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Trehalase structures and agriculture bioactivities of its inhibitors: a review
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Abstract: Trehalose is a non-reducing disaccharide that has a variety of biological functions in insects
or fungi such as participating in energy metabolism, recovery from stress, and chitin synthesis.
Trehalase (EC 3.2.1.28) has become a safe candidate target for the development of novel agrochemicals
due to its important roles in regulating the metabolism and the content of trehalose, as well as its
functional differences between pests and mammals. In this review, the crystal structures of trehalase and
its interaction mechanism with inhibitors are summarized. Meanwhile, the research progress of trehalase
inhibitors in agriculture is overviewed including validamycin, natural products salbostatin and
trehazolin, deoxynojirimycin, natural alkaloids, piperine, and their corresponding synthetic analogues.
In addition, the application of piperine-based compounds in the control of plant diseases or pests is
highlighted. This review would provide a reference for the design and the discovery of novel piperine-

based agrochemicals targeting the structure of trehalase.
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Fig. 1 Trehalose metabolic pathway and its functions in insects and plant pathogenic fungi
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Table 1 The crystal structures of trehalase from different species

PDB%i 5 YyFh (IS 1/~ S SR
PDB ID Organism Ligand Ligand of +1/—1 site in CD Reference
KA . . a-d-Glucopyranosilamine/
2160 Escherichia coli I-Thiatrehazolin (TTZ) Tetrahydrocyclopentathiazole (29]
2WYN j:E%c*jlii LG9 (Casuarine analogue) and a-d-Glucose (Glu) o-d-Gluw/LG9 [30]
KA FE X R IEA . .
2JF4 E. coli Validoxylamine A (Val A) Cr-Cyelitol/C7-Cyclitol (29)
21IB Nkt El Casuarine (Casu) and Glu a-d-Glu/Casu [31]
E. coli
TR ) B
SM4A Saccharomyces cerevisiae Trehalose a-d-Glucopyranose/a-d-Glucopyranose [32]
SN6N BRTEE S S d Protein Bmh1 (Bmhl d-Fructofu /o-d-Gl 32
S cerevisiae ucrose (Suc) and Protein (Bmhl) f-d-Fructofuranose/a-d-Glucopyranose [32]
SNIS HE@@% None* None/None* [32]
S. cerevisiae
SITA EE@E%% None* None/None* [32]
S. cerevisiae
ka7 . .
3766 Enterobacter cloacae ValA Cr-Cyelitol/Cy-Cyclitol (331
5Z6H BRI T None* None/None* [33]
E. cloacae
AR . . : b
TEAW Arabidopsis thaliana None None/None Taguchi, Y et al., 2022
TE9X M%ﬁ None* None/None* Taguchi, Y et al., 2022°
A. thaliana
TE9U Mﬁéﬂ None* None/None* Taguchi, Y et al., 2022°
A. thaliana

Ee WA YR RARSE R TONG TRCE: &A= YRR DR NE AR EE (http://wwwl.resb.org) B, {H R JUAH K SCHRARGE -
Note: * Three-dimensional crystal structure of protein without small molecular ligands.® The three-dimensional crystal structures of those proteins have

been imported into the Protein Data Bank Database (http://wwwl.rcsb.org), but no related study has been reported.

2 ERIEEERE S. cerevisiae i VERRAY M IKLEH (PDB ID: SN6N)™
Fig.2 The crystal structures of trehalase from S. cerevisiae (PDB ID:5N6N)*
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(A) NRAIHIF S K E. coli MBS S8 A @GRLAEy TTZ, MBEALEJ VDM, S i fl g G m 8 AR R 3 K 1
HIGREATEYD; (B) W EENE SRR S. cerevisiae HFEHETRINSE G (C) VDM SHIAIAFTE E. cloacae HF EEMEREI 45 A

(A) The binding modes of different inhibitors to trehalase from E. coli. The white ligand is TTZ, the orange ligand is VDM, and the green and the
purple ligands are glucose derivatives of casuarine; (B) The binding mode of trehalose to trehalase from S. cerevisiae; (C) The binding mode of VDM

to trehalase from E. cloacae.
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Fig. 3 The binding modes of different inhibitors or substrates to trehalases from different species” !
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Fig.4 The chemical structures of validamycin analogues
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Wi BB Pseudomonas sollanacearum B4 B
BIEUWER, HERRWEEREH, Val A XI5
i HL G B2 IR TT AR, HAE 250 pg/mL T A
FOR I PR 47.4%, 2019 A1 2021 4F, Bian %
N Li SR T Val A SRS E Fusarium

graminearum [PFNEALH], KB Val A GeidE LD
T Tt i A T R T S R e AT I TR R )
T, DA AR 25 5 ik ) B A B2 (deoxynivalenol,
DON) HI/=4, SAMEIR T HRMENE . It
Ah, ERWE TR K, Val A AT LA DON
AP R, 3B AT LA 518 0 R4 S A8 1 1 T
P S W41

BT AL B AN EE AN )
e, VFZWAE @RI Val A HATERN R
o Y A R R R I — o A RE . 1978 4,
Kameda BIBAAF 55, 45t VDM Xf & 80K B
Spodoptera litura 5 ENE I B AT 5 2 1 406135 14
(IC50=4.8 x 10" mol/L), H.@&T Val A XFiZ 40
il 3G PE (IC50=3.7 x 1077 mol/L)!**!, 1995 4,
Takahashi 5538 i 2 G0F SRS K I, Val A B2
EPNHIZK W Musca domestica~ W Sarcophagidae
FGETNME Calliphora nigribarbis 14 N 1) 35608 BES
PE, SRS MR E AR . Bk, BE5T
HIERIES 2.5 ng 19 Val A& AL 30% Ak
WE PRI AE T, EORE A 99 Aol e S8 0 I BOAE R 00
2009 4, Jin SEWFFE K ILBR Val A fl VDM 4b, JF
XI5 % B (validamycin B, ¥ 4, 3) Al validoxylamine
B (Kl 4, 4) % 1 termites 5P G0 B A B 3%
kST (3% 2), HBEgRsh/1I#HHERKIM, Val A
S X R R I o6 L I P SR A ) B
o TR B, LIRS R, Val A
AT D S0 5 A T P AR AR R, AR AR — 2P

®2 ANBRXUSYNTAREIMEE EREEBMFNEC DR
Table 2 Summary of inhibitory activities of validamycin against trehalases from different species
Hay YyFh fieRe s b FEToE 7R
Compound Species Inhibition activity of trehalases ICsy/K; Mortality rate/% Reference
SEAH A% R. solani 7.2 x 10°° mol/L* —
RSk Spodoptera litura 3.7 x 107 mol/L* —
K Musca domestica — 30% (2.5 ng/H)
! FII Termites 3.17 x 10° mg/L* — (37, 42-46]
IR Tribolium castaneum — 26.8% (3.0 pg/mL)
¥ %\ Nilaparvata lugens — 38% (10 pg/uL)
SEAH A% R. solani 1.9 nmol/L® —
2 BRI S. litura 4.8 x 10* mol/L* — [37, 42, 44]
M4 Termites 14.73 mg/L* —
3 F 4 Termites 20.80 mg/L* — [44]
4 F I Termites 2.24 x 10’ mg/L* — [44]
T T FORTAM A TERGE; * FR 1Csy: R Ko

Note: “—” No biological activities reported ; * ICs; ° K;.
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M E M KRIE . SHFER, Ando S5 K
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T Pk 143 85 HOR I trehazolin (B 5, 6), FI{E N
e Vi R Bl DT R M R, HLORS LA T R AR
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Gibson Z5f##T T 1-thiatrehazolin 5 KT % i 4
Vil — o B B EE RGN, IR T HXT
T LR B A AR AL A2, HH A AR LA A
Xof B ERBIG L R]  SEE TA o  T ARA F  PEE
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R IS 1) JI5 5 -5 Y T 0 Tl AR R BV S R Il 2 R I H
g, ABHN ZF e 8) ) AR B =
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fil R I E) R, B AU BT A T 2> DNT 2614
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FERENE B — e S R, ER HA ] 2 R
T DN, {H T 0 5L 30 490 i 5 0% g 1 40 v
P, BEESNZE . 19954, ARG T 2R,
5R-—F W R-3R,4R- —F2FE ML % k¢ (DMDP, K& 5,
15) X /N Pluttella xylostella FIVE IR &
Corynebacterium sp. [ NS B35 B A 0 &V,
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17) Al calystegine B, (K 5, 18) Xt % B HAEY)
R (KT RSB SRS 22 4% 8 %) (13
W35 B AT PTG, (EIX S b A Pt KRR R A%
S5 LB A P 1) T S W T [ A L A A O
(% 3), XERWREALEYERZ 241, 2003
, KREE (K 5, 19) M 6-0-a-D-7 % b H
(B 5, 20) i B AT 6 1 i S50 1417 1 3 2,

BEJS, 2010 4, W53 XORIA RSB A n] I 2 410
(Fn o
m(Cl) O\ o
n=1,2,3

H ©OH m=0, 1 *$,0
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Fig. 5 The chemical structures of inhibitors against trehalases
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1) 2R J 2 o P 36 S R VS ME Y. [4F,  Cardona
ZEXT 6-0-a-D-HI B 45T H0E, RILE KT
& 21 F1 22 (K] 5) X R AT B R0 SR8 $ i (1)
FENE B0 HORA R BRI S ) 6-0-0-D-H1 %
BEE (K A2 59 12 F10.66 nmol/L), {HX %5 5 i

FERERG A R I R U 12 4 VER, (—)-uniflorine A
(K5, 23) RIS IREHEY) Myrtaceae Juss. 1
T R — R RIRAEDIR, 2015 4F, D’Adamio
ZEE Y (5)-uniflorine A 25114 7-deoxy-uniflorine A
(K5, 24), FH K (-)-uniflorine A F1 7-deoxy-

®3 AU ARG EREEIIHEMERR

Table 3 Information on inhibitory activities of inhibitors against trehalases from different species

BRGNS

I BRI A

Ciﬁﬂgo?n d Insif?ﬁfjfms Inhibition activity of trehalases, &iﬂ;ﬂ?ﬁﬁf}fﬁfe Inhibition activity of trehalases, l;;j: i ein(.:ﬁfs
ICs, Ki/(pmol/L) ICsp, K/(umol/L)
5 %X 2% B. mori 8.3° — — [49]
— — J4 ¥ Porcine kidney 0.18" [50]
6 K2 B. mori 10 nmol/L® — — [52]
ARG L% R. solani 66 nmol/L* — — [52]
W2 L L. migratoria 8~10 nmol/L* — — [11]
— — J#'% Porcine kidney 16 nmol/L* [51]
7 — — ¥'5 Porcine kidney 31.6° [53]
8 — — J#'8 Porcine kidney 30.4 nmol/L® [54]
9 FUERRIL C. riparius 2.83¢ ¥ Porcine kidney 5.96° [58]
10 — — ¥'5 Porcine kidney 4.8 [55]
11 BUGIRI C. riparius 25° — — [58]
12 HEHRIL C. riparius 9.7° J% ¥ Porcine kidney 109* [60]
13 RIEREIL C. riparius 6.1 J4'% Porcine kidney 24* [59]
14 JFRIE S. barbata 55 — — [61]
15 /NS, P. xylostella 10° — — [62]
16 F A% B. mori 34 J'5 Porcine kidney 13 [63]
Rk S. litura 50° K Ft Rat small intestine 120 [63]
17 KA B. mori 25° ¥'5 Porcine kidney 10° [63]
RHEIE, S. litura 30° KB Rat small intestine 9 [63]
SEAG L% R. solani 700° — _ [63]
18 K4 B. mori 19° ¥'5 Porcine kidney 4.8 [63]
BRI S. litura 40° KB Rat small intestine 9.8 [63]
SEAG L% R. solani 540° — _ [63]
19 UHGIRUL C. riparius 0.12° ¥ Porcine kidney 120 [58]
KIGHTH E. coli Tre 37A 17° — — [64]
20 PRI C. riparius 0.66 nmol/L® — — [30]
KIGFFE E. coli Tre 37A 12 nmol/L® — — [30]
— — ¥'5 Porcine kidney 0.34 [64]
21 KNGEEAL C. riparius 22 nmol/L® J4 ¥ Porcine kidney 138 nmol/L" [30]
KIGFFE E. coli Tre 37A 86 nmol/L® — — [30]
22 RNGIRIL C. riparius 157 nmol/L® J'H Porcine kidney >10° [30]
KIGHFH E. coli Tre 37A 2.8 — — [30]
23 FUERRIL C. riparius 177 nmol/L* ¥ Porcine kidney >1 mmol/L* [65]
Wart 8L S, littoralis 43 nmol/L* — - [65]
24 RNGEEAL C. riparius 175 nmol/L* J% ¥ Porcine kidney >1 mmol/L* [65]
MRt S, littoralis 330 nmol/L* — — [65]

W T FOR T SE MG MR IE . * IR 1C fH: P RR K fH.
Note: “—” No reported biological activity ; * ICs, value; ® K; value.
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uniflorine A XN ICRINR I HL Spodoptera littoralis
T NS Ry 35 B 3 WA s 1, HLX R e
WEA e, HERMENES R RXELE
YR A KR B O R E R, HEN AT R
AN FLE AR N AT 8 25 5y PR i i 880
2.5 HAHIEE A EL 24T

FARR, 44 1-BARUBENRIE 1-piperylpiperidine,
HACE AT 1-(5-(1,3-FFF R A M -5-2)-1-
EUR-2,4- I IFHE-(E E)-) WRIE) (4546300 6).

Elo #HAMmALFERN

Fig. 6 Chemical structure of piperine

BT A PR AL B R TR BB AL &
I 2 AU R OO B R, LT
FRACH S B 2K 0L, P E R F TR,
28 3 U GBI U R PR A A A R R T
BB, XA TR 45 R R A D L 1 e S T (1
RUTECEIM TR R BRI B S AR T,
seAh, WISR A SR N — R E AT 1,3- 5807
SRR B R B Y, ISR A U BT

(6]
QWNH
YINGRIAL T Y

guineensine (25)
M. domestica: ED;=2.28 pg/H)
A. aegypi: LC5=0.89 mg/LI

29

. PG PUBEIE . R EIETE . BUREE AP
() 164 R0 FH A5 25 b AR s 1072030 RO B A 45
oy T BRI T S0 (R o, I AR SR AR R AL &
M g 2 B R ATRZ ORE . W
Bl 6 Fram, EHBU ) F EE A aEE 3 85, BRI
A (1,3-28FF %08 30) A Mk B FIIRIERS C1,
H AT, AHSCHEFT R 2 40X SRR B Al C & 77 gk
iTeiE, HRMBOE EREMEA — g & HTE
Mo DLR s AR B R i S A L R R R
H SRR B ROE M DT TR R SO R R £RR

251 WK E XD R B EEFHTHE RA
WAL SN ARZ, 0. BB, guineen-
sine (& 7, 25) 1 Pipercide (X 7, 26) %. #ikH
B, A 2 MR IR B SS AL & Y4k i e xT
A BEHE . X6 E M EH H SR H R R
HyEME . 1977 4, Su T 5 K I BN K 5
Sitophilus oryzae f%5. % Callosobruchus chinensis
H—E R HIEMEST, 1978 5, Scott S5 FL R,
SEEHBE U 3~5 W IIHR AR R 5 B Anthonomus
grandis RINF 7, H LDso HN 9.6 pg/H 1%,
1981 4, Su % AN&KH, guineensine (K& 7, 25)
M pipercide (& 7, 26) X4 E 2 A MATME, H
Xof H R LA RBEAE Y. 1993 4, Gbewonyo
SERBL, AHIBUR IR BRI 54 25, 26 A1

WNHO N //T\Q
Y%W

REEX B B
pipercide (26)
M. domestica: EDs;=1.94 pg/H)
A. aegypi: LC5=0.10 mg/LP"!

ceegnl

guineensinamide (27)
M. domestica: ED5,=26.8 pg/H19

OCT0

(30)

e ace TR canansatceanaage

retrofractamide A (32)
A. aegypi: LC5=0.039 mg/L>"

@31
o O
O H
ST
EIEJIES

(—)-asarinin (34)
A. aegypi: LC5,=28.15 mg/L™

(+)-xanthjoxylol-y, y-dimethylallylether, XDA (35)
A. aegypi: LC5=0.24 mg/L"3

pipernonaline (33)
A. aegypi: LC4=0.25 mg/LI™

SRSt e

AR i
methyl piperate (36)
S. exigua: LD4=2.07 ug/%) 22

E7 BAEFHEMHRAAEIELEEHN

Fig. 7 Structural formula of natural piperine compounds with insecticidal activity
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guineensinamide (& 7, 27) BA &R 7 H1E R
R R R R I T B B E T, Ho
EYEMBOLIEE T 00 e EY) 25>27>
26 FILEY) 26>25>271"), th4b, Akinbuluma %5
WIB T 5% LAY 25FEHMUBRTE 96 h A X} KK
% Sitophilus zeamais B . % FIBICHE, HEXS
et R RS T b=t N | | N e Y A =t /b
52 B oK G O EL6E FL R A SR S (O 2R
N T70%), Bk, SIS GV NG iR B IR
PHMEAS 2D 5. 1999 4F, Jacobs ZEHfFHT
16 ML &, BIibEY) 25, 26, 28.
29. 30. 31 (B 7) 7£ 100 mg/L N X K i
Aedes aegypti P35 BUEME, 45 RERWED 25,
26 A1 28 7 2 h Pk BUETEIE ] 100%, EREME
Y130, 31 ook HUEME, HENA] AR T L RE A
fESRREVERUIC, A SiE i B i fr S 800,
2002 4, Park SEWFFUR I G 25, 26 AN
retrofractamide A (K& 7, 32) ¥R FE I Culex
pipiens pallens 1% KBUFZR 2 I Aedes togoi
KO BEWESLEM, B0 T8, Bt
HEWT EHARB R AL S W 1 N-5 T B35 53 5 i1 %))
B E R E TR, PR R ERE, KR
WAL P o] (R i s R R 7, B 15k
— 5. [F4E, Yang %5#KiE | pipernonaline
(B 7, 33) X3 R AHise gy B iy o R, H LCs
B8 0.25 mg/L, 57 b A 3% g 7] HH 25k e g 1l AH
0, 2006 4, AR HAMAH TS 4t 5 A
SEE I, R IR I S A 4 B R R
R OO VR U ORI R TR (LCso 1R
0.368 pg/L), HEM B AT Be &1 T B R e
RGN KR RIE RS, A, HR
okt T S0 VR 8 PR I &) UKD A RH R BN A A B R
PRI 2007 4, K5 AR AT TSk il
b NG AR K B T A B XS 1 SR Aedees
albopictus C6/36 AL FEVENLH], &5 R R I HHM
Bloxst b 3 4 2R A A R 1 A AR AR E
AR A o R A 07 2011 4, Tavares
WAL, 10 g/L B BIARE RT3 Bl B 5 I
FVINFEIS. Diatraea saccharalis SRFIEBER53 ik 2 88.8%
F198.9% 71, 2013 4, {HESERTTUAR I, B
XFWEEA) B\ Aleurodicus dispersus Russell 1% 14
B BA ARG S HE PR, B 500 BE 24 70 B
FHMOY, 2017 4, Kim S50FA T RIRHIRLS

WA (—)-asarinin (& 7, 34) I (+)-xanthjoxylol-
y,y-dimethylallylether (XDA, & 7, 35) X% (4 )
IS0 BRSPS 3 WA U R U, 25 R B IR XDA
X PR i S 4y R o HUE P34 5 T (—)-asarinin,
AN ISR R o« (EARVE RS, XDA Xk
8, RSP B0 A P A A I H I 2 R R (L Csp=
0.31 mg/L), RHIZA A5 IER R 5 HEATA HLBE
Fook B HA AR FE A HEAS BhitE, a1k
AR BRE— 2Pt 2021 4F, Akinbuluma
SEE TR ILEAR . BHARER H R (I 7, 36) Xl
SER W Spodoptera exigua W% LK) LD, {8 771
N 0.42 pg/HA1 2.07 ng/H,  HIXFALA Y5l
KR4 AR N B R TR BRI . A IDE T K 2
R 2 T 5k P 5 A 5 O Tl 11 A, LA 2 41 1)
PR,

AN IE, RN AR f ALY 0T R B
By ERR. B, FHL TR A
Z AR E B R B ONSEE R, N AT
AefE T B HUR PR 48 22 0 B L 1k P 1) i 25 A 1 g
UK H R g, H 2 H R B E A R AR A
BEPENLEIA AR5 J5 SRR AN FE R OGTE

BT RN AR S LR A A T () %
W, BRI G DU O e T, JE e A
HUE R I, Vi 2 &5 KT R SHAREE L)t 2 3
O RS SR 2011 4, AREEHRIE T —J5H
WA NGB K&, Hrh k&Y 37 (K 8) £
150 mg/L | X$%h L Mythimna separate WEIFEZIA
£ 66.7%7. 2013 4, Qu Sk I 1 SHARBH A
FAEY) 38~40 (14 8), FLAE 1 mg/mL FXSZ HLA)
HILEIL 60% LA L, TR R IR, 2015 4F,
Qu 55 X I EHARBRE 9k 7 2R A0 S 4 41 F0 42 5
HEA R R R YE, HAGE Y 41 X £
TRk e Pl L AT R R R P 2018 4F, Yang &5
WA I, S S e /b e i = 248 4 15 AU SIS A
G 43~45 X/l B B3 1) R R, (A
Fh R BT ) A KA HE ™, 2020 45, Tantawy
EA R T — RAVHR R RS,
th &) 46~54 (4 8) 7E 0.75 mg/mL T 4R35 FE I
Culex pipiens FKILH RUFHI R RiGHE GET- RN
80.00%~83.33%), LT % T WIBUHRA X IR i 44
e, BEAMZBE AR H AR 0 RS )
TEAESEAR 1] BE A LB NH KBS (acetylcholinesterase,



1028

K EE R

Vol. 24

AChE), HiZEMEWH RS E C-2 A E B
B oo R dOE M p E R B oG E R, i
b, A VR A I LSRR N 2 2 Bt IR A R T
ZATAMEACE YD, FFIEE KBTI R OK S
Ostrinia furnacalis J1T Ji B T HA 52 J0H15E 1)
FARUCE T M N R R & (B 8, 55~60), HXT
M F RIS LT ST T RS0, K AT 1.03~

o |
<zz©@ﬁg©
37)

(38)

0 XN
<0

(41) R=(4-CH,CH,)Ph; (42) R=(4-Br)Ph 43)

Sy~
NO;

2.04 pmol/L Z[8], W I 1 XML #H FKIEJL T J5t
Filg 1 A0 LT )50 G b stfe L 400 ) 3 1 1 A RIS ot A
I BS54 A9 (Ki=0.2~0.67 pmol/L), Fi§HiiX
PR AL A 50 T KR A % R PR R AR KR
BT IIRE, AIAE I AH Y R AR K T A
S FAEAR R,

i

(39) R=CH,; (40) R=CI

o-N, 0N,
JR \ )
i o NN ‘D {’_D\\\\ CDR
[0)
$ .

(44) R=F; (45) R=Cl

(6] 0 / O, o O
1
0 N NHNYR 0 AN N/Nv[/) o S SNAN N O
€ 8 ¢ i { N
o o o

(46) R'=H, R>=(0-OH)Ph; (47) R'=H, R>=(o-Cl) Ph;
(48) R'=H, R>=(p-NO,)Ph;
(49) R'=H, R>=(0-OH, p~(CH,CH,),N) Ph;
(50) R'=CH,, R'=(p-NO,)Ph

A

o O> O
X N
<O j@/\/\)‘\g,l\]\\‘/@[o <Oj©/\/\)\g X
o 6]

(53)

49)

(50)

(54) (55) R=H; (56) R=Me; (57) R=OMe;

(58) R=F; (59) R=CI; (60) R=Br

8 BEARDEMHERAMBR I FEEN

Fig. 8 Chemical structure of synthetic piperine analogues with insecticidal activity

LR EPTIR, T WIS H TS R 2 2R
WEDRIL 82 MR B0, HBUA BT T4 R
R WAL AL & W0 (0 1 4L A5 RT RE Dy £ IBEAH sl
BelE. JLT M AN SRR S, (HADRR i — D
FOUESE, PASEELNIE T It 3 s AL br 45 M I A B
e ROk BT T 4R I 2 5 s g S i . LR b,
T EIRWEFAIR, AR S S R BRI 1,3-
FIF AR A B FIHREE B &0 X SRR AL
EPHR B B, T C AR IR E P 2L
XA A R % R RS RN, (ESTASUR 4
SRR th i 0 L (1 9)

2.5.2 WA B A0 B R T R AT R
BRI AL & W Bk BAT D057 1 % SRS TR A, g
8 BAT I AR R RS T 2001 4, Lee 55

MEEXE sz 435 1 pipernonaline (K] 7, 33),
FAE 1 mg/mL FARER B SLAE 22w BUw
YW Phytophthora infestans /N2 45 95 B
Puccinia recondita W B RN E 351558 71%-
35%-+ 91% F1 100%, IS8 Z4k &9l 15 AT
KRB IR AR AP, 2010 4, Mar-
ques EMNA T AR . piperlonguminine (& 10,
61) fl corcovadine (& 10, 62) DL & Ak HIEE %S
A& VR R S5 B 2 BOIRBC U Cladosporium
cladosporioides X ¥k K #1 B Cladosporium
sphaerospermum W BRI B IE M, 45 R R IX L
BA BSOS A G W00 PR PR s iR B 35 LA — e
BEYE, BMBOCRIIT A KRR, BAXHERE
75 B IR T R I e 5 4 o SR AU R AL S 4 ) R
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B R E fL ot g, XS

SRR, AR EG A S AT 0 NN R
The ring of piperine stabilizes the chemical structure <
and is beneficial to increasing insecticidal cativity (0]

SR T 0] 7 1 AR T

WIR I A 5 535 R Atk AN A A
The ring of piperidine is not necessary
for the insecticidal activity

The conjugate plane is important for insecticidal activity
9 HAMEEUAYSRAEFEMRAR

Fig. 9 Structure-activity relationship between piperine compounds and the insecticidal activity

piperlonguminine (61) corcovadine (62) (63)
W (0]
(o)
< 0 Cl 7 / \
N N 0
Y N
\ 7N\ <O:©\/\ SN y ( N
N = N o
(64) (65) R=CI; (66) R=CHF; (67) R=CH, (68)

SRS j@““ii

(69)

(70) (71)

E 10 EFREEMHPIEELEYE

Fig. 10 Structures of piperine compounds with fungicidal or bactericidal activity

BEIETEROCEHE T, 2014 4F, FHEWRE 17— FP
TR IR B A, HR A 63 (K] 10)
7E 50 mg/L | XJ 1 2 # A% B Sclerotinia sclero-
tiorum A JNIK B4 B Botrytis cinerea ‘7~ K
G E A RNE R [, T E RS RIE T RS
BAABOA I Sl e &, Horp k54 64 (K1 10)
1E 50 mg/L X /NEIRE R Fusarium graminearum
FMEAL I B B Phytophthora boehmeriae [/ /A4
HRAIER] T 90% LA S, sk, XA S 5T
KITAREL SS9 65, 66 (] 10) 7E 2.8 mg/L
ORI B AR R IA 2] T 100%, AR R
5E, &4 66 1E 0.9 mg/L T KRG 1 ik 7] ik
7 80%, HALEW 67 X /N2 VB A Blumeria
graminis. ¥ JNFE % # Pseudoperonospora
cubensis T L K5 H Puccinia sorghi HRIH T
T ) B AR B VRO . 20204F, v DUBH B
R F, AR HAEE S ARSI R 5 G R T —
RIMLA) 68~70 (K 10), HAba4 70 (B 10)
Xt B 25 B Phytophthora capsici FVEH 25 55

J# i Phomopsis adianticola #ZFRILH 100% El’]i‘fl]%u
T, m%%% TR (41.88%) A%t IE % 1
(34.27%) ¥, R4, KilH &TmmﬁW%&ﬁ
igasty/p /\E{WC,A#@ 71 (] 10) X 540 55 A% 1 B
Alternaria tenuis WA B IG5l & T BH XS R
Z R, 2021 4, REEFFEATF T EHBEAE N
AV R i R, R R RO BT G
i SO KB AREW . RIE &
W SRR R EER S 2 M RAEY
FHo WHIERE, AL R AIRE. Lk E.
Toi5 JFTE A FHIRE AL, AR NI R B A i A
EN Rl R L

B2, SRR AL G R R A s TR 3 B B
W EA —EMARIER . WE 11 P, R
RAONTR, SRR 45 8% H R B 1 T Re g
B, AHMREE TS 4 5 o T PRI ¢ RAEAS R A
WA B 22000, TR IS IR BE FA 58 40 AL St AN S 4 2
(), XA T T AR R i 5 4 g A TR . ]
52, H AT ISR S A 40 B ) 23 1 LA
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The ring of piperine is important #===—— < The ring of piperidine is not
for fungicidal activity 0 necessary for fungicidal activity

MREEAFAEXS SRR T BRI B TR B3 T ek T

The chain is important for the fungicidal activity against C. cladosporioides and C. sphaerospermum
E 11 $HAEENEMSREEERNEER

Fig. 11 Structure-activity relationship between piperine compounds and fungicidal activity

AR DL RIE A SR R W0, X2 2 T WA
Bl AR B 2R A5 A AT 1 — 0 5 BT AN B0 DAY
B VO B30 B I P S . (R, R
IE E P 75 o BB K% EL S AL 1) A P AL A 3 AT
IRANHMBIETE, D TT A AL 1) G B HL T AP Dy RE
A e P RS A 15 ) B SR B A i

AR, WHABURR R 38 21 B SR 7 AT
SRR, AT TR W AR R 1 0 o3
Vo g8 FEE R A )R P R S A M O DR v A R
FEFRIBT AL, 2018 4F, 555K BIHURAN T 2
MR 3 ¢ 1~1 0 1 BEAT B RS HI5 1S ROk
TE A N FR AR 6 R T ) B A IR B 0 A R
WIBT R, % R AT AR s AR JF R Jr —
I V. Jie 24 3% T 7107 A 0 24 1 ) SR R R B VR
BALH ., R, EBFIEKY] T S E
I R e 184 252 I Y 3% B 7P, T SR TR A O B
KEFIIBHA T, ZERAPAEE, HiEE#H
B AR AL S 2 7R e I v e (0 B, A o — X
R R RO B A AR % 77

ZrERTA, IR CA 2 B0 A L S
50 I 1) ) A T LK 0 1) 7 3 A
LI, . SR SR, Sz et
AN 2 B () T VERE S . B A PR AL 7T
R EIL 4 TR A AU SR A 5 42 A1 D T 5 30 1) 751
BAs e ETam, AERNSuEEmE,
HERIU AR QS (ERATTT.

3 RHESRE

AR, B AL PR R, JEH R
R 2GRN K R R E,  AROp HUE R H
w T E . R E KRB AR, SRR U2
RAMITTE, BAEKEAG AR
Zj, CE5IE T mER 3R W, RE. Jutk
A FEVIBERSE. B, SREFHRR G
It X BT #E b 45 R HEAT & BRZG W) BT R MR R IX —

] R 2 T B HEERAE R AR TR
A, ne RBEL R, JESEYIEAN HRE
HEEREY I, I HAERN A F AV
W LB IR N I DI BE AL ZE 5, IR AR W T il
AR D 2 4 AR O R B T R AV AE #E bR . H AT
BR T AR P v R W A A R A, AR SR
VIl R DL BT R R T B i T o, ELRE
B BOR A E R KR E, AR R R
KT AMEIL S T BRI S BA 2 HK
A&, HIEE S, difdusasm R, wLol
i IR iR U AA TR M AT R . A SO 2k
T8 R R G S AR S5 A . Bl 55 TR A ) 5 4 Y
S G R T A AN A0 1) 1) ) 22 ) A0 AR D P BE AT
ERIR,  JUHL ORI AT Dy T A U S 410 41 7R £ 1 A
Bl S WA T ZE D, 309 58 Do 2R W el
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