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Production, toxicity and biosynthesis of ochratoxin A: a review
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Engineering, China Agricultural University, Beijing 100083, China

Abstract: Ochratoxin A (OTA) is a secondary metabolite of fungi such as Aspergillus and
Penicillium, which contaminated a variety of agricultural products and feeds such as grain, grapes,
and nuts, causing serious economic losses. Moreover, increasing studies have demonstrated the
liver and kidney toxicity as well as the teratogenicity, carcinogenicity, and mutagenesis of OTA,
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which poses a huge threat to human health. Although OTA and its derivatives have been studied
comprehensively in terms of physicochemical properties, the synthesis process and regulatory
mechanism of them remain unclear. This paper introduced the physicochemical properties and
toxin-producing strains of OTA, reviewed the latest research progress in OTA contamination and
pathogenic conditions, summarized the limit standards of different countries, expounded the
synthesis mechanism of OTA, and finally discussed the future research directions. With this paper,
we hope to provide data support for the risk assessment of OTA and provide theoretical reference
for the research on the biosynthesis and regulatory mechanism of OTA.

Keywords: ochratoxin A; limit standard; regulation on synthesis; risk assessment; food

contamination

HL[# 1 2 (mycotoxins) & EL & (fungi) = 4 1
— R ARG Y, SRECA B A 22 (Food
and Agriculture Organization, FAO)%‘% TR
TAER A 5% T% M | TR R 7 ih 2 5
R E . 25%M R VEY) 52 3 5 1 5 = 75
el 3R EAR A vpofis 5 J5 ™ B TR i R S
Wy & 75 Hh 8 7% 2 (aflatoxin, AF). KRB M i
(zearalenone, ZEN) . Wi & 25 Ji& 4k J) & 1 %
(deoxynivalenol, DON). %2 % (ochratoxin,
OT) Ik B 7 & (fumonisin, FB)25, ik M Hikil
fIE AF, OT. ZCHEMHFHRABEFTHER
(patulin, PAT)%% . [AR}, ELEEREER X A sh¥)
BA—E Mtk M BURtE, FEm R RE
YA BRI . LA TE R R 2 W PrEaE pf
%% ML #J (International Agency for Research on
Cancer, IARC)#11itt 5 194 40 41 (World Health
Organization, WHO)4I’h A 255 B 2REUEY)
AREINE. BE. SNEHE. MER%E. K
REALMBED ., BN . SRET AW
RIS B R, WA R AR RN
AFFER 2. FarksEENEEER
FHE (mycotoxicosis)!,

i E#E R A (ochratoxin A, OTA)JE4k 8t
2 1 R e e L R P g | S OGTE
MR R TR, 5l R R 2R LN

Y, ZFH AR S BUSCRH AL, A
SRR AEAERE W] LA A4 OT O] LAy74E AF 1Y
A8 SRR (U Aspergillus wentti), %96, B
HRERVEAL AF 8O, AR R R R
HEATALIRAE Y, ZEAIXT 221G O T OTA 1Y
AF 8 RSCR A S B T ) LR G e 30 1 1 B
W, AT LARBEEBEE B B2 4 o A SO it 25
2 A WMBAMERT . PR TLRR, R A
A ENAMEFT R I R RE R A 19T5 e S Bom
TE0L, mEx MR R A BEY G AL
g tr, DB REh &5 R A B9 XU PPl
PRAE SRR, [RIBS A OTA A4 s AR ALl 32
WIS %

1 MEEFFEANELER

&R A L5408 N-[(3R)-(5-4-8-F%
HE-3- B I -1 AR -7- 28 0F A R i R ) Hk
HEI-L-ZE N AWML, (N-[(3R)-(5-chloro-8-hydroxy-
3-methyl-1-0x0-3,4-dihydro-1H-isochromen-7-yl)
(A= i W S|
CyH sCINOg, 43124 403.8, H: chemical abstracts
service (CAS)IAUESi 5 A 303-47-9 (K 1A)°), #%
FF 1965 44 van der Merwe %5 & B, 1967 4F
Steyn Z5fHT i OTA MWLM, whEHRE
TRELCRELEY, BEHAT, BAZRA1IL

carbonyl]-L-phenylalanine) ,
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R A RSN SN 25 A AR A
FEA B AR B A5 AL A5 S TR Y RE T RO Y
20 2Fh OTs 452K 1B, % 1), OTA &
— A R TCEE R SR T, RIRILHA
1 pKa J& 4.4, I pKa /& 7.1; OTA W&
— e T, KPEERAME T R gkt uk B Ak
o, Bk T RIMEI N I 5Ok, HEH
OTA & i FIZE 5 B BLIE H , 2628 fb 23 hy vl
WL RE . FLAE RS P Y SR AMRRAE TR IS Kk
333 nm, S FHRAEAIUER, MHE. ZFE.
. L. LRl . AW ke, WAL R
TERPE AR, ATk, A, O
TR KSR, BRIK 5 T8 iR TR 2 R A1 O T
OTA HA —E MR ErE, ZHARP SN
169 °C, ZHHE ki 89-95 °CP,

2 FEWEHK

&R A T2 5 S (Aspergillus)
% JE (Penicillium)h 3 WK~ A (GR 2),
AR 77 25 TR I 0L Y A 2R AN ], SR B Y
Y ATAFIEZE S, I X 2 12 i 55 )m

T B W0 S B R TV R, B R
7R PR 7 B B 1% B DA T, AR
R, A N EE A 2R N
R, XA T HRE W E S L —HE

AV (quorum sensing, Q)P4 !, OTA fyj= it
Z BN IR BN {5 5 40 F(qQuorum sensing
molecules, QSM)E R K AU, FMEE N 9-F%
Fe+ )\ Bk I 2 (9-hydroxyoctadecadienoic acid,
9-HODE)Z&fit i OTA M7=, WiAMIE I
13-HODE 2:#1fi] OTA A >, DA 255241
N, BFSEE R TR AN | B R R 4R
HdL 2B OTA MCHE. 1965 4F, BIFEEALE
1o SR I B H b i B (Aspergillus ochraceus)
(section Circumdati), 3 &k B Y w142
— MR A BRI  RIR I E AE R OTA Firg |
EHY, 20 kg ARAY I E T T 500 mg (1
OTAM . TEARK—EXmIal N, A. ochraceus #HH%
NN FSE RN F 20 OTA 4R, 5,
VFZ s MG EsatsE BA G M OTA HYRE
1969 4, BHKFL T OTA W E (Penicillium
verrucosum)'?!, # & HAT, W AH” OTA
i i 25 e bk 35 0 Oy it B e 6 e ih 25

(section Circumdati or Aspergillus group ochraceus)
N ER {0 il 25 HE (section Black or Aspergillus

group niger), ZHTTIZ BB R4l
MAG K F W5, Visagie FHIR T Aspergillus
section Circumdati H1 10— ZRFVHT R, HAor
A. westerdijkiae Tl A. steynii /& H aij 2 HiZJ&
BB EM OTA A= H Y, JiAh, — e 22 Bl

El1 RESSFEAGHRNQAQEHHESEELBTR®B)

Figure 1

Structure of ochratoxin A (A) and ochratoxins basic skeleton (B).
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Table 1 Chemical structures of ochratoxin derivatives

Metabolites Abbreviations Mw R1 R2 R3 R4 RS R6
Ochratoxin A OTA 403 Phe Cl H H H OH
Ochratoxin B OTB 370 Phe H H H H OH
Ochratoxin C OTC 431 Phe ethyl ester Cl H H H OH
Ochratoxin o OTa 256 OH Cl H H H OH
Ochratoxin f OTpB 223 OH H H H H OH
4R-hydroxy ochratoxin A 4R-OHOA 419 Phe Cl H OH H OH
4S-hydroxy ochratoxin A 4S-OHOA 419 Phe Cl OH H H OH
10-hydroxy ochratoxin A 10-OHOA 419 Phe Cl H H OH OH
Ochratoxin A open lactone OP-OA 421 Phe Cl H H - OH
Ochratoxin B open lactone OP-OB 388 Phe H H H - OH
Ochratoxin a open lactone OP-OTa 274 OH Cl H H - OH
Ochratoxin 3 open lactone OP-OTp 241 OH H H H - OH
Ochratoxin A quinone OTQ 383 Phe 0] H H H (0]
Ochratoxin A hydroquinone OTHQ 385 Phe OH H H H OH
OTHQ decarboxylated DC-OTHQ 366 Decarboxylated Phe OH H H H OH
Conjugate ochratoxin A OTQ-glutathion 689 Phe o H H H (0]
quinone-glutathion

Conjugate ochratoxin A-acyl Acyl-hexose-OTA 565 Phe acyl hexose Cl H H H OH
hexose

Conjugate ochratoxin A-acyl Acyl-pentose-OTA 535 Phe acyl pentose Cl H H H OH
pentose

Ochratoxin A methyl ester OTA-Me 417 Phe methyl ester Cl H H H OH
Ochratoxin B methyl ester OTB-Me 384 Phe methyl ester H H H H OH
Ochratoxin B ethyl ester OTB-Et 398 Phe ethyl ester H H H H OH
4R-hydroxy ochratoxin A methyl 4R-OHOA-Me 433 Phe methyl ester Cl H OH H OH
ester

10-hydroxy ochratoxin A methyl 10-OHOA-Me 433 Phe methyl ester Cl H H OH OH
ester

Ethylamide ochratoxin A OE-OA 430 Phe ethyl amide Cl H H H OH
Ochratoxin A decarboxylated DC-OA 359 Phe decarboxylated Cl H H H OH
Ochratoxin A O-methyl OM-OA 417 Phe Cl H H H OCH;
d-ochratoxin A d-OA 403 d-Phe Cl H H H OH
Ochratoxin a ester methyl M-Oa 270 OCH; Cl H H H OH
Tyrosine ochratoxin A OTA-tyrosine 419 Tyrosine Cl H H H OH
- ALETERE

—: No functional group at this position.

RYEE N A. ochraceus B EHE, WIERE A Circumdati. Sclerotiorum F Steyniorum',

B~ OTA WEXE, 2EHLEEFEHN Aspergillus section Nigri L7 HE ) OTA F=%
A. westem’ijkiae[l3]O Baba i 33 X7 il 22 )8 #1750 A, UN A. carbonarius . A. niger 1 A. welwitschiae;
HKEPEAE, ¥ section Circumdati 43 3 25 Aspergillus section Flavi 9 2 /=5 0 &
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Table 2  Species reported as OTA producers
Genera Section Species Location Source Year References
Aspergillus  Circumdati Aspergillus ochraceus South Africa Sorghum 1965 [11]
A. affinis Italy Decomposingleaves, fluvial -
mycobiota
A. birdgeri China Preserved strain 1995 [16]
A. carbonarius - Grapes 1996 [17]
A. foetidus - Grapes 1996
A. steynii - Coffee beans 2004 [18]
A. neobridgeri
A. flocculosus India Substratum
A. pseudoelegans Costa Rica  Soil in Gauguin
A. westerdijkiae South Africa Sorghum
A. cretensis Israel Citrus sp.
A. roseoglobulosus Bahamas Decaying leaves of
Mangrove (Rhizophora mangle)
A. ostianus
A. petrakii
A. sclerotiorum 2002 [19]
A. glaucus Europe Cereal grains 1987 [20]
A. melleus - NRRL3519 1970 [21]
A. sulphureus Indian NRRL4077
A. fumigatus - Animal mixed feeds and raw 1994 [22]
A. versicolor - material
A. lanosus California, Tree nuts 2000 [23]
USA
Neopetromyces muricatus ~ Australia Peanuts 2000 [24]
Petromyces alliaceus Indonesia Soybeans
Nigri A. lacticoffeatus Venezuela,  Coffee beans 2004 [25]
A. sclerotioniger India
A. carbonarius Kenya Coffee beans
A. tubingensis (received as  — CBS 126.52
A. miyakoensis, identified as
A. awamori)
A. niger - CBS 101699
A. japonicus Tropical soil CBS 611.78
A. awamori - NRRL 3112 2002 [26]
A. foetidus - CBS 618.78 1996 [17]
A. niger var. niger - A136 1994 [22]
A. usamii - CBS 139.52 1995 [27]
(FFk)
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Genera Section Species Location Source Year References
A. welwitschiae Japan, Koji, grapes
Portugal,
Spain, Italy,
Greece
Flavi A. alliaceus USA, Macrobasis albida, great barrier 1972 [28]
Australia, reef, Kemiri nut
Indonesia
A. albertensis Canada Ear swab 1996 [17]
Penicillium Penicillium nordicum Italy Sausage 2001 [29]
P. verrucosum Canada Wheat 1969 [12]
P. brevicompactum Hawaii, USA Coffee 2006 [30]
P. crustosum
P. olsonii
P. oxalicum
—: ARIENE
—: Unreported content.
A. alliaceus™ (RS PSR FTA M TRFASRTLL BB 26 — BB M A AR ™9, %08 2540 IT 4%

P OTA, HEZ IR TSR AR 2R,

[F) — Bk TR 2 75 )7 B S mE i WA AN A AR I

T [6) K b VG BE F 00 AT R R P B Y
A. ochraceus, KK PDF2-1 £ HPLC %€ f= 4=
OTA (12.1 pg/L), T & ¥k PDF2 1 PDF3 #4445
WA OTAM, BR T A. westerdijkiae F
A. steynii F&, FLAW TR RE =55 RE 1 WS 1 O
YINZ5ie . HaahEER OTA " AERA P
H 5 (P. verrucosum)Fl H B2 F 5 (P. nordicum),

& FEERRY, FETL RS, &E
FIE Y I yIms AR, HoAh 7 % m & bk OTA 7~
AR, BUE SRR, HETE
S5 TE 7 BE I ARAE RS N, AT ST AR
B2 3 2 5B B R AE —PR(4. birdgeri)
Jee o e R B S RIS BT 1 S R B U

3 RUEFRANTRER

1965 4, van der Merwe 7E i 5 I 43 5 21|
M85 (4. ochraceus), FHEIEFRFMT K IH:

X R 4 i A R, 1969 4,
Shotwell %P IRTE H AR F 0 EOKRF R BL T X Fp
OTA ALAFPY . 1982 4738 A KRR K X% 5k 25
BE A PEHFAFEANFHZINE OTA ML
EB2A 1991 45, 7E 60 4N%F B i A0 B
BRI E R, MRE 11 AERETE, )
WHgfkee . FHE L REL mE . AR e
G s BRI, EHAEE)AEXT OTA
AR 2T 2003 4, FAO 4 B RiEHR
it OTA WEZ LS T 374, (HARR T EE
I 76 4~, OTA AR ZFFEHIEM . K 3 5%
THEBAE XX OTA WIFREARHE, ATLIEH, Al
REZ BN TR . B E %, HILRIkEE
FIEER L, ANEE A OTA FRIEE2Z 5K,
Tk OTA ek i 6 100-300 pg/kg 2 1],
22 LA b HP 4RI AE 1 pg/kg LA 6

OTA FEA R IAEE H LAAS TR 9 2+ I8 A7
e, UEIEEF . A—MIHEFOTA) K —
WEHE T (OTAY), Htkmie LAY MM,
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#=3 WAEXERT OTA REWRE
Table 3 Maximum levels for OTA in food

Country Foodstuffs OTA (pg/kg)
Austria Wheat, rye, durum wheat 5.0
Brazil Rice, barley, beans, corn 50.0
Canada Whole feed for poultry, whole 2.0
feed for pigs
China Cereals, legumes, nuts & seeds 5.0
Wine 2.0
Ground coffee 5.0
Instant coffee 10.0
Spices 15.0
China Rice, wheat, roasted coffee, 5.0
Taiwan ground coffee
Czech Food 20.0
Children food 5.0
Baby food 1.0
Cereals 5.0
French Cereals 5.0
Germany  Pig kidney 25.0
Greek Green coffee 20.0
Israel Cereals products, beans 50.0
Feed grains 300.0
Japan Cereals 5.0
Korea Wheat, barley, rye, coffee beans, 5.0
roasted coffee
Instant coffee 10.0
Romania Food and Feed 5.0
Swedish Whole feed for poultry 200.0
Whole feed for pigs 100.0
Swiss Cereals products 2.0
European  Cereals products 3.0
Union
Cereals 5.0
Wine, grape juice 2.0
Spice, pepper 15.0
Roasted coffee 5.0
Instant coffee 10.0
Licorice 20.0
Licorice extract 80.0
Baby food 0.5

LEESEEN D& st i RPN D o £ 7/ ¥ i
HPERNER, FEYMEMER W, T4
(2019-2021) ¥k B2 £ it 5 ) ) PR 3 B R 42
(Rapid Alert System for Food and Feed, RASFF)

AR 97 BIH R BERTE D, OTA & 8%, U
KT AF (https:/food.ec.europa.eu/safety/rasff-food-
and-feed-safety-alerts_en), OTA fx F Z {5 YLk
TR AR A S L Y 22 AU R A B L
0w R R BT R AT R ] BT
2R AN Y, R AR A 15 B A B
R 20O Rk e AR
KR R R B LA IR R TN B OTA
BRI ) 50 BEFL Pt &3 T 9 Iy &A%
FZ, JUEILE 1.2-6.6 ng/mL Z[a], H & &A%
= NI RFEAR AT T OTAMY, R LIE
t OTA 5 YA iz, BT B98N 4 B A0
kL. EHOR AR OTA MFFE.
B LR 5 23 (Codex Alimentarius Commission,
CACO)KHE 2001 A1 21 367 FEEA ST
BAE T, B AT OTA 15 G okt NS gl i A i
WU = A5 W0 >7 e B JEC Al ity > i e B JEG A >
TS HA T A RAR > 08 3R i 7R
TREERR, HEE AR T 5 G AR R A
o R A R AR LS W AR S, 20T
(9 4 F% , B OTA Xt 35 11 2 R i1 jg oy 58 70141
OTA J& & BR 1 it A RDEL 3 75 41, R
M BCR 5 A1) B — AR AETE OTAL ik, it
FE SRR LB IR G LT R0
2x(Joint FAO/WHO Expert Committee on Food
Additives, JECFA)ES 44 Ji<xil g OTA
B EF ] 25V A i (provisional tolerable weekly
intake, PTWI)>& 100 (ng/kg-bw); 2001 4EAYEE
56 o IR IMHER OTA FrsUE stk iy ok
JoAE A 57 & (maximal no-effective dose, NOEL)
24 2500 150000, 2007 4 7 A7EX D3 FF
A5 30 B LR o h, B OfE s T
JLBETT B b o AR bl L 3 A0 S T b
LA MR ARME, JCIRRE B 1 w0 2
R OTA V5 YL T A # I EAT 1T iHe o tht
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I, OTA W5 MR E 2 AERR AP AE T
BRI A2 TSR SCTE, OTA Ay
FEAEE b A GUSIEAE O Ak o i B RE R 2
9 3 — BT A

4 RUEFEANFREAR

MR A SR s HA Z
FEMEVER, HOBEEEBE & (median lethal dose,
LDso) LAY Rk e, IRG 25kt . s bk
ik RAE S, J& T RIBE S dh, H LDs<1
(mg/kg-bw), M LDsy EERFTLIE N 1. 5
X OTA fe Uk, HUCR K AN, T H. 40 B
BRBURD, shp i s R Eon, K e 4
A IRHE I OTA (8 pg/kg /I B ER ) th ]
fi  fd B 1987 AF [E R g AE WF 5T LAY
(International Agency for Research on Cancer,
IARC)# OTA & U HUEEEUEYY, BREE 5
2B OTA SRS 93N, 1993 4F TARC ¢
HE W€ X hIB KB Y (N 2K W] 68 U
PPl OTA J2 ANARAE I 45 B8 B Iv] 5 1 1Y) 25
mR, HMMEAEAAESRENT, &5
99%, AEHETE R H OTA 2445 3 WISk A 41
B, A AR L P i s Y, ORI
HHE OTA BYASS 2 BRI M M 8 2 AT | 5
WERHE RS, 520 OTA FITHBREY, L a8 1) B
ARG PR ROV TE—E TR R EON
g i & A2, OTA X A\ 2S00 1 3 1 0 B 35
UESE, H—FRIUESE R B AR R T3 7
£ 5 %5 (Balkan endemic nephropathy, BEN)P*!|
o X P12 P 8] B PE B R (chronic  interstitial
nephritis, CIN)P* | JR 1% }f¥8 (urinary tract tumors,
UTT)PMEE ARG I SR, A 235 TR Bl s
(diabetes) L SR A 7 —EMEE R,

OTA T = MG E 2 B, F52 &L OTA
XTSRS A B, XEm T

WEIAE R I T OTA BB RNGERR, T34
HAR R M) OTA M far 5 Jie 53RN b R 4y
A, PRI S R N, AR
WA AEdl s 5B /NERIE S BN T B
EORERERT, FIhReZ ., SBURERM/D S5k
JEREAR . BB IR (AN y-25 RS RO . Bl
MR . FLERMLEN) . K. MREEAT .

PRVE . ITE USRI AR, e 305 5
LS e AN 5 G NS R SO S AN | ISR

R GRS, WMaBE BRI, BE. &5
FERRAE R M AERER P, OTA R M4
JENFAE, &2h OTA FEFREE FHE, 5l
JIFE 200 L %) 200 P RS VRS L PN BT I il > | RS e
MRS . A i S S, SEUFRE R,
AL R IRAR, FRAERIE R, OTA Mk £ %
KAETRENYEHES, WRICEEA YR
Fesetk, AMEB YRS 93%, #H4h
60%, Mt B AR, {H OTA S fE £
T GE AR RE, BRIl Rk A
Y W 1B A TE R R IR . 2 K i g S5 ]
DI OTA [¥fi# ol OTa ETowg /=Y, XA lis:
fifg A o] 7E 40 B o R KA OTA
(0.20-1.66 mg/kg)ANExX 2F ;= A B PR , (5 2
F i) OTA (13 me/kg)f2 i 4= th Bl AR AE
RANKE L BT W R xELL bR T R
)1 OTA HA iy dett, aTLUmHISNE T
YHREAN B kAR EETE , P B R A A Ay
WERE ST, FEAREIAipN R -2 L2 &,

I/ EEBREE 1 G (immunoglobulin G, 1gG)Fl
P EREE 1 M (immunoglobulin M, IgM), AKX
REATR A A AN A 76 25100, 24 OTA LU HL S T
WA AEFERS, AT LLTE A ALEH & % s 1k 4
(organic anion-transporter 4, OAT4)RYHS BT,

i ot 32 3 iz 20 E i A B B 5T B FRE G ) L4 2Y
P, ] DG s REEL R i 2L TS AR
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o A A R A 1R, TR LI A OTA iy
o m FEHAS . AR RN, OTA &Rl
Nk 14 245 2 4 S8 L) R 40 R A S I 430 0 S A
OTA il A SR AN 5 (14 26 11 & %5 DNA & il
X P 225 50 40 I ) s i) S 3R T X6 LT 4 i 7 1
A, N AT BE S MR B R s T [ 2
R T SIS v OTA &0s; (94 FHLHI S

R AR R A 19 BiL2f 5 Bl2A i 57 ) o
T ey a5 8, Xzl s BA 20w . 2

FEVER, BRABNE MR AT, HiEE
AW JRAZA Y . W EL Sl A i S B A S A
M OTA FPE/EHMLEL . B, OTA Mxlim
LR IE I R AR IR ATP 2R, e N ATP
FESS FBOIL IE R HERE s Ik, OTA %M
1t 5K N R R 5 R N AR -tRNA 2550 5 1)
05 AWM R N A BR-tRNA FERSME, 250l Ik o% 10
FER P, HAh, OTA SRR AR 2L
TG PE, % DNA | RNA R A5 A E

Ochratoxin A

Low concentration

|

Induction of CYP450
family of enzymes

Kick-start metabolism

|

High concentration

l

Complete suppression of enzymes

|

[ Slow metabolism

B ————————

Phase I enzymatic reaction

Residual toxin

Biotransformation

Dysfunction of protein synthesis

!

Phase Il detoxification

Low toxic metabolites

High toxic metabolites

:

!

ROS and oxidative stress

DNA adduct & mutagenesis

Elimination through urine

Carcinogenesis

2 HHESRAFUIHFEHS T

Lipid peroxidation, apoptosis,
cell cycle arrestand cytotoxicity

21} (5,25 P450 (cytochrome P450, CYP450)fif 2 44 H

WOk OTA WA WeAl, o R BEMEGR SRR RSN, s et S AL B, 77 A B — R BIR

SR AT, S5 E00] BEAYJEAE S

Figure 2 General outline of the molecular mechanism involved in the toxicokinetics of the ochratoxin.
Action of CYP450 cohorts of enzymes instigated the biotransformation of OTA, whereby the low toxic
residues are excreted, and the high toxic metabolites induce oxidative stress leading to a cascade of events
which interfere the cellular mechanisms leading to carcinogenesis and cytotoxicity.
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i, OTA 23520 S A Wb Ak g A i AL &
Bt T (R A RS B i e 4 fk (i T
AALY G R, 7 AR TG R 4 (reactive oxygen
species, ROS) i i & AL 45 175172701,

Tt OTA RYFEPENLIE A T i & 4
BEVEAE 0 A AT BT 2y W bR, Atk
OTA B IP R 48 2K AL I /T R 24 5
ATP., FEK OTA MFe PRI . 35 bR i 1k
A LI E AP 5 o AR HETXTF OTA W1
FAGIRAE T B K T BB B, LR
REEXT OTA )5 B #E25Y), {EXF OTA B
R B SRR IR RS B |
(A BIF 2 T A

5 OTA A4 p#%iE

OTA ZRHLEWIRTEY . B LKW
PRl B i B R FERAN, —aRFE
R FEIR T OTA HFETEIER, P25 )
OTB WA N OTA W+ —, Hihgitsk
1%, 41 OTC. OTa. OTP E¥WAHA BEH
PEUT o R A2 2 A0 3 0 HL A= ) 4 BGE AR
F RO AR IC SR E T L BR BN AN R AE
OTA W& A IERE, ZERENBEW L RN
BT, AR FEHEEETRAR, mNE
RS 5 REGRHMAR ., OTA Bk
AT LHE CoOATEN — AR FE R EE,
S- iR H 67 24 2 (S-adenosylmethionine, SAM) A
AR EE R C-7 Hiny—R A ——H
B, EREAN R, BG5S IR N R R A
HEATAR AT L R ST A, OTA . OTA A Al
PR fEfE S A=Y, OTa J27E C-7 b AR
N AR FIRMAY, EERNEARA K
OTA, OTP 1 OTB J& X I fh il G425 4™ e
AR R 4RI RS R AR LT
OTA #1 OTB W _AR&F LRI, MELEY

FREMSFAEYER AR, CaENIERIK
- EHED OTA HA ALERE™, M 1970 £ 5
A, BZL B OTA A= 9)-& BUAH G EE DK 4 501 G 7
-4 i (polyketide synthase, PKS)Z ik . AEZHE
PR K (nonribosomal peptide synthetase, NRPS)
i fLfiff(halogenase, HAL). FAJN4E i (cytochrome
P450 monooxygenase, P450). ¥ 1L (cyclase,
CYC). ke IR Pk 4544 )8 45 R 7 (bZIP) Al
BEFR 45 5 Bh R #2 [ F-(Zn,Cyss), H OTA 4
WG L B — AR LA B B, TS ZEAS T b 55
IE®Y, Bennett ZE RS IA N, R4 A R i
&g B RME 9 OTB, BIAR
JRFIE R OTo, OTa P& 54N = MR L BR4S
G4k OTC DUIfRYPrhmk, 8 L ERfb R
OTC #4k>h OTA®Y, #R1fi, Harris M 4 i 4
WINEEEIA OTC 34 OTA AW & i HT A,
RN AR HAEERNE TS E R, LN
OTP #| OTo F-F| OTA HILEWIHEAL, fhfi1HzHh
B —Fhgis s OTp HARNAMRIERE, RInkk
b A EERPEA OTB, fi)a & @b A
% OTA™!, Gallo %R OTA W& k%
HKUITF Harris #1095 —F&k4E, M OTa &
OTA KFHIFEI=H1, Wang S HoB 5T
IR W5 PKS (OtaA)El OTA & A JE 3h
fiti, A B A FIN ZBEE A G 7-H
Hhide e il R 2R, TN A P450 (OtaC)fiEfL
AL OTR, OTP Al L-B-AFE N MR TE A% b
KK NRPS (OtaB) i b 5 Ji Mt Jie # T2 h
OTB, #%Ji, OTB 1E X {CHi§ HAL (OtaD)ffE4k
e, OTA®, otaRI NiEAFEFIE AN,
G i = A R R SR R 4R I bZIP (OtaR1),
otaR2 % tt % B BF 45 45 #4 P 5 Al ¥ Zn,Cyss
(OtaR2), F:[n]#Ei 4 G i A (otaABCD)HY
Fik, PR OTA G ™., /3 4 T H 1970 4
KX T OTA A Mg A2 Az
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AR T i A5 8 R 5 e 0 Ml & R G A
HERIYBESE , OTA G52 ZFh I 2 B A A%
KRR, B AR, e 8 G R
1) AF & RSP, BR PKS bk & BRI
PR B RE N (af14, afIB), AT EARIE I BEEE LA |
HUIMARIL R, BEE OTA AP thaa 2k
UM FHRER . TElh a2 )R A 228 A & 2
PRSFH) OTA G A%, 4246 pks . nrps  hal/chl .
p450 F bzip 55, ¥IEAE bZIP 55 RISUT S
ATGACGTGTA B TACACGTCAT™!, #fj B 5%
Kl OtaR2 5 bZIP — i o 57 N LA 5 8+
ghdy, LREA OTA &Ry ILr:, HiM
P 21k A AL IR 5L OtaE HA P450 2L A 1)
RESY, (%A MR A NS OTA &%
ENUESIE

6 &%

HAT, MIMESER A AR P RS
B KARTERZ—, HiL, 00008,
BERFE OTA #ATHRFEL MR E SO, &
H A S PR A A R BB 1E R OTA V5 YL
2T . GGk s S, &
X+ OTA MRF5E Jr AL G LR i (1) Fl
MoaFAEYEMAEYE LY TR, Farriw
1A 4 35 DR ZH BRI, O v A b 0 7 g TR 1)
JEIAZE; (2) VRIS NS B A R
WA OTA #EtEEMALE; (3) %& OTA
AW A R R R S L TR, T EL AR A A
TRE, DA T SRS o AR [ R 5 (4) AR
BER R B R AR R, - HrE AL,
T PO ER Y 5 (5) 2T R R BRI
PR A 2 S5 Dy, RN R B e 44 HL
R AR B s (6) FERHEARXS OTA Y
H, INKEE# R EE RS R BT
B s (7) st 2RSSt OTA MR &

PR, WPRERAL. 25 ZARER PR EOR

I 2, F T E B oAb AN TE FE 1Y 74K
SR AR, T H R AL T A A A,
TS RGN PRS2 RHZMMEN, X
AR BR PR S22 R e A T RERY A, HJ2 W]
DU 2 Ti . TR BT B A5 i L £
[l i 5047 A AR — T, 2B S5 il AR Wy A
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