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targeted toxicity compared to that of pyrethroids and phosphorus-containing pesticides. However,

overuse of neonicotinoid insecticides resulted in the accumulation of its residuals or intermediates in soil

and water, which consequently affected beneficial insects as well as mammals, yielding pollution and

secondary risks.

This review summarized the recent advances in neonicotinoid degrading

microorganisms and their metabolic diversity, with the aim to address the urgent need for degrading

these insecticides. These advances may facilitate the development of controllable and reliable

technologies for efficiently transforming neonicotinoid insecticides into value-added products by

synthetic biology and metagenomics.
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Schematic structure of neonicotinoids compounds (A) and nicotine (B

)[3,5].
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Table 1 General features of neonicotinoid representatives!'''*!

Compound abbreviation Melting point (C) Chemical formula Molecular weight (g/mol) Chemical structure
Imidacloprid 136.4-143.8 CoH,(CIN;0, 255.67 /{T\N/B
IMI I N N)\NH
NO,
Acetamiprid 101.0-103.2 C1oH,,CIN, 222.68 J\
s NN
CISN I
N
Clothianidin 176.8 CcHgCIN;5O,S 249.68 T/
CLO
CI%S:I[/\E N
N NO,
Thiacloprid 128.0-129.0 CoHoCIN,S 252.72 /ﬁ/\Nﬁ
THI 17N N)/\S
l
N
Thiamethoxam 139.1 CgHoCIN5O5S 291.71 g N/\(j
TMX cl —<\N\ N)\N
) \
NO,
~
Dinotefuran 94.5-101.5 C7H4N4O5 202.21 {\I
DIN L No,
o N N
(T 8§
Cycloxaprid 149.0-150.0 C14H,5CIN,O; 322.75 OleﬂD
(¢]
cYyc /@/\NL/N
ClI N
Nitenpyram 83.0-84.0 C1H5CIN4O, 270.72 /[ NO,
NIT
ClI- N7 N
Sulfoxaflor 112.9 C1oH1oF3N;08 277.27 Foo= &
SUL Fr—=\ /J\y
F N S
/N
N—
Paichongding 130.2-131.9 C7H,3CIN4O; 366.84 O,N
IPP /
SN Y
l ~ L/ O/\/
CI” N
Imidaclothiz 146.8-147.8 C;HCIN;5O,S 261.69 N T\N />
IMT Cl ’<\N\ N)\NH
NO,
Guadipyr 112.0-114.0 C,H,,CINGO, 312.76 Nji‘loz
GUA 7 NTONH
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BRASE | A IF 25 T 2 0] i H b AR A [ 1Y
i} 245 14 41

N2 15 G i TR DTLAR ) Hh o3 B AR B — kAl
Wil 2 30 05 e 0 98 = & AP (Bacillus
thuringiensis), ¥ HAE 37 'C. 100 r/min FEAR
£ (minimum salt medium, MSM) 15 F# it
I 11 dJE, 78%M IMI KA Refi, A%k
M O i FEAK (nitroso imidacloprid, Im-1),
niE HURAK (desnitro/guanidine imidacloprid, Im-8)
1 6-F JWER (6-chloronicotinic acid, 6-CNA,
Im-3), Phugare S5 X 5 72 TH {18 (Klebsiella
pneumoniae) BCH1 | IMI WM RE J1 24T 0F
g8, KBIZBEAE pH 7.0, 30 ‘CHY MSM Hi#537%
7 d JRIkF] 18% MM, MY S s &
ARG —20 PR 2R A Rt #
HEEMESY, 25 R LR 3 AR L IMI
BEPE AP, AR Ay B R
(Pseudomonas sp.) RPT 52, F4E 37 °C . 100 r/min
AN ERFR 40 b, IMI FEE RN 46.5% (M)A
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VREEN 0.5 mmol/L), Azl b B AL & e 1L
X A9 mk BBk X (imidacloprid-urea metabolite,
Im-4). 1-(pyridine-3-ylmethyl) imidazolidin-2-one
(Im-5), B RPT 52 EA /D IMI ¥ 7EREPER
Al

HRBRIRA: B3 BR 8 T5 Gy BAT plRe OB
L5553 1 U8 ARYE RE 4 BGE T - 5
5 SR RO BRI R TS ) o MR ER L3
I B B B E PP (Pseudoxanthomonas
indica) CGMCC 6648, 24 4liks S5 16 AR B 37 %
T IEPRI PR IMT AR IAE] 2.7 g/(L-h),
5 H A 2L 15 5 40 R E AR AH L, AR CGMCC
6648 XF IMI [ fiff B A A PR o 5-F8 it o opf
(5-hydroxy imidacloprid, Im-6) . # =Xt H sk
(olefinic imidacloprid, Im-7) A=Y, —#&
1) 5 A 03 53 331 32 A T) £ e 2K Ak 0 R AL
PRA SN o Forb, FUBE %08 R IMI AY fe f
IR, WK Im-6 MHFE LN Im-7 1Y
Sre AL TR A, TR 2 R T O D A 2 Bl 410 1
FHPS o DK P45 v 43 B9 45 0 000 €6, 52 34 2 T 1
(Hymenobacter latericoloratus) CGMCC 16346,
DAZZZPpE O AR Y, B A0E7E 6 d INAE
WA 64.4%I IMI (BIEAHEE K 100 mg/L), %
PR AL R IMI A2 s el 173.3 d 3 57.8 do
5Bk CGMCC 6648 A LU , B bk CGMCC 16346
TEWIKAL G DA FIRL 35 | 20 B B JE A 1 5 1
A A AL A 25 J7 T 2 AN ), R B R A
FEK ARG A P, A AT IHBR R K 1
IMI 75 457,

WS AT (Bacillus aerophilus) 1% F
TP+ (& E R 50, 100 A1 150 mg/kg
) IMI), SATREAIAHLL, IMI E AR, 4
Bk 14.33d, 15.05d, 18.81d, ¥4 Im-1,
Im-3 ., Im-4, Im-6 , Im-7 , Im-8 . X} FRZH ' 6-CNA
FEADHE v 5% B R B KO0 g TSR R



PR %Al R A Y R R R AT S

M (S. maltophilia) CGMCC 1.1788 fiE 3k
Ak IMI 2B B TS PR T B R T 465 4
v o R Pk SR ERE AR E IMIT B9 5%t AR 0T,
I (Pseudomonas sp.) 1G £ WE A 5514
T, fefEHE 4k IMI 4 B Im-1. Im-4 Al Im-8,
RN 5 S B i NG (N .
B A5 B — R Tk 6-CNA 912 A= MR TR
(Bradyrhizobiaceae) SG-6C, TJLL 6-CNA JyHE
— IR LA H AR 249 62 CO, F H,01,

Bz, B IMI FE%GE 11 2 AT IR
(Bacillus). &RAHEMIE (Pseudomonas putida) .
WHFFHE  (Brevibacterium) #{% #8011
Gh, IMI 53¢ R HErP o B R TE bR, TR A R R
FH T A= Wy e i 26 IR Ry A R4 AR R R
Mg AT (Bacillus aerophilus) FlH
NS 2 AT (Bacillus alkalinitrilicus) i
BIEHEMT A IMI R3S, IMI 2k
WAS KL, O 13-16 A1, Al , FB4r SRR X
KR IMI #EAT A D R 1F B 7K 4 85 Y Tl
HLER ¥ (Nannochloropsis sp.), X ¥ UG E N
9.59 mg/L IMI B —EEWEEAEM . 7 20 h
P, BREEREMR T KT S0% IMIY, FRETE
=, MHREBH 4 P PLE S AN R Y g
17 IMI Ffi, BRI Y340 Im-1. Im-4 1
Im-5, {75 G4 SR B A 38 R A 0 e AL %
2SRRI,
3.2 MEHRK

BE HUK (acetamiprid, AAP) J&—Figr ALY
B R WG PER T ig % R, B ks |
/D i R B R RILAR 2 0 A8 BB M A R A B
AAP E—MRGH T B R AR, T
LA AR RS 8.5% A% M Bl 43 T 91.5% 4t 1
WA, T KRR . B KR R
MAEVEY . AAP FEHTHIARMEF & (5
quoowpmi o okyESE) . BEHEHFER G, MR

&B: 010-64807509

DHAE), B A ER (RS, S HFR
(8 Th55) DA H i H 3 R B,

AAP BEPETT I, HAEYIREM S T AT
KUEFFXS AT THE 25T, IRER pH &5
M) ffc 2 0 o ik 5 e D S B ER B R . R 2
s e oy B A B R M A (Pseudomonas
sp.) FH2, #F1 T % 800 mg/L AAP [yFEAEL 1s
Frdkrp, 75 pH 7.0, 30 C AT A KR ez,
14 d i AAP WT[4f# 53.3%, 30 d )5 )L 584
flo8 ) LRSI H (Fusarium sp.) CS-3 {EA[H]
i pH ELAREE T iR, WFFTHRT AAP AYFES?
REJ), RBLMWEEA RIFm LB ERE ), 1
WK TR (WILRWRIE R 50 mg/L) M3 (4]
IR 50 mg/(kg-soil)) FEARA53 51 98.0%
F199.6%, HAEF K pH A (5.0-8.0) FILHEE
(20-42 C) JuFNIHLREE TXT AAP 1[5 A GE
71 (B A% i pH {H24 5.0-7.0, %145 pH KT
4.0 BURT 8.0 FEMESCR TR, 25-30 CHEIAF
e BRI, 7E 20 Col 42 CH A 2600
/NT —2F, N'-((6-chloropyridin-3-yl) methyl)-N-
methyl-acetamide (Ac-3). N-methyl-(6-chloro-
3-pyridyl) methyl-amine (Ac-4) . 2-chloro-5-
hydroxymethylpyridine (Ac-7). 6-CNA (Ac-8)
& EE R AL S0

¥R BR8] ®  (Ensifer melilotiy CGMCC
7333 S AIAETE 30 °C . pH 7.5, 220 r/min 544
T LA 500 mg/L 1 AAP HE—RIEREFE 96 h )=,
AR 65.1%F%) 500 mg/L ) AAP, FEA
N-amido-amide metabolite (Ac-1)7%, MIEHETS
P2 R E YR (Pigmentiphaga sp.) D-2,
HEFNZE AAP ME—BR AT MSM, 37 CHi5 3 d
Jo R R ik 99%, 43 & B N'-cyano-N-
methyl-N-(pyridin-3-ylmethyl)-ethanimidamide
(Ac-2). N’-((6-chloropyridin-3-yl) methyl)-N-
methyl-acetamide (Ac-3).N-methyl-(6-chloro-3-

B<: cjb@im.ac.cn
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pyridyl) methyl-amine (Ac-4) & £ % a4t
U SO A o A3 B AR B Y e g Rt
(Pigmentiphaga sp.) AAP-1 BEF|H AAP 1 JyME
— AR . RIRMRETR, (HAE KRS, %
R AAP S RE ST, 700(E 2.5 h Al 12.0 h
it MSM J5 32 5 rf 100 mg/L F15 600 mg/L
1 AAP SERFEME, JFAEMR Ac-4l,
B (Stenotrophomonas sp.) THZ-XP 7£ 30 C |
pH 7.0, &4 1000 mg/L AAP T ¥ 35 Sk Ak
KRR, FefisRrmt, A Ac-3", BUmiAH
HAMLEREFERANTE , WEYYRHA (Pigmentiphaga sp.)
AAP-1 FIZE B H M (Stenotrophomonas sp.)
THZ-XP 75275 Y4 1) AAP 4 Y& T8 A 4y 1%
ERETI.

DN O I B N3 o G| D ol
(Variovorax boronicumulans) CGMCC 4969, 1F
40 C. pH 7.0 &MFF, REKAIEAMREE 2 mg/L
f AAP T° 120 h INFEAR 34.7%, 231014 182 h,
FERW TR Ac-1, FEPH FEREFI 57 I ik
WIE R, AAP XF Ac-1 (/KA VE 2 B £ 5t
ML B L (0 1 K 45 WA S i U8 08 22 2R 5 5%
PBANITE (S. maltophilia) CGMCC 1.1788 1k,
IMI % PR, T H el fE R AL 1 5% 8 d e [
fift 1 58.9%I1%) AAP (W] 1R )% M 2.55 mmol/L),
25 W3k A B TR i O R R
(Pseudoxanthomonas sp.) AAP-7 38 1 K i Bk 2
HEALRE R AAP A RUh IR Ac-4) ZIEREA
(Rhodococcus sp.) BCH-2 F| FH % 25 b Fn s Ak &%
W AAP BEAREA R Ac-1. Ac-4 5 6-CNAV®),

R I AE e TR AR 28 A R R
SR, B R A A He A 24 i A
PERE R, O B A MR A e R R 24 Y e
B BEREBCR A . MR 2575 L p A0l 13
SR HFFE (Ochrobactrum sp.) D-12,
BAETE MSM 3535 12 h J5I%A#% 3 000 mg/L 1
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AAP, {HFEMREFNA 39%. BEEWREREAL, [
iR T ER : 51% (2 500 mg/L), 56% (2 000 mg/L),
1M H. N-methyl-(6-chloro-3-pyridyl) methyl-amine
(AC-4) B%EE Jy AAP FEARIG A Y

LR 2 % K AL R AT fE S 5 ARk 2
T YL B, R AT R E Y M8 T B e T Il S
I, AT Gy A AN [ A, 3 2
AF L W W T A [ B 2846 24 18 A W % fige
AW RE . BN, BPR TR (Penicillium
oxalicum) IM-3 H A X AAP 5 IMI 4 Pyl
fift BE 7, AE X8 [ A Sy S8 Ak E 2 A 2 27 e
FR 4 W HUokk THI 595 WE Bl NIT JC ik i o
FE 30 CHY MSM 1555 14 d (4359055 90 0 e 2
500 mg/L ) AAP F1 IMI), iZ bk X AAP (41.6%)
(R 22 0 IMI (14.1%) 19 3 4%, 3144 AAP
oAb N-& B O 0E Bk (N-demethylated
acetamiprid, Ac-5) 5 AC-3, ¥ IMI #1t°N
IM-6"" ., I BB (Phanerochaete sordida)
YK-624"" O AW R BT A
(Phanerochaete chrysosporium) ME-446° Vi
LI WEHRE  (Rhodotorula mucilaginosa) TM-2"1%5:
HRINRIL XS AAP WA YIRERRE ST . 5 IMI
FAARL, ANTR] L34 Sy BB Tioxd AAP BB 25
R, FEWARE ., HF5ERY], 7E3EE FRR
M ZFh 88, AAP @A & AR
WA, 2ol 1-8.2.d, i B EE A I [ 451
TN 16-17 0™V,
3.3 SUEM

ZAMEME (imidaclothiz, IMT) 23 E H
R —MREE . R BT IR T
FAR IR, AHFIAR Z B TR A R4, Xt
BEWEATAE R MRS o IMT 1] AR IR I W X 1
A, fndfd . wmE o RE s Ry R
Hprtemh 22, RIS H . X0H H mSEH 5
FEHABA R H AT E NS EE PR AT o A
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Kok itk ™= W PO AE S AR RT3 /D

W SR B IR PN (S. maltophilia) CGMCC
1.1788 k52 W8 8 S5 5 0 Bk IS % LT (1 L IR
TMX | BE HUi CLO FIEMERR IMT) A5k
WFFE 2RI, 12 R PR TGk e A i e TMIX FHE Ht
Jie CLO, T 36.2%) IMT (¥ 444 i 500 mg/L)
R 5- 3 S A WE MR (5-hydroxy
imidaclothiz, It-1) I & ™= A= i 2 & HE ok
(olefin imidaclothiz, It-2), HIAZHMI{ZE P450
it A 1) 3R —— A AL T Bk JE L RS P A
W=D R IMT A LRI A P450
it Ay 52

-4 A BT B R A T X R A ot
PRAR TR B, 3 o K T AL B A + e LA
EAREYEE FREZ S, KB IMT EY
BEALRCR WL R e, IMT 2R K T3 25 d
Jo A% 25.1% (WIEGH B 20 mg/(kg-soil)), /™~
AR P W) 4 X & WEMK (olefin imidaclothiz,
It-2) . FF IR EBEMK (seco imidaclothiz, 1t-3) FlIE
BEMKY i FEAR (nitroso imidaclothiz, It-4), K&
J& 3 IMT FEfRRAUH 9%, R IR
NS HEARIE T IMT 8465 IMT 76 +
e O(RL . ML) BRI BUK IR & A
PR RRETEAR . G850 IMT 16 3 Fp 1
R AAAE, 72 d NIRERRENT 15%.
2T, HEBUKIRESMHT, MR,
A T] i [R] PN R 223 0135 31 94.59% . 20.45%FH
55.12%%1,
3.4 MEHR

et % (clothianidin, CLO) J&—MEsi .
A BEPRE R RET R 2 R R, R A
e T X CBENRGRSZ A RON AL, AT 5 Rk
v B EETEAIN MR, H A R At AR S AR
WA A KIS 3E . CLO T 3 2 fdi k3 h
48% G PE LAY 52% M PE LAl EEAE

&B: 010-64807509

MTKRE . RB MAESEAEY, LA EE E
B H . RUGH H A — L H A R B

M CLO {5 7% 4 33 v 15 it PG A P T
(Pseudomonas stutzeri) smk, 1] L CLO ShME—
BRIE, 7E 30 CHIpH 7.0 FAK, 14 d J5sei
T 62%HY CLO F#ff# (R1HRHE 10 mg/L), 1l
7241k 2-chloro-5-methyl thiazole (CMT, Cl-6) .
methyl nitroguanidine (MNG, CI-5) . methyl
3-(thiazole-5-yl) methyl guanidine (TMG, CI-7),
TEAN R B pH E AR BE 2% A T % CLO By A4
B i AT T PP, KB pH 7.0 5 30 CHBE
HIZ B B3 = AU Ak CLOM™Y

g A ZF 5E R
maltophilia) . & H¥F&E (Ochrobactrum sp.). &
T (Pseudomonas) F 2 b A B AT
(Acinetobacter johnsonii) Wi W EEXT CLO
(VI 46 He Bl 500 mg/L) AT A REAR, 15 d
WL 79.3% K AR R, EEAAW TR
thiazol-methyl-urea clothianidin (TZMU, CI-1),
N-(1,3-thiazole-5-ylmethyl)-N'-methylguanidine
(TZMG, Cl1-7) #1 5-amino-methlthiazol (MTZ,
CI-8)*!, W HJEEE (Phanerochaete sordida)
Hefp 1% CLO WY MREBR AR S Ak, 30 'C /R
20 d, 37%F1 CLO #FESM#IFAEIN Cl-15 fEHF7
FAp A E R P4SO BEMHIFRG, WIEFAE
TX CLO MRS,

- S R AT BL TS A W AR ORI S
CLO A=Y R fift 1 2225 U A 6 . Mulligan 25 %f
A RE AT CLO T4 MR A5 F
BT YIRS, R ESRET (IR N
20 mg/L), T HWRE SR, 59 d J5REMH%
¥tE 29% /i 4. M, 35 CHRELKMT, 28 d
FEfERIR 3 85%, FEACHTH N Cl-1. thiazol-

nitro-guanidine clothianidin (Cl-3). nitroguanidine

(Stenotrophomonas

clothianidin (Cl-4), methyl nitroguanidine clothianidin

B<: cjb@im.ac.cn
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(C1-5)%7, Microbial degradation of acetamiprid by
Ochrobactrum sp. D-12 isolated from contaminated
soil. FEACH ™ Wy Cl-1 I S WE H i
(dechlorinated clothianidin, C1-2)!"),
3.5 IREHE

A HIE (cycloxaprid, CYC) &FkFEH F
WA B R TRE A HR) AT TR RS L B
BB N MRAERFOREEY S, cye Af
AHGET | ARFEE A RER A SRR, TTA R
B AE CEAEE M H A, JC R RS R AR
Hg IMI HitE i 3 A B BEReR . M
Pt H 3, B HFE R CYC BUsirkEe
25, LA YRR AR ) AT R
3.6 MK

W€ Himk  (thiacloprid, THI) J&—# % H T
BT W 11 R T ORI H g AR
HABBZE % B, 3 B VR oK R L SRR
B . MAEFI D Y THI BB H 48%
TR R 52% 0 P M LA A F g 3R
By, #orshty . YY) RERE M THI. H
T THI A& M HEA, Somiig K& BB A1k
THI E Y At FE B . SXWETR (Variovorax
boronicumulans) J1 #E417E 30 CT, 60 h
AR T 62.5%0 THI (#) 464}y 200 mg/L),
Horfr 98% 45 Ak ke MK R (thiacloprid amide,
Th-1), REZRENEK G RERENG , 5841
AT R IRFRIR . SRR NG K G Bl Ak
()28 OB TG IR A THI, T S Y5 2% K P ik Bl
THI AL AL B , TS 3 THI AL
KB (Ensifer melilotiy CGMCC 7333
AI7E 60 h N F#ME 86.8%K THI (WA IE N
200 mg/L) FFA: A Th-1, o B HNE K AL B R
TERFF EfE ErhaRib)E . BEHEBCZE 10 min
T R] B A 80.7%0) THI, #4- i 2ti4k 5 5 min PFE
fift 85.7% THI®, AL, THI B9 EZRE
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fift i A 2 G K G i NHase /13 1Y

WMATEATH (Microvirga flocculans) CGMCC
116731 H AR g —Fh A= Py RERE R0 1 700 47 4k T 40
YERT, iefgi@ i K &8 NHase /i 56 LA
XA THI, AR 30 h ) THIRE TR
F% 90.5% (WIIRHEE N 0.63 mmol/L), i)
N9 h L AT E 9 d NFEAL £ 92.4%H) THI
(WIHAHE N 20 mg/(kg-soil)). PFN 14 F K
fif THI AEJ8 Th-1, TIJ5FRAL N 4- k-8 H ik
(4-hydroxy thiacloprid, Th-2). & A58 2,
Th-1 XF /KA JoH HES ) R S P EAH L T THI
B, I BB A X B AN, KA
it th, A ELFZ M THI #4b 4 i Th-2.

W ZF SR MW (S, maltophilia)
CGMCC 1.1788 RELEWIFEM# THI (WILRWIE N
200 mg/L), Y4 REREAE A& A1 0 fie 5 I RE R B
THI FFEAF R B R, 60 h JFIRYILF-4
FRERAL Ry o S PEE (K T THI HY Th-2., 1%
X§ IMI FIl THI B2 AL 7 s A R Y, HA
TN (A 3R P450 2 507 3 B AEEY)
Fef THI, BB 4% (Phanerochaete
chrysosporium)®*V F & 41 W (Rhodotorula
mucilaginosa) IM-2" | {HBF584/0

TP AL S S MR RERA S
THI WAV REMRCRBEDIMOC . & KB FI
W Z 5 B HIEA LR & = . YRR 5
PETFEZ )G, 4G THI 76 I Z R8s 2E 5
WA AR 2 B3 T IEaS . AR
FIIXT K5 AR KR g THI BEfgET T
FeBm A B, RKHE EHER BV 15 d )=, 98.8%
(4 THI BEREAR . 72 3P R0 25 d s,
THI WREARRRIRE TR 27.6%, 4, S5 s
BB A I E THI K 5 WI7E 5-27 d RS,
AESMT, THI 7EMR L W LR iy
W 24 d, 11d F19d. MIHETIRE S
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PFF 500k 347 d. 40d 196 d, HA R
SAE TR I A R B PRI B Th-104,
3.7 EHE

eI (thiamethoxam, TMX) J&1 M55
FOBT MBS A% BOR), H F T i b A
PR, REEBAFBIIAWE M M AL, R RE, B
B ALK e E P TMX R £
RAETESHEYIEN , 82 B E B4 Y ae
TE RS SR I TMX B . G RHE
WKL B - 5 4 B R B S (Ensifer
adhaerens) TMX-23, LI TMX A ME— Bl J5 Fll &
JE (WIERHEE N 200 mg/L), 7 30 ‘CHY MSM
SR 5 dJE LA R 22%, AR UL il g
% (nitrosamine metabolite, Tt-1) Mgty 152 g
(urea metabolite, Tt-4) . % B AN B A il
TMX GEJ1, el R Ik LR . ISt 2
Wi 2 SE 2R Y B g AR TE TMX 75 3
1 -4 p AR TR R R R 2R RO B
(Pseudomonas sp.) 1G £ 10 mmol/L 75 %t 1 {3
S T AiE R IR, 14 d I REREAR 70%H) TMX,
Al Te-1, BERIEIN (guanidine metabolite,
Tt-3) M T4, WS ZEMFTH  (Bacillus
aerophilus) IMBL 4.1 X AR W5 TMX 11
W fifie AR —2, IMBL 4.1 38h T35 +
(clay loam soil) EEJ5, MARILRUEE N 25,
50 F1 100 mg/kg 1 TMX, 56 d J&5 #6530 5 A
AN 72% . 68%F1 70%7,

Hegde 25 MM i e B % ORI RYARAE . FI5K
KR S5 AN ) 2B 25 ZR g L vh o3 B 4 300 68 A
W o HEAT IR ST A AL S 56 53 0 48 58 AN ST 1A
J& (Acinetobacter sp.). MitTE & (Enterobacter
sp.) FIZEAIFFIE (Bacillus sp.), 3 Fh e o] 76 LA
TMX JgiE—BRIE (FILRHSE N 50 mg/L) FB;
FRHEFER, TMX B3 5300 0 94.72%

&B: 010-64807509

90.78% F1 82.06% , 1M X§ A& 41 K& fift L N
53.85%, T LRIIGER TR LEAYER
R, KM TMX P35 7.6 d. 8.75 d
1 10.52 d°%,

kT # (Enterobacter sp.) TMX13 Fey /b
TMX & B, RRE e A&
TMX13 #M T REASRGE, RN,
L& &R, SOD W PEHIREAL, £H . TMX
ALY AN O™ A A R, T TMX13
A 2 ff X A BB O . 2D TMX13 K%
Hb N R ZE AP HE R R A BILIR A R R i
B 9.2%H1 85.2%, 1R R K& EFL,

3.8 WURHIE

WRHBE (paichongding, IPP) A -4 Hr AR
FAHF, FEHTPHA/KR CEl, B R %
WHFER, PP X IMI i 2 3 d HAG & 36
PE, AEEC ML, HHETEX IPP AREfF £
WF5E B2 SR AET PP ST A 1A 2R [ it iy
B TR AR o DA - 5 v 43 B A 3 B A BE AT T
(Sphingobacterium sp.) G1-13 1 G2-19, Hr
G1-13 &8I EBEEMRE] G1-14, FFAH LA
3 Pl B BRF 5T 71 E i€ 1R RR/SS-IPP 5§ SR/RS-IPP
IR E N 1 000 mg/L) MY, G1-13
A G1-14 78 6 d Al 4 d N4 R&SA# 13%F11 30%
) RR/SS-IPP, G2-19 1£ 5 d P& 35%H
SR/RS-IPP, il (R 7= 44 Pe-1-Pe-61"",
YA, ¥E E BEAT R (Sphingobacterium sp.)
P1-3 7£ 30 ‘C. pH 7.0 %4 F £ 20-30 d )/
A 10 mg/L (1) IPP F#ff 57.74%-62.47%, '
i Pc-1. Pc-4, Pc-5. Pc-13 Fil Pc-14101,

IPP 1Y 37 A& S5 AB AR FE AN [] 1) 1 458 v e fi
RGN, R (+)-IPP (W IR EE
151 mg/(kg-soil)) fERKEHER L. #h+FEk
B - A SR N 5 de e, EhE 4 16%
i SR-IPP %8, FEA A Pc-1. Pc-7-11 /NFR
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PR W) ; 3 BT 4 P AR 79%11) RS-IPP . 20%
) RR-IPP. 24%MY SS-IPP; %+l IPP
B e REAET Y BT AR AT AR LR 5
100 d J5 RS-IPP 5 SR-IPP # RR-IPP 5 SS-IPP
Fefp e 4, ™%~ Pe-1. Pc-7. Pc-8
DL K Pe-10-13 2 [l B e A J5 4 ol 4 0 i
AR UE BT H A MK RS 0 IPP FR
fi# , RR/SS-IPP. RS/SR-IPP [ fit %4351 hy
11%. 40%F1 18% . 25%, K b Xof 18 20 [ it %
BEERG, PEMEH BRI, RAKMHT,
IPP 403 60 d 5, BOHE - FIBEER IR AT H L
L 4 RS SR A AR R BR R IA F] 90% L |
T EE RS, Y R PP 5 L e, R
Py H A E S SRR TR,
B KR 1 AR Ji o E B HE RN B 4 T 1 1€ TPP
R Mt os b, BB 4 Bl R A RTE 2 Fh 1 1
R R R —E 25 5, A AR A Pe-1,
Pc-2, Pc-5, Pc-11 LUK Pc-15-181103-1061 1 3
A b XA S8 B A M K RS B R IR AL
RR-IPP il SS-IPP W& f#FI/NF 30%, i
RR-IPP Fll SS-IPP W MERE A, JF 472t Pe-7.
Pc-8. Pc-9. Pc-18. Pc-19., Pc-20 A ARG
Ppuosl o gx bRk, IPP R ST AR S A AR i
fiff T A6 A7 - 15 B AL P ORI AR A W TR R A R 4
B R
3.9 FIEHRME

FE HUBZHE  (sulfoxaflor, SUL) J&— Fpfif
P S e 2 2% AR, LA X o i = A R A R B
RRCR, kR | iEg | REL . CEURE] ST,
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59.1%I%) SUL (W1 4R ¥ %~ 80 mg/(kg-soil)), T
Pk CGMCC 1.17253 Rl %4k SUL A BEREAT A4
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(amide metabolite, S-1 )[108] °
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TR EGESF R A, A TR R REL RO
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S AV AR R, XELEh Y . 52K
ATV LR AR R WA FEAE . RS
Mg | e B 2R AR R S ) Dy h R A R
Az 7= e R A B b A
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IR R AN [F] A RS A R, SR T R —
Ty sl fd & Z PR iz e A 25 AR A2
TE AR AR R i B S IR W) R By 3R ST
NIT BE# YK-624 58 2% f# , DIN W B¢ 6% 31%
WITEHSE N 0.1 mmol/L), 1M PDA 1%
FekE (EARBER) ., NIT UBFEM 20%,
DIN NJ5¢ & AFEf#. NIT. DIN W43 51554k K
(E)-N-((6-chloropyridin-3-yl)methyl)-N-ethyl-N'-
hydroxy acetimidamide (N-1). N-((4aS,7aS,E)-1-
methylhexahydrofuro[2,3-d]pyrimidin-2(1H)-ylid
ene) nitramide (D-1), ZiJid {6 P450 5 i
X INT 5 DIN B ff i 72 28 5C B2, iR n 40 g
T PASO AR BUEE T R JS A I A R
YK-624 X 3 B i R RN, R 2Bk T
(Rhodococcus ruber) CGMCC 17550 R 12 —Fjr
B R AL IR R NIT, W] SEih &K
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PR %Al R A Y R R R AT S

SRR N B B AE R AR ), — 8 R A
TR NIT RERE; BMEIAREE T Bt 5 Rl
KL NIT FEfHIES, R EE P450 S
5T NIT 2234kl

YR Ay R4 R, £ 100 mg/L 11
NIT #4k¥d, 1535 72 h J5 NIT {3 1.63%,
AL T a4 A 3-OH-NIT(N-3), 8-OH-
NIT(N-4) F1 14-OH-NIT(N-2), H.Ah, 7% .

2 FTBRMEFTIRERZE R B R R ) R B A I RE

Table 2 Microorganisms capable of degrading neonicotinoid and their metabolic properties

Microorganism Isolation Reaction condition Initial content, degradation rate Reference

Imidacloprid
Bacillus thuringiensis Marine sediment 30 C, 100 r/min, 11 d 18 mg/L, 78% [55]
Klebsiella pneumoniae BCH1 Agricultural soil 30 C,pH7,7d 50 mg/L, 78% [56]
Pseudomonas sp. RPT52 Agricultural soil 37 °C, 200 r/min, 24 h 128 mg/L, 46.5% [57]
Pseudoxanthomonas indica Rhizosphere soil 28 C,pH 7,64, 311 mg/L, 70.1% [58]
CGMCC 6648
Hymenobacter latericoloratus Water sample 30°C,6d 100 mg/L, 64.4% [59]
CGMCC 16346
Bacillus aerophilus Sugarcane field soils  Sandy loam soil, 60 d 150 mg/(kg-soil), 96.1% [60]
Pseudomonas sp. 1G Soil 28 ‘C, microaerophilic 50 mg /L, ~70% [62]
Rhizobium sp. Oil field soil 28 °C, 120 r/min, 25 d 25 mg/L, 45.48% [64]
Bacillus alkalinitrilicu Sugarcane field soils 28 C, 56 d 50 mg/(kg-soil), 98.02% [114]
Mycobacteriumsp. MK6 Egypt soil 28 C,<14d 150 mg/L, 99.7% [115]
Leifsonia sp. PC-21 Soil TSB,27 C,21d 25 mg/L, 37.0%—-58.0% [116]
Ochrobactrum sp. BCL-1 Rhizosphere soil 30 °C,pH 8,48 h 50 mg/L, 67.67% [117]
Aspergillus terreus YESM3 Agricultural 28 C,pH4,20d 25 mg/L, 96.23% [118]

wastewater drain

Acetamiprid
Pseudomonas sp. FH2 Manufacturing sludge 30 C,pH 7, 14d 800 mg/L, 96.7% [68]
Fusarium sp. CS-3 Soil 25-30 'C,pH 5-7,96h 50 mg/L, 98% [69]
Ensifer meliloti CGMCC 7333 Rhizosphere soil 30 ‘C, pH 7.5, 220 t/min, 500 mg/L, 65.1% [70]

96 h

Pigmentiphaga sp. D-2 Sewage pool 37°C,3d 122.5 mg/L, 99% [71]
Pigmentiphaga sp. AAP-1 Industrial soil 30°C,pH7,25h 100 mg/L, 100% [72]
Variovorax boronicumulans Water surface 30 C,pH7,120h 2 mg/L, 34.7% [74]

CGMCC 4969

Ensifer adhaerens CGMCC 6315  Soil 30°C,12h

30 °C,pH 7,60 h

200 mg/L, 94.4%
200 mg/L, 95% [75]
300 mg/L, 93%
400 mg/L, 87%
600 mg/L, 73%

Pseudoxanthomonas sp. AAP-7  Industrial soil

(525
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5 P)

Microorganism

Isolation

Reaction condition

Initial content, degradation rate Reference

Ochrobactrum sp. D-12
Rhodococcus sp. BCH-2
Penicillium oxalicum IM-3
Rhodotorula mucilaginosa IM-2
Stenotrophomonas sp. THZ-XP
Streptomyces canus CGMCC

13662

Staphylococcus aureus 502A

Imidaclothiz

Stenotrophomonas maltophilia

CGMCC 1.1788
Clothianidin

Pseudomonas stutzeri smk
Phanerochaete sordida YK-624

Thiacloprid

Variovorax boronicumulans J1
Ensifer meliloti CGMCC 7333

Microvirga flocculans
CGMCC 1.16731

Rhodotorula mucilaginosa IM-2

Thiamethoxam

Ensifer adhaerens TMX-23
Bacillus aeromonas IMBL 4.1
Pseudomonas putida IMBL 5.2

Pseudomonas sp. 1G

Acinetobacter sp.
Enterobacter sp.
Bacillus sp.

Enterobacter sp. TMX13

Paichongding

Sphingobacterium sp. G1-13

G2-19
G1-14

Sphingobacterium sp. P1-3

Nitenpyram

Phanerochaete sordida YK-624

Rhodococcus ruber
CGMCC 17550
Sulfoxaflor

Aminobacter sp. CGMCC

1.17253

Dinotefuran

Phanerochaete sordida YK-624

Agricultural soil
Contaminated soil
Soil

Soil

Sludge

Soil

Wetland
Wastewater

Agricultural Soil
Rotten Wood

Agricultural soil
Rhizosphere soil
Soil
Soil
Rhizosphere soil
Soil
Soil

Agricultural soil

Agricultural soil

Mulberry root

Soil

Soil

Rotten wood

Domestic sewage

Soil

Rotten wood

30°C,pH7, 14h
35°C,pH7,84d
30°C, 14d
30°C, 14d
30 °C,pH7,26h
30°C,pH7,4d

35 C, pH 5, 100 r/min,
1d

30 C, 84d

30 C,pH 7, 14d
30°C,20d

30 C,pH 7.2, 60 h
30°C,60h
30h

30 C,20d

30 C,10d

37 °C, pH 6.0-6.5, 15 d
37°C,

pH 6.0-6.5,15d

28 C, 14 d,
micro-aerobic

15d

30°C,48h
30°C,6d

5d

4d
30 'C,pH 7,20-30d
30°C,5d
30°C,72h

30 'C,>96 h

30 °C,20d

3000 mg/L, 39.27%

50 mg/L, 84.65%
500 mg/L, 41.6%
445 mg/L, 93%

1 000 mg/L, 95%
200 mg/L, 87.6%

50 mg/L, 61.68%

500 mg/L, 36.2%

10 mg/L, 62.0%
25 mg/L, 37.0%

200 mg/L, 62.5%
200 mg/L, 86.8%
159 mg/L, 90.5%

200 mg/L, 59.9%

200 mg/L, 21.6%
50 mg/L, 45.28%
50 mg/L, 38.23%

57 mg/L, 70.0%

50 mg/L, 94.72%
90.78%

82.06%

1 mg/L, 95.2%

50 mg/L, 13%
35%
30%

10 mg/L, 57.75%—62.47%

27 mg/L, 100%
100 mg/L, 98.37%

200 mg/L, 39.6%

20 mg/L, 31.0%

(51]
[76]
[77]
(80]
(73]
[120]

[121]

[82]

(84]

[86]

(89]

[90]
[91]

[99]

[100]
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AR W R IMI 3R 42 LI 2, Ttk sk A
W R i 328 T SO« e Ak BB I oK s 3
AR Ho g AR Ry U WL
WA R IMI7E A [] - HE v 3% B3 B ) 225 55 4%
K, HiEE BN 6.6 d-10.0d, HEKRT
100 do - HErh IMI Q™ 4 5% B DL Ak d ok
% (imidacloprid urea) &3, HIK A 6-CNA .
5-¥EEn dimk (5-hydroxy metabolite) 524

i AL 38 IS M R AR . IMI | 3 A 4k 2k &
2 MR FIR R ESE, IMI 3 BE AL Im-1 F11
Mk M mk 2 B K (aminoguanidine imidacloprid,

Im-2), ZJ& N-N g8, LR IMI 5 1 5
10 /59 Im-8, it — A AR 2 LH Im-4,
F C-N #Ki % Im-4 1k K 6-CNA (Im-3),
6-CNA 5 XUt A 1k 5 B il 6- 32 2 M R
(6-hydroxynicotinic acid) #1 2- H Bt % — R
(2-formyl-glutarate), HZH fLA CO, Fl H,O.
fiti % 56 87 1AW (Klebsiella pneumoniae) BCH1
s A IMI AR A iR AR 4t i, e
Az 6-CNAPY S DU AETBEAE Jy b Fe i,
A (Pseudomonas sp.) 1G W] FERUEE AT F%
fig IMI Al TMX -5 fb J 3V il 5 I3 4
(nitroso/guanidine metabolite, Im-1) ., A5 fifi 3& K
Y (desnitro/guanidine metabolite, Im-8) .
IRZEACE Y (urea metabolite), HHET=N-NO,
I J 5 o AR AR S R 5

<\ NH (\NH (\N'H
0
N—‘4\ Deoxygenation /<\ | Reduction N’<\\ _
a@—/ T Hew a_{i\>_f N A YA
= N=—

NAminoguanidine imidacloprid
(Im-2)

12| Rupture of N-N bond

Imidacloprid Nitroso imidacloprid

(Im-1)

Hydroxylation g Reduction

Oxidative cleavage

NH

NH
N"<\ @ Oxidation Q
\— 5-hydroxy imidacloprid = Loy, =

J/\Z/\A}/
(Im-6) Urea imidacloprid >, xg  Desnitro/guanidine imidacloprid

Im-4
. 3) . (Rupture of C-N bond N—< (lm-s), . .
Dehydrogenatlon © i\l/; / \ % (1) Klebsiella pneumoniae BCH1
®) Pseudomonas sp. 1G
) Stenotrophomonas maltophilia CGMCC 1.1788
) Leifsonia sp. PC-21
Bradyrhizobiaceae strain SG-6C

/ \ OH (B) Pseudoxanthomonas indica CGMCC 6648
HO~O— (\/ (7) Bacillus alkalinitrilicus
3
N= o

6-hydroxynicotinic acid

\—
1-(pyridine-3-ylmethyl)imidazolidin-2-one
(\NH (Im-5)
~ OH
e N__<\ /N(fupture of C-N bon%@({
N='Qlefinic imidacloprid 6-chloronicotinic acid
(Im-7) (Im-3)

NOGINEN]

—— Reduction pathway

Rupture of C-N bond Oxidation pathway

(5| Oxidation

=)

7 Mineralization Mineralization Q Oxidation OH
NH CO,+H,0 oH~———— o:<}c/

N\( HO [0} S N \\0

Imidazol-nitramide
NNO: (Im-9)

H
2-formyl glutarate  6-oxo0-1,4,5,6-tetrahydronicotinic acid

B2k BRI R i 1215

Figure 2 Proposed catabolic pathway of imidacloprid®>*",
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Bedt (WKmME3R) Efbidte: IMI B AL %
WA T . JLMHEY A RS,
BAERA Y R G PR, RS ™ YA X
B BUE IR IR T 5 IMI 1 6-%(-3-Mk i K&
BEFRROFAHGE , R E AR BT M
IMI AL Im-6 I A & B EE L Im-7, 7
PEJE IMI B 10 £, Im-7 b C-N 825, 5
At 4 N-nitroso-1H-imidazol-2-amine (Im-9) FiI
6-CNA, BRI (P. indica) CGMCC 6648
Al A AR R IMI,  (H LRI ) A )
I, o il SRR e 7 ) AN [ o ARSI A
WY . FLBE . NERERET, Z R 5ITE 6 d.
48 h. 96 h W B, 3510 Im-6 5
Im-7, Im-6, Tm-7"%1, IMI BAL B8 % AL Tm-7
B Ak 3 BRAE S. maltophilia CGMCC 1.1788 [
figp ok R b AT LI B Ak DACH R AR 4 3
Hor AR EAA R IMI RE 1 I SR AT
B (Bacillus aerophilus) F1H8VE N 25 /1 4T
(Bacillus alkalinitrilicus) i} 2 i o] 45 ) 2]
6-CNA . Im-1., Im-2"1, #i[CH# (Leifsonia sp.)
PC-21 LABEIA MR N4 2 BE R B I, e iR
FIE RN TSB Y 27 CAF T 5% 3 4,
VIR S 25 mg/L (1 IMI % B 37%-58%,
A Im-4 5 Im-8. MU A0, 40 A Y R
IMI Z UL 6-CNA fE K A Py it — 2P 5 b A
“RRTEAT=HE, LB IMI {5 YR B 0 A 91
/'5[53,123-124]O
4.2 TEHBEX (AAP)

AAP WU YRR kA2 WL 3. AAP 1Y
A REE ) R IO T IO BE=N-CN, ZE
BE A AT % A= [ . AAP [R)-C=N 81k s
PR Ac-1, Ac-1 I+ C-N HEAS X FR 246 A=
i Ac-4. (Z)-1-ethylideneurea (Ac-10), ZLEKH
(Rhodococcus sp.) BCH-2 [#%f# AAP “f Ac-4 FFift
AL B 6-CNA, Pt 2 A b Ja ek
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Figure 3 Proposed catabolic pathway of acetamipri
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Figure 4 Proposed catabolic pathway of imidaclothiz®***!,
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Figure 5 Proposed catabolic pathway of clothianidin'®**¢
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1G 5 Ensifer adhaerens TMX-23 S04 Y H A7 1E , a1 Pc-1. Pc-5. Pc-6. Pc-12., Pc-13. Pc-15.
EWE YR TMX W EE84, E. adhaerens  Pc-17. Pc-19., Pc-20 il Pc-22, Pc-23, Pc-24,
TMX-23 ] BERAFAE S — PR At , TMX % Pc-25 HEM nl gt — A ihs . ikt il Atk i
TRIR (oxadiazine ring) JFINE, Fib =Bk & hEMES Y RT P EL B I EEIE B Pe-2
R4 (clothianidin-triazinones, Tt-6), FfHcJifk  Pc-11. Pc-24. Pc-25; k2L Ak 3L S AL vT I
fift R 3 = BT (hydroxyl clothianidin-  Ji Pc-1. Pc-12, Pc-18., Pc-23; MiFR AL FINR
triazinones, Tt-7)P%, TMX if FEARHIEA EREREE SRS Pe-3. Pe-11, Pc-13 flI
He b 2e HE O e iR (desmethyl—thlamethoxarn, Pc-16!1%,
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Figure 7 Proposed catabolic pathway of thiamethoxam
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DA 2O T AL B, A 0 o B J I A
W IF B L LG AR S A= WA AT A P ey e SR DR
REVRP T o B AR08 2 2 3 T JLAE BB AL S
gey, BRI 18 KR RE Y iR R LR
FER A3 T8 1 ) 0 5% e g % A 2E 0 9 Ak i AS 52
a3, HRFEHT IR AR S 2 H T R A ) Tl B X I
R H BT Z £ D 407, KA EEAT P450 Jin
it 2 P 25 O I ) S B e, DU 4 31 e K S o
B% 24 550 3 A 0 [-C=aNT R 22 IR SR AL JF 2R (il
WE . BRI BEREIRAE) BITIRE.
PTG Y (I AAP,
THI. SUL), MK fif i w5 1F FH T 85U [-C=N]
TE RS B i B [-CO-NH-1F 1 — 25 I bR Wk e 3, 7=
A WRZEAL B PR & A7 B [=N-H] 9 T B ik &
WU 1T PASO Tl AR A A R S AR A S Ak R
VS I RO T kAR S A A T A R
P450 [ RN B E T REAR SRR, DA () 4245 1
P450 N2 5 T B0 M0 68 25 Ak A W 0 4 D
(40 IMT, CLO. INT. DIN). It4h, P450 fif
25T AAP &M 2, P. sordida YK-624

T3 WEYEERERECEYREER
Table 3

HA 5 AAP MEE A 25 3R AE P2 AR Ac-5T ) i
P. chrysosporium 1) P450 fif =5 AAP fi ki Fefk
Al Ac-7 F Ac-9, (H LU K H AR BE 2 5
AR (3R 3).

T2 0 56 fidk S 0 ek 21 3% R ) o R AT A
i 1) Jo B Ak aok e v g I A AR AR 0 s A
Ior28, I (GR¥) 3. (%) WL, Mgk
Wi KAl () EAk S (R 5 (3 3).
X R W A2 W v R HE 5 AR R IR S P
Tity B e DR i R W A, R Bl A O R i ok
TR Py e AL D R 2 A — EHRIERY . X
— RGN = AR W i R R R AL B ) K
Horp ]k & 0 19 5% Ak 20 B8 AT BE & B D) RE 3 o
WA S, T E AR R A D BRI AR
RN BTG 2 T AASE Ak 3 0 — 20 B0 1 T AL
W, B A B A i T R
H T ARG E B R 5T , SRR |
it 1) 47 4 0 08 o AR W, B A
e W 2 R R 1 B A W R ) T ki
I FH B A I 57 55 3 Y o

Intermediate transformation involved in microorganisms capable of degrading neonicotinoids

Classified
reaction

Transformation process
(note if applicable)

Representative enzyme
if available (representative strain)

IMI—Im-1—Im-2
IMT—It-4 (-N=0)

Nitro reduction

It-2—1t-4 (imidazole hydrogenation to -N=0)
TMX—Tt-1 (=N-N=0)—>Tt-2 (=N-NH,)—Tt-3 (=NH)

IPP—Pc-5 (-NO)
IPP—Pc-7 (hydrogenation)

Pc-1—Pc-4 (-NH, and -CH; to —OH)

Pc-1—Pc-13 (dehydroxylation)
Cl-7—Cl1-2

Tt-3—Tt-4

CLO—CI-7 (N, dechlorination)
CLO-CI-1 (N, hydrolyzation)
TMX—Tt-3 (N)

=N-H hydrolysis

Denitration

[PP—Pc-12 (C) (ether cleavage and oxidization)

Pc-1—-Pc-9 (C)

http://journals.im.ac.cn/cjben

(15%%)



PR %Al R A Y R R R AT S

2L3 3)
Classified Transformation process Representative enzyme
reaction (note if applicable) if available (representative strain)
Hydroxylation of IMI—Im-6
heterocyclic ring IMT—1It-1 Cytochrome P450 (Rhodococcus ruber
CGMCC 17550,  Stenotrophomonas
maltophilia CGMCC 1.1788)
THI—Th-2

Hydroxyl elimination

Dehydroxylation

Dehydrogenation

Decyanotation

-C=N to amide

Ring cleavage

Ring formation

Cleavage of side chain

IPP—Pc-21—Pc-22
NIT—N-2, N-3, N-4

Im-6—Im-7

It-1-1t-2

Pc-8—Pc-11 (demethylation)
Pc-9—Pc-3

Pc-1—Pc-13 (nitro reduction)

Pc-15—Pc-16

Pc-12—Pc-20

AAP—Ac-1 (amide)—Ac-11
THI—Th-1 (amide)—Th-3
Th-2—Th-7

THI—Th-3

AAP—Ac-1

AAP—Ac-3

THI—Th-1

SUL—S-1

Ac-11—Ac-12 (pyridine)
1t-2—1t-3 (imidazole)
TMX—Tt-5 (oxadiazinane)
DIN—D-1 (pyrimidine)

Im-4—Im-3
Im-7—Im-3/Im-9
AAP—Ac-9 + Ac-7
Ac-1—-Ac-4+Ac-10
Cl-7—Cl-8 (guanidine)
Cl-3—Cl-4 + CI-6
IPP—Pc-24

Pc-8—Pc-10 (dehydrogenation)

Pc-16—Pc-19

N-4 — glucuronide conjugate

Cytochrome P450 (Phanerochaete
sordida YK-624, Rhodococcus ruber
CGMCC 17550)

Cytochrome P450

Nitrile hydratase (Aminobacter  sp.
CGMCC 1.17253, Variovorax

boronicumulans CGMCC 4969,
Pseudaminobacter salicylatoxidans
CGMCC 1.17248 [AnhA/AnhB],
Streptomyces canus CGMCC 13662
[AnhA/AnhD/AnhE), Ensifer adhaerens
CGMCC6315 [CnhA/PnhA])

Cytochrome P450 (Phanerochaete
sordida YK-624)

Cytochrome P450 (P. chrysosporium)

&B: 010-64807509
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(83 3)

Classified
reaction

Transformation process
(note if applicable)

Representative enzyme
if available (representative strain)

Pc-7—Pc-18 (dechlorination)
Pc-22—Pc-23 (oxidation)
I[PP—Pc-12 (nitro removal)
IPP—Pc-1

Im-4—Im-5

AAP—Ac-2

THI—Th-4

CLO—CI-7 (nitro removal)
Cl-1—Cl-2

Pc-7—Pc-18 (ether cleavage)
AAP—Ac-5 (N)

CLO—CI-3 (N)

TMX—Tt-8 (N)

[PP—Pc-24 (side chain cleavage)
Pc-8—Pc-11

Pc-7—Pc-25

Ac-4—Ac-6 (N)

Cl-4—Cl-5 (N)

Pc-1-Pc-2 (C)

[t-2—1t-4 (nitro reduction)
Pc-14—Pc-17

Pc-7—Pc-8

Pc-12—Pc-9

Pc-8—Pc-7

Pc-9—Pc-12

Ether cleavage

Dechlorination

Demethylation

Methylation

Hydrogenation
Ketone reduction

Ketone oxidation

Cytochrome P450 (Phanerochaete
sordida YK-624)

6 E%

TN B S % HUTR) s A A L A
VAT 30 IR Al R R S A T, — R AR
L B EREE L X IR L3l P AR 2 4 (KR
9 SR AR R AR SRR, T AF 7 Rl e A
o ATAR R i TR R HURR 5 B T S 2L
F18 TS A B 0 0 AR 25 R N B W s, g |k
BRI . AMESh ) SR kR RE, A
TR AR RTREE . B B Tz
M SCTE R TE Y ZEE . DR . KR S 3
eIk, P BRA R BRI, ARE
EHEM R — R RS i e, T H b
] 4 A P M RE RS BB . o, A5 B
AP BTIR, SCBLER A R ROHT AR B R
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FIEA PN

AT AE A 5 0 B2 2% SR A 2R el -
T A= Wy 8 i Bt 50 32 8 6T 13 0 6 255 A G L
Ml k2R A HRENSFENE. BT,
T A= Wy e e SR s 7 =X AR i 5 — 2P I IV s
AR, FEAHE: MK LiiEie PRL
BT (Pseudomonas). WLBEIRAE PD-15FF
(Arthrobacter) . WLIE-MIE e AR 1R 4% VPP-
& HFFE  (Ochrobactrum sp.) SIY1 FURFTF &
(Agrobacterium tumefaciens) S33 VLM i H Sk
B-HWE KA (Aspergillus oryzae) 112822,
b REE A R T — R SR AR
I T S BUARA 1 LA AR 8 Ay v — e D A AR
1 RPN i - = AN = NS 7 N 7Y - 2
A0 R R AR e TR A 5 38 2o B335 J v A i ) 1Y
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AR R 65 i b B Ak 0 B A I B A o 78R v 2 A
LSO R AR AR A S e, T
T T YA KRS AR,
fed A5 s e R R R AL A AR 2 A
SRR BT, TR KR B S A HR o e o 7
A LT A 5 2% B0 108 0 8 A ) e Ak ok 7 ol 2
M, Z5GEE . JEP . eGP DL R R A BR
AR, B SR AR 82 A5 Wy e e A =X ) £
SEYERIZ A

CA Z AT . I A AT TR A
KuyREfg, w2y o Eie, W
F B i B AR A L AR . ()
AL . FFIRRR . KRS — R 4%
o BEAN, A PSR L L ES I S I A2
HE T A W %58 M % i A AL B e AR . i
10, A B ARG SR 1 o ) ] 43 XX 8 0
IR HOR R 2 M AL TR, X T A J PR BT 5
B FHABHTE BR A 25 3R B R A S S % &
SCo HHA G e e v 2 W A S Ak
TR BRI T A= A ey TR A
A SRR 688 S ot R S e Bl s 8% 3 R 22 ] LAAR
HE IR A TR B A, AR
T 5T AT AR S o A R A T A e,
B E AR P. indica CGMCC 6648 % JH 4 I iz
5 M1 A0, e R FE AL IMI; T
EWE S IMI AR D00 o B R R A IMIP® i
b, FhESIE (E. adhaerens ) TMX-23 1E&5A
TMX M — filk 20 U8 19 35 3% 5L b B M 2o
38.6%, TAIA 1% 45055 TMX FEf# RN
15%% 3 78 43 2% W 5t BHAE 40 B B A4 A 6
TIE AR R KINAELE, AT 5053 Yk A 555
SR IR a7/ R NCIN R G S L R & R
AR AR, 3 KK R R B S 5 S IE
TACHALE Y Z R o BT I, AT R i A
B¥ME (Pseudomonas sp.) JY-Q B il 13 F& [A
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A 4% S B G I A N ED SR AR BB, (g Ar
A — PR AR IR G R (RN A g 4 b
R GE A RPN (E B T i} 8~ St Rl el B
LA U ) B e, Hak £
B RUK AR BR 58 v 1 st 2B Y IR S IR AN 8 7T
gy, BRI AR HOR % th T o e SE A 5
Wi— AL TR, SEORREEREEAR
RSO S p et 5 & AW I B8
JoT O B AR R o R T SR AR TR R 1 2R
WECE S TG R, A T TR A e [ T B
F A B W Il 22 I A A G A2 PR AR BE VR oK 5
ORI . BT 2, B T RE AR X H AR
B2 B AR L SR B e, R —
B R X AR [ 75 Y ) 5 0 22 Tl P 7 1 40 i B A L
il o - HEOR AR TR T A W T BB IR K
TS A L B A AL I B e
FEDMEFEAL R R, 7R G A A RSB AR s S 4
24 1) D) il A B AN AN TT A 1 15t A% ) B A T 3
SAEZ TR (Aot S R T B sk .
AGARE)

] 5T MR A A G -5 R A B % T A
Az R AR B s e S LR LR, IR BRI T
TR F ol DI RE B M 3L IR 4L, 1B A AR I A
T 2t LS8R A TR 1 X I AR B 25 ) A e — A
FIEIE i . Z BRI . SR . K
it . /N . AR o M P4S0ES 5K
HFEEAL, HXSE BRI Rk, EYIRE
it ST A R 2 Y5 Gy %) K e it R R s AL ) R A
B S Fi5 Y 2Rl | Sk O R b e 4
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E—EXMEE . BRILZ AN, SRIET & A R R
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IR, WASZI S Y I RK AR b g i
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itk T SR S R 2 5 R 2 R A i 4 ok S R AR 42
P RN A R AT o HEN RN 28 22 Ty e 3 A ) S Atk
b, FRATAT LR AR TR . AR
W, SRR DI RE XS Y] Kok . B
Ze BRSNS S B I FH 3 5 ()

Sy i R Xl I PRI R 3 T o 1) R
SEHIME, RTEE . (1) B AR AR e R
) B AR SEE S AN 248 R B T
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WSEINBEIE ALY CRISPR-Cas KA BYF A A
MR ; (3) LAG BUEY 2= B A G
B B ORS AN 22 5 (4) 22 IR R TE BB
FRB A B0 O R B AR E M . R AR AT L
W fife 22 S A T e > 1258 AT A S A AR g
TR A K AR SRR b, R E SCELE R
fEIE FCARI & e i e A ), A S
Wit i o R i R T 4, SR AROR F B O
] R ] P DG B 5, betn, SR FAEH A
DU 1R FH L35 32 PR A 2 R L e i s Al 2, M
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HL G 5 7= ) P I o R i s )Y HE R
& MR B KR, 2T R A7 A AL
THBRRE SIS, TY-Q B EIRAICR A, S50
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