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WE: IFhd L —£4 R, AR RARBYR, ©5 LREEZITEELR AR T 548 MDA 5 #r R %

BT B Ao T o o A R E ALY 0 R e SR B — a6 AR Rk, HAAM L BB R AR 20, KA A
AR, T B AR AR 2 A B A E IR XS TEAR T AT Bk BR R A IR SR 0 FEAE R, A T A
HAEF 5T B EC B EAE, oA SLEG K. e leAp b ST R an A KR R ARG . RIS R BT B
RGN RITAFRRRIATT 4738, MR T T F A BT B9 & RES A . I-T i M =4 eh Z A 3T b
BT B A Gt B kAR R E 49 B A4 R Fe G B AUE) BT 6 Kt 5 A ARG K A& STAT B RTIZARSAT R P AR

0 FLA A B A Y AT T 338

BRI b BN B AR T A AR ST ASLE ) AR R AR

1 FFRE-EFTFHARZNEN

¥ (glucosinolates, GS)& — 45 F 1t 1%
2T+ 546 B M IR AE AR 7= P (A gerbirk A
Olsen 2012). F+ 5 H AL &P R E5 4 B ORI
T 19565 (EttlingerflLundeen 1956), 19614F“gluco-
sinolate (FFF-JHT)”— 18 H X B A, 124 M1k, B
JE T RLAII36F0AN [F] 1) 57 1 H 4544 (Agerbirk Al
Olsen 2015). FFF M FE M T HFLHM16
AR, KR AR AR
TEEZ, RHETFHERT R EEEEY &
% (Fahey%$2001; Clarke 2010). JF i@ H
B-D-Ti T % Hl AL WAL Ak A DL AR R T 2 A PR
PN B 2 s o IR i 0 1) 20 25 B SR U mT AKE T
T 23 R TR T ik (B SRR T AR 2R
WA WAL AR R ER) 75 FIGIT
- (U R 5 T 248 T 2 IR R T 2 R ) AP Mg W e
Tr I (B R T L% BR) (Reichelt®52002).,
Tr T E A Bl WA BN AT TR, 7 A
BT T B AL T 20 R 1 2 Bl LA A B 14 AR
W=, X LA = P E X B REAPE S W) I 2 Bl
A PR 7 AR R kS 21 B A B (Stotz 552011
Calmes%$2016; Dufour$2015; Tierens%$2001),

B-TAACF AT HE I, XFR 2B FT T (myrosinase),
RE ML TT 7l B PR A%, T 18404F & X4 JE (Bussy
1840), J& T-HEE /K il AT (thioglucoside glucohy-
drolases, TGG) (Rask%$2000; Morant%5$2008). 27t
TGRS AR E, I DAREORE B A ) SR AR B B
T XA AE (ZhouZ52012; NatarajanZ:2015). AN A Y
T B A [FIAE DA R A 230 A7 P TF 5 g 1 3 12

AR, JEE GO, FEFR R4 i SR T B
WM (Lenman®51993) . —Fh BT 7 Hig ml DU
2 P 1 ilE, (HAZ AR (Bernardis$2003).
H A7 S AR A e I ORI T 74 g R T
FHE R, A TGGIMTGG21E# A Rk,
i i PR PR T Il 0 AR T U R S 1 ek AT g I
HETF T (Xue®51995); TGG3MTGG6 AR IR
(Zhang%£2002; Andersson“52009); TGG4FITGG51Y
TEMRA R Rk, I H SR EKRENA K
(Fus2016); i&A PEN2, &%l ) BT T RERE G5 /)
FFE S| e i 5T -1V (Bednarek A10sbourn 2009)

TS BT B R A R A R R
Y-l 548, BIIr 7l - BT 1 & Si(gluco-
sinolate-myrosinase system). 1% &4 A N+ F
TERHEY) E E BT R S, B AR B89 )5 i 12
G K BN B HOm W 55 7 TG B AR F (IR SCHESE
2008; Clay%5$2009; Mullaney 2013; Agerbirkfl1Olsen
2015).
2 FFHERETTFERE LR R E L

BGENC S T N e e R e I Bt L ¥ o B N |
() 4 B B3 (] — 20 L X AN R DX, T Bl T 1 T
(mustard oil bomb)”, 4452 B A 5 (A0 €475 5L
B R, I+l PR R BAT ARSI )
&1, ML 24k 5B 18 /E FH (Koroleva®$2000;
Andréasson%$2001; Husebye%52002). A, F+F
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T - BT Tl R G 1A G A DA S A7 B 5
B 3 DA R
2.1 FFHENERED T

ANFEFPEI T S AL A A, 8 S O
W, USRI T IR B A W) B, IR DT R TT
T BB BCPE A 5 8 AT Rz # (Mikkelsen%$2000;
Chen%%2003; Tantikanjana®$2004). T 7% il
(A7 BB AL, B RTAXAESL R I A ki, 1l
FEMAEE SmISH i, S ITE R
A, W A 130 mmol-L, iX SeSE i 2 BT
RIS RSP K (Korolevas$2010) . {H 72
HoAh P Fh 2 5 SR I — A Re S A R Tt 1l
H IS MAFAE =45 WA RIE .
22 BFTEMNERES T

FLYE 18844, Heinricher S5 sl 75+ e RHEY
HORIIL T — SRR B B S R A M, XM 4
TN SRR R S LS, I B4l S AR
b 5 AR I 4 i 22 5 W S, B S Guignard (1890) &
AT 3 EARAE TIX M R A, FEAEX F
tAE BT T BRI A0 A 44 - 4l (myrosin cells).
Ja K BT TR E R B - R R GUS (B-
glucuronidase) /7 ¥ 1E B 22 57 1 B 10 A& i 7E 5T 1
gH A b, JF H 20 A Y R T e A ORI AE LR
T AHE DL 1B MA B TE AR . IR ST T 40 i
W HIER . 25, )R W) R R i
[f1] S M- Al H (Bones flIRossiter 1996; Kissen:2009) .,
bR 7T T4, BT TR R DA R EARAE
(KellyZ£1998; Andréasson%5:2001; HusebyeZ$2002;
Thangstad%5$2004).
2.3 Specifier proteinsf{ 437

tH Fspecifier proteins R G 75 B IF-F By FI I+ 1
AR LN A B A A EE, B CLUEAT A 7 2
9 1 B 1T 5 A AR AR T S I i el R
I+ Flig A3 (7] 4325 . ESPA&specifier proteinZ8 jif &
2 MEAN, Al TESPRIE T L EH
3. ESPEEME IS5 HAESHA K. Ler
(Landsberg erecta) 440 7 FESP J |- 56 42 73 Afi £
BRAEZ SN T b B3 B IR R, A I 2B I A7
ET 2RSSt . Cvi (Cape Verde Island) #4405
TFHIESPAALE T IS . WS (Wassilewskija)
T 0 B 5T FIESPALT- 5 NSP 1 AINSPS— 2 /7 76 T4

P4 F (Burow452007; Zhao%52008). 1 H At f
Fspecifier protein R B LAIA K. HHEY)
T BRI (a0 B L) J, AR IX LR E AL E B
ESP2: 5T+ LA K BB TT T IR A, AT s20e 7F
T R SRR
3 T FRERRRRAIN S

T I I AR AR SR R I AR, R AE B
B Mg W SRR 1 DL, AT BIR, 14
b R E i 1 S 5y SE R 7 I e R &1
560 R AR AR E HHE I RS (aglycone), SR )5
B0 o R A AN R0 . KR AT DA R A
FEMar N, 3l AR #h(thiocyanate) . 5
fift FUL £h (isothiocyanate, ITC). fi§J(nitrile). IFHR
Jif§ (epithionitrile) Al M 2 -2-1ifi il (oxzolidine-2-thione)
(BonesAfliRossiter 1996; Petersen%:2002) (1), LA
ITCHE . I FHERETMRMUNHEEE
RZ, FEAFE: (DR R B&(EH, iR
JEEY KT IRINE RS T . BlanfE A Fe® ‘BipH<
SHAET, B MIUIE N E, P PEE T
T FE S50 RITC (Tsa0%52002). (2) Specifier
proteins[{Jf#7E 575 . Specifier proteinT- 197341
W W (Crambe abyssinica) b4y 2 H ¥, v 44
N FE 2 KR B 2 A (epithiospecifier protein, ESP),
ESPHANE AT+ I B RGE, (HE RIfEEREE
BETF I PR AT BRI TCER Y, YRR AL B Fr
WG4 . M iEspecifier proteins {7 1E I T+ %
=R AR 43 i = 2 nitrile-specifier proteins
(NSPs). epithiospecifier proteins (ESPs)#thiocyanate-
forming proteins (TFPs). NSPsH] A #EA [F] 2554
HITF T 1 T R, ESPsAMYAR E 57 1yl
FSCERLIE, 3 AT DA S 0 A B 55 A OB P %
TE R i i (Burow242009; Kissenf1Bones 2009),
M TEPsFR & 12E T 1l T2 B 5 i 2138 mT LAJE B
ACE R £E (Liithy251977). 46Kk % Hispecifier pro-
teins ¥ A {R <F HIFe’ "45 4 AL £ (Brandt&52013), Fe™
Xfspecifier proteinsii 4 £ E . MESPAELERT,
BT R I AR A Y I NFe® T L
4 8 B 1 2 U D T T C 1) R B 34 n e Ath ™= 4 11
TR, RFF 75 B S A T
AESP. MHETT Pl B3 FEE. Fe’ ARM
A PN BT B0 71 P aA I R 2= 3 inITC
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Fig.1 The breakdown of the glucosinolate and the role of its products in plant defense

ITE RS, T HART= P & B AR, PR A ™
W) s & 3 hn(MatusheskiZ$2006; BurowZ52007;
Kuchernigf52011) . R4 1 LE10E 48 HE I AN 2 J8
I+ T B4 B A 1, AR AT e e — A AT DU ST T
T A R P A SR ARTTC 284 57 (1) il (Wittstock Al
Burow 2007), {H 2 1 -F- 8] P M A B AN RS E 1,
B0 BAHR, P B 24 AR5
FEIX FLIETT T E FEAE =1, ITCX s 5
R RSB R m M E M, AR S A I Tl
TEPI EZR &4 SR1, BT specifier protein
(IAFLET T B S A4, AR/, H
BIE 5 —L T B R A HE (Burows52006) .
HB- A specifier proteinff) = A fE AL E B KA 4 =
X We? tHY)5 B AR RAHEAE <5 R E R
B, IUAE— e e Bt & L S TTC Y fig
BEAE), HBITCW G| L &P B HUo il bk gk A7 X
BN, X RE Y8 L 7 A specifier proteindil />
ITCHITE s ek /b b & Bk B A g 51, 4 e 9
RINE B SR W (Pieris rapae)s=1E 7= AITCH /D>
MR NER 2 MY B DR, th4h, XL

G =AW 5| et 1 B R R O A AR I A,
KT A B R A B B AR P O I R
WK 25 B (Mumm%:2008; Heil 2014). ] I,
H R specifier proteinifs 577 A [ FRIEL A DA BEX:
Hf B AR, (HE T DB D 5 & ik
F AR 5 DA R 51 R BOR AT B (B 1) . |
IRl WL, fER S R R IR E A R R, e
SR T — BN RS RS . ¥
fiEE =W 2 FEVE R B AL T 2 kB, T AE
YIAEAS A R EREE B S 2 A AR 3
4 FFFME-BIT TR ELS
4.1 HIEMLZERRTE

PRI FR AT B S P AR ITCH A
AR SAE, X R R, SR, Lh. B
B T BN 1 45 35 5 M (Tierens%52001; Agrawalfll
Kurashige 2003; StotzZ52011), +£ Z 3K R AIITC
256 T B 19 A 1 7 A £ THT 52 Ml (Calmes 552015
Dufour$2015). TEARSMRIRE Y PR N A= 0k 78 2
R T LA E ST T I B AR AR IITCs, AL FE I
PIJE- (allyl-). “EJE- (benzyl-)F14- B JE P AL T
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J-(4-methylsulfinylbutyl-)ITC, & X Ee4b & 4%F
2 T AN LR AR A S AR B T2 LR T 1% (Tierens
££2001; Sellam%52007). #H bt 75 Especifier protein
A ReE R G R E RS, ST FmEEZS
BUE N S FEARARRITC, H2FEER /DK H 4 350
(0 27 A T AR LS5 2 s A AR Y B9 DT
JEIT I PR AEITC, M IT 52 e A5 4 5 27 A2 B R AH
‘H.4F F(Sonderby%52007; BuxdorfZ£2013). [ 7E
myb28 (KBEAEGRE T+ T H & B3> Mimyb 29
(DL B T 1 i 1 2 2 ek b ) AR AR DL B T (1) i
AP R (Sclerotinia sclerotiorum), X Fimyb28
FEAFAR N A% B TR B R, AH myb 295 A8 AA NI 3% A7 B
WARA . X Ul B A [F K R I TTC ] e X Ji
RN R e N i I S5 =911 B e s RS )
AL A EaRm P . MRS S2ES IR BHITCX £
B TR P IE 5 I0 B K B T A %, G v 8- R 25 I i
F o7 (8-methylsulfinyloctyl) ITCHH % 4 B AE K1)
M BE J1 ok (H 2 K BEITCHE A A A% 2% 18 1)
PR AE 77 9 B BN HAth TR 5 A 3 a4 s B A
P AN 28 (SenderbyZ52007; StotzZ£2011).

ITCER 1 X3 J5 B F= A Ak 2 Bt Ab, At m] X B
SE S WEAE YD I M B T AR A AR PR A
PR AT DA 5] AR RE ) T 1 R )
R, T — L8 g 7 e v -l B AE N B 2l e i fa
o i = A R W - 2Tt ] ] 0o g L sh 0 A A T
E A (Mumm#£2008; Heil 2014) (E1). &2, 751
THUHE B B e = ] de ek AL SR iR PR 2 P R
9o JiR B M B BN = A B AR 2E B AR R
42 FFSFKHA

TrF I AR B TR BLdE R B B AL
YRS 5 B A, 25 REE
W3 i RS ) S % ok 72 (Bednarek 2012; Maags:
2014). V2 ORI AT EE R EARAE R
FF A ——SFLAR SEIRHAE ) e ) B SR G, (R e R A
A NAZ AL A HLI B A R 2 ) AR ~F
F S B 2 —(MelottoZ52006; ZengZ52010).
FTFEETGGL M I+ r PAh & ERFEN
WA —, fEiggl tgg2 Wk K Ik H, ABAISR
SAFLRHAMIEFEZ 2] T H01](Zhao%$2008; Ahuja
£52016). BE—2 BB FUE I SMERIITCsAE 8 175 3
SALAG, HALE S A B H Ik (glutathione, GSH)

AR 2 YA % (Khokon%52011; Hossain%$2013).
A8 IDEH TR 2 M A Ak PN 44 R 2 e AR A R B A T 1l
() E B A, AT B S P 4 (reactive oxygen
species, ROS)4 &2 S 1A N I S Ak J5 it 72,
B ZH O FE e P FE T (AnderssonZ52015; Johansson
2014). B IHEHMGE AT DUME NS ALK AT ABATE
S AR AT, e e PUE PR ROS
P T A ABA TS 3 AL R AR A2 (Munemasa %
2013). BFFERIITCsT] LS 4 B8 H k4 &, il an
— S PR H 4 T DUB I ITC S 45 e H ik
SR AR BRI TC I 8 M (Schramm 2520125 Jeschke
22016). ITCsilt SAMHIKZ A, €1 TROS
[ Az, T g1 R AL R P (R
43 FSHEpRIEF MR T

TR VR JER AR - A PR 008 B 5 | R R U
M. (hypersensitive response, HR) W& 54+ —F &
T ELOR 53 R S AL, AT 51 R R L A 4 AR 1)
T FEPEBE T (programmed cell death, PCD)J: Hiik
FoAt A7 AN 42 B AL 2B S5 B2 (Mur$2008; Shah
2009; Coll&52011). HfF 7L W F it L E L
DIHRIS JIg U 1 55 M (4- H R A 4 T 6 971l
P& =13 b i & (sulforaphane) 2> # B il
H HAaz SR8 175 3 41 Mo 2 7 PR T DL S 27
T IR 7 81 S B (Andersson®$2015) . 7E55 i 2 6k
KWitggl tgg2 9 R MImyb28 myb2958 454 b1 Ff
AHEE E AR T A BRI B (Pseudomonas syringae) FI &
9 3 3L B B (Hyaloperonospora arabidopsidis),
23 R IAK P o R AR A4 35 2 I H il /D BAE 3R A i A
AL T % (Andersson®52015) . 1X 3% BH JIg 1 e
IR M= YITCsS 5 THRILFE . W 788
R Ipen2Hpen3 FAZARINFG T+ EHE T A5 B ol B
IR 7 8 i 2L 1 A R R S s S HR IS A2 .
PEN2 73 fif W | Wi J 5% 13 5 1 PR 18, 1TTPEN3
S HPEN2 )i (1) 7y ia 2 48 L 41 (1) 244 (Johans-
son&E2014) o P HE I Ng e e 5 ol PO A
Y2 5 7T HRiE #2(Zhao%52015). TiITCs{EPCD
o AR A AR F AT R A e 9 A DR R B s
PLHI(EI1) (AnderssonZ52015).
44 S5RRRZER

TS 57— A DR S IR BT 481 5 2 i IG5 1 A
R, W 2 A e B 7 AR 5 B I A B F R (EL-
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lingerf1Voigt 2014). ff 5.3 B W TF 13 7 (1)
RS S T f1g22155 T v 20 B Bk K s i AR ik
#2(Bednarek f10sbourn 2009; Clay%£2009). 7£ M|
W TR T e B LA 77 A R K ) P % e SR AR A
i flg22175 5 I IR ot 28 AR I N 2 43, 17 A DT R O
U R HC R AR 7 A ) R 2 ) A AL R 2
X SR M AE M S 1225 75 v JF G BT X AR 2R 3 22 32 05
W T8 I 3o A RS2 e, T DT R T 1 v R
JF AR5 P AR SR AN T 4 H (Clay 552009) . HH14-
HH 4 -1 - 3 - FRE 13l 1 (AMIB G E Pk 5 f1g22
PR AR R AR R 7O E . 2B
WU R L IR AE @22 75 3 10 IR o AR S0 7 ke AR
FIHI R 4MI3G Y B 7=, e e fét 7~ FHPEN3 24
VRIS S 2R SME T S IR RIS 590
-, (B 2S5 KA. HILA] WER 7 IF -+
T R A = 2, PEN2FIPENS tH 2 PG R AR
O HUIR SR AR BT 75 B (Clay%52009; Luna%$2011;
Fuchs%52016). A HIF 55 < 5] e 15 5 1 il 8 %
fEr= 25 7 e AR AR s RS AR, AR
W5| TR T E AN e R I R AR B LT s
SRS ICT B AR S N 22 2 A (Millet552010), 3X
LEBIF 50 25 AR B, Wl o J 7 1 i B ) Rl LA
YE il kAR BT RARLEI MG 50 7= 5%
TEHUR MR BB D).
5 T FREATEARENNE

T DA & EA R — A,
EEYFLE R BN BT Tl EN & a2~
[(McGregor 1988; Petersen42002; BrownZ$2003).
XM 7R I 30 1 °] DLAE 50 8 2H 23 5Lk AR B i, i
W9 -l T I s S R T Tl R ok 72
%47 st B2 (Maruyama®$2006; Ahn%5$2010). 400
TR S Bk 8 A A4l kB R R T
1B B 2 2930%, (HAS[FFRE 15T+
R R R AR Y, X 2 B I I ) B A
TEAERF ek, I X P 3 A R S 1 1) B RAE R A
PIASR] K & B B35 o] W52 2l (MceGregor 1988; Pe-
tersen5:2002; Brown%52003), 4k, I+ Tl 4
R S o = e SN =8 Y T S S A S e: =
R PR M i, HAGE () 1) B 2 S 8UT T
& KRR, 1 E RS S5 IT
HEY A i in(RosafliRodrigues 1998; Huseby%

2013). 1M M TEH Z MGG LT, BT T
(G S KPR, JF I B2 B, TR
AT P R B AT TF T
HRR 7 R LA AL 22 B 4 5 A1 B U AR
fifi 77 PE (Hirai%52004; Falk%52007); T AE N EY)
HERREAAGRADREFR TR —, EIEHEDN
AREE KRR A BRI, 25
RNV 2 I E BN . 2B B (cysteine,
Cys). HHi % 2 (methionine, Met) /& & 1% 8 A J5i 1)
W TRAFER, 7L AR FIEE & Cys. Met
B S (Tab%2002) . P ] BLE I 1ol
AR A AR I, L BARIR R 5 HoAh
YIRS R B S5 R CRRCH2£2007).

6 NEFIRE

T BARRARN & B RR M — 2Rk A
U F=H, AH R TF 1T B 7= 0 1 2 B 1 D A
VIRt T 1R 2 oA AR FEW Bk 22 T R e &4,
B TIME-BIFTASS S T2 Y 5908
MEAERERE. ARSOEITF Pl - BRIl R 4N
W TR R . AEAE Y P B B F R LR AT 43R,
DUHIXS TP T - AT TR R SH R GURAIA
W, HRARTITFITFE-BIF T 0 R ST 7Lt
5%,

24 Nk, KFIF - RO TR S0
FOLEG T — & kR, (B56 1R £ 77 1 1 )
FRANEL T i o 101 S B 4L 4L B R TT T I I
BRI B FIESIAERE. HAk, Wk
WG T ¥ LEAE PP B ok R (R A N b e
e, 100 A8 W7 I 3 73 E DU 5 T T TR
BUA 2 F IF I B Th e O 90 E B R A
FENE Ry, o 37 7 i S HL B A P I AE AR
Rt b o IF i R E NG T 0T
51 R AE 25 B 7 A R N ) I AR IR IR AN e,
FHUHIEA FRRANIRTT

BE 3k
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Recent research advances on glucosinolate-myrosinase defense system

ZHANG Kai-Xin, ZHAO Hai-Yan, LI Jing*
College of Life Sciences, Northeast Agricultural University, Harbin 150030, China

Abstract: Glucosinolates are secondary metabolites containing nitrogen and sulfur. Together with their hydro-
lase myrosinase, glucosinolates provide a specific defensive mechanism in Brassicaceae order. Glucosinolates
and myrosinase are harboured either in different cells or in different compartments of the same cell. When plant
tissue is damaged, glucosinolates come into contact with myrosinase and are broken down into a variety of bio-
logically active metabolites. These breakdown products are demonstrated to be very toxic to insects and patho-
gens. In addition to direct defense, the glucosinolates are found to be functional as signaling molecules, and ini-
tiate other plant defense pathways, such as stomatal closure, programmed cell death and callose accumulation.
In this paper, we summarized the recent research achievements of the glucosinolate-myrosinase defense system
and the several important aspects were reviewed. The biosynthesis and distribution of glucosinolates and my-
rosinase, the diversity of glucosinolate breakdown products, the defense mechanisms of the glucosinolate-my-
rosinase system against insects and pathogens and the relationship between glucosinolate degradation and pri-
mary metabolism were reviewed. Open questions and future perspectives in this research field were also
discussed.

Key words: glucosinolates; myrosinase; degraded products diversity; programmed cell death; stomatal closure;
callose deposition
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