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Mayer, 2000; Klein et al., 2007) - A1 » #@E —+
AR WO ~ JESEINEE sl HIER T 22 AR R
HIER SR » i 5E R (B Al S A S B/ DR BERS - HE
BN R NS RN ZE R ART & SR
Broh o IEE SR Ry iR g kS iE (%= EE (Colony
Collapse Disorder, CCD) (Stokstad, 2007; Brown
and Paxton, 2009; Potts et al., 2010) - “REA—H%
SR TS - RIS R TRE D2 A1 ST
FpEss HEANEA/VE T - 4iSm0%E IS
SMNENIEEEZ B SRR R - EEEIMIPRE
B EELABR SR SE R ET A o ZEUI R 2 S i B 2 B
W B AR T EJAN TR N P L
FLEIANE% (precocious forager) o RIELTR{TELE,
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BRE ) BB RN IR 2 B N - SRR RIS
RN BB HHRIPE U ML R (O E o th—if
BHH T MR RmBEEATE R EE T RS
¥ i B H % %2 590 38 (51 % T (Schippers et al.,
2006; Brown and Paxton, 2009; Potts et al., 2010;
Perry et al., 2015; Colin et al., 2019) -

—fal Ky CCD EHEEHFREE - 41HER
B E - ArdiEn BRIl - RESEM A (LR EE
7% (Blanchard et al., 2008; Higes et al., 2009;
Maori et al., 2009; Smith et al., 2013; Goulson et
al., 2015; Branchiccela et al., 2019) - £ ] gE#ERL
CCD 2 RN H » 2R B s i 5 [REEE
i - BUACEESE AR LA S RIS R e it o~ FE
ZBiiG o A R A PR R A [ B S
W R - RSN E S LY E RS
231 (Thompson, 2003; Desneux et al., 2007,
Goulson et al., 2015; Pisa et al., 2017) - {LE2EEH|
o DU B T 8 (neonicotinoid) #EaAd (]
1 > 7 2% (imidacloprid) ~ B]J& ] (clothianidin)
T2 (thiamethoxam) %) Z K& - &H
Al 20 Ry B e H R B i R A BE £ (Henry et
al., 2012; Goulson, 2013; Lu et al., 2014;
Gonalons and Farina, 2015; Pisaet al., 2021) - ¥
Bed TEsaSIZEEd T (nicotine) HYELIY) » F
—E TR EA] - 1970 4 Henry Feuer &%
nithiazine #J Fij 5& %) (Feuer and Lawrence,
1969) - fEHER ILY)E 2 AF ARG E & T HE
(Schroeder and Flattum, 1984) 7% - Bayer
CropScience R[IDIH FBLE » Splchtas i as—FE T
Fet | itaaflas 2 - WY 1985 FHEEEA] -
1991 4F B » st B R e o T S5
e Ry B2 A% Ea (Kagabu, 2010) - 5255
JETT T eI & B A - 1994 AR HA R EERY
EROHR BRI A - (EEON I SERIEA R
RV EEH A o TR SRR PRSI TTHERR T
SIS T T R a8 5E A T AR 2 i R
HEHRAEA — - R FERRY 2008 FEEH]JE
THIEEMEL(ER (https:/www.theguardian.com/
environment/2008/may/23/wildlife.endangereds
pecies) » BUVEEE > 2018 A E S | G n R - 28
g~ e T =R Ee T i 2 (A (E
_.) °
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e ETRE T ] R g
ZEE

FrEE & T /M AT K - B EYIR S0 Il
AT » 2 — R %MK A] (systematic
pesticides) (Schmuck, 1999; Schmuck et al.,
2001) - FriEfE T R R A A EaRAC 2 Bl e
AL 22 478 AV A i B 2 B ME #5228 (nicotinic
acetylcholine  receptor, nAChR) & &
(Buckingham et al., 1997; Matsuda et al., 2001) »
{EFHHAE S4B B A (% i N B aa B B T
T (Matsudaet al., 2005) - ZFEAEEHIEHEE
o T R S AR T AR R BRAEGE R
SRR - S NN T RE ST T 075 - AT RHE R E Ve
Sl - B HEEEA(ERR R R R RN T 5
2 F (Chauzat et al., 2006; Skerl et al., 2009;
Codling et al., 2016; Mitchell et al., 2017; B6hme
etal.,2018) -

SR BRI S AL AR SRR BB Z FE 1 B E A
& (LDso/LCso) ~ & i plc B BnEh v 2SR T A
& o ZRANEE THERIY TREgRHRIT R
DU~ i B EAE - BRREE - BE M
AIELBIZ 8 > H 2P ET A EFRL
(Desneux et al., 2007; de Franca et al., 2017) - [fij
IETI R Y R B A ] BB 28 i SRR Y F2) B2 e B
TR iSRRI R S ey B PR AL R (i
A2 RE BB F 9 AR %5 B (B (AT T AR (7 Y A W) o i
ME o BEPRITRUE T SERINGET R i B A Bl R
R EZEFERA LB E— = SRR T &
e I E SR FR AT B L LY E A5 ARV ER S
T © 2017 4 10 H#5RAE " Science | HIFIHHY—/R
W52 » Mitchell et al. (2017) 43H7 T 2 E HFL &
HY 198 et in - Al P A SRS \ET »
R BRED > WAL RSB E B
T5%HY R i R 22 /0 & H P MY T 7E R g iy —
T& > 45% P S AR L - 10%H95AS A Y
FHECTLAE o JESbah RMERD T & SRR E 7 Y I E
FEBRHSE S T EERINIRIEF o MRS
AT ENIERVEERDEE (CFH91E - 1.8 ng/g) (KINE
FENEERIERIE 24— (48%) AYIEERE
o fEAYEERTR 4 10 ng/g (10 ppb) » [fiiE [ERE
HYEER & B OGS H 2 e DU B (e R BT Rig
EmEmEE (Yang et al., 2008; Peng and Yang,
2016) - FLIAWFFER RS S (H R
BEDUSCEE NS A2 EEH - R RE
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Fig. 1. Timeline of neonicotinoid application and occurrence of colony collapse disorder. Yellow: the investigation and

development of neonicotinoid pesticides; Green: neonicotinoid-treated seeds on the market; Black: key events
with negative effects (e.g., neonicotinoids confirmed to be toxic to honey bees); Red: announcement of the
official ban by the European Union.

ECRm Ao Ba AT 1= e SETR R HYERIR p » ELR LA STAS o ERaR T T Ry BB RARTE EHUSZE R IEERAE
o WEUE S T SERINY (2 MR B R DU ARG RHE  [FREIERSATRIEE - SRR TIRE EHY
L EHAYEE O HHEN (Lawrence et al., 2016; SR ~ PR Rz AR FEINRERY A IEH ~ I T ZSZan iy soE -
Pisa et al., 2021) - FEAE IR REUR D ~ TIEEREEFON RACERIREST T

RIS RIE T - AR g B SR W » DA R A O R RHYRE S] - (Bt BRI BT
EYILRMMEIE T 2 e HOEHKIE - HrE T T 4481% G BRI R TR E MR R FHIEE ST (B
sHCHE R s (ERENIEEEfErE) (s WFEIRE - M50 %) (Pettis et al., 2012; Doublet
BHEA EAVE - RRERIEE G T 888 T &R et al., 2014; Lu et al., 2014; Alburaki et al., 2015;
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Goulson et al., 2015; Van der Zee et al., 2015;
Williams et al., 2015; Morgen and Lundgren,
2016; Sanchez-Bayo et al., 2016; Lépez et al.,
2017; Fauser et al., 2017; Pisa et al., 2021) - ¥%H
JEdi TEH R R R Y - BRI PAT
TR DA AR R R 0 BRETECE T T SRR T
MEFT SR R 2 -

T R A R

EB BN BT 1994 FBAG(HE FH 2 ZE Rz
KEH (seed coating) HY[A] HZ&fH (SI5HE T
Gaucho®) 1% » ST T Ry S ML RE &
B REBIL TN A H S5 - SRR R AR
ErmEER (Schmuck et al., 2001; Bonmatin et
al., 2005) o s T S (R f e R e P
AN S B BRI AA 2 BB PRV EE R > thBAR T —E R
T RN ER I HE ST (Schmuck, 1999;
Schmuck et al., 2001; Suchail et al., 2000; 2001;
Decourtye et al., 2003; Decourtye and Devillers,
2010) - zrERr R HEE R BIRERZENH
s - HAFH % (M BT AR (Suchail et
al., 2000; Laurino et al., 2013; Gonalons and
Farina, 2015) » H¥p2E TIEAR SO ARENME -
HE SRR ORFESERIE (LDso) &y 3.7~102
ng - fi CIIREBIEERE (LCso) A 140~1,570 pg/kg
(Nauen et al., 2001; Schmuck et al., 2001;
Suchail et al., 2001; Laurino et al., 2013) » &~
FEIEE &R A 17.9~242.6 ng (Suchail et al.,
2001; Iwasa et al., 2004) - Zi&4) e85 a2 B A
=24 » COR-EEBOERIE f 4.17 ng » TR
EOLREARy 38.84 mg/L - {BAhE S H g2 F
N R - BIRR TP S B EH i R SPE
Hifgt— 2/l K - HEmghiEF g s
B IUR > FERTE{K (Woyciechowski and
Moron, 2009; Wu et al., 2011) ; [ S apinii iy 2 ke
FHEATEE RSN RTER S - B T NS EE
LIRS =Sty NANDY & 3=1= DAk =15 A (- PNIN-Z
(Tofilski, 2009; Colin et al., 2019) -

EESLR R R A R T R R
a7

FEBEHEIE / 2% LDso F LCso Rf&aa i
THMEEE AAMRRE 2N HERS  EEHAR

~161~

BRIT R I8 (R N AT i 2 R R 41T
10 ug/kg (10 ppb) 745 @ BEAFEIERIE (Curé
et al., 1999; Schmuck, 1999; Schmuck et al.,
2001; Bonmatin et al., 2003; Decourtye et al.,
2004) - Fif A GG SR BRI & Y g R e R A 2
I SRR Ry 0.5 ng/L A1 5 pg/L Eripi s
BRI HVRRIEE R T (Faucon et al.,
2005; Meikle et al., 2016) ; 1-20 ug/kg 1 0.1-2
ng/bee HEIE & EERERELBREFLE (Colin
and Bonmatin, 2000) ; 6~100 pg/kg i ELeny
yEEN ) (Bortolotti et al., 2003; Decourtye et al.,
2003; Colin et al., 2004; Ramirez-Romero et al.,
2005) - &R 50 pg/L Yis R REFES IR
HREFEEATHass MNFEM g TR  BEE
BB EEROR I IO » (Bl ARG - dthm Rl
RI{o 7 22 P 1 A 2 1) 1 DA EL R SR RS AR S - {2
HE I HER AT R DA ISR T I 1
al.,2008)-Decourtye et al. (2003) L 12~24 ng/kg
Hy%a R R B Bl - e IR B R R
J124E - iR AR R 100 pglkg B ER% -
B E N NERE AT R o T S F
e (T B (Medrzycki et al., 2003) o 257
P& R 12 ng/bee & 5% &g Ry i IR 2 5018
(medium-term olfactory memory) (Decourtye et
al.,2004) - EEAEHIE 1.5 ng/bee s 2T & 1S5
PREEENEE D LR hITRTTI ] (Schneider
etal.,2012) - BIE &7 5 ug/L (5 ppb) JERE 25
Z AN AT R EARREHY A BB T % (Gooley
and Gooley, 2020) - HELZFELE 100 ppb t22ZEfE ~
AN E R AN TR - BRI B
HEE R (Meikleet al., 2016) « IEEHIE S
5 ppb R HE/KHGE 10 KT - FriP piyiEskom i
ekl s (William et al., 2018) - F5E4E 5 ppb
o ZERE T B i B R A A E R T % > B
FiE Rt R ARSI N (K (Dively et
al., 2015)  BrILZ AN » iR R 2 H
BRI EEERIPH b 2 8.09 ng 3%
W% » &r(fi Africanized A. mellifera HYEE IREE AR
WA B (condensed chromatin) » EHI4H
FESET  BEAh » IR & A 22 M B A 1l o DX 4 A
(Kenyon cell, KC) E44ANEERE (cell swelling)
Y% (de Almeida Rossiet al., 2013) - D) _FigSgt
W BT RV EEBOER R (BURE) BIn]
RIS P M s BHAT Ry » MBI 2R
R %St > 44 (Guez et al., 2001; Bonmatin

(Yang et
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3. PHLETE
4 GEILE
hak
500 ppm ZHER 1. TEREthERYLS
Yare 2. REBEH
3. EREAGETEETR
W | ) 4 AEmEBRRE
\&)sw \ 5. HMMERE
, )9\ 6. BB - B - WEBE - BT,
EHAREREEEYE
1~500 ppb = IERR
1. TERETHIERLE
‘.; 2. WEGRED
3. %gg%gg@gﬁzma% ,
4, BEZBERBICE =
% jm\ 5. EEERE e
6. BE - 2%  BRENSERES L o000
Fn\!/g
1~100 ppb = IERR
—_ 1. EBNEE
3 k 2. EUIRMEE
3. RHEEE
e 4 GERBEE
2.5~20 ppb #HEMR
B= TRRERBEEREEEIITE RS TSNS  RCEBEAER -

Fig. 2. Effects of sublethal dosage of imidacloprid on different developmental stages of honey bees. Imidacloprid
exposure eventually results in the collapse of the honey bee colony.

et al., 2005) - [ T &EHBYHRHLZ A - S EM N
HIREE R REIER T 72 > Pareja et al. (2011) Y
BRI > 53T AT (depopulated beehives)
PRI A AR B = Y R TS R o TR T B R
I B TP AR R e R E Y E b o R EEE
R ER Bt e EE - MEENES
B BN ~ T ~ NEEAN  gha T r 42 B an N
HItEMEEE -

st ie AR EIINAZ M - R AR E
Wyt ZEHE 500 ppm DL EAYHIE A RERZ EEER
(BEER P E% > Widp 3 5% (Decourtye and
Devillers, 2010; Wu et al., 2011; Yang et al.,
2012) ~ FEERHEHESHS (Colinet al., 2019) - (K]
B AN a4 ER T {HES T 4hER 0.04
ng/larva (& 10 ppb > 1 pL HIEEEEIUR) PLE
Bz 2R SPU BRIV E RE TR IA R BURiRA
Al RE 4 E HAS ARV 2 B 2 B2 & (Yang et al.,
2012) - & T B Sh sl HHEU & 31|58 BOEH & 2R
H IS A 5 RV % - Peng and Yang (2016) 7]
F e dH SR B2 Rty - Al E i KIS N &S 38 B 1
o wER T BRI R e EUt R R R
ff Hp e M E R AN BETEE
(microglomerular density) T[% > H gz s =
£y 0.004 ng/larva (FEEREE N o T2 2

~162~

G R R ST - RS E TR
BER T R 70 T P B B IR S o e A A5 Y S A
H » JRE[ 1 ppb B4 2 AR 52 B 4 ma R
1 R4 B SRR E - AR AR
(Peng and Yang, 2016) » SRk z0BEE IR -
BB ERE T 2 IR B I M BRGNS TTRERIfE
AR PR B BT SR AR TN RENEA (5] 5 -

RN EY TR B EA RE LI (nurse
bee) FforiVEEYIE - ARSI & H R
BEREEGEZ 8- 28I AR FE LR B TR
SRR &t R 5 A < BRI NI - Bl 2 S S
et HIE| HEY (Divelyet al., 2015) » FEIE54KE
i £ A I B F o B LA 2R © PRI Z b - B0
WFT REMN R R TN S — 539 REFEEE
TEEH BRI & R B8N - 15A A RE ISR
s - Bhfel e RBATSORIE R ER T
FIFEREEIR - GHR JEH ) - E2FEER B
WEBENE L ENEE (Williams et al.,
2015; Wu-Smart and Spivak, 2016; Vergara-
Amado et al., 2020) -

DESLHI B s E R AR RN

HATEA 2R S8 e A N g m PRa i 8OTH &
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R TR RBUE o E - BB HEH R
Z s Bk ley B AR R 2 81 cytochrome P450
superfamily H9% (L2 R ESEEHR - 45588
T~ TH&AY R E 7 (immune response) ~ ff#E A
(detoxification gene) HJ & b B JH K J&E
(oxidation-reduction) ZERKAVFHREEERFIRZF]
728 (Chaimanee et al., 2016; De Smet et al.,
2017; Gregorc et al, 2018) - i {sH FH R AL E R HL i
(NGS, next generation sequencing) fa 1R E g%
4 (transcriptome) [ 7pi8# > S8R T DL REREE
Z AN St (phototransduction) ~ 7 & & 40
(visual perception) * JE#S il A& & (somatic
muscle development) - 1% #f & &
pathways) - {T A& (behavioral response) Z£4H
BAERNRRITGZEEE (Wu et al, 2017a;
Christen et al., 2018; Li et al., 2019) -

T4 aa IR R i BRI B R R T 5
Z kERTRRE » A EIR SORE R R g I ERET - T
YEi T FaAr 2 ng/L an el MR TR 0 e~ dHIESh
AE4EfE (external encapsulating structure) ~ At
M f % 2 (glycan degradation) - [ 41 2 ## 45
(heme binding) FAHRHRICHYERERHES 7
FHE TR E R AT B AR R 1€ (metabolic
pathways) ~ fir4ifgsHk (mitochondrial part) ~ i
R /HEE A (glycolysis/gluconeogenesis) ZEFH[EH
(Derecka et al., 2013) ; Tesovnik et al. (2019) #]
Fi qPCR fifll4fi&2iH45 T 20 ppb #8212 9% 2
GE N FRIIRAE - 43 Toll pathway - IMD
pathway - JNK pathway gl ERRE &1 T
% » MHiE K (antimicrobial peptides) FIEE(LAE
H (melanization) AR EYZRER A& R R
R IEIMA P52 > [E4ATHRIR VIS - FERRAR R
19k B ERPPHEZ TEMERERFIRER AT
[ (Tesovnik et al., 2019) - Wu et al. (2017b) #I]
A Rl 4 s e G A e DU K A5 H R
& 1 uL 27 500 ppb 1Y5iER: (BfEE 2 ng/4f
&) ¥ples 2 28 - BHEAR I EGLEIR R NS
AT HE T 578 (EERFIRARENE - CRIAT
AN AR RS | - 0% (immunity) ~ 5
B R (sensory processing) ~ 14K # 5 (neuron
development) - X #f (metabolism) K I 4% fa
(mitochondria) SEAHBARHIHVENA - HiE I &
H T G BRI R A RFRIR AR T > EE
TERESERIENSE D T SERIE R R HIRR
fSE# s Hg Bk TA AR 2 A S

(metabolic

~163~

HE T B T AR i ) - AU A (e 2 R B PN LA 4 2
TRV E  BEIERNER - B TR B E
R A FiRIH T35 5 R % > Chen et al.
(2021) FIFK AR R T TR T - FaT
THfiERAACEE 1~ 10 ~ 50 ppb SHESLRL
Pt A [R5 Bt PR 4H < FREIRRE - 45 R0 - ft
AR R s B AN # LUK A R H Rk
ERAEN RIS » & 2B 14 Nl Ehigigsre
BA%E 20 HiRsNENEM Ll - Hp B e s i H S
ZIEAHRE > N RE A BOTH ERER T3R5 2
T8 ficA ATRE G A TE R b R g H 12 RS -
NHISREEGET] LR T1=Z 1R e ] sEEE R
AR HEUE NSRRI ZIHK -aE
ST B 2 S A A [ T e s R 4 ]y
S

FEEE T SR EEMmERE Y T BREIEN
FE |

H AT R (LR B BTt B — T LM
BEYHEIEEEE R - (HEE FHMBEEARET
L BETE SR B Rt - TR T T SR B At
EE#EIEERIEEAE S - Mullin et al. (2010) §t
HALEMER S T E 2 EesE - 108 ~ R EEAEST
gl o Hrbigkp s — E iR AR i e A g
Y1) 98.4% 1N BRI A S A Wi R B R DL Y
25 80% IR A S A VUREEUTE DL FHYEEE » 445
5T% Y10k Bligif & A FR#2% (pyrethroid) 81—
T L ERY 201 SE - David et al. (2016) {£3%
BUEFTIEM HUEE » FEAC NiRER | B EH % - m]je
TEBE S T HIZEE D 75 (boscalid) Fik B
| (fungicides) ¥ &%5¥ - Daniele et al. (2017)
TEABIAET T2 ~ 10k ~ SR HUS AR - TR EHE
BIREER NI G - TR S ¥ anpiss ~ 7]
JET ~ f N~ RS B L HIRAIGS SRR » 46%
AU S A A R AR DL _E AV EE o T R
B 0 10%M ik ma A US| A e & T EERIR
(Mitchell et al., 2017) - Woodcock et al. (2017) 1+
B[] ~ g - R A8 R i e S T Rt » 28]
PRSI THOBE T ZERIE A [ & & i B
REIRYFZEE » EHAMEE B A A ~ B B S o 5
PAAE Sl S ER I P A R ~ R AR — YR -
75 BUA (G 58 Y 38 B B (DL < 2 e 5 M s e B
e T S5 F R BRY E R E - HAT
Ry b C RS B RIS E T S22 (=]
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AR Er AR FE R SUE - S RE o T SRR
PR 124 LDso / LCso [ > $2 = W AHZE I 24
3% (Johnson et al., 2013; Spurgeon et al., 2016;
Sgolastra et al., 2017; Tsvetkov et al., 2017) - 1
g 5 B K R [E BE & A (sterol biosynthesis
inhibitor, SBI) MRV 2 REIHY foh 5 R0 5 Ry
- FIREIRA Ry SBI Bt E B S HIgey (i =
cytochrome P450 HYf#aEIEM: » (R SRy
A BE T H2 = DU S 2 1 Y 2 9E% (Johnson
etal.,2013) - HRTCAIG BT & T G55 2 A4 5
& S FE A R A Sy e Al (propiconazole) B[
vedl] o (R TOR Fy SBI BHEER - R B R S
JEt T SR b 2 R TR SUE A RE U R BRI 7R
2 BT EE T G882 4 HE R T R R 4
TS R S R ST -

&

BE T HFELIR By T PR CCD RYRE
15 |58 #1352 22 S MU o T S8BIH R i
7% 0 &S SREAME AU PR A W) SR B T E Y R 4
BB SR SEGE - aESE RN E
= o BENREER TR SE B RS AEERIEE N
AR E o (H fe R B E e T R AR
RHIRENEHLUIREREOIRRE T - EReE H
# DU AV AERE R - RILEEE & T BEERYE A
TR R EREHE - S YRR MR T R (R
B AR EFIAEREYER AR ORE R AIRAE -
&

e ERZE BTG T ESREREE > DR
i (HAS AR VBRI 2 B B R~ BRI S SR
Tp BB R - A FE ST A R ES 110-2313-B-
002-035- and 110-2313-B-002-022-MY3; 110-
2811-B-002-590-FHEfiL -

SIHSRR
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ABSTRACT

Imidacloprid and other neonicotinoids are used to kill target pests and for crop
protection. However, they also have severe adverse effects on nontarget insects, honey bees,
and other pollinators. This review investigates the effect of sublethal imidacloprid on honey
bees (Apis mellifera) on the individual and colony levels. Beehives exposed to sublethal
imidacloprid exhibited a decreased number of workers, capping rate, and hive weight.
Workers exposed to sublethal imidacloprid exhibited changes in foraging behavior, less social
interaction, and deficiencies in olfactory learning ability. Their metabolic rate was also
affected. Molecular evidence suggested that the expression of immune-response, oxidation-
reduction, and detoxification-related functions and pathways of the workers were affected.
Larvae exposed to sublethal imidacloprid exhibited a delay in development, impaired
olfactory learning ability, precocious foraging behavior, and short lifespans after becoming
developed adults. In addition, the expressions of detoxification, glycan metabolism, and
metabolic pathways were affected. Queens with imidacloprid exposure exhibited low activity
and metabolic, egg-laying, and survival rates. The effects of imidacloprid on honey bees are
extensive, harmful, and complex. Further evaluation is required to minimize the damage and
negative effects of imidacloprid and other neonicotinoids on the ecosystem.

Key words: honey bees, sublethal effect, imidacloprid, precocious forager, differentially
expressed gene
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