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Abstract: In order to understand the risk of the resistance of the Asian corn borer Ostrinia furnacalis to
Bt corn and determine the appropriate proportion of Bt corn-planting area in the spring corn-growing re-
gion of northern China, the models of O. furnacalis population dynamics and genetics under different
planting conditions of Bt corn were developed and analyzed. The results showed that, when 75% Bt
corn or 25% non-Bt corn refuge was planted by mixing seeds, the time to population control, i.e. the
time for the O. furnacalis population density to drop below 30 larvae per 100 corn plants, was one to
two years, while the time to resistance, i.e. the time for the frequency of resistance allele in the O. furna-
calis population to reach 50%, was 40 years in the first-generation region and 20 years in the second-
generation region. When 20%, 15%, 10% and 5% non-Bt corn refuges were planted, the time to popula-
tion control was also one to two years, while the time to resistance was 29, 21, 15 and 9 years in the
first-generation region, and 14, 10, 7 and 4 years in the second-generation region, respectively. In con-
clusion, planting at most 80% Bt corn or at least 20% non-Bt corn refuge was required in order to man-
age the Bt-resistance of O. furnacalis for at least 14 years in the study region.
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Bt ft Bt FOR X80 B F B =R B IA 1R
M, BRTEZESE E P BTAR 245 [ 50 1z Fh
(ISAAA,2017) . Pl Bt T K A KR =2 —J2HE
b AT REXT Bt KB AL 7 AR ditk , fif Bt FoKEw 2
i 5 B H # {8 (Farias et al., 2014; Huang et al.,
2014) o BRI, HUPEFRE 56 #E Bt TOKRFEAR F 0
P2 6 5 00 B 4H S 47 (Onstad & Meinke, 2010;
Onstad et al., 2011 ;Reisig,2017) .

H i P9 05 R FH Y Be/E P bR 3 Btk
AR I = R S T RS B BtYEd KA
R A AU RSB LT AT R MR RN A1
AN R 3E 2k A BeAEY RSP T 7 A R i U
&5 BEY) L A= 0 > s ot SR BE AL S s
PP EE I, DLA 3 28 28 3 o hi vk i H 19 (Gould,
1998) o % W& (A% U S AnAnT 1 2 5 A B e 3
Frtetsl, BT A p R AR 5 AR R 2R 33X [ AR X
ARG AR T R R T (TR K 2255 ,2002) , AR
RGBT AR A DR A [l B A A 251 I (Tves et al.,
2011) . BA ) BUYEY) AR 35 BT HEAR A 23 Hr 22 41
% , i Peck et al. (1999 )i i BRI T LA % 1
Heliothis virescens X} Bt i 46 i X 3t 1 £k , 1E A
JEEH s [ FE P X A bR 3 A ho kv A A HE Y
i ; Onstad & Meinke (2010 )38 2 IR T F KA
# W Diabrotica virgifera virgifera ¥} XUy Bt £ K
(3 2FP 2% LD BTt 4k, iR ISUS Bt oK EE
A Bt FOK (5% 1FR R HUBEE D) BB B 4 b 33 577 5 R e
P 5 Jin et al. (2015 ) i i A5 AT 0 53l oo Bk
HF R R JEE 4 JIT %) E 2 3 [ A2 A LA IX AR 48 L Helicov-
erpa armigera Xf BtAB PR 2] T XCHAER ; Wan
et al. (2017 )il i AR UE B 22 32 A A7 A A AP F-TR A5 4
2% 1 3R K VLI U X 4148 1 Pectinophora gos-
sypiella XF Bt AR HIHTIE o 33X 86 22 451 158 B AR Y 43 A %)
5T BOYEY#0 AR 35 s M T A XU A AR
113 [ H #iA OC Bt FRFEARF d it 8 o Hr
RS A DL HRE

AMFFE LAFR FE L 7 B EOK X A e Bt £ KA1
S, BP0 S EERARE RO £ KREE Ostrinia furnaca-
lis, 3 A A RVEE SIS 5 AR 0 AR [ Bt £
KPR HE A 25 T 2 B K S g FP AR £ I Bedit
PEEAL , BRI F K IE Btyo M B es 45 H1 e
T EEA, LAY A 3% [ Bt FOK AL R SR 0R
et

1 MR5RE*®
1.1 #F#

T X8 AR ST X TR L 7 B B R IX AT
GrHT, FEAFER IR A LT T B R
IR X AN S BIG X, DL L4 b By
BHH A R X

WFFERT G WP F KRR ALy i oK X o
TR E R (CEIRE S, 2000; T E O BLE B A4
g TR E A IR 2 2, 2015) , FEEE
K, AU HZE RO AR R AR 124K AR
FEXTAL T B B IX K BT ORI A

TR SH: A5 R FH AT S 46 4 K
e, — B I R IE (4] G R R 2% B RN B VA e b , 1
AR T U532 4 7 A S 5 R M () P o 13 D R S
PR 227 ¥ I Y A ML e AR A 235 B 5 — 2 M
FORIEAE Bt FOK LR IESET- 58, RIS Y £OKIEAE
Bt Tk FAIXTFIE Bt £k BASET- 3 =2 &
KIE A LR AU AE Bt K FIEE Bt oK B AE & 5 1Y
S T K I R G e 1 R PR A%, s R AR
IS AT I FORIE BT RE DR . XS HL R
TR E K IEAE Bt oK F R IESE TR b R
e A AR A BR A TR LS, e S50 i S
HREBITERAS o
1.2 Ak
12,1 o EORSEFBE 5 3h S B

ATIFFE RS Fh R Bl 25 S B R A AR AR DLE P
T KM FH () F o 285 BE (2 AR AR k. 2R Bt FOKRY
AP ARG K H AR B L8 B G 15 i, I L
PRI oK Fofo i ) 300 56 e P %) Tk 58 5 ) AT L 22
(Carriére et al.,2003) , 2 MY KB B Fh A 21 245
BBIA] LI R A N, =E-N,, ol NN, 23 325 ¢
AT £+ 1A T AME frg () AR B, E SRR R
PAEE BRI S LABNEEZ . b
PIRBOR— WP R AR B K T 24
(B H715,1993) o ARPEFPRE S ABIARLH W, 5 E>1
I, FhEESCR BRI AN, E<1 I FhRESC R B A >,
E=1 BPFP BRI AN AR . XARVED F NS, A AP
HER BRI E R T 1 (855, 1993) , R IL G 2L
i F BRI RTE R, IR £
AMEAE L FOK R G SAGE BN E,, B4 DL
FIRA 7 2P — 2 LY Bt KA, 3 KR
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HFHBERA ISR : E=E,[1x(1-Py)+(1—1) %Py ], L
WhiE E=E,(1-u-Py,) , Hirf Py & Bt T K AR Lo 631,
Y R IEAE Bt Bk B A IESET R, fh b
KACRAYFAA R G, HAE 4 99.2% , B =
0.992(F 1). ¥ E=E,(1-u-Py )fCAN,,=E-N, 7] 15
N, =E,(1-u-P,)N,.

S EIEO T, aTARE T r A s
TR SRR, SR I 18 4 CH+ 2 FERRARLIE P 6 A I
L ) o R 2 )R A AR A, 28 T 0 S 9 T K M g
TR i Bt 1), RPE STV 5 A B Ao P 2 5 s o o ol
TRTEPR LA T T aa (] o AU 2SS 447 & A A0 K
HE— A5 T 4 S T U R I B 3 T A AR Ak, DA
A5 2 T AR AR i B ]

PR Sl AR T 75 119 [ 5 S5 — L 440, 4
T M) G TR 25 BE N, B VR FEAR Ny
FEK AR A 5L E, I oK IEAE Bt oK
R IEFET - o ARHETR [ F BT AT AP K
I AR FRIE (NY/T 1611—2017) $4 37 P F K 4
() e A FR P E R S OB o R 5 90, BV R 2R (R BR
L HR<103%) Mde e (10 Sk<H BR&HUE<303k ) |
o 8 R (30 Sk <H MR 4 U B<S0 3k ) W & R
(50 Sk <H bR 4 HEk<80 3k ) . K &4 (A Fk4h %>
80 k) o AR R K IR R & A AN IR H DL (S B
S5, 2014) , T RAAHFGE LA L A i 7 & A B B
A Ry 55 T80 S50 () 0] G PR 25 B, BV V=65 Sk/H Bk
TN AWFIE VA LR e & A BRAVE M B R bR
BN, =30 3%/ #k o JET 090 T KU [ SR Fh e E A
AT M4 R (B4, 1993) B K E IRl e
HEBSEEE, R 2.67
122 T 2 RERMIEF) AEEI

ARHIFFE MR AR 15 1L 2 SR AR AR AL T
U KU F (] Rb BT 2 RUACR 1 AR h . ik
SEPH KB Bt K BT B 1A 5 R e
(PUPEZEH r AURSER ) . 78 Bt oK HEBt B2k
KA TFIRAFEAES T, A Bt £k EPbbt
PEE B 57 E Bt oK BRI SO E IEENS At
AL, #4 H Hardy-Weinberg J5 # S5 H i M 7 4k 7
(Tabashnik et al., 2008 ; Hartl & Clark, 2007 ; Huang
etal.,2017) :p,.,=Cw, p> + w_p.q)/iw, FH ,p M p,.,
A3 SR ¢ RN e+ AR BT JE R T ¢ =1-p 2568
R BBUREL IR 0 = w, p; + 2w,.p,q, + w.q; N
FHFEE A E . X w, =0, Py, + 0, (1-P,) ,
w,=w Py, +w_ (1-P,) ,w_ =w Py +w, (1-P,); H
b, o SR rr s ss 7EAE Bt 12K AR

WA M, 0, a0, 23 H B rr rs ss 7E Bt FoK [
(IAIRTIE A B, Py, N Bt B K AR HEA7]

TECHSEIIEOL T, rTARYE LI AU g fh it
AL | SR I 1 A CH+2 R AT ALL IV I K I o 3
PPk AR AR AR . BEADIAE R AT AR & AEAR
BT ST S USRI A B AR Ak, B R D
P HORIRRE (18 0P 35 PRUASR T8 5] 509 B BefEYI 2R
228 i (Tabashnik et al.,2008) . k3] 53% — i #t
(E AR B A B T2 A e a) , F AR SPE R )

TR 35t 1 455 80 T 5 1) [ 5 S04 3. 41, 4390l
JEV PN KRR Bt ok BRI IESET R I oK
WA R R AE Bt FOKR AR Bt 1K L& &1 Pk
WIARATE . Hoh P B K B AR Bt oK YA IE AL
TR 5 R AN Sl SRR ) — 4%, Bl 1=0.992.
Y KM 3 A B S EIE 6 4 AR R 0 A5 2
JE B (Hartl & Clark,2007) , R4 & F7EIE Bt 1K
FRE A EE A B, Bl 5 1o AR — 0 R
E KU Ostrinia nubilalis $iVE S F A0E G B0 25
BRI N BT R L S U IR 1) 81% , Tk
BT FREEAY Y B K R L) R IR ARG 95% (Cre-
spo et al.,2010) o Hf T~ BRYH TFKME 2 7 T oK I (1Y)
UL ZR, BT AARIF SR I LR 45 e e itk sl &
Mz A F7EAE Bt £ oK LS A B 430 R <0,=0.81,
©,70.95(& 1), PitEalis 77 Bt £K LIE A
S{EdEBt E2k FAHR, B, =0.81; BUS4ES /Bt E
KRS R AR Bt E K E RS R W o =
1-4=0.008, Z¢& T7E Bt £k I 1y 4 B ] 5 T4l
B F7E Bt £k IS A B FGUE BAERE A, B A
Hoaw, =w,_+h(w, —w,.) 11515 2] (Hartl & Clark,
2007;Tabashnik etal.,2008) . H4}% Shabbiretal.(2018)
KT PN ORI Bt KRBT R IR 25, itk
WA R FAFE S HOPYEL N
0.063. ASHHFFEHLX A F- (A AE R B A A b o b M
B, Bl A=0.063, 2R 5145155 w0, =0.059(F£ 1) .

AHFGE Y, WIHRBTE A 5 AR A SCHR IR A5 SR 25
A, FRE BIRES T WM T KEEST CrylAb 2
PR SRR 2 (H W A R A7 e 35 DR 3 1Y) I
(He et al.,2005) . K ILAR % Bt £ K Fh oA 477 5 KK
TR AR W 235 5 | B 2 A4S 2 L R AT 1A B
i B9 B0 AR 43 91 4 0.000 92 (Bourguet et al.,
2003).0.004 4(Stodola et al.,2006) £110.000 423 (Bo-
urguet et al.,2003) ,*F-¥J{E4 0.001 9 Kz fH A A5
RIPIHAHUE LR (£ 1) o
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Table 1 Parameter values for the models of Ostrinia furnacalis population dynamics and genetics in the present study
EiE0 2 P4 NN K
Parameter Definition Default value Source
D\ AR A74 [ 56/ N LAY E L INQER VSIS 5 9 30 NY/T 1611—2017
Control index for O. furnacalis larvae (number per 100 plants)
N, PR R R B (A RS S50 65 NY/T 1611—2017
Initial population density of O. furnacalis larvae
(number per 100 plants)
E, MHFKIETESE Bt £k ERYRR R SR EL 2,67 BB, 1993
Population trend index of O. furnacalis on non-Bt corn Luetal., 1993
u MEYHFRIEAE Bt £k FAREET % 0.992  JEERALRAEYHARAT IR H]
Adjusted mortality of O. furnacalis on Bt corn Beijing Dabeinong Biotechnology Co., Ltd
Do VIR R FAIR Initial frequency of resistance allele 0.0019  Bourguet et al.,2003; Stodola et al., 2006
h Ptk MEE Dominance of resistance 0.063  Shabbir et al.,2018
W, BRI TAEEBUIOK EAGE S .00 -
Fitness of genotype SS on non-Bt corn
w, PG TAEAEBUEAK EAE G EE 0.81 Crespo et al.,2010
Fitness of genotype RR on non-Bt corn
w,  RETFEEBEXLWERE 0.95 Crespo et al.,2010
Fitness of genotype RS on non-Bt corn
W, HURALETAEBUEK LA 0.008 1 =l-u
Fitness of genotype SS on Bt corn
w,  PUIEAEATHE Bt Bk ERE A 0.81 Crespo et al.,2010
Fitness of genotype RR on Bt corn
w,, Z G FAEBt oK UGG Fitness of genotype RS on Bt corn 0.059  AFITH Calculated by formula

2 BER55H

2.1 Bt FRFiE bb 513 M i T KA 7 B 25 B RO S

FEXEANR] Bt FOKR MR HE G RO BELLAE R o, IF,
P 5 AU ) Aol R 2 B Bt Bt T KRR L 51y 384
T PRE R R I F AR IR R 65 SK/1
RIS, 76 1A 2 AR a] AR AR 2 B 42 R 7R BT i

70 -

B kg S

No. of larvae per 100 plants
3 (O8] = n D
S & & & S

[
(=}
1

(=]

F6 05 LR B &% B9 Bt E KPP AR L 51 53 51 A 84% Fi
75% (B 1) o HL UL, 24 Bt T KR FHAE L i 7F 84%
Ph b1 75%~84% Z [A]ISF P S Y T AR MR 22 B 48
H7E B IR R BR LA TR B4 s 1], R A e 42 il Bt (] 43
I TARF 2R BT R BRI K A
R 1248, T LR 75% 1 Bt £ K R Lo 49 ml £
1~2 AF PR FOREE

—o— 4R 1st generation
-a-24% 2nd generation

50 55

60 65 70 75 80 85 90 95 100

Bt EKFE LB Planting proportion of Bt corn (%)

1 AR Bt ERFAE EL 51 54 T I E KRR Fh B 28 E TR 4L
Fig. 1 Changes in the population densities of Ostrinia furnacalis under different planting proportions of Bt corn
P P28 S AR Bt SR IT U6 2 TR 1 2 ARAOFIE R B , R AU FOKIE R BIR TR bR s SRS EEk
SN NI E RIS TR I 5 Bt KRG L], The two solid lines in the figure represent O. furnacalis population densities

of the first and second generations, respectively. The dashed line represents the control index of O. furnacalis. The intersection between

a dashed and a solid line corresponds to the critical planting proportion of Bt corn required for O. furnacalis population control.
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PR/, PR A TR A (151 2) o Y Bt EOKAP P T K B o 8 4 i £ B v 5 45 LA T B 1Y

K LA R 72% . 70% .69% 68% I, TRt 42 thil 16 6] 4
10 1
9 -
8 _

T A )
Time to population control
i

Bt T KA U553 5 R 72% . 70% .69% .68%

50 55 60 65 70

75 80 85 90 95

Bt TR FHE H Planting proportion of Bt corn (%)

B2 A[E Bt EKFHAE L B 5% 44 T i R AZ Y F A% 122 1 B (8]
Fig. 2 Time to population control of Ostrinia furnacalis under different planting proportions of Bt corn
Ve s ] ) 2 A, R A ) o 2 U B KRR A4 47 1 78 71 bR 4 2 30 Sk AR BIrds Y 1] - The time in the

vertical axis indicates the number of generations; the time to population control is the time required to suppress the larval density of

O. furnacalis below 30 per 100 corn plants.

2.2 BtEAKFMELLBIRTIMN EARAE SR RIS

B XA TR Bt F K FhAE LG OB ZE SR B, Bt
PRI E] , BP0 35 DR A 443K 3] 50% (Y B[], 5 Bt
FORBAE LA A3 i 4 (B 3) o 24 Bt FORFPAE
L8R 75% , 35 JE Bt K EEH BT LU A9 A 25% B
PrEmTE Ry 40 18, BI1 AR X R 40 48, 2 AR X 20 4
(%2). FUR 25% AE Bt T KA TR EE

100
90
80 A
70
60
50
40
30 A
20
10

PiPERT A] Time to resistance

B, Bt FRAE VAR AT RELE M H 40 48, 76 2 4R X 1]
FREEFIFH 20 4

4 Bt FKFPAE L5354 80% .85% .90%.95% ,
o4 R Bt B OREES T RP AR L1 4331 A 20%  15%
10% . 5% B5f , HUE B [E] 43 51 08 29,2115 94X, BV Bt
FOKRTE VAR AT 43 il 2 F H 29 .22 .15 .9 4F, 78
2R o RS R 141107 44E(3R2),

0

50 55

60 65 70 75 80 85 90 95 100

Bt F K Fi#E e Planting proportion of Bt corn (%)

B3 AR Bt EKFAE bL 5 5 44 T Tl ERAZ A H 1% A (8]
Fig. 3 Time to resistance of Ostrinia furnacalis to Bt corn under different planting proportions of Bt corn
P& Pt [l HHARE, Bk I AL E ORI FP I FE R 435 5] 509 firs If ] . The time indicates the number of gener-

ations, the time to resistance is the time required for the frequency of resistant alleles in O. furnacalis population to reach 50%.

3 iTig

ARG H TP T A R R sl A AR L 4
LW EFRE L 5 B B KX LAFh IR -G Rl 75% LA
A9 Bt B KB 25% DU A9 AE Bt BRI Tl 7 1~

2AE N RS F PR R AE B IR R AR AT o T
Carriére et al. (2003 ) Fil Wan et al. (2012 ) B A S 5%
RN, RATT AL 65% 1Y B AEA 7T LIXT H:
ERPRZLES AT A RS . SHARLE , A A
B 2] 1) Bt EOKFPAE L F 2R S . S84
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225 BRI BR T BUAEYI AR AR GEAF LIS, Al fE
SIS T FE A i I BRI AT 0%, 2 1~240
SR AZE T N IR S 3] 10 G, 2 ) S Y = KR B s )

Bt TR A 24 F 66% , X 5458 1 2145 W T a5 1)
Bt AL R L B 20T o

2 Bt ERFNIAE Bt FR e3P BT A B AR Eb et Rz S T SR A8 etk e 8]

Table 2 The corresponding time to resistance of Ostrinia furnacalis to Bt corn under different planting proportions

of Bt corn and non-Bt corn refuge

By X 2R

Index Region with one generation per year Region with two generations per year
Bt £ K H 7l Proportion of Bt corn (%) 75 80 85 90 95 75 80 85 90 95
JEE4P I e 431 Proportion of refuge (%) 25 20 16 10 5 25 20 16 10 5
M EKRIEGTHERS ] (4F) 40 29 21 15 9 20 14 10 7 4

Years to resistance

2% AP A 1] S STV M) T R IR e R P 5 R AT 3Rk 3] 50% S I E] . The time to resistance in the table is the time re-

quired for the frequency of resistant alleles in O. furnacalis population to reach 50%.

AHIFFE O T I 6 K M A T A 5 25 AR AL
G5 R AR E AL R R IR FIR A i
75% L b Bt F K8 25% AT #93FE Bt E RS Fr,
PP R EE XS Bt TR AR (], B 3 R A%
KF] 50% HRFIa], 76 TRIX A 404F 2 fRIX S 20 4F .
oAk, TS BRI 5 K B A RS B
204 LA b IR A2 2 HBERH 75% () Bt FOKFIAE LL
15 5% 2 D E A 25% 19 AE Bt E RS T, [
B bk 2R BEVEY) (A4 Bt Tk F BEAR AL ) #EFR 2
TP BRELR 2 209% [19)FE I (US EPA,2001)
USSR L A o, I8 40 9 T A B A 7 78 i )
FE LARIX N 294F 76 2R IX k14 4F- . Tabashnik et al.
(2008 ) 7 & [ 14 R 5 A 5T AL AR AR X IR &
DRI (B 1 RGBS A 7 T, 445 5% BN SRR FH 80%
(1) Bt K (R (% B4 R ) Rk EG 81 553 20% 1)
3k Bt E RS TR A L), T84 5 BT R R T
304F . FECE BBUTE R R AE S Y 3 22 Jir A2 RO
FORIEXS Bt TR P L JLT & o8 e Bk, B
SEAERE A 05 BRERUH F ORI AH HE , S7 9 T R IE (4 v
WAL AR R SE By, B M K T 0 (Shabbir et
al.,2018) . A% P i 3 0 R Bt K R
Z (Shabbir et al.,2018) , 1A F A Y 2#H &K (iifg
SEAF,2009) o AN EMERR P ZE, WA BB R g
T BOW Y TR AET A IRUBS 3 0, PRI R R 5 i
SRR — S G R

FREEA S BT AH L, Fh PR A R T A0 Ak S
AL DL AS AR UE SRS BT LG, T LA L34 3 7 5
PRAGOL o JET XA A7 5 A X R IR A
MEIEREAT T . ANk, #h PR A T RE S 280

41 HU7E BURREFIAE BOAE R 2 (8] & AEFE RS, DI ik
T E duy Bt P b (Mallet & Porter, 1992; Ons-
tad et al.,2011;Carriére et al.,2016) . RWFTIRAE %
B4 A RE I R (B AR A W BT I )7 T AT
DU A 7 2 HUE A X6 S N T K B Be 7 Ak i S
B JRUBSS o

H A1 bR _E R Y BeAEY 4 K2 B0E & 2 Fhak
2Ff L RTR] Bt 2 B 240 i 3k VR (US
EPA,2011;Carriére et al.,2016) . Huang et al.(2017)
5T B, FEAR [RRES BT 25440 #EAR 35 HOW XU Bt
YEDy ot i A0 3B LU PR BoE 28 . ik &
R AR HUEHEXT 2 B [F] 9 Bt B 2 [ 7 AR T
P IERSh N, FEFR XU 2 A B bR
AU BERLE 5 A BUE AN [A], 4ot R
FORBEFNLLES B, H T PR _E B SN B ™ S 9 E
PIT HL AT DL AR 2] 5% (US EPA,L 2011) . X4 e
BB R RAR T S B X A B 7™ i A 2 19 20% 1 JEE
PIFELR (US EPA,2001) . ASBFFT 455 B, ik
KHH 5% (AIREAF T, I8 2090 F RIS A ] 78 2.4
X AT 44F PR, X5 B4 Bt £OK I 5, 5% RO IES
FHEATIATI

& E H AT T & 58 iR Bt E K i A 3% KA
crylAc (5555 ,2009) L crylAb(He et al., 2005)
crylF(Zhang et al.,2014) .cryl4h(Xu et al.,2010) 55
Bt JE K] (1) LA & B LR 3K erylAb/ery24j . crylAb/
vip3DA il R AU A (25 45,2013 2016) o
LT, TR A9 B Bt BOK SRR FF & 58 WY B
H— 26 WFSY R (Rl K — 2 R R SRR
2 FET AR AT S X L Bt EOK
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FREAT T OB B A5 A7 W B X XU 8 2 Hr
Bt FOK A A TR B SO Y, DA SR A AR
My 5P R

FEFR EAL T B oK IX, Bt EORAHARE R T
MEIH FERIE S, 45 G L Mythimna separata FIHk
U5 Conogethes punctiferalis (H E 4V B2 BEFE Y
RIS B EAE A 25 ,2015) . TEAERD 3
Hod AL 45 H A 2 AR 3R R 7 1Y 5 57 15 gk
Spodoptera frugiperda ( %855 ,2019) . KAk, Bt &
KAERHFLLA ]
E%%fﬁﬁﬂﬁiiﬂgﬁﬁ ﬁﬂﬁiﬂﬁ Bt &
*E@ﬁﬁ@%@%*ﬂ

REA AR, .JHS g%?ﬂ # TIL @/\*ﬁ

£ % X Wt (References)

ol

458
3N

N

Bourguet D, Chaufaux J, Séguin M, Buisson C, Hinton JL, Stodola TJ,
Porter P, Cronholm G, Buschman LL, Andow DA. 2003. Fre-
quency of alleles conferring resistance to Bt maize in French and
US corn belt populations of the European corn borer, Ostrinia
nubilalis. Theoretical & Applied Genetics, 106(7): 1225-1233

Carriére Y, Ellers-Kirk C, Sisterson M, Antilla L, Whitlow M, Dennehy
TJ, Tabashnik BE. 2003. Long-term regional suppression of pink
bollworm by Bacillus thuringiensis cotton. Proceedings of the
National Academy of Sciences of the United States of America,
100(4): 1519-1523

Carriére Y, Fabrick JA, Tabashnik BE. 2016. Can pyramids and seed
mixtures delay resistance to Bt crops? Trends in Biotechnology,
34(4): 291-302

Chang X, Wang W, Shen ZC, Ye GY. 2013. Evaluation of transgenic
crylAb/cry24j maize for its resistance to Ostrinia furnacalis.
Journal of Plant Protection, 40(4): 339-344 (in Chinese) [# 25,
TR, TRRRI, IS4 2013, 5% cry Ab/cry24) FKRXHTEH T oK
BTN . R IR =241, 40(4): 339-344]

Chang X, Wang W, Shen ZC, Ye GY. 2016. Evaluation of transgenic
crylAb/cry2A4j and crylAb/vip3DA maize events for their resis-
tance to Helicoverpa armigera, Spodoptera exigua and Prodenia
litura. Journal of Plant Protection, 43(6): 951-957 (in Chinese)

(B, £45, thadam, 284 . 2016. % cryldb/ery24j .crylAb/
vip3DA KRR L FHSAL A BB AT R PEAR
YRR, 43(6): 951-957]

Crespo AL, Spencer TA, Tan SY, Siegfried BD. 2010. Fitness costs of
CrylAb resistance in a field-derived strain of Ostrinia nubilalis
(Lepidoptera: Crambidae). Journal of Economic Entomology,
103(4): 1386-1393

Farias JR, Andow DA, Horikoshi RJ, Sorgatto RJ, Fresia P, dos Santos
AC, Omoto C. 2014. Field-evolved resistance to Cry/F maize
by Spodoptera frugiperda (Lepidoptera: Noctuidae) in Brazil.
Crop Protection, 64: 150-158

Gould F. 1998. Sustainability of transgenic insecticidal cultivars: inte-
grating pest genetics and ecology. Annual Review of Entomolo-
gy, 43: 701-726

Han HL, Li GT, Wang ZY, Zhang J, He KL. 2009. Cross-resistance of
CrylAc-seleeted Asian corn borer to other Bt toxins. Journal of
Plant Protection, 36(4): 329-334 (in Chinese) [#} 5, 25614,
TARE, KA, THESK . 2009. Cryl Ac Ho:I7 i T K M5t pu fif
Btﬁ&lﬂﬁxﬁbui TR 244, 36(4): 329-334]

Hartl DL, Clark AG. 2007. Principles of population genetics. 4th edi-
tion. Sunderland, Massachusetts: Sinauer Associates

He K, Wang Z, Wen L, Bai S, Ma X, Yao Z. 2005. Determination of
baseline susceptibility to CrylAb protein for Asian corn borer
(Lep. Crambidae). Journal of Applied Entomology, 129(8): 407-
412

Huang F, Qureshi JA, Meagher RL Jr., Reisig DD, Head GP, Andow
DA, Ni X, Kerns D, Buntin GD, Niu Y, et al. 2014. Cry1F resis-
tance in fall armyworm Spodoptera frugiperda: single gene ver-
sus pyramided Bt maize. PLoS ONE, 9(11): 112958

Huang YX, Qin Y, Feng HQ, Wan P, Li ZH. 2017. Modeling the evolu-
tion of insect resistance to one- and two-toxin Bt crops in spatial-
ly heterogeneous environments. Ecological Modeling, 347: 72—
84

Institute of Plant Protection, Chinese Academy of Agricultural Science,
China Society of Plant Protection. 2015. Diseases and pests of
crops in China: volume one. 3rd edition. Beijing: China Agricul-
tural Press, pp. 673-682 (in Chinese) [ [E £\l Bl 2 B At 47 4
PRRFEAN, hE AR A2 2015, TP ERAEY R Lk

W S 3R Jba: B AR AR, pp. 673-682]

International Service for the Acquisition of Agri-Biotech Applications
(ISAAA). 2017. Global status of commercialized biotech/GM
crops in 2017: biotech crop adoption surges as economic bene-
fits accumulate in 22 years. ISAAA Brief No. 53. Ithaca, NY:
ISAAA

Ives AR, Glaum PR, Ziebarth NL, Andow DA. 2011. The evolution of
resistance to two-toxin pyramid transgenic crops. Ecological Ap-
plications, 21(2): 503-515

Jin L, Zhang HN, Lu YH, Yang YH, Wu KM, Tabashnik BT, Wu YD.
2015. Large-scale test of the natural refuge strategy for delaying
insect resistance to Bt crops. Nature Biotechnology, 33(2): 169-
174

Lei CP, Qian HT, Zhang TS, Hu ZF, Yang Z, Zhang MZ, Dong H,
Cong B. 2014. Occurrence of Asian maize borer under high
planting density of spring maize in northern China. Journal of
Maize Science, 22(5): 137-140 (in Chinese) [2§ WL°F, 81 ¥,
SR, WIER A, SRR, TR, K. 2014, L7 B K
TAE AR T BRI S FERAFAT . FORBIE, 22(5): 137-140]

Lu X, Li JP, Xin YF. 1993. Studies on the natural population life table
of Asian corn borer. Journal of Plant Protection, 20(4): 313-318
(in Chinese) [5-#7, ZEEY, AR5 . 1993, TP T AU [ SR Fif
HEAEARAPIE T . P IRA 2441, 20(4): 313-318]



614 BB AL AR R DO K IR0 Bt R K BB AU 234 1269

Mallet J, Porter P. 1992. Preventing insect adaptation to insect-resistant
crops: are seed mixtures or refugia the best strategy? Proceed-
ings of the Royal Society B: Biological Sciences, 250(1328):
165-169

Onstad DW, Meinke LJ. 2010. Modeling evolution of Diabrotica vir-
gifera virgifera (Coleoptera: Chrysomelidae) to transgenic corn
with two insecticidal traits. Journal of Economic Entomology,
103(3): 849-860

Onstad DW, Mitchell PD, Hurley TM, Lundgren JG, Porter RP, Krupke
CH, Spencer JL, Difonzo CD, Baute TS, Hellmich RL, et al.
2011. Seeds of change: corn seed mixtures for resistance man-
agement and integrated pest management. Journal of Economic
Entomology, 104(2): 343-352

Peck SL, Gould F, Ellner SP. 1999. Spread of resistance in spatially ex-
tended regions of transgenic cotton: implications for manage-
ment of Heliothis virescens (Lepidoptera: Noctuidae). Journal of
Economic Entomology, 92(1): 1-16

Reisig DD. 2017. Factors associated with willingness to plant non-Bt
maize refuge and suggestions for increasing refuge compliance.
Journal of Integrated Pest Management, 8(1): 1-10

Shabbir MZ, Quan YD, Wang ZY, Bravo A, Soberon M, He KL. 2018.
Characterization of the CrylAh resistance in Asian corn borer
and its cross-resistance to other Bacillus thuringiensis toxins.
Scientific Reports, 8(1): 234

Stodola TJ, Andow DA, Hyden AR, Hinton JL, Roark JJ, Buschman
LL, Porter P, Cronholm GB. 2006. Frequency of resistance to
Bacillus thuringiensis toxin CrylAb in southern United States
corn belt populations of European corn borer (Lepidoptera:
Crambidae). Journal of Economic Entomology, 99(2): 502-507

Tabashnik BE, Gassmann AJ, Crowder DW, Carriére Y. 2008. Insect re-
sistance to Bt-crops: evidence versus theory. Nature Biotechnolo-
gy, 26(2): 199-202

United States Environmental Protection Agency (US EPA). 2001.

Biopesticides registration action document: Bacillus thuringien-

sis plant-incorporated protectants. Washington, USA: US EPA

United States Environmental Protection Agency (US EPA). 2011.
Biopesticides registration action document: Bacillus thuringien-
sis plant-incorporated protectants. Washington, USA: US EPA

Wan P, Huang YX, Tabashnik BT, Huang MS, Wu KM. 2012. The halo
effect: suppression of pink bollworm by Bt cotton on non-Bt cot-
ton in China. PLoS ONE, 7(7): e42004

Wang ZY, Lu X, He KL, Zhou DR. 2000. Review of history, present sit-
uation and prospect of the Asian corn borer research in China.
Journal of Shenyang Agricultural University, 31(5): 402-412 (in
Chinese) [TARE, BB, fIHOK, JHIC5 . 2000. 3 [E 77
FORIETG o HURS ReBE . TR FRAR L R 2244, 31(5): 402-
412]

Wu C, Zhang L, Liao CY, Wu KM, Xiao YT. 2019. Research progress
of resistance mechanism and management techniques of fall ar-
myworm Spodoptera frugiperda to insecticides and Bt crops.
Journal of Plant Protection, 46(3): 503-513 (in Chinese) [ 5 i#,
s, BT, AL, G V. 2019, BB SRR LA 2
FBEY) BT EEALS] S A B R BT e . A ) (R4 %
%, 46(3): 503-513]

Xu L, Wang Z, Zhang J, He K, Ferry N, Gatehouse AMR. 2010. Cross-
resistance of CrylAb-selected Asian corn borer to other Cry tox-
ins. Journal of Applied Entomology, 134(5): 429-438

Zhang TT, He MX, Gatehouse AMR, Wang ZY, Edwards MG, Li Q,
He KL. 2014. Inheritance patterns, dominance and cross-resis-
tance of CrylAb- and CrylAc-selected Ostrinia furnacalis (Gue-
née). Toxins, 6(9): 2694-2707

Zhang YJ, Wu KM, Peng YF, Guo YY. 2002. Progress in ecological
safety of insect-resistant transgenic plants. Entomological Know-
ledge, 39(5): 321-327 (in Chinese) [k %=, AL, T %, 3
FIC. 2002, Kt BN R A= 252 A VEDFTE IR . R HRAIR,
39(5): 321-327]

(FAEmHE: F£47)



