuvaraj et al.,
2018; Bastin-Héline et al., 2019 ) .

30 H g 8 PRs 325 TR B0 Fh M A
BENy, BAEL M, MR IR
BRI DA M LA (32031 ( Leary et al., 2012; Yang
et al., 2018; Cao et al., 2021 ) , [RIAFEAFH{LLH
ISR Z A E A RFJE PR JRA[ @A MGC X
ANF LT AEER , PR RO A A 22580, 5
b T A= R s, - R ak % AE R i AR A A
a4 (Jiang et al., 2020 ) . IgE2Erp#LA PR 4357
(4 5 A B B ML 22 B 3Z 3R 0 6] P05 36
PEEAL I EE RO, (A —id B A
i 3k 21 2 RS SR AZ AR EE R R T g i s Ak
AT PR PR IEIRMIES % (R,
2023 ) I FH I Lh () 00 ] A 2 i s e B R 4
O3 AT A IRAE Y B A 1 3 AR R 0 RE DR RT3 o IR
XAk AL 7= A B D e SE ) ( Holland et al.,
2017) . FATIEBEH H OR Ay LR lges] T2
RIS, LRI R 4 53 #r /R e 7 EL g MY PR
J7 510 238 4 B 1 2 1 T LA 9 3 B sl R R 1
T HAHE, ZJFHSr R PR e ]
A X BRI A T 17506 Tang et al.,
2024 ) , Y Zhang &% (2024 ) HEMHT PR 2332
(AT R TRZE L. [FEE, BT PR AR IA-
ZRGESEE, [FIRSIRE Py PR FE A B )
Ik, AT R A S AR A B T R
(Lietal,2023) , X—BGHE X HE A IR I
Z ) OR FBAFTE (Guo et al., 2021 ) , AIHE
EL 1t ORs (1)) BEH f A7 7E — 2638 FAE

3 EBHRRGEEABAY R

XTELHURUE, BR Tl X — F B Z
Hh, CIEEZA B ES S . BRI
RIS IR Bz AR B R A, XA
120 MEGEFIZTT, XEEMETCIFAE 60 3
RIS, JFERIE 7 PR AR AZ K (de
Bruyne et al., 1999; Dweck et al., 2016 ) , #H—
TR, JEM AT S0 e e SRR
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JER ok SR AR A R B A R B R A AT
), PRI R AL IR 58 ( Singh and
Nayak, 1985; de Bruyne et al., 1999; Hallem et al.,
2006; Dweck et al., 2016 ) . WIS HILT 1) T IEA
IR CO, RrAT I, 17 AR DU ] fish £ 1
ab1C FZITRALINX —Y BT (Kent et al., 1986;
Thom et al., 2004; Kwon et al., 2007; Lu et al.,
2007; Turner and Ray, 2009; de Bruyne et al., 2010;

Ning et al., 2016 ) , FEVPIEMEH | FIEAIT 5
ZiZkik SNMP1, RHAWIEHATEES S5XEER
H)JRaZ (Lemke et al., 2020 ) . A W RS20/ T %l
IR AL IS D RETE B SR 3 Aok (X1 4
A4, 2005; WG, 2011) .

Wb S WA FE T —Fh R 8% B —— W 4
LR M Manduca sexta R HGRRIZE ZH0, LA
EEEN Y (Haverkamp et al., 2016 ) . 2R,
3 o R A2 TR SR R R i TV T B2 2D AT
R, 2R PR G fl A O R SR A7 AR S i B
#Z5 ( Adam et al., 2021) . LG A
TEX] LW AR B Anopheles gambiae ™, Wk I H)
OSN #3515 AgOR6 Il AgORco, AR,
BRI A2 SO, IR 5 B B f 2y

( Subesophageal ganglion, SOG ) ¥ fi /1 - ( Pitts
et al., 2004; Kwon et al., 2006; Riabinina et al.,
2016) o BEAb, AP E OR8, OR49
F1 ORco, X MLIEHE A PEAT IR, 43 $45)
2 LA YEER (Jung et al., 2015) o

WFFRHRE , 77 IR g X TR BRI HEA 7 B L )
FER MG TR BN EZAE R . JHE R ™ IR 8% L
ABAN A EA Z LG5, I AT MsOR9,
MsOR26 Fll MsOrco 5244 ( Klinner ef al., 2016 ) ,
1 B AR IC 54 ( Single sensillum recording, SSR )
E—2 R BRI IEER X - MR . H 3E-1- 3G
Hopb Sk BATHUERYE (Klinner ef al., 2016) o 5
ANR BN B Helicoverpa assulta 7=Yhas 323K
T HassOr31 il HassOrco 3244, FTIEHIELER F
FY) PRERRIERE 7 OIS (Li e al,, 2020) , Uit
AN, GERERE /N E Y) Apocrypta westwoodi iy B
AT P PO SE B TR Z RS D5

( Yadav and Borges, 2017 ) . #k1, EH=IR4s
H OSN A AR BB H B AT 42

4 ZEERENERIREHINEE
iR

OR/ORco & E& M W5 JB M1 ) A i G B Y 2
AEHTC, S — L L OR 3 o R i 56 PR 21 00 2 1
BRI, HIEHN G HAMEKZIK (G protein-
coupled receptors, GPCRs )Z K17 ( Clyne et al.,
1999; Gao and Chess, 1999; Vosshall et al., 1999;
Adams ef al., 2000; Galizia et al., 2010 ) . 5&E
PR5F I ORco AL, A[FEHIFIR) OR ZIH]F5IAH{
P3N (Larsson et al., 2004; Benton et al., 2006;
IR %24, 2008; Touhara and Vosshall, 2009 ) . 7£
OR #EfL 7T, HHETFAIEARRIW A . A2EHIA
4 OR il ORco HYEIFIE MK IEZ 4K ( Gustatory
receptor, GR ) Gt Ab ik, SEE MK A= 2 fili 4=
He i 7 2CAYE Y (Robertson et al., 2003; Krang
etal., 2012) o fEE DX 5G] HU) Rl i ) e
SR P &, AW H Archaecognatha B H
Lepismachilis y-signata ##t= OR F1 ORco; K
H Zygentoma EEAK A Thermobia domestica Bkt
= OR, {HFFTE 3 /> ORco WY[RIPRFLA s miAT
W H Phasmatodea 19 7 J5 M #E Phyllium
siccifolium f£7£ OR/ORco &4 ( Missbach et al.,
2014 ) o XEEFEIRELHT, OR FFIE NI Xl 2E 2E
T 7 2R T A, TR TR B A A9 i A A
BB A o RgfL, H Az {K& ORco #£ OR Z
HiH 3 (Missbach et al., 2014 ) . X5 E H
Collembola, XJEH Diplura, AW H . &KfH .
IS H Odonata FIHE4# H Ephemeroptera Y3 A
HAT4HT, KR ORco {UFE I b To i B A
H kK AEBEA b &3 T 583 ) OR/ORco
A4t (Brand er al., 2018 ) o XEEZIRIES T OR
7E B A RAT Z BT A A, 7T B4R R X il
PR EE F5E W ( Brand et al., 2018 ) o XTREAC
H1 OR it A [RGB ) R R T g2 1o, ikt
OR 7EZHZY . A ap R AT P IR EE El e A A
[F] )R A5 (Brand et al., 2018 ) ; Hk, 2t
TYHT RS T 24 Neoptera ) ) OR #E47 13
BRI AT AT BEAETE M 22, PR L darbry i

s OR” S5FYCE H A OR AR ( Thoma ef al.,
2019) . &ir, GYWEYIF Machilis hrabei [
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ORS & BUATLH WL EA T 12 Ak 2= R 1 1 D 5%
AR T4 FliE, SR A GR iIIRE Tk
Bl ( del Méarmol et al., 2021; Ma et al., 2024 ) , %
M7E AR B Al rh OR 675 ORco F77E 1M Al 24
AT INRE, R OR AT RE L ORco BRI
M, RNT THE ST OR By AL, T5E R N
S FP A £ H A% OR B OR/ORco #1173
REAFIY

Ik ORs LAFh, GRs., 2§ FiHiE R 3Z4( Tonotropic
receptor, IRs ) A 32 AR B3 ( Transient receptor
potential, TRPs ) il 12 5 R H M Esz , H
H1, GRs Fl ORs #Rdifi T EAZM e “BRiE
ZARKEZAR”  (FESLWIEE, 2016; Benton et al.,
2020) o EEHAY GR e P& RIS R 4]
B (Clyne et al., 2000) , EAMB N 4 45
% :CO, . GR43a-like  FHZE A5 1 GR 43 32( Slone

et al., 2007; Wanner and Robertson, 2008; Kent
and Robertson, 2009; Robertson and Kent, 2009;

Sato et al., 2011 ) . HH, 4% CO, i GR 433%
55 ORs #AfL, #BEA 7 RS ML (Jones et al.,
2007 ) o fEFLIEH, GR21a 55 GR63a L[|k,
FHT CO, M52 Ji&%% ( Suh et al., 2004 ; Kwon et al.,
2006; Jones et al., 2007 ) . Mk2&f HarmGrl .
HarmGr3 FIEC T ) AgGR22 . AgGR24 Z 1A [f] £
BARIE T X CO, Y ML 5E R M( Hill et al., 2002;
Lu et al., 2007; McMeniman et al., 2014; Ning et al.,
2016; Xu, 2020 )

110 N G P U R et 7/ E PSR =3 o i B S ES v i
e, TERIEH A T —Fh 5 0510 5 1 AU =R
ZAK (Tonotropic glutamate receptors, iGluRs ) /=5
FE BT 2 IR G, i 44 Ry Bl T A7 A
IRs ( Benton et al., 2009 ) . IRs B 0] RELEAE TR
[ 8f1%)( Protostomia ) HE [F#H Jc H( Croset et al.,
2010) . H:f IR8a, IR25a, IR93a FlI IR76b
N MFE IRs HYFLEAZ{K (Benton et al., 2009; Abuin et

al., 2011; Silbering et al., 2011; Ai et al., 2013;
Hussain et al., 2018; SLEHI%, 2019; Ni, 2021 )

3 2k o s SRR A T R A AR B SR AT, B
T #IK IR 1 OSNs, Jf HABL T X3¢ OSNs 1ML
R ILTH RIS RIS (R 1)(Yaoeral,
2005; Silbering et al., 2011 ) . FJH Cas9 /7

T24-QF2 W#iistfEmi A ( Knock-in ) Mg, 5
UAS-GFP (i R4S NI R H Y 4 D HEZ ik
(ORco. IRSa. IR25a. IR76b) , K IR25a
JZARIAT OSNs Hr, AL4E TS iy i #i4
g2 (Task et al., 2022 ) , [R5} ORco. IR8a Fl
IR76b HIFEKIA A P € ( Task ez al., 2022 ).
IRs ZETG I R IR 1% B UL DE R4 — BTN
T, AT SR bl A L2 (8 0GR A 2458 T vk
WELE] ORco I IR76b L2 K T] BETE [F]— OSN
Ik IS EMTE WoR RIEFR K OR F1IR 1) OSNs
TEfl A sl 2 AR P A8 A B, AR
TEE AR R R IR AL ( Benton er al., 2009;
Grabe et al., 2016 ) . FoFF5E & B85 R AR fif
e R A U A U R SE, 12
ZoudtRIRIB B 2 MM AZ Z ARG K
B, I HI OR I IR JiT7E OSNs 7E it £ - v iy il
SRR ST HARE & (Herre et al., 2022) . [F]
— i, XPEM Anopheles coluzzii IR KL T
IR25a Fl ORco . IR76b FI ORco FLFIRMTHNL,
M7 SR RE AR AL D, sechellia YWPIWEFEHL 2 IH
IR25a Fll ORco 3:3%3K, Raji fil Potter (2022 ) K&
Task 55 (2022 ) A ATEER WIISE 20 b A A
fRIBSZ AR SRR AT e WG . SR, T
L IRs LAz IR A BAS TR . MR8 . BROESE
ZREEDIRE, (GEH) 2 RN E A 2
PLFIWTER R S S HAB ) AR IR 38R0 ( Chen
etal., 2015; Rimal and Lee, 2018 ) . &2, k%
RS B e Fp 22 Y — > OR-—> OSN-—>
PRk B4t T HEER, ORs A1 IRs 7EAH
Al 2 eI Fak s il 1 B Wb T i 5
FIAN, kRS SZ A A0 3 T R S R
7 B O b R HEVE o TRP GlIE HAA 6 4B it
2Eft%, 43k TRPC. TRPA, TRPM. TRPML .,
TRPV. TRPN #1 TRPP ( Montell et al., 2002a,
2002b; Montell, 2005) . H, TRPA M50+
SO (BRI ) AR SE ) B S ( Montell,
2005; Joseph and Carlson, 2015 ) , {H—2E dL )
TRPA B RIS 5IGEEAZ . filan, Sbg A+
A9 TRPA 1 # He 3B X St v far Nepeta cataria F¥)
SR Y BT IT N R #E 1T 3Z (Melo er al.,
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x1 EERBHINERE RGNS
Tablel Organization of peripheral olfactory system in Drosophila melanogaster
B MgonEm 2k ez kWAL YEER SSEES N
Sensillum OSN Receptor Co-receptor Glomerulus Best ligand
abl ablA OR42b ORco DM1 LR CTig Ethyl acetate ( Kreher et al., 2008; Marshall
et al., 2010; Miinch and Galizia, 2016 )
ablB OR92a ORco VA2 F|FRZ1 Ethyl lactate ( Marshall ez al., 2010 )
ab1C GR21a, NA VRE .
& AkHK Carbon dioxide ( Marshall et al., 2010 )
GR63a NA Unknown
ablD %%11%1’ OI\II{:O DLI 7K AR G Methyl salicylate
A (Hallem ef al., 2004; Marshall et al., 2010 )
Unknown
ab2 ab2A OR59b ORco DM4 ZA@ZLEEF{WE Methy] acetate
(Hallem et al., 2004; Marshall et al., 2010 )
ab2B OR33b, ORco DMS/DMS 2.2, J&Mt B 2-Ethylpyrazine/ P FR £ I Ethyl propionate
OR85a ORco ( Kreher et al., 2008; Marshall et al., 2010; Montague et al.,
2011 )
3-}IL TR 2 Ethyl 3-hyroxybutyrate
(Hallem et al., 2004 )
ab3 ab3A (())%2222?3’ ORco DM2 O R s Methyl hexanoate ( Dobritsa et al., 2003; Hallem
A et al., 2004; Pelz et al., 2006; Marshall et al., 2010 )
Unknown
ab3B ORS85b ORco VMSd  2-Befi 2-Heptanone
(Hallem ef al., 2004; Marshall et al., 2010 )
ab4 ab4A OR7a ORco DL5 JZ-2-CL 1% E2-Hexenal ( Hallem ef al., 2004; Kreher
et al., 2008; Marshall et al., 2010 )
ab4B OR33a, ORco DA2/DA2 .
OR56a e + R 2 Geosmin
( Marshall et al., 2010; Stensmyr et al., 2012 )
Unknown
ab5 abSA OR32a ORco VA6 LIRS Geranyl acetate ( Hallem et al., 2004; Kreher
et al., 2008; Marshall et al., 2010 )
ab5B OR33b, ORco DM3/DM3 2.7 FEnlk B 2-Ethylpyrazine/ 75 ik Z. B Ethyl propionate
OR47a ( Marshall ef al., 2010; Koerte et al., 2018 )
ZFRIXME Pentyl acetate ( Dobritsa et al., 2003; Hallem et al.,
2004; Kreher et al., 2008 )
ab6 ab6A OR13a ORco DC2 1-2F45-3-l5 1-Octen-3-ol ( Kreher et al., 2008 )
ab6B OR49b ORco VA5 2-HI Iy 2-Methyl phenol/ S8 AR} Guaiacol ( Hallem
et al., 2004; Marshall et al., 2010 )
ab7 ab7A OR98a ORco VM5v KRS Ethyl benzoate
(Hallem ef al., 2004; Marshall et al., 2010 )
ab7B OR67¢ ORco VC4 FLBR Z1g Ethyl lactate
(Marshall et al., 2010; Gabler et al., 2013 )
abg ab8A OR43b ORco VM2 A -2-THi R L lE Aethyl trans-2-butenoatus/ ] R 2. li§
Ethyl butyrate ( Hallem et al., 2004; Marshall et al., 2010;
Gabler et al., 2013 )
ab8B OR9%a ORco VM3 2, 3-T &% 2,3-Butanediol ( Marshall et al., 2010 )
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43R 1 (Table 1 continued)

S - - e o
Ba wenkm oz ek 00 RALR
Sensillum OSN Receptor  Co-receptor T Best ligand
Glomerulus
ab9 ab9A OR69aA, ORco D o-FAJHEE a-Terpineol/ 7 -l Carvone/Z4- 1 — ik I I
OR69aB Z4-11A1d ( Lebreton ef al., 2017 )
ab9B OR67b ORco VA3 ﬂgpaﬁlﬁ] Acetophenone
( Kreher et al., 2005; Kreher et al., 2008 )
abl10 ab10A OR67a ORco DM6 6- 1 Jk-5- g 45 -2- ] 6-Methyl-5-hepten-2-one/ ] izl
Benzyl butyrate/NiZ T I Butyl propanoate ( Miinch and
Galizia, 2016 )
abl0B OR49a, ORco DL4 RN EE Iridomyrmecin/ FR AR BEHR  Actinidine/3f] JF B
ORS85f Nepetalactol ( Kreher et al., 2005; Kreher et al., 2008;
Ebrahim et al., 2015 )
atl atlA OR67d ORco DAl ME-11- )\ IR £ TR cis-11-Vaccenyl acetate
( Kurtovic et al., 2007 )
at4 atdA OR47b ORco VAlv HHEBR WS Methyl laurate/ 5 JH R Palmitoleic acid
(Hallem et al., 2004; Lin et al., 2016 )
at4B O§g§ g’ ORco DL3 ME-11-/\ IR £ TR cis-11-Vaccenyl acetate
(())R 6 5C’ ( van der Goes van Naters and Calson, 2007 )
atd4C ORS88a ORco VAld ﬁﬂ:ﬂ ﬁg‘é EFI @E‘ Methy] pa]mitate
( van der Goes van Naters and Calson, 2007 )
ai2 ai2A (at2A)  ORS83c ORco DC3 #:JEIE Farnesol ( Ronderos et al., 2014 )
ai2B (at2B)  OR23a ORco DA3 %I Unknown ( Miinch and Galizia, 2016 )
ai3 ai3A (at3A) %%112?3’ ORco DC1 B TE WA Valencene ( Dweck et al., 2013 )
ai3B (at3B)  OR2a ORco DA4m SR Unknown ( Kreher et al., 2008 )
ai3C (at3C)  OR43a ORco DA4l  1-2F 1-Hexanol ( Hallem e al., 2006 )
acl aclA IR31a IR8a VL2p 2-58 R 2-Oxovaleric acid/2-%HidFfR 2-Oxopentanoic
acid ( Marshall et al., 2010; Silbering et al., 2011; Koerte
etal.,2018)
aclB IR75d IR25a VL1 ML 45E Pyrrolidine ( Silbering et al., 2011 )
aclC IR92a IR25a, VL2p  — W% Dimethylamine/%, Ammonia
IR76b ( Silbering ef al., 2011 )
ac2 ac2A IR75a IR8a DP11 4R Acetic acid/IR Propionic acid
( Marshall et al., 2010 )
ac2B IR75d IR25a VL1 A& &¢ Pyrrolidine ( Silbering et al., 2011 )
ac2C IR41a IR25a, Ves J&5 1% Putrescine ( Silbering ef al., 2011 )
IR76b
ac3 ac3A IR75a, IR8a DL2d/v
IR75b, ZR Acetic acid/ T R Butyric acid ( Silbering et al., 2011 )
IR75¢
ac3B OR35a ORco, vC3 1-C. 1-Hexanol/FR Ui Cyclohexanone ( Hallem et al.,
IR76b

2004; Kreher et al., 2008; Marshall et al., 2010 )
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4% 1 (Table 1 continued)
By Mgonim 2k Lzl MYk ETYELTEN
Sensillum OSN Receptor Co-receptor Glomerulus Best ligand
ac4 ac4A IR84a IR8a VL2a 25 T Phenylacetaldehyde/Z5 Z. ik Phenylacetic acid
( Silbering et al., 2011 )
ac4B IR75d IR25a VL1 k& J5E Pyrrolidine ( Silbering et al., 2011 )
ac4C IR76a IR25a,IR76b ~ VM4 £ 7 Ji% Phenylethylamine/Z{7K Ammonium hydroxide
( Silbering et al., 2011 )
Sacl +1I IR40a IR25a VPI1 2, Ammonia ( Miinch and Galizia, 2016 )
Sacl +1I IR40a IR25a VP4 2, Ammonia ( Miinch and Galizia, 2016 )
Sac Il IR64a IR8a DC4 LR Acetic acid ( Silbering et al., 2011 )
Sac Il IR64a IR8a DPIm  23-7T — % 2,3-Butanediol ( Silbering et al., 2011 )
pbl pblA OR42a ORco VM7d  Z RN Propyl acetate/ N2 Z. B Ethyl propionate/5-C. /-
3-fifl 5-Hexen-3-one ( Kreher et al., 2005, 2008; Marshall et al.,
2010; Dweck et al., 2016 )
pblB OR71a ORco ve2 4- 2 F: A B K By 4-BEthylguaiacol/ ' 3 T & f
Methyleugenol/X} H §} 4-Methylphenol ( de Bruyne et al.,
1999; Marshall et al., 2010; Dweck et al., 2015, 2016 )
pb2 pb2A OR33c, ORco VCl (-)- EF i (-)-Fenchone/ "X IR il FF & ik Furaneolmethylether
OR85e (Marshall ef al., 2010; Dweck et al., 2016 )
pb2B OR46a ORco VATl %}H B} 4-Methylphenol/Z<H} Phenol( de Bruyne et al., 1999;
Marshall et al., 2010; Dweck et al., 2016 )
pb3 pb3A OR59¢ ORco VM7v 3 3BETHER T HE Butyl 3-hydroxy butyrate/Z B2 ] g Butyl
acetate ( Marshall et al., 2010; Dweck et al., 2016 )
pb3B ORS85D ORco VA4 2-Z.FRAZ. Tk 2-Phenethyl acetate/ PN Z[iE Phenethyl

propionate ( Marshall ez al., 2010; Dweck et al., 2016 )

2021 ), MEY Lygus hesperus FIIRUATES Tribolium
castaneum "1 TRPA1 B & B T X F R
wkaRE/ N, (Hull et al., 2020; Shimomura et al.,
2022) . HHlf TRPA1 Z5E RIGER) A IEE T
X TR SR L, PR oAt B
e T TRPA - M2, sk 7R
HREERY (Melo et al,, 2021) o 1T TRP 5
PITIREZHE, X T HZ 5 R d i i) /1 Fis
AU R — PR

5 EBEHEAZEIM ( Anthropocene)
B R 5 33 R 1
FENZEM T, K554 CO. NOx. SO,

FIHLIAT O3 B T A ARFRE B TR, TR i)
EL H ML RS2 LA A RE AT S o HuTET O dad

s

ISR
57

3 FOr GRS R ATy (1) did
SREIEN, F3F FHE A IUEE Y (Volatile
organic compounds, VOCs ) #4k k A HIHY s v 7=
Y, NmHER BT E0yEm;  (2) BUER
B AR, AT TR N AR ] A 27 T (3)
xR EA B, RESGERERT ( Guenther
et al., 1997; Pinto et al., 2007, 2010; McFrederick
et al., 2008; Li and Blande, 2015; Dotterl et al.,
2016; Giron-Calva et al., 2017; Agathokleous et al.,
2020; Vanderplanck et al., 2021 ) .

B e ey e 25 AT Y Wk B T i i PR
HEAT IR 3 W A — AR A [, B s 2
VOCs BULZE 1) A] RE TR Mg 2 — S 30 3o = L5 SR T
MZEZ, AR | JOIZ RN > R A T oA
2o BN, FEMHE Nicotiana alata B VOCs 1] L)
B O; %84k, FEOIHEL R MY 5| ) AR ST
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Yt 143 T D REWF 7T it e - 859 -

RS (Cook er al., 2020 ) o 45EH 5 ST
2], MEEE R AT AN O MU AR T AR
WRIREST, MEETRENS P S X Fpb ) E Ak 14 fl
YR8 IR (Cook ef al., 2020) . HAb i
25505 Y ) [ S M AR R P LB, R R
TR S o A AR R, O LR A i
T 5B R B — S50 X s, AT 52 1 B
XA EAMY S BE Y Datura wrightii W) E
(Riffell et al., 2014 ) . Zfelh, wAIZS )
NOx Ve i Tt 1 23 fnb 35 R AV 80 O i i o AR 77 5
17 HZF =15 H H WE Oenothera pallida VR HE
71 (Chan et al., 2024 ) . B& T3 3 VOCs, Ozibs
w2 B p 5 B8R ( Arndt, 1995; Savage et al.,
2021) o 1M B HAT LIl RIME B R A L=k
i NAE B R WAL, R AR SRR (S S R
Z7,7211-+-E8k 4 (7,11-HD ) o] IR A4k N Z4-
+—MEE (Z4-11:Al1d) FFEEE ( Lebreton et al.,
2017) o 7F ab9A #HZITHIRIK OR69aB Fihty
XF Z4-11A1d )8z, JEER AT AT W
( Lebreton et al., 2017 ) . Hit bk 9 PAS[A) SR I
YR TR S s, RS O AKSERT LU
AL TP R HUfE B R P RGBT
S R R AT, £ 2k [R) Ab fE HRU 5 |( Jiang e all.,
2023) . BRASAERCRUAGFW—, B
S LAY ST AR A R R R L B RRE
PR B ORI A A, R T A R R A
TR 1 b2 38 TR A — N R T 1)
il 4n Chen 55 (2024 ) A& I0AL GE I8 MR 5 s 7|
A FH 25 o 255 i A B Ry, 25T
AT T A= iy sl BBk
MRS B Z YR, TR THEER S
AR ) 3 e BGRESR] (TS 5855, 2017; Zhong
etal.,2018) o IXLEEAFFEH—ASF IR TR0
Fo—— B HU7E A A s N el AT AT
[ e o I 1 S VA5 T B U SN V1 =N
A F RIS G20 55— RN A TR R R
MELUE 22 45 10 T i A AL A g A T 0

6 RE
F. LB 1 5 24 i i oA 1 — 2 )

e (1) SCHBEMUE A 257 R B Y T RE 7™ A

HALHLE;  (2) WS E A iDL R AR 5 1Y
— A (3) ARBE Rl S 2 A Y 15

SO AT M ERLS s (4) B HURSEAT
HTENGE IR A2 A . B H AT IE, FRAE R
IS A O 2875 31 TARGFIY 1 i, o E BA
WA st T . AR, ERRrp, SRRy IR
BAAEAE S B SCH R X T REZBEER
B Ay, BN TR gn bt LT AA T o 10 AR 25 08 TS5
HE— K, FT CRISPR/Cas9 I kN
AN N G2 R I 7o B T DR O BT e
( Trible et al., 2017; Yan et al., 2017 ) . [F]Es}, A
240 6000 T R Ay SR i 2 O AR Y B A TR A 1Y
#Lff1 ( McLaughlin et al., 2021; Task et al., 2022 ),
AN, GG A ) 2 A DG B 1Y K et Ry I3 32
PR-BLARSS S PLH St T 245 & (Butterwick
et al., 2018; del Marmol et al., 2021; Abramson
etal., 2024) . BEHEFEARMBIFIRRE, Bk
2 R Ul ) L g AR L 289 R |, sk
BURALRE A 3 s B P S (AT iy T-Be, duml Sy %
U5 B R SR A 0 8 %

Bt : B S e A S LR 28 P X
P& Eron Uik
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