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Abstract: The fumigant has been approved by the World Health Organization for use in grain storage,
targeting the eradication of pests in areas where grain is stored or transported to reduce insect and mold
activities, thereby minimizing storage losses. Phosphine is featured by its economic viability, application
readibility, rapid diffusion, and lack of residue, making it advantageous for comprehensive pest control. It
demonstrates high efficacy against various harmful organisms in storage, making it one of major fumigants
worldwide. However, the elimination of some fumigants has increased dependence on phosphine. The lack of
standardized guidance and inappropriate use of phosphine have led to severe resistance among stored grain
pests, posing a threat to the effectiveness and sustainability of phosphine treatment. This paper provides a
comprehensive review of the current status and trends of phosphine resistance in stored grain pests on the
global. It analyzes the genetic basis of resistance, focusing on respiratory and cuticle-related gene expression
and detoxification enzyme mechanisms. A comparison of four resistance detection methods—FAO,
discriminating does bioassay, rapid knockdown, and molecular identification—is rendered. The study
explores key strategies for resistance management, including optimization of fumigation protocols, laboratory
and field validations, and application recommendations. The aim is to offer reference information for the

scientific and rational use of phosphine and the development of alternative pest control methods in the future.

325 2024F F 187

Key words: phosphine; resistance; the genetic basis; molecular diagnosis; management strategy

AR E RO LIBMEIE, R E T AH%E
‘o FIXGE LA i K2 1) 3t 7 BF P — e 2430 Bl A AN RE AL
RIS, A 2500 n] LB AR W 4 B8R . TR
ZAE—RRERE LR, BAY RUNB &L,
ANy S ASOAREIRE B A 5 T 3 AU s B 28580, T
2 0 A A HURGE AR, LR TS
SN WA TR 27/ KN

20 {28 60 4R, M T BUFXARZ E S, &

CCL4). Zhifbti (CS,) S Hm, R EEH
THAE R TR EZ B S (L] o T4 —
T 255 A SR ZE 7, X 20 000 2R LG
WA Tz e . XA RS R B, 297 6 000 Ji~
15423600, & 7~10 4EAReHEm T . BRE
N AMNIE 5T # — B 7 3 R W B B % ( Sulfuryl
Fluoride, SF), HFRZ M ( Ethyl Formate, EF ),
BEEDR (COS ), # % N b ( Propylene Oxide, PO ),
WRIEHSCHE T SR, BB SRR, A
JE R PR E SR G T R T Y R AR
SR, FER 2 2 T 23 SR R Bk 2 Hydrogen
Phosphide, PH; ) J&ff1EJC 3 H RIJCHE B i A
172 388 [ o 52 5 1 W 38 A7 0 — P 2 20D,

20 42 30 4FAR B R AE AR 0l YT, — S A Rt
e HARZ BN CIE ey . B, ek
A B A AR BT o e, AR 5]
s R B TT e it T HAE Z2 R Y A7 25
RN, G RE e RS | a A
RS KBBR8 =, S5 mBEEMML,
TER i PR . B, BRI E i, Bk
B

AR, T B BVEES T AN S BN
FHCE RN B E T, PR
R D oA 28 A i i S Ak, JE ARG i
PR IR, XA T A, il fEXT
A ST R . A, RIS AR
B b R R A M B R U, R
PR AAR LR, X A e 2 5 R GUIE U o

FURT, & T AR HOR (L BT o 5 (19 28 5
MR A AR BN —E, HEEE )R RRAIA
PUABR, AT E 1A BRI 45 B . A SC
MR T N MR IR B SRS BUIR L P
AL IER . PSR 55 %208 J7 1 SO AR BESR
VA 0y Bk BRAGE P A0 By 36 77 75 BT & B A3t
ZHIL

162



325 2024 E 18

.
WAL
e e s

CiER

1 ERIMERE BT ST

HHERIG—F, F BRI S P2 —
ol el 35 A s ) EL AT 8t 4% 20 22 70 4FAX, Champ
1 DyteP R AT T 2ERVERI B AL S BTIE T A
IFIEsR TR E K 2 PG oL, 7
TERRFF WA K, FEA#E Ok g | syt
TR BT 55 R B 3 1 B TR U ) 10~50 15 F11 100 1% .
1.1 ESMEREHRBCSIELZBIRK

WRIORISIE 2R 47 [ 58 1 3 o o W ot 5 Ty s
TR, E bR a4 B W S PR R A R
FHRTAT b2 1 45 2L W ke it DRl £k &1 Pl 2
PE? B A pka AR sk IR Ak S DT A
ARG o FEBRK AT, 55 o5 45 VR g 25 45 !
SRR PG VE RO RAR B . Opit S5 ARl
YR R RO PUIEE & T 20 4E T, 7EJUSE, WAR
25 NI EFPRE, JLF—2 B FP B B
fea i,
1.2 EAFERERBECSEEZRIRK

F 1975 4%, FR [ 7 5 00 R At A 3 A w4k
ENUER IS R (S AR LT = g Y i e
Hu, PR 1989 AF Xt 4 [ AN [i) b DX Ak S0 2 Wil 1)
FOE 24, & DRy R e R B pirE, 78
PO R S AT RECE P R B R
g A5 mU B AL S e B BT v, TR AR
A7l s PR [R) 8, JCHAEAE R . AR ORIV b X
FHH =S PRE TR 15 AR dp &
AR E DU, IPUPER BN 7 A5 5] 80 fi5A
S PR B PUPE T R H RTTE A [ 43 A0 5 Ry 3
Wi 2 042017 4R R A A R S ARl 41 40
(FAO) rilyE & 1 i r i IX 8 /> il & 1Y 2R 4L
BB S BTERE, 8 A RPUIEEEL
TE 612~1 045 Z[a], 2 A EditE (RE> 160 ).
1.3 ERRS

WAk 205 A R AR o 1 A G 8 A 3L 1)
1o fERRFE BAEE PR 7 5 i A ERN Y, 1E
18 F T B AT AR AL, (H H R 2 FE R Rk
XA DTS R 7 AMTATFRAE . 4R 50X e A
WA G S AN, ANsRBT2 E 0y JL A
5w S gk S AR IS Gy e, R B B A

Wy A
2 mEEEEM
2.1 BEEMSENERHE

2002 4E, Collins" R4 FAO J7 X P i R4S
T TEE, —SPERR, bR R,
RIS AL SRR PTIE S 2 A58 2 Rk 5L A
PEHIMY . RS, Schlipalius 217 ] DNA 84 &l
i (RAF) M7k, WA EHOME S R FEUS G &
PR g T S T PSR EVE R B L R
P MESE A A5 rphl A1 rph2 o 24 AL R Bl A7
RS, RSPt . X PN JE A [A] B H
PR, BRI LG S8 U P K SF 3 250 £%
BRSNS R A U5 It & B T RS

1o 45 3 PR A2 7 AR X 22 B AU rph ] 3
PR #7485 . Schlipalius! BF 5% A1 BA S 85 5%
414 ( RNAseq ) FLs AL 8 B 1 i R b A7 %0
WA RE R, EAE. REAE . KEMPTR
A B IS RE I — A S BT SE BA— 3K R rphl
. rph1 3 A8 SR AL S A bk i e 2
L2 7 B BRAE T rph2 B PR R AR A ) 2
E, SRPUMERIES rph2 R4S A
2.2 HUEEMLE

B B BL S APk R, 1 e
T E RABOENLE . FEMFMSRE T, #ihA
IR it 2R 1 R 2 SR A T O o 2R I 0 3k %
BRI KT, R R X R Y
BARWE TSR, XA RHRE &R
R EIIE N EZE T — o L
TIRARR LI, B A 325230 0 i 2k R S
MR AR SR O 5 PR 14 2 38 7K T R BRI P R R, A
(IR RR S I 26 T Qi W RE VAN £ 8 e =
T BRI 28 (DLD ) MR A CHIESLS S
I FARAUNA W X AL R IHTEIE B Schlipalius™™
5 1A BRI FH 5 Sy 280000 2 Rt A i Bl o b, 7245
oA BB AP R A TR
R Crphl)o SRIGHHAS 2 R AE AR A4S Hs p o (v Y
17 A bR R gE AT Xt , RBLHA —AE &R
] P60 KL [N, BP 40 M (K bS g I IR 25 1 A
( Cyt-b5-r) FEH, FEFTIMPFhES rphl FEH

163



[EXEED

.
WAL
e e s

325 2024F F 187

JEAHDG o ZBEPTE 18 DML A bt i & A TE
i SCR FE RN/ B /B T 5, T AE
B R R B, PG A B Y T — A
WL S A FPTEOC R AR, Horp b S0
DLD F=A4pyiE 4 (ROS) SR Fd &k, i
P FE R IR bS )R ( Cyt-b5-r) 1Y
IR IRAC 1 240 B 1) 22 AU R iR 5 &, AT
FR T B B Sk 1T T .

A, BFSE N Gk IE AR TR Wk AL S ik
W, HAR A R A E R . A M Ik
3% W ( Glutathione S-transferases, GSTs ). ZHJig
{12 P450 (CYP450 ), FRIZERMF ( Carboxylesterase,
CarE ) S5 1 A X Uk SEAE B IE i F v
KRB,

B U Rt g — e AL > B X A U
RIS AR 36 fe ZE R TR A3 o 3K P 3R B2 28 PR 1 A
I RE BH 1E 2% HORI kA, A Bl T2 2% HUR)
X R AR = A 5 TE R X AL (45 B A e
Wiz e 2 e . BR RSk A RNA T3k
FARIR T B A S FE A TeYellow-h 7E AR AT H5 0
EE BRI B B T ae, Y Z R R
dsRNA J&i, TcYellow-h % K ik K- @ AR,
Ak A B X R ZH 5 O FE T R U g A T Ak B
41, ULHAIMH] ToYellow-h 56 33K 5 AT L) i 25 4
SR AR AU EEA W AL S B BEURRE , HEMTIE TeYellow-h
SR A Sk S PR G
3 EETE

PEAR B MR 3 R X B A S R TN
w57 AR B, B4R T FAO
11 N | <0 B I VAR i 1 AT e e L 8

g e bE W T A E , (Hik4Ek
FF U 7 JH 43 25 2 SR e L 1 A S 14 mT R0
3.1 FAO iz

PEAL B AL S BT Y B FH 7 3802 FAO Al
W, BITE 25 CCHTAH R 28 58 T HERE ) & i ol
LE P EZE 20 h, FEKETE 14 d, iCREBEAIET:
B, AP HUR PO R, RAAE A S8 R

X FAO J5 i AT e, s r Wk B 22 iR
i ] P A AR R R S e PRk s S5 . i, 4

2055 AR POvE p 42 518 20 mg/m® (20 h)
1180 mg/m® (48 h); K%V 30 mg/m® (20h)
1 180 mg/m’( 20 h ); ZRIWAEE 2 20 mg/m’(20h )
#1180 mg/m® (20 h ).
32 FEEWNEZE

T3 — D RAEBUNE R B A 5k 0 i AR I
e, WRRME A A AR W v o 2% A A
FHBHAIR,  EARFEE A 3T A AR i T e
JEMRAE (<1 mg/m®) FHE (1 000~2 000 mg/m’
o) SRR A AT T LRI 2 vk B
FEVPAly, SE s A TR HE S BOER B, IR0 8
SR FSHLER, T b A 5 R 1 S
A, PIERITH .
3.3 PRIE A

FAO HE7E 77 iR 1O BB 2, U R FE I ]
R, (HR L SFET R EK, itkse b
TE—JH ., AN, NSRRGSR A B R A R
(AEKTF50 ), DU B2 i (v ok ) &5 A 6 A BE A 100
o PUPEP I A Jr v n] FH TRk ) BE 75 T ok
g U2 TR B i

Winks 2RSS % B, fifR 3 7R AL S A
PR P2 A AR vk Bk i i e] S5 He ik P e . B
T R I AT DAXHigRR 35 il A R b v AR
fretfeE, WEnmiE, EHEARARS
YR, HARZAP R USRS R B R
7 5 45 TV ek o 480 0 i 0 3 1k 0% B
it bR HROR, B0 SRk AL (B RE IR K b 180 it
(] S S5 R W oR PR & 8] s [E)( Knockdown
Time of Median, KDTm ) B FbEURRS RK,
KDTm 5 LCso Z[M 2 I1EM M, 5 FAO iE3kS
P PE R A AT

Detia Degesch 1t & i 52 14 W 328 3K ) &
( DDPTTK ) 1E M fii b 3 it PEAl &
10 48, R FHZR G2, 5% AET RIEE Ty
A, DDPTTK 1 R 3 000 mg/m’
VR AL, 38 A A R TR R T e S
HURME bR, & TR CMGHEAIE, ATFEL
NG, ARSFIX A S5 bR .
34 HTFETE

SRYUHE L rph2 5 15T R 2 Witk o+

164



325 2024 E 18

.
WAL
e e s

CiER

o B AT RED . H R AR T BT 5 | 4 %t
rph2 FERI SN 73047 R A it s W (PCR)
P, RIEHRERMITEY 1S DNARAHE—E,
it A= DNA P SE bt R, ik
FI R T R 16 M7 A1 R 4 B s P pi e AR 1

SRPUYEZR [RIRHAEAE rphl F1 rph2 JE DK (40
BHCHEARAR, FUERFETF &5 FHUED E R, W5
NBZAWET rphl, FHARVBE rphl WPTHEARRIGZ
FEAE o IR 73 4 A S 2R 3 i 2 A 1
POV (HAEE RN AR S . Lok, BeAh, T
YT rph2 FER T REZE AR | X B 5 7AF 15 5%t
B AR A OC, S35 PiHIeoc, B
J5 35 F W S B M %) R LRI BE S A AR 4 1 S AL
P RIBO,
4 BUSEEEERE
41 RUBUSEEAR

TR R R IR R4S BR, iz d
MR TR, SR, 2P PPAl Rk 4
P E AT, R A B S 2 K WAL S
FmEREEP

— S 2R Wy R AR R 2R 2 5 e 1 Ak Y R
B, MTERLB L R E A BRI LA g 5
M AL E ORI — N EE A YR EER AN ESR
BB, BRAETE RN AZ R BERY, i, B
SEAEBENE A E AT 24 h, WHIINTE 5 d.
17T LA b S0 2 2% ] ofl 3 v ke A5 w4 A A R4 3R
HIRAL, X TCBES R R L A B ZEAOR DY
I, FESEBRAE A, % IR A JUSRIBE R B B
AR AE R R, TR 5 3 ) T 2R SR MG, A3
A BT RPUEREE A H 8

EAEYH R AR AR . BRI
S A R Bl A A FE 2 2R DA ) x4

WP R MEEE R R, SR
B R R R A R, 4G AR
FHRER A Z R A, SR B A 1Y
B, fBEEm—e, ANRLIZE T M
G o} — o R RPRE B VAR S AR K, An
i (30 °C)AbBE 4 h, RIFHBZEFE (20 °C)

AT R 2, AR BB RO s R R
FEA, AIFST & B R iR a8 5 5 T 3 O Ak
SPLE, PrrERECTRR 3 U R,
42 RXEEWR + XCWIE

S5 FE ARG AT LA A S B 25 5 58 1 E AR
HEPR UL E AT ., WOORIE B T A9 R <
B4 32 B S 6 28 % R BRI A VR T 1Y TR A
TSR RESC I AR D, SR, R ST = B 1k
R LR R TP, TEHF T REN L AR
UEo R A R E S Bl Ak SR A 75 B AT R = R
My R B ZE S, B A XA R R AR D,
1T 7 W A B0 R Tk T 2 ol A b Ak SR B AR R R
K, ZAIFRE CALRERRE ) iR, A
A b A E 22 S, STl REEMCURAE, &
BAELGERE . H, TEE 2R L
5%, DT Ry WAk SR 28 Ak R AR AR i S 3
43 BEEZEFIMBLSHAEUE AR

AR, WAEERN T —MFREHE. 5
B B R A b, b &S A 2
AR, WPk E dup fbE W a7 (kg
SRR TR AT % ), M2 R v i Uk B S A
DR IE ALY, WA EER KD T 75 b
SRERIG T R R AL sz, B
A S A AIRIR & B 25 02 H T bR A
W7, 30%Hk BE I — A AR oS B L A LA
b ) 5 A 01

B 2 AN A SR P AR 3 A YR T
RN —E T ERBAE D E RS EESR
i, HALTMA: (1) 3R S0 0k 5 E
Pe: 9oh (TRAS): 72 h (BEbs); (2) bk
JEPR: BIARCR=CT, C 1, T ; (3) AL
TEAEGEITR ; (4) LetEiEm: A%
ESARREARGE . 2 A2HE N 203 FR SR 5%
WM RS (5) AR SHARGEME
PES M= E RG] SEIUP R 5 (6) N T
REVRPEER 55 . T B Fnds ARk (7) #l
WA SRR . IRECRGE A CHLH 3k (8) B
R 595 s AL TFRACEZG1E, AHHA
Ay (9) PREEA U@L 4 Pifb R R

165



Bﬁ%Wﬁn

@%mm&wmf

SCIENCE AND TECHNOLOGY OF CEREALS, OILS AND FOODS

325 2024F F 187

5 B ) KAk 2D o
5 SEERE

ARSCERIR T T EARR FE Rk ST R e
R, BE T WA ST S5 B E R B rphl RN rph2
BRI AL, MESE T BB P R R SR A
T AlfE, DDPTTK 5 G0 Hu ik HoAy s v AE it
MITIRE, 2> % v] LA BTtk B A [l
N i — S YRR A W R R R, S5 a R TRy
FUROVE FIPLBE, ke o 2 O e J32 A 3 PAT ek 1]
5 IO R R HIE o

AR BB FE 5 3R A THE U5 S MR 4 4L
Tk, TP EET IR SE . 4 50 Hh 30 Ukl PR
I R BRAL ST T 0k 5 B T2 Tk

() T 2 AR T 45 S 12 W B8 UE 0 BF 1D 5 s X VR &
MK N A SR R R A SR Y, R R L S
— AR ZEFI AT L R R

A&

(1] K. GBI RN 5 A A (0], AR AR,
2021, 29(4): 50-56.

XU Y A. Summary of application and development of sulfuryl
fluoride fumigation technology[J]. Science and Technology of
Cereals, Oils and Foods, 2021, 29(4): 50-56.

[2] KYUNG Y, KIM H K, CHO S W, et al. Comparison of the
efficacy and phytotoxicity of phosphine and ethyl formate for
controlling Pseudococcus longispinus (Hemiptera: Pseudococcidae)
and Pseudococcus orchidicola on imported foliage nursery
plants[J]. Journal of Economic Entomology, 2019, 112(5): 2149-
2156.

[3] NAYAK M, DAGLISH G, PHILLIPS T. Managing resistance to
chemical treatments on stored product pests[J]. Stewart Postharvest
Review, 2015, 11.

[4] CHAUDHRY M Q. Review A review of the mechanisms
involved in the action of phosphine as an insecticide and phosphine
resistance in stored product insects[J]. Pesticide Science, 1997,
49:213-228.

[S] CHAMP B R, DYTE C E. Report of the FAO global survey of
pesticide susceptibility of stored grain pests[J]. FAO Plant
Production and Protection Series: Rome, Italy, 1976, 13: 395-
399.

[6] COLLINS P J, FALK M G, NAYAK M K, et al. Monitoring
resistance to phosphine in the lesser grain borer, Rhyzopertha
dominica, in Australia: A national analysis of trends, storage

types and geography in relation to resistance detections[J].

(7]

(8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

Journal of Stored Products Research, 2017, 70: 25-36.
HOLLOWAY J C, FALK M G, EMERY R N, et al. Resistance to
phosphine in Sitophilus oryzae in Australia: A national analysis
of trends and frequencies over time and geographical spread[J].
Journal of Stored Products Research, 2016, 69: 129-137.

OPIT G P, PHILLIPS T W, AIKINS M J, et al. Phosphine
resistance in Tribolium castaneum and Rhyzopertha dominica
from stored wheat in Oklahomal[J]. Journal of Economic Entomology,
2012, 105(4): 1107-1114.

NAYAK M K. Strong resistance to phosphine in the rusty grain
beetle, Cryptolestes ferrugineus (Stephens) (Coleoptera: Laemophloeidae):
its characterisation, a rapid assay for diagnosis and its distribution in
Australia[J]. Pest Management Science, 2013, 69: 48-53.
NAYAK M K, COLLINS P J, PAVIC H, et al. Inhibition of egg
development by phosphine in the cosmopolitan pest of stored
products Liposcelis bostrychophila (Psocoptera: Liposcelididae)
[J]. Pest Management Science:formerly Pesticide Science, 2003,
59(11): 1191-1196.

NAYAK M K, FALK M G, EMERY R N, et al. An analysis of
trends, frequencies and factors influencing the development of
resistance to phosphine in the red flour beetle Tribolium castaneum
(Herbst) in Australia[J]. Journal of Stored Products Research,
2017, 72: 35-48.

R, ERME, 3%, & REARAS ST EsE
WS, HEERHE 520, 2020, 45(9): 69-71+125.

CHENG G, WANG K X, CHE M L, et al. Determining of
phosphine resistance in different population of RhAyzopert
dominica in china[J]. Grain science and technology and economy,
2020, 45(9): 69-71+125.

HE =, B, 3 M5 BB ST A S E (], R
B, 2007, 36(1): 4

BAIQY, CAO Y. Resistance to phosphine in psocid(psocoptera)
of stored grain in central storages in china[J]. Grain Storage,
2007, 36(1): 4

i, sRETAl, BIEAE, S5 R X ORIA T2 M Rk
Aot AU BE 5 I ) B F ST (0], Bl Ak B4R, 2017,
37(5): 63-66.

CHEN Y, ZHANG H J, XIE G X, et al. Resistance of Tribolium
castaneum to phosphine and the relation between lethal
phosphine concentration and exposure time in hainan province[J].
Chinese Journal of Tropical Agriculture, 2017, 37(5): 63-66.
NAYAK M K, COLLINS P J, THRONE J E, et al. Biology and
management of psocids infesting stored products[J]. Annual
Review of Entomology, 2014, 59(1): 279-297.

COLLINS P J, DAGLISH G J, MERVYN B, et al. Genetics of
resistance to phosphine in Rhyzopertha dominica (Coleoptera:
Bostrichidae)[J]. Journal of Economic Entomology, 2002, (4):
862-869.

SCHLIPALIUS D I, CHENG Q, REILLY P E, et al. Genetic

linkage analysis of the lesser grain borer Rhyzopertha dominica




325 2024 E 18

E%mm&mﬁ”

SCIENCE AND TECHNOLOGY OF CEREALS, OILS AND FOODS

CiER

(18]

[19]

[20]

(21]

(23]

[25]

[26]

[27]

identifies two loci that confer high-level resistance to the
fumigant phosphine[J]. Genetics, 2002, 161(2): 773-782.
JAGADEESAN R, COLLINS P J, NAYAK M K, et al. Genetic
characterization of field-evolved resistance to phosphine in the
rusty grain beetle, Cryptolestes ferrugineus (Laemophloeidae:
Coleoptera)[J]. Pesticide Biochemistry and Physiology, 2016,
127(4): 67-75.

SCHLIPALIUS D I, TUCK A G, JAGADEESAN R, et al.
Variant linkage analysis using de novo transcriptome sequencing
identifies a conserved phosphine resistance gene in insects[J].
Genetics, 2018, 209(1): 281-290.

JAGADEESAN R, SCHLIPALIUS D I, SINGARAYAN V T,
et al. Unique genetic variants in dihydrolipoamide dehydrogenase
(dld) gene confer strong resistance to phosphine in the rusty
grain beetle, Cryptolestes ferrugineus (Stephens)[J]. Pesticide
Biochemistry and Physiology, 2021, 171: 104717.

HUANG Y, LI F F, LIU M W, et al. Susceptibility of Tribolium
castaneum to phosphine in China and functions of cytochrome
P450s in phosphine resistance[J]. Journal of Pest Science, 2019,
92:1239-1248.

e, MR, Wi, F. REEAEN TeCPl4.6
TeLCPA3A Z: 54 R B Xt BAL A T HIB e []. b1
Ll BE2¥, 2022, 55(11): 2150-2160.

CHEN E H, MENG H J, CHEN Y, et al. Cuticle protein genes
TcCP14.6 and TcLCPA3A are involved in phosphine resistance of
Tribolium castaneum[J]. Scientia Agricultura Sinica, 2022, 55
(11):2150-2160

NAYAK M K, DAGLISH G J, PHILLIPS T W, et al. Resistance
to the fumigant phosphine and its management in insect pests of
stored products: A global perspective[J]. Annual Review of
Entomology, 2019, 65: 333-350.

AGRAFIOTI P, ATHANASSIOU C G, NAYAK M K. Detection
of phosphine resistance in major stored-product insects in Greece
and evaluation of a field resistance test kit[J]. Journal of Stored
Products Research, 2019, 82: 40-47.

AFFUL E, TADESSE T M, NAYAK M K, et al. High-dose
strategies for managing phosphine-resistant populations of
Rhyzopertha dominica (F.) (Coleoptera: Bostrichidae)[J]. Pest
Management Science, 2020, 76(5): 1683-1690.

WINKS R G. The toxicity of phosphine to adults of Tribolium
castaneum (Herbst): Time as a dosage factor[J]. Journal of
Stored Products Research, 1984, 20(1): 45-56.

HIH, Mk, BRELL, 5. TR i B A
BT PEIN B IENTFET]. R AEA, 2006, (3): 184-
188.

CAO Y, BAIZ M, CHEN J H, et al. A quick method to measure
phosphine resistance of stored grain insects basing on
knockdown time of median(KDT,,) with phosphine treatment[J].
Journal of the Chinese Cereals and Oils Association, 2006, (3):
184-188.

[28]

(29]

[30]

[31]

[32]

[33]

[34]

[33]

[36]

[37]

[38]

[39]

[40]

SCHLIPALIUS D, CHEN W, COLLINS P J, et al. Gene
interactions constrain the course of evolution of phosphine
resistance in the lesser grain borer, Rhyzopertha dominicalJ].
Heredity, 2008, 100(5): 506-516.

CHEN Z, SCHLIPALIUS D, OPIT G, et al. Diagnostic molecular
markers for phosphine resistance in U.S. populations of Tribolium
castaneum and Rhyzopertha dominica[J]. PLOS ONE, 2015,
10(3): e0121343.

DAGLISH G, NAYAK M, PAVIC H, et al. Prevalence and
potential fitness cost of weak phosphine resistance in Tribolium
castaneum (Herbst) in eastern Australia[J]. Journal of Stored
Products Research, 2015, 61: 54-58.

BELL C H. Fumigation in the 21st century[J]. Crop Protection,
2000, 19(8-10): 563-569.

LAMPIRI E, ATHANASSIOU C G. Insecticidal effect of
phosphine on eggs of the khapra beetle (Coleoptera: Dermestidae)
[J]. Journal of economic entomology, 2021, 114(3): 1389-1400.
LU Y J, WANG Z Y, WANG W D, et al. Effects of sublethal
fumigation with phosphine on the reproductive capacity of
Liposcelis entomophila (End.) (Psocoptera: Liposcelididae)[J].
International Journal of Pest Management, 2019, 66(3): 1-7.
WANG D X, COLLINS P J, GAO X W. Optimising indoor
phosphine fumigation of paddy rice bag-stacks under sheeting
for control of resistant insects[J]. Journal of Stored Products
Research, 2006, 42: 207-217.

ALZAHRANI S M, EBERT P R. Stress pre-conditioning with
temperature, UV and gamma radiation induces tolerance against
phosphine toxicity[J]. PLOS ONE, 2018, 13: ¢0195349.

NAYAK M, COLLINS P. Influence of concentration, temperature
and humidity on the toxicity of phosphine to the strongly
phosphine-resistant psocid Liposcelis bostrychophila Badonnel
(Psocoptera: Liposcelididae)[J]. Pest management science, 2008,
64(9): 971-976.

YANG J, PARK Y, HYUN I H, et al. A combination treatment
using ethyl formate and phosphine to control planococcus citri
(Hemiptera: Pseudococcidae) on pineapples[J]. Journal of
Economic Entomology, 2016, 109(6): 2355-2363.

COTTON R T. The relation of respiratory metabolism of insects
to their susceptibility to fumigants[J]. Journal of Economic
Entomology, 1932, 25: 1088-1103.

LIU Y B. Oxygenated phosphine fumigation for control of
Nasonovia ribisnigri (Homoptera: Aphididae) on harvested lettuce
[J]. Journal of Economic Entomology, 2012, 105: 810-816.
CONSTANTIN M, JAGADEESAN R, CHANDRA K, et al.
Synergism between phosphine (PH;) and carbon dioxide (CO,):
implications for managing PH; resistance in rusty grain beetle
(Laemophloeidae: Coleoptera)[J]. Journal of economic entomology,

2020, 113: 1999-2006. &




