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PARE, R ERR T oA A SRt SR BERE I B A= A R i 1)
BRI L R BRI P B AE RS s o AR W R R AR — R R B A A B SO B AR R R T
TR T I B ORTE, MU YA RS M R A Y R R PR R AR . AR R, MR
SR TR TR S 25 o8 A K BR P E T A AR YR S . BET, © R B2 R AR W HL A A R e
v 2S5 W M RE ), A0 BOFT B JE Y A B RT FE f% NOR, [ J EL T (Irpex lacteus, Panus tigrinus,
Dichomitus squalens 55) RE R fit % 4k NOR, A 2N 2, 534h, R T LAY A
VIR fRAR S, — SR gR 20 3BT T M TR (9% SR i R 2 24 ) A W R A S 0 R ) . R ARERT, ENR AT
D3 3 R 8 B A R CO, ATt — Se Qi 5 PR TS V0 B AR ] Bl A S Pl o R Ak . R . R
IR 18 B0 5% fifp S a AR e Al o SRTTT A G T G0 A= 0 556 ik 2t A 9T s 5 T 25 245 40 1P 8 R0 6 i AL o1 1% 51
PIRTER TR (25~30 C) WS/ N HEAT, 765 3 A IR AR T A AR5 (70 °C) B9 AH SS9 B 470

ARG ARG 2y )15 U 0 e A5 2 (4 RE SR Thermus sp. C419(CGMCC 1.16184, GenBank %5 5
KY784655C419)> Jy [ fift BRI Ak , R T HLAE 70 °C B9 @ IR A F T X & FH 1% 2 b 600 145 1 25 25 ) (NOR
F1IENR) HAl AR A A AE BT 0 A W BRSO, IEXT 25 0 B 50 1 2% . A= 0 KA = A eT e 1 A
WA HEAT ORI AT, IS ek S A W B S 25 B B R TR IS A, A3 b G AR W Y B R R
AN ARBFFERR T MR 2 25 W AE R R AR T IR L A, DUON 3 & 2500 = R HE D T 2 4R 4t
I o it s T T 2 2 1 B ME R B R, S A 2 R 35 8 250 b s T ) 25 25 00 A1) 1 LA i
1 #MRl5RE*%

11 #Am5EFE

AR S5 3o A% v BT FH A NOR 1 ENR W T 1 g BT T 2B A BB e 0 A7 BRA B o 5250 ok A C L ER
Kr IR 5 (MMSM) JEA7 2B Y B Al S 56, 32 28 i 4> 4% FeSO,-7H,0 0.013 g'L™', CaCl,-2H,0 0.013 g'L™",
Na,EDTA-2H,0 0.018 gL', MgSO, 7H,0 0.25 g'L"', KH,PO, 5 g'L"'. NH,NO, 5 g'L"', Na,HPO,
75 L7, BERHEEU 0.6 L7, ZREN 0.5 gL', NOR/ENR 5mg-L™" 5% 10 mg-L™'. >R Luria-Bertani
(LB) #5355 (B AR 10 gL', NaCl5 gL', BERHREUY S g L") 54740 5 40 i 0 14 i 4% 5%

1.2 WHE

1) WA 5286 . 250 mL A AETE P 70 100 mL A9 MMSM 15 35 58 (L RN 0.5 ¢ LY,
Tl 3% MO TR bR C419 TR B, JFARIE & & 25 b HiE R MUBIR I (1~10 mg-kg )™, 0 P A R —
25 Wy S vh AR AR ) 42 2H NOR/ENR 254 4 5 mg L', 1 7 5 20 NOR/ENR 25 ¥ ¥k & 710 mg-L™';
2GR G R SE IR R, NOR/ENR 25k EE 45 SmgL™'c BRI E T 70 °C . K 150
rmin' FERBOLEE R, FE 0. 12, 24, 48, 72, 120, 168 1 216 h HURE I %2 25 9 5% BR e 3 LA K 1
A, SE 5 bl AR VR E B SR A 28 K, JFERURERT IS I C WK 2 i i . O
5, FEEAI 0.45 pm B IR R, I SRR DR AR A5 € 35 T A7 ICTE 4 °C B9 UKAR T RRI

FIH — 8 J1 2# AT B AR C419 X Jilnes 1 B S AR Wik 2h 12, iRk = (D).

C=Cpe™ )
Kb C AW, mg L™ CASEIRRTE] BRIk, mg L' k AREMEHRFEE, '
A= PR A 02K 1 1, TR T (2) TR o
f2 =1n2/k )

2) A= Wy e e ARG A ) B B TR 5 R 24 ) A ) A e I T b TR AT 500 (8 000 rmin '), JF
FHEF R UEME (022 pm) 3L 38 . H S5 AL RSB O TR L B4 BORE i b I B A = 4, IRBCPIRER
3. WL CEE, MARACK LR T, i B S, B R (R AR AR A
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3) 5% EABURNE RO A2 o JE AT AR RS BOSE B, R R R AT B (Bacillus subtilis,
22 [CBATE) F1 R AT 1 K12 (Escherichia coli, % [ B ) X 9 Ms 4 i 215 24 4y K FLAR I 470 14 % B8 P
TGP EAT RIS, FZESCR LB ¥ 1 mL R B (ODyy, = 1.0) #2FP 5] LB f [ {4 15 77 3k (g &
i 0.8%) TIRG B, Ik BRIy, fPGHREREEE, ERFELCE 4N HERN 6 mm 1Y
AR, IR T O ACKE S R R U R 2 25 ) (5 mg L") 45 200 pL. A REFRNLE T7F 37 C K597
FAHR, 20 h 2 S5 EUCH 0 S B0 R B A RN o 3 A X L TR A 2 W 1 0 R P R A SRR R B A RN
13 BAD B AP R DL R DAk 52 50 A 5 % B B TR T
1.3 S5 E

It R0 R €83 (Hitachi L-2000, H A) I 22 25 UM 14 B S P 2E R A9W B o Rl 280 . O
AN 0.02mol L i = LR . NG P EE (74:22:4, RFLH), FIHZHER C-18 (i (250 mmx
4.6 mm, 5pum) ETEIESE, HIREEN 30 C, MEWNKEEN 278 nm, JEFEE R 10 uL.

1) FH 8 15 20 R £33 B2 8K BT 3% (UPLC-MS/MS, AB Sciex 6500, 35 [E) % 980 M 1 B 25 B A= 2 19
A W R SRAR = R AT b . RS B CI8 A A (20 mmx75 mm, 1.6 um, HA), @i 55
WK 30 °C VBN 0.1% TR KR (A) 1 0.1% W R 25 7 W (B) ZH )% . i 0.3 mL-min”',
FEMTE AT A 10 uLo PEIEARF . B AHTE 20 min I 52 i 10%~100% 46 BE VR, BE)S LA 10% Ay
B AHAF FEEVEE 5 mine % FIS A EC A T — > FLWESS B2 11 (ESD), ESIE 3@ 0 IE & 7, IR
350 °C, HLRBE K 4.5kV, Kl gs T H ok 50~700 B XERE G 3EAT A4, SRR . K
S5, RSB Analyst 1.6.3 XF 45 R UEAT 40 BT . AR 48 2 Bel 19 SCiik Fl EAWAG-BBD X353 % 1
I & 4t (http://eawag-bbd.ethz.ch/UNK t/) 14 Fl #5645 i 2 B £ 7= 90, I-4F Low-MS 45448 X =y it A7
Yeog, M2 UESE T AR R EE R
2 #HR512
2.1 NOR #1 ENR 894 ¥/ 2

B Pk C419 X B — 254 NOR 1Y R ff 15 O an /& 1 frzs o AR (S mg- L") ZbBRZ B #k C419
TEWIG 24 h B9 AR KO EE PR T 0 (10 mg L YA BRA], H2 Afm A E KBS 2%, &, K5
HALBRALAE 72 h N, X NOR &SR3 54 66% F1 60%; 72 h J5, NOR ¥ JEHEARFFEAL, HH
P EMg e B2 FHE e, 78 7205, WIRMAYEIFG TR, AN PR ol 5 dOR (K
TRARRPFET: A, 1771560 W] NOR Rl £ 2R A TE AR E Y g K B B . &1 2 I 7 & bk C419

R fiE B0 — 259 ENR 945 5% o IR & (5 mg'L™) 0f 0.45

N s e L N H0.

REFEAL T, ENR 52 4 W 18 75 0 4 48 h 2 7 . § {7;§§i>< 1o
B YRS A K ek mh . e B g = 1N .
m, S A ROB R Bl (10 mg L) X § A1 cammnonsmety 103 =
N ~ ) =2 L N sk B v i yo] -1 =
VOELERUNSTEVIESY PUUEIVE S R o A g 5 =7 & =§ %{Hgﬁggﬁé?;g%ﬁy-o-zsij
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WM 3 (75%), 168 h I 1 e B ok 20 i ) 0 7 A0 DD D foos

% oLk 2\ 17\ 1)\ IZ\17\ IZI\1Z\1Z)\
Wi 8 (80%) . HI LA b 45 ST 1, ENR Y [ i 070 12 24 a8 7 120 168 216 O

AR T EARA Y G K B B, i ENR
F e i ot 2 SR I IR, L R 2 B e i R v
[F)IF, 45 2R 3 B PR C419 75 380 e 1 i 25 )
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B FRmt i/
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Fig. 1 Residual concentration of norfloxacin and bacterial

growth in 5 mg-L™" and 10 mg-L ™' system
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Xf H NOR 5 ENR [ [ fift, T8tk C419 X%t [ 045
B —25H) NOR 5 ENR(5 mg-L™") fi¥ [ fift 25 43 5]

—_
(=)

Bk C419 XF NOR 5 ENR FREMCR T, X+

7 60% 1 75%, X UL B Bk C419 XF ENR f) [ 28y 1 » @r@mzttf% oo &
, o N N g 7 mg- ‘
ff ARy, HJE R AR R A, X TR 5 6t 'E I Lfﬂggﬁ;om& Ly 4025 X
> PN e = —e— [F] < m; o
BRI R iR 7o, ABcbiE = | Pl || MR RERRERNY Jo S
g
Z
m

7 § N §
NN N N § 5 10.10
N —1 s S ey Y r \ \ ',\ \ \ N N
R DA R (R S SR U8 K 25 W AR TN B s sl
ST L2 5 TR R A A L L
16 3 Fl U 5B 25 %) (NOR, ENR, RN VP A) it i/
W, BRI VD R N R CA19 il [ i T I 1 B 2 B2 5mgL'M10mg L' AR PEELEN
YRR, NORWZ, ENREH ., K4RS REREMEFEKE
AMORIM %[17] 5T 25 B3 Fig. 2 Residual concentration of enrofloxacin and bacterial
‘ = - o

growth in 5 mg-L™" and 10 mg-L™" system

FERBEIE T, BT TR 2SI A il o
WA, B, PFMBEARXR G250 0 A R fg e ) B 2 Lo K 3 B T 7E 2 Fh sl s
WHERZE 25 (NOR Hl ENR) RS IR & b, T Bk C419 XF B AT AY R e DL B2 R AR K i 0 . IR & 1%
fiE R Z . 65% LA I Y NOR 7E 85 5% 48 h 5 9 22 BR 5 ENR [ i 58 I 75 55 5% 120 h /5 35 3 5 K (H
7mw%$—ﬁ$?Wﬁ B (5 mg' L™ NOR: 72 h [#f# 60%; 5 mg-L™' ENR: 120 h [ fi# 75%) #H

IRAFEMIA R PSP R M RRCRET S, R 50 B I ) B 4

e UL EEE R AT, SESREh E ER A R R  E S P A R, ERR AR
B B2 A R R . R R AT BB S, AR S R A TR BR Thermus sp. C419 J&— FR gk I B & e
Wl . BRI . BRI AR T ARG RE ) g R ARIEC A MRS, X A TR
W MEAAEY D, IR TR SR A LTS YY), AR MR IR IS 25 8, I L A S N 1 i
SEVUAE R Y EA NG YY) A YR 0 AU . it HEWT, TRk C419 X 98U 7 R 24 ) 1 A fidk i
g (R Ve FHZS AL o AERRC v B e AV T v U S W e g 1) 77 2, X & R BUE W R A2 31 BR 1 2
TR R W, v B 3G N TT DA = R AN o PR, R v B sl AN S 2R Y SR i
T 225 1 T LAARR 2 R AR C419 G BUTE /3 S 09 B A B, DTN A2 S ZE DR AR Ao . Do b, M T TR 25 24
W1 I o R A R R A R TR AR, X AT REJE T SR BAAE S A e U A 42 E AR R S B0 .
Bl & £ TR AN B T ISR, UM T TR S 2 ) Y I A B 2 e s o A ISR R T B I A e D ) A A T
DItk A R, IFERS 506 YRR 0.45

PR EEO A R T EL, IR AT LA 4 {040
A ) A A RN O B Y 05 1, E— 2 B R A g W%M
Wy 9 ARV T, = 10 &
2.2 NOR #1 ENR K94 M8 R 20 115 53 47 % j;%
— ) ) 2R B T R A R g 1015 8
BERAT I, B, ABR RS ¢ o0
4 NOR F11 ENR 9 4= Wy K fif it F2 o i 3 1 0] LA ® 1005
B, & A B AT e OB (R K 0.815 6~ e 0
0.950 4, JLBLUIATME 5 - RN TIHA g om0 s e A kR 2 B
A B . AR VR BE A9 NOR Fl1 ENR 9 [ fiff i B LB A KB

HHE KL (k) 79 0.0156~0.023 2 05 2 IR & Fig. 3 Residual concentration of two drugs and the bacterial
1A 2 Y B R R 2R R 49 W1 S 0.022 8 Y growth in the mixture of norfloxacin and enrofloxacin
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0.0223 h''; TEFR C419 76 A [A] 5256 4 11 F % T3 2 ol G o 5 ) 24 25 00 1) I A 2K 52 100 29.9~44.4 h,,
XoF T2 My B R AT 5, A b B ZH ) NOR T ENR 12 5 S0 80 5 T s 700 b B 2E , 77 o fie
RN T R A B, X UL kS T 2 MR s i B2 25 W 0 2 BR s R Ik Ah, YA
Bk C419 4 fi#% NOR Il ENR IR A W, 33X 2 Fh 25 4 /9 2 s 394K T 20 — 25 W I e i A9 2 30, )
B, B 3 B R T o — 2 W R A 1 O

x1 FRAGEBAEAREEFAERNNNESHEUETE
Table 1 Kinetic parameters and fitting equations for fluoroquinolones
degradation in different treatments

Vo3 kel k! t,/h R EHH
NOR (5 mg-L™") 0.0156 444 08156 InC/C,=—0.015 6¢-0.104 3
NOR (10 mg-L™") 0.0181 383 09358 InC/C,=—0.018 1£-0.065 1
ENR (5mg-L") 0.0191 362 09115 InC/C=—0.019 1¢-0.088 9
ENR (10 mg-L™") 0.0232 299 08734 InC/C,=—0.023 2¢-0.093 9
NOR (R4 0.0228 304 09504 InC/C,=—0.022 8¢-0.034 3
ENR (iR5) 0.0223  31.1 09413 InC/C,=—0.022 3¢-0.081 0

23 HHIREBEINEE

) FH R 5 AR (5 1% B K B 1% (UPLC-MS/MS) X NOR Fi1 ENR F 8 £E ) [ e A 38 7 B 0 47 49
Mo AHSET= 9 (1) G540 2 3 T 2 2% SCk v 9 7 3410 FI EAWAG-BBD i 42 Wil R g i i iy, i i
PR 4 i — 2P A . NOR FI ENR 79 (1) B i 408 . A G A Ak R ™ W) 43+ 8 1 P ok
SRR L ORI 3. MR SLE IR R TR NOR 1 ENR A] g f94C i 48 (&l 4 A 5 TR,
R G YA Z 5 MEYRERIER, X506 MRS R —5,

B bR C419 [ NOR I 42 40 1€ 4 B 7s o NOR A9 UR 86 3038 1 A= ) B s it 2 A AR ) 9 i
BIFIRIEFEAL ]y 2 PR R AL &9 (NT-1 FIN1-2)o 7240 N1-1 A1 N1-2 A g i — 2 Ak 2 i N2-1 Al
N2-2UCl, 7 N2-1 B N4 kB, AR T —FRYVRN, ALFE MR SN FI &% 58 AT Y K Bk . U8R N1-1
N4 Z[RAEE PR, Bl XA AREtE, Fi, B R 5 B . M N2-2
FI| N4 NS [ R A2 ok e S8 Ak 25 B — <R EE AT i O s AT A9 o 7240 N6 J2& i NS A Ik e 35 2 B
CH, MR R . RS w4 T % 23 T EAWAG-BBD i@ 12 Wil R4 42 tH iy, N1, N2, N3,
N4 Fll N6 3X 5 Fft J fff 7= 0 17 I AE AS B 58 Th gl $2 11 o 74 NI1L(C,(H FN,O,, m/z 336) il N5(C,H,,FN,0,,
m/z 251) B8 1E 11 Ji& B [ At NOR 1 S 56 i U gk il i o 55 4, ZE B #R Labrys portucalensis F11 [ i
NOR A= i Y Fp ] 44 o 1 ¥k & B ¥ N7(C, H, FN,O,, m/z 278) Fil N8(C,H,,N;0,, m/z 318). =¥y
N9(C,,HsFN,0,, m/z 348) [ fift A Jit R FL A A5 R W H AR =z —

PR C419 B M ENR AR R AN 5 TR o 1 58770 B S 38 i 8040 23 BRI IE 2R T % 21 79 2
MAFRIA, SRJE 4 E1 AR G 20 8 AL FF 20 4 )™ 9 E4 R ES. ES A3 2 Rl e 4544, (45 ES-1 Ml
E5-2, ENR 0] g 4% S AL A B2, I3 43 A4k 2 B e i <R JE A1 A O =0l — 2D B Ak ok B3 S0 14 T
FACE WA AT AH R ka2, RIWR W BRI Ik i 2 2 B 1 7 FH A 07 7= %) E6(C,H,,FN,O,, m/z
358) il E7(C,oH,;N,Oy, m/z 374) 3 g 15 Ji B K4 fit ENR B97= 911, 7= %) B6 ] fig 2 th 22 3 [ il X5 90 44
() ENR 43 L3078 i e e = A= 0, 724 B7 J& B6 dF— 2 Ak AR i o i ENR A94R8
N A, HUARRE Wb A A Re w40 B A o
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Table 2 Mass spectral data and calculated formula of norfloxacin and its biodegradation metabolites
assy] [M+H]* BT B H s LEITPN
302 0
NOR 320 276 C\H,FN;O, Co,
205 CO,, C,H,N, C,H,
318 H,0
NI1-1/N1-2 336 288 C,oH,;FN,0, F, C,H,
245 H,0, CO,, C,H,
322 C,H;
N2-1/N2-2 351 284 C,H,,FN,0; H,0, F, C,H,
245 H,0, CO,, C,H,
304 H,O0
N3 322 258 C,H,;FN,O, F, COOH
231 H,0, CO,, C,H,
N4 266 33? CiH PN, CI({)Z(())H
233 m,0
N 251 205 C,,H, FN,0, H,0, C,H,
149 H,0, C,H,, 2/~CO
207 NH,
N6 223 194 C1oH7FN,0, HCO
178 COOH
250 CO
N7 278 232 C,.H,FN,0, H,0, CO
207 HCO, C,H,N
N8 318 ;(5)2 C,H,;oN;0, Hzgj(()ZOZ
N9 348 ;gg N0, COO]-E,OCZHS
*3 B ERESYRBRH~INRIEEERLER
Table 3 Mass spectral data and calculated formula of enrofloxacin and its biodegradation metabolites
wEy [M+H]" BT RE R BT L 2 LETES
342 H,0
ENR 360 316 C,H,,FN;0, Co,
245 COOH, C,H,, C.H,
El 320 20 C,¢H,;FN,0 o
258 (IS OH, COOH
374 H,0
E2 392 321 C,,H,,FN,O, C,H, C,H,
261 CH,COOH, C,H, N
287 1,0
E3 305 276 C,:H,,FN,0, HCO
261 Co,
306 H,0
E4 324 219 CiaH1FN;O5 C,H,N, COOH, NH,
290 H,0
E5-1/E5-2 308 262 C,.H,,FN;0, H,0, CO
193 COOH, C,H,NO
340 H,0
E6 358 269 CoH,3FN;0, H,0, C;H,, C,H;
243 COOH, C,H,, C,H,
E7 374 ;Tg CsHy;N, 05 Hzg,ZCC)OZ
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Fig. 4 Proposed reaction pathways for norfloxacin degradation by strain C419

24 FHEIMEEME S

A5 A A 22 TQ T T - A T K12 R 2 G I T - 20 LA B8 A o 4G DU e it ) 25
FR 5% B T TR I P A B GO 0, i D S A R 288 i 2 R A I i I AR i 4 40 R P DA /N A A
fity RS R 0 B ARG 0 A 3, SR DA R A 7 0 1) B B ORI R o TR 6 JER T AR W I AR ) e T T 2
Wy F) B B e B LA BT A B 2R SR T R OR I A T K2 AR XA T, 45 2R 3R], SRR S M
T R (100%) AH E, 2 Fh S0 s R 26 245 W i A W) e ik 2 0, A T 05 PR 38 — 5 R O R AR
S L, NOR VAN A= ) [ it J B9 NOR R it 0 i 52 28 ST B JE ikl AE T, e, 191 6 vh ey
WRARRLEE R o A= WA 5 ) NOR R ff X K B AT 1 K12 A9 4000 46 4 T 5 T4 Y9 NOR 945 AR LE I 1%
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Fig. 5 Proposed reaction pathways for enrofloxacin degradation by strain C419
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Biodegradation of fluoroquinolones by Thermus thermophilus
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Abstract  The problems of environmental matrices pollution and resistance genes generation caused by
fluoroquinolones accumulation seriously affect human health, thus its removal and transformation have attracted
broad attention. In order to effectively remove fluoroquinolone antibiotics from environment and explored their
bio-metabolic pathway, a thermophilic bacterium (Thermus sp. strain C419) was used to biodegrade two
representative fluoroquinolones (norfloxacin and enrofloxacin) at high temperature of 70 °C, the degradation
characteristics of these two fluoroquinolone alone and their mixture by C419 were analyzed. The degradation
products were detected by UPLC-MS/MS to predict the possible metabolic pathway, the antibacterial activity of
the biodegraded fluoroquinolones was test by using disk diffusion susceptibility assays. The results showed that
fluoroquinolones could be degraded effectively by strain C419 with a degradation efficiency of 60%~75%, the
biodegradation process followed the first order kinetic model. Higher fluoroquinolones concentration resulted in
higher degradation efficiency and shorter degradation half-life period. The norfloxacin biodegradation by strain
C419 occurred via three pathways and yielded seven biodegradation metabolites, while the enrofloxacin
biodegradation occurred via four pathways and yielded six biodegradation metabolites. In addition, the
biodegrading-metabolites of norfloxacin and enrofloxacin presented attenuated antibacterial activities. The
obtained results indicated that the thermophilic fluoroquinolone-degrading Thermus sp. strain C419 presented
useful and meaningful application prospect in removing fluoroquinolone contaminants especially from thermal
environments.

Keywords antibiotics degradation; fluoroquinolones; thermophiles; metabolites; biodegradation pathway;

antibacterial activity
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