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(1. ERNEFERGB L (F), MR RZERZERE, I 4500465 2. R4 E Rk EPRBEE S50 %,
TR A KA R 24 5E, FRIN 4500465 3. VIR ™ W BRI B ARTFSTBE, KB 450047 )
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Gustatory electrophysiological and behavioral responses of
Spodoptera frugiperda (L epidoptera: Noctuidae) larvaeto
three plant secondary metabolites

MA Ying'™ ZHANG Jia-Jia>" LIU Yong-Chong” WU Chun® LIU Long®
NIU Lin> YAN Feng-Ming® ZHAO Xin-Cheng® TANG Qing-Bo*""
(1. National Engineering Research Center for Wheat, College of Agronomy, Henan Agricultural University, Zhengzhou 450046, China;
2. Henan International Laboratory for Green Pest Control/College of Plant Protection, Henan Agricultural University, Zhengzhou

450046, China; 3. Institute of Product Quality Inspection Technology of Henan Province, Zhengzhou 450047, China)

Abstract [Objectives] To determine the gustatory electrophysiological and behavioral responses of the fall armyworm
Spodoptera frugiperda to three plant secondary metabolites; rotenone, azadirachtin and matrine, and thereby provide a basis
for the environmentally-friendly control of this important pest. [Methods] Gustatory electrophysiological responses were
measured by single sensillum recording whereas behavioral responses were determined using a dual-leaf-disc choice assay. In
addition, the leaf-dipping method was used to investigate the lethality of the three plant secondary metabolites to first, second

and third instar larvae. [Results] The medial sensillum styloconicum on the maxillary galea of S. frugiperda caterpillars has
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a gustatory receptor neuron (GRN) sensitive to rotenone, whereas the lateral sensillum on the maxillary galea has GRNs

sensitive to matrine and azadirachtin. Certain concentrations of rotenone, azadirachtin and matrine inhibited feeding by

larvae with azadirachtin having the strongest inhibitory effect, inhibiting feeding even at relatively low concentrations.

Chemical agents of the three plant secondary metabolites had significant lethal effects on larvae; 6.0% rotenone and 0.3%

azadirachtin (120 dilution ratio) caused 100% and 74.3%, respectively, mortality in first instar larvae. [Conclusion] The

plant secondary metabolites rotenone, azadirachtin and matrine, clearly suppress feeding by S. frugiperda larvae. This is

consistent with the gustatory responses of the GRNs of larvae to these compounds, and their high lethality to first instar S.

frugiperda larvae.

Key words Spodoptera frugiperda; plant secondary metabolites; gustatory perception; antifeedant; lethal effect

Ml 7% % 1k Spodoptera frugiperda (J. E.
Smith ) (Lepidoptera: Noctuidae), XFRFKAEHL,
BAEE, & W gk BAREMARE
fI%E 5 (Johnson, 20115 FAO, 2017; ZERKHHAE,
2019; R=ALH, 2020 ), HAFEHEH) Tz, BB
BEK, KR, S5, MR Fih. SRE% 76
FF 353 #FfE4 ( Montezanoet al., 2018 ), 1% FEH
2019 4F 1| AARKEZmEAE, Sl e Ep &
FE, ANEE SRR E A EORAE S, HE Sk
IAE F I E KR AN S5 FEAREEY (Xu
etal., 2019; Batuxi etal., 2020), Kk, Hii
TR TR R = O — A E R

T SRR ARG, IE O Ak T
PR3 A X K TR 43 A DX ) 4 ) R by W T
BUL, e TEEEDYIG . BEE RN 240
EBHEAEN LR B R R R, B AR B
B AR R TR R M SR A AR I (B
%, 2019; =L, 20205 SWHFESE, 2022),
B2, V50 E Rz — MR 25 Ll
FEE R AW 58 N A FiE o AP IR A 25 5l 4E B 7
WS AR 2K 5, R EA R
RER R | IREE 24 B AR AR ) T2 i 5552 el
/B FBOR R SZ B F AL (Isman, 1994; Koul,
2005; JufESE, 2014 ), R, A Z g
TR IFAE 5 A 247 A 12 7] ) Bl A0 9

W IR AR 245 R B ) — e R AR B i AR
W, XL AR R IR SR R R P
FHRYYER ( Chapman, 2003; Schoonhoven et al.,
2005; FEIRWNG, 2011 ), *F SRS, FHT
A3 EAY R AR PR R S

F, =507 Vitex trifolia M F 2 EUHIT /)N
Sk Plutella xylostella 3 #&4h B A # B4R &
W (RAESE, 2012) , HABEGH B HR /)N i i
Empoasca vitis F155 N Ectropis oblique E.A B
BRIERTENE (ZEESE, 2016) o 1ii—LAHY)
PR S U A 0 T A B % 0 S BCRE , Gk iR
YRR R PR RN BT ( Token
stimuli ), WNEEEPERYIHHR % Manduca sexta it
Ira) BCE AR AR 0 1 R S o A A ) o 56 A i
HEH (Indioside D) (del Campo et al., 2001 );
i (Cardenolide ) /&5 54 T HEME Danaus
plexippus U 2 B Rl Asclepiadaceae FLHE R Y
N IL A 4% Asclepias curassavicad 1) Pk M Hi
YIi” (Agrawal et al., 2021), EHXFxER4
Y Ty m S B Rk THEA R
Il IX S8 ) BT Y IR B 327 K B 28 JC ( Gustatory
receptor neurons, GRNs ), UI##4%H Helicoverpa
armigera % HL I £5 F SANH AR HEIRES A7
FEPUR A FIAR B B GRNs( Sun et al., 2022 ),
11 /NS B 4y SRR B A A AR T T P AERHE )
FRAEPER Y B A GRN ( Yang et al., 2020 ).,
FATHT AT K 0B b, 0 7% Bk 4y H A SR
AEAEXT REIT 1 AL T PR BURR % GRNs, fij EHLX
X3 A EA B EEER (SRS,
2020 ), FRIAFE IR A 2 A B R
PRI T T o
W2 ( Matrine ). EIBEZE ( Azadirachtin )
AR ( Rotenone ) 3 3 MY IR IR A1)
1, HAEPA A RIZEN 3 A & T Z 0 H
(ZKIESE, 20055 SCH MRS, 2007; sKARITAE,
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20165 F/phRAE, 2017; HuNGE%, 2022), H
&, X3 R O R SRR AR B L B AR
SEHLIRAESE AR 2 UL o ARBFFEHIERITIX 3 Fi)
Jo 2 A5 2 A 0 o) e £ Mk 4l R AL, 4
HORBAELERTIX 3 P iU Y GRNs; ),
PREIX 3 Flgp ot A o] 30 %o 5 e 53 7 R &0y L 1 B
FEAEH , DN A B 3 5 5 13 2 (AL 3 A 52 2
MiOE- 2

1 #MR5ERE

11 #HEYwSER

Bl B M 41 R T B AR B2 BT £
TR S, 7ESC I % A5 AU H A T AR
g (£ 1), BORERSAHREEEN 10%
FIREREK, 75 UEAIXRHRE N 70% + 5%, Y6
WM 14L 110D, MWEEH (26+1) °C. FLHLTT
RS BN TARDBHAC 5 a3k 1 B,

BER TR A FON R 368, T TR B AR
Folb BB e A FRA 7 o

1.2 FERA

&0 ( Matrine ). EIBliZE ( Azadirachtin )
Fifa g ( Rotenone ) ) H Sigma-Aldrich A F],
S (KC1) W B REAEAREHT, ¥
afi, R0 T Y R 22 IR TC B i S R BC B I
BT 4 COKFADRAT, BRI AR 7 do

TR ST 0.3% 5 S0 A FL 1L A=)
BHE A BRA T 0.3%ENBRE I H i #hsk 4 A Pkt
F AR5 6.0% BRI [ b5 = A Fak
TEHRARA

1.3 HRZEETHRE

B, K 40 A B A T O R R
IR (M E A, 2007 ), 5
HiBEH 1.0 om BIE T IBSTFLAR R B i i oK
MR A THLAE Ry A, SR 5 Ak 3 2H BRI 0 B 2H
RSS2 J91) FH AL BHRL 8 0 RD X BB HEA 1IR30, I3 Bt ]
10 min, ARAERTHIECE BT 0 WAL 4
3 Tk AP AL BVR A TR TR] . 5 SRR ik
PRI AL BRS04 10, 30 F1 100 mmol-L™'
SRR AL R FOK A5, X BRIA R 251K (i
F ) Ab PR FOK A ERBR R B e B4 T e
AL ERAT 524 0.001, 0.01 F1 0.1 mmol-L ™" EI
R RALE Y TR RS, X BR 4R 5.8% HH I (7%
) AL FHA K RS 5 o R R e R A B
353129 0.1, 1.0, 10 F1 30 mmol-L~" £ B &b 3t
B KRS, T BRI R 3% AT () 4b
B FOR A

gl Ry 6 85 2 R4
o, REETE B ARIURY 12 he EEHEN
12 em MYBEIEIEFE ML ACASRIC “ 7 TR iE
UEAR, R HC AR 4 o IRZE TR (A)
XPRE 7 AT E TR, 104
Jr A PRAL RS (B ) W43 X6 B2 i e 22 ]
B[4% B8 ABABABAB [l ¥ 1 i 4K 2 HEF 5 D
B, KU 4 RBCE AR AR T LR
AL, FERE 10 min W — R G UGB T DL

X TR S B e B gl He, Y HUE X A2
A AT — M R RA 2z — (2 F
RS ) B, BPAS IS4 B IR R, SR
A /N WA 4325 B 43 00 I 323k &g O g

F1 EMFWHESHRATEARESTRNE
Tablel Componentsof artificial diet of Spodoptera frugiperda larvae

Ty o (g)
Artificial diet ingredient Content (g)
A K Wheat germ 40
FE KM Corn leaf powder 100
11Z4ER Sorbic acid 2
44E % C Vitamin C 2.5

718K Distilled water 900 (mL)

AR} “hit (g)
Artificial diet ingredient Content ( g)
BERLRY Yeast 34
JEIA4 W s Methylparaben 4
il Agar 18

EyMER Linoleic acid 5-6 ji% Drops
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B 5 ML F XG] HE T BEE 0 A 8 P Ry T £ P T
A b FRE-XT BRZH 0 2 /DI 50 Sk, 3 IR
5,1 kgl i —k.

FHEUE e B4 250k 20 B 4y Hxt b 257 -5 Fn
xR R B R S R, BB RO T AL
iﬁ:ﬂ‘j:

Xof HRZH I BRE A MU R B R A0 (Pe ) = HUEXT
T2 P BB 1) TR AR/ U T A o A P T R

AL FRZH A B e PR R 4 (Pt) = HUE Ak
FZH e ) T AR/ HBCEE A PR P T A

1] SPSS 20.0 ZpHrAkAt, FIJHECIXT t #6556
% (Paired-sample t-test ) b3 b 53 47 ik 4y Ha %)
— e Ak B B RN R AR Y BB e R 2
BEME (P<0.05), HiTHEFEHTTRIEL) SRA
[Fi] P9 Ak S - A5 R X6 FOR P A 174 B2 32 34 00 o
YRR ELR
1.4 &) BTSN e o 2 25 A FB AR BB R Y

F|HHRSZ #1057 ( Single sensillum recording )
(van Loon, 1990 ) $7 AW 2 FE 1 57 1% 4y HL
o R R0 A SRR X AN [R) VR B T 2
(0.01. 0.1, 1.0 1 10 mmol-L™" ), EPfZ (0.000 1.
0.001.0.01.0.1 1 1.0 mmol-L ™" )F4f B 0.01.
0.1, 1.0 F1 10 mmol-L™") Ay AR, XA
i 2 mmol-L™ ) KCl., B[R 2 e & ek i 3
A A PR Sy 5l 3 e 4y UK BB ) SR I
A B (R R A A1 . BEHRMIEE A 6 1356 2 K
1) 5 B A e gl L, KL ZY 3 b, RIEAIH
B 5 DK & B SR UIR W 4 T MR 11
BR2ZIE ) DR AR R 4 A 2 4 LT Rk 22 8%
A FERERBT I, (AR AR T AN s TR
T B T AN S B E SRR, R —2
W R Sk ( DTP-1) FlfE 5 b3 R 4
(IDIC-4 ), M IRIEIN T, 7E BB T
W B 8 6 AN A AR i S 114 R T 5 0 SR e S
118 TO Sty 20 2 e, A4 RS PR AR O 1 B B b 460
2 B4k 2= Wy BRI P 7 AR I RO 28 0 Ak PR LA
LA AT R F2 1 N FLIG Y Autospike 32
DS, B RS 2 s, X TRk B i,
T 9 R AR 22 /0 2 min, 45— PP 5 —
M 10 LA B4,

FIF Autospike 32 BAEXHC KA HLF 51T
B, S3HT . B IFGIHRIE AR 1 RPN AE
R R A ST R R S A VFA VA SR L
FFRFI R AR, B 1 s NI T RIS I
MHEAECH o A SPSS 20.0 S04,
FHER PRI ZE T 2243811 ( One-way ANOVA ) F35[H]
— ARG 28 O AN [ e B2 1) [v] — B 1) I
NS (Tukey-HSD, P < 0.05),

15 R&ERE R R RHBIEER

SRR (A N BRI E AL, 2008 )
TEZE NI 3 A A 24 1 500 5 1
PORIEARIE (1%, 2 8 3 %) 4 BEOELE
Fi o B 0.3%M977 208 . 0.3%1 ENBRZE AT 6% i
FRE R FH 7K 23 SRR BE 1 920, 960, 480, 240, 120
160 %, LA AKCHXT R, SR )5 M B T K A
PR HCSE B P340 HL R SE AT 1) K
A BR 2 em x 1 em B/NEKTEM R, PR BT
SF R AR B2 IR 10 s, R E SR
+, BAEAES em —KEET, &K
AR5 FERBOR/N—80A 4h U A — R
&, BNETHCE 1Rk, A EE
10 3k, #EH 3K,

IR (26+£2) °C, JERMIL: D=
14 0 10, AHRNRIE 65% + 5% A T 83540
7, 255400 24, 48, 72 h 4y HIKGAT AC 4
HFERIRAS o BRI B L, #5407
AT RBS AR I, e A o B BT I 2 AH AR B
K, 6 PR A B R R S BB T T 5 T S 56
S5O UEEHT BT filay B AR SR  #— 3 A3,
W R BET, ESREIS 72 h R4 AL BN Y)
BT, AEIEEL, THRBET R,

FET% (%) =PET R/ HE A 50x 100,

FIH SPSS 20.0 F4-Eeitorbr, HEKNZRIT
201 (One-way ANOVA ) Z3HriHH 3 Fhil
PIRRIRIT 1 88 2 8 3 Bah st R

( Tukey-HSD, P < 0.05),

2 GZRESH

2.1 ZhERxHEYRE R R 5 RS2
AR C SR BRI E T R TR K 6
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W55 40y LT 25T A S v A R AR A e S
T AN [ e o 3 S, S ) R BB 2R 17 s A
S o &l H 3 Ak A AR A Qi o AR e
AP AN L 1 R o R Autospike 32 Fi 4
t “amplitude” (418 ) 4r2ETIRE, AT ke
RS AR A e JR e XoF g P Y A= 0 JB 9 S s FL A7
G332, MR FEL AL AR R R A ] = AR YR i 44 4 R
T CEL, Xt a), AT (B, SR b)

AL (1, XA ¢ ), HOREHW BBk #2550
WAzt 1. oo Ao, X 2.0
mmol-L™" KCl %% S 1Y fa 57 1T 43 R o T A1
LA T, G R A A B ik 22 e A 280 T R
2ol

211 #hmdiedEREN 3 FhiEYR R Y
FRHBEERRNE R T A E S A
TIPS T v R B N R B A 48 T 17 BN AR
He, RN T 0.01, 0.1, 1.0,

B8, Matrine

the 4 3% Medial sensillum

Pl

10.0 mmol-L™" 53 Wl ¥ W A S IO A5 R 43 51k
(12.0 + 2485 5), (7.25 + 2.067 5). (847 +
2716 6 ) F1 (10.77 + 4.302 9 ) spikes/s, S
RZEEFARE (P=0.717); HE, HiE
I T X8 2.0 mmol L' KCUAW B ST [ 1Y
B A (27.10 £ 3.323 4 ) spikes/s ( P <0.05 ),
Hk, w2zt TxF0.01,0.1,1.0,10.0 mmol-L™'
TS SONATRSHR (3079 + 2.337 4),
(36.73 +£3.428 8 ). (35.72 + 4.028 3 ) F1 (35.67 +
5342 3) spikes/s, SOV (0] 2 5N B 2
(P =0.811), 270 M 20 R
5 X KCLEW M RO AR 22 A2 (P =
0.342) (B 2: A), R RRHEEAR N AFETER
TSR GRN,

AN TR B EVBR 28 15 TR 175 5 R i JER 2 P R
SEARZTTHI RN ANE 2 (B) B, #goc 1 &t
0.000 1. 0.001, 0.01. 0.1 F1 1.0 mmol-L ™" Eff

24k B8 Lateral sensillum

441 R Rotenone

i WWMW WWWMW

B 1 #HBRTEIMAM Ry et 3 MR ERIFEMRNBEEE RN RERE
Fig. 1 Representative recordings of electrophysiological responses of the sensilla styoconicum
on maxillary of larvaeto three plant secondary metabolites

WAEDF IR I 1.0 mmol L™ W55 T M S . X B2 2 mmol- L™ KCl,
RITHENPIE SRR/ I HENBIE BB K . KHENIY a, b Fl ¢ AAFXF I/ NE N SO LAz 9 5328
Ca: WA T b: AL o WIAZIT ). IR0 1 s,

The concentration of each plant representative secondary metabolite was 1.0 mmol-L™". The control was

2 mmol-L " KCI. Spikes in each big rectangle show the expansion trace in the corresponding small rectangle. Letters of a,
b and c in big rectangle represent the classified spikes in the corresponding small rectangle

(a: Spike I ;b: Spike II'; c: Spike ). The duration of waveform is 1 s.
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BE3 --o-- F iz T Spike I vﬁ S --o-- A7 1T Spike I
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Concentration of plant secondary metabolites Concentration of plant secondary metabolites
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28 10f —e - Hifi I Spike
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EE‘E 90+ --o-- Hfi7 1M Spike I
~ © %
RAT
é‘ &"3 301
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B2 #hHiedERREXT 3 MURE R R A B R
Fig. 2 Electrophysiological responses of the medial sensilla styoconica of
Spodoptera frugiperda cater pillarsto three plant secondary metabolites

Hh 2k 7R PP AR HEIRAS AR TRIZE R B 2200 (PR T

AN ) 20 (A), EIBR (B) FfAgEE (C) Bf

A BN ESE (BRifii Do HUAL ISR I ER b i9/NE B3 m i 2T 1A A ] B2 1 [) — b A9y J5 - 22 S A
f) 22 5 . Z 7K (P < 0.05) Tukey-HSD #34 ). C. (mmol/L): %75 ¥ B ) Bk FE( mmol-L™" ), CK: 2 mmol-L™" KCl,
N: BHESE L. K3 (BR TR ).
Curves show the mean + SE of different GRNs (corresponding spike I, Il and ) to matrine (A), azadirachtin (B) and
rotenone (C). Lowcase letters on curve Il show the significantly different levels of neuron 1II to that plant secondary

metabolite with different concentration (P < 0.05) (Tukey-HSD test after ANOVA). C. (mmol/L): Concentration of stimulus
(mmol-L™"). N: Replicates of larvae tested. The same as Fig. 3 (except the type of sensillum styoconica)

R R AR50 (875 + 1.729 5).

(6.00 = 1.619 3), (3.00 = 0.372 7). (7.27+
2.359 1) F1 (11.89 +1.918 1) spikes/s, S
RZEERARE (P=0.500), B2 H K
T HE 2.0 mmol- L™ KCUAWRIB M AT 1 B
BRI (36.64 + 4.529 0) spikes/s (P <0.05 ),

P22 7 1 RFAS [F) o B B AR R0 (R pR IR 3
) B SATER MK (34.09+£4.733 7). (37.81+
4.106 1), (40.09 +4.3556), (37.73+4.5192)

F (31.31 +3.215 3 ) spikes/s, VAR 0] 2%
FARE (P=0599), hiegras Nzl
XA ) Ve B ER 2R I W S5 % IR KCL A1 SRz
WHRZERALE (P=0430), £UPRHERS

PIAFAAE X EAR 2R BURE GRN,

AT Vi B £ e TR s V5 S v A SR P R
S TTH RN NE 2 (C) B, Mot 1 Xt
0.01. 0.1, 1.0 1 10 mmol-L ™" ff BERRA K 1) [
IO A543 90 R 8.91 + 1.209 5).(6.67 +1.598 6 ).,

(6.00+1.174 3 ) 1 (7.86 +1.502 8 ) spikes/s,
RN Z 25 A (P=0.730), {HE
BERTFAZIC T X% 2.0 mmol- L' KCIAH
() SRR (21,73 +£3.286 6 ) spikes/s( P < 0.05 ),
P22 70 110N () v B f e T v . (R 3 PR IR 3
1o SRR T 57, 73 R( 27.67 +4.655 2 ).

(38.45+3.3340), (48.42+4.2040) f1 (50.31 +
8.499 9 ) spikes/s, H:#1, 0.1, 1.0 Fl 10 mmol-L™
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o1 JHE TR 5 05 S 22 o T I S 0T A R 22 53 R
% (P=0.534), 001, 0.1, 1.0 mmol-L™" fajH
Pl W 75 S P 22 T T 1) s oy A1 238 2 St AN I 2
(P=0.062); {HJ&, 10 mmol-L~" fa e % k17
S 2ot 1R %E B E 5 T 0.01 mmol-L™
7SR (P < 0.05), g g
G UG AS [ e 8 e R A V-5 60 I KCL Y
RBARFERALE (P=0.878), FWHiedHE
SR A 28T T % o TR T R

212 #HHEMEYEREY 3 FhEwkEREY
BB ARERRN W T 4 d e s R A
[ 06 B 1 Sl . BRI R A0 B TR 3 b 38k %) e,
AN o G5 R W, RN MR oT T X 0.01 .
0.1, 1.0, 10.0 mmol-L " ¥ ZBlIA R 1Y K o 4 %
3R (2.375 0+£1.034 0). (6.50+£1.040 8 ),
(7.33+1.1450) FI1 (8.43 £2.191 5) spikes/s,
RNARFZ MR ARE (P=0428); [HE,

1 5 B T4 R 2.0 mmol- L' KCHA WA S0 2
JC I Y S ATR (117.86 +4.743 1) spikes/s (P <
0.05) (& 3: A), Hik, #&Ic Il xt0.01, 0.1,
1.0, 10.0 mmol-L" 1 il ¥ 1Y 5 B A9 % 73 51
$7(9.90+2.3307), (16.01 £4.7810), (19.00 =
1.997 3) 1 (39.36 +5.060 1) spikes/s, S
EWREERAE RN, Hid, 10.0 mmol- L™ 5
S WO T 200 TR S I A0 % I 3 H e vk
JEESIA S AN (P < 0.05), g XA
R B 7 S T 5 X IR KCL 935 W 1) s g A %6
ZRUAEE (P=0.604) (F 3. A), FHM
P IR AR 28T 1T X SRR

ATV B8 EIVBR 2R 1 VRS 3 I A e R A R
BEMZITT RN NE 3 (B) i, ot [ xf
0.000 1. 0.001, 0.01, 0.1 I 1.0 mmol-L " Ej#f
RIS R A ZE 535 (9.83 + 4.467 8),
(9.17+3.910 8 ). ( 8.80+3.0232 ), (4.50 +1.848 4 )

150 B EpfE Azadirachtin d
~ d
S bed  §
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5
227 %)
vﬁé’ —o -Hf7 T Spike I
w28 o —o {7 11 Spikell
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R I G R e e I
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Fig. 4 Feeding preferences of the Spodoptera frugiperda cater pillars for plant secondary metabolites
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Columns show the mean + SE of feeding preferences index of caterpillars for leaf discs treated by secondary metabolites
and for CK leaf discs. CK leaf discs in A, B and C were treated by water, 5.8% methanol and 3% chloroform, respectively.

C. (mmol/L): Concentration of secondary metabolites (mmol-L"). N: Replicates of larvae tested. ns means the difference
is not significant. *, ** and *** mean the difference is significant (*: P < 0.05; **: P < 0.01; ***: P < 0.001).
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Different letters on the same curve show the significantly different levels of the lethal effects (mean mortality rate) under
treatments of the same plant pesticide with different dilution ratios.
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