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AR 3R X IR SR SR A A P 7 SR LR K Y
L o < S Mt 23l )
FAER, G, I, A 0RR, FEE

LHERRERER S TR . 55 266071; 2.5 5 KA b T ek, 55 2660715 3. H SR %I
KETRBARE SLEZE , Jbat 100081

W E ONMEmIEREEKPESENEEEL S X ZMPUE RN B A REREENhE, TR T 3 M
AR R bR R ORI e ) kb R, U VR R AU AL B (MAB) Ab 3 7 3R BE K (R
3.5%) BT B RE M . SRR B AE R R E 250 mg LT B, B SR MEE R - E X MAB I MY
A, A EBRA A 1.153 kg (m*-d)" FEZE 1.067 kg-(m?-d)™", T I Ik iz PRSI s 1 BB 1D B VA X MAB P2 4
Y S 5 R i TG A S v Y S B O 500 mge L' T 750 mge Lt B, MAB B U AR TR,
2 BE 435K 6.05% 1 4.25%; 4 BT E R B 1 000 mg L™ B, BBV E . 4 %5 25 F06H e T w1 400 o R EE 43 5
H15.68% . 22.13% F 55.44% 1L 3.5% M s ih A i b, 3 izl KX MAB B2 M R2 5o . 18 K>k
Fom k>RG5 B, Horh, & R % MAB AY 2 310 i ik BE 5 905.73 mg-L', Remodified Logistic £ %! F1 Modified
Gompertz 15 5 0] F F 43 H7 Hi £ Z W 9 MAB #1072 . SRV W00 69 TNRE,,, B 5 050 85 R —2, wi
I R, [H 2 BRI [) v BE A0 A6 3R R AR 2 IR MAB RO fe K38 T 2 B s R o AR 9%l O IR R& B AL B R 7 ifg
7 SR E K Ak 3 R RS

KHIR) W VEIRA A AL AR IR K, BAET R R R R BT B

ARk, R ENE KT & e o 78 7R 5E o B B B gRDR R BT AR R AU D o 8 AR R
W, MR 75% WEFEY Y F 60%~90% BB Az 2 A 4 W ORI I i e 5500 0 7 98 7 53 5 % 7K
o T AR P SRR K B A M A AR, R A S EYUER D R E KSR L&
Tl B A K, e mH S R ROV AE SRR E B, IR KA S W 0 A
BEC, M PP IRA R K ) R R A A S A S T 2RI, DU S A AR T, K A R i
SR LAY B A R RIS, XS K AR B 2R 8 B e b

Bk & (enrofloxacin, ENR), + % Z (oxytetracycline, OTC) Flfifi iz H % W§ (sulfamethoxazole,
SMX) 43 5l & T W ¥ ] 25 (quinolones, QNs). VIR 2 2 (tetracyclines, TCs) Fllfif i 28 (sulfonamides,
SAs) LA R, X EehT A ARG 7 SR G ML B )z N T B AT, DA s AR K
TEWG P FRI K SO eI SR h, YU RO R W o SN S GFE) bk & (b ) 1l 5E
s BHE: 2022-01-26; FAHHEA: 2022-02-18
HEeUR: ERXARMFESEMIIHE (51878362, 52070105)

T—EE: g (1998 —) , B, -L#F5A, liuzl18@163.com; MREEIEE: Z5u (1982 —), B, W+, #H4Z,
E-mail: 1jin0532@126.com
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B X, W FRAE R K R R W SR e Rk B T 9.46 A1 15.13 mg L'V, i B BiAE R OK SR
B K AR HE TR, 1 2K ORI TS TR A v 28 6 I 381 1 B B VR (mge L' UKOF) BB AE R v [ A
IR R R B E R P A R R IR A A K A B R TR AR A Y R
o FER AW A T A B 7 SR 5 KR, BiA O T2 AR R e R B

IR A AL (anammox) & —Fi s E A AN AE IR AL M A AW S AR A T2, BEAFEA
LA e RN o R K AL BB AAR AL A0 U IR A 2 AL TR (marine anammox bacteria, MAB)
e R A A E AL R BT FE TR B TR T (Planctomycetes) W — /UK 0 43 3¢, HAUAEAEF I FE SR 8 p 1, i
T2 TR 1A 0 DR A2 S A TR U Ry 1R 7K IR 480 3 %8 fL T (fresh anammox bacteria, 'FAB). MAB 7E iff i
ROGAPRBEZMEA, LA /Y NEANEE RS S50 50%", FAB JC ik fif 57 & £ 550,
MAEEL B (it o4k, ROV it & S5 K i 2 th) 2 0.5%~3.5% B, MAB T3 RE4E+7 55 = 19 A4
PiEHEN, L, MAB e 3 O AU K I b 3 v LA AR B

AT 5T R AR SE 00 % 55 A8 i AR MR N (3.5% #h18) Bl U0 2 | ok 55 3 Rk e H S 3 R A=
A I el X MAB AR REAUS2 IR, I HL A 3 R AR 20 MAB I Ui 0 R A S 55,
it 2y 3 A BRVULA JF o A bi A R A T MAB i A MERERY 284k, MAB Kb B BT A: 3R 0916 7 55
JEKSEHES T
1 MB5ERF*®
11 TLWERBEREBIT

MAB Uk 15 e U A A 56 0 & 2 F2 o 18 47 248 97 b X e i 28 (7 L) fEdt ik g,
100 mL IfiL 3% 3 A A B Ry 4, I3 06 A1 FH A5 9 6 28 LS e ' R M MAB R AE R A2 W o 40 S g
R 12 g B E ) MAB R TS U8, A58 A9 15 U VR B (SS) M 17.46 kgm®, K R T5 e Wk
(VSS) hy 11.48 kgrm ™. ¥ MMV i & T(25+2)C BRI, FEIRFL K 105 rmin s R B4 R %
5ANBEEE (0, 250, 500, 750, 1000 mg-L™Yy, /KRN 4h, AR 0.5h BURE 1R,
1.2 EREM

BRALLTEF 7™ 5% B 02 7K R FHERBE Ry 3.5% Wi /K (7 2 T M ¥ (120°28°E, 36°18'N)) BL'E . 5 JHK
KB INE Ar F & R . KH,PO, 0.029 g; CaCl, 0.136 g; KHCO, 1.2 g; MgSO,-7H,0 1.2 g; fffJC
2 T A4 1 mL", JEY A9 NH,“N 1 NO, -N 4341l i1 NH,C1 #1 NaNO, $2 {1t , H /K B B2 4 JiE
S I AEZ) 100 A1 132 mg- L' FBad i /il 1 mol-L™ A9 NaOH Al HCUK; i /K pH 835 & (7.5£0.1), L5
A RE VD B L A 75 R R e PO e 3 R A W R G (A s MR AR RN R A IR |, R HAC
TR BES R T, A S 36 v e U VR B RSN
1.3 ShiEE

K BTG AR AE 5k . NH,-N 94 [RIRDE EE % NO, -N i N-(1-Z8 5% )-& Z e 4 6 6 FE i
NO, -N N B &M /OGP SS A VSS i & ikl

{11 ] (inhibition percentage, IP) AU+ AR LR (1),
— TNRR,-TNRR,

TNRR,

X Ps TNRR AN MBTAE RH B S A ERE R, kg(m™d)'; TNRR, AU IPLAE 2R H 09 A R
HA, kg (m’d)
1.4 MAB 5 RIME M EEN

R T FEAL SIS BT S U 0 S W TR AL, B AR RN AR U () MAB V5 U8 E S T HEA T
I . 40 B 41 DNA B 5648 ] Power Soil DNA 43 85457 & #EAT 32 HL, Bt J5 % $2 LAY DNA #EAT

=

x 100% (D
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— 2. il Y AR Nlumina HiSeq - 5 L #EAT, 8 4 S0 128 U Xt AL o3 B 0y 405 SR ARG o A W

A

MAB FUKL 5 ¢ 1Y U E DA T 1K B A I 1(a) B, I 1 RSA A SR T ]

bR 9.94%, AN, IFFETT (33.63%) FI4:Z5 1] (13.94%) A B T IR

e T ey MR

I HH 3 5 UKL 5 U8 45 48 1Y AR A EEAE 0 AR W VR AE T KT B o A dn 181 1(b) BT .
Candidatus Scalindua(7.18%) & MAB, J& )i #i H1 DR A8 22 S8 A0 S 0, Y e EZE Al LAk, Membranicola
(11.63%) 38 % 1EHFPEAE S R G hAEAEPY, 1 Unclassified SBR1031(7.53%) H W T IR A& A AL R g,

PN = e —]
Al he 5 R EH A S AL B A B RER .
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Fig. 1 Microbiome distribution
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2 BRSHR
21 R ERT MAB B R M RERYSZ

W 2 frs, A SEER L i K S & T (total nitrogen loading rate, TNLR) Fai@7EZ) 1.42 kg (m*-d) ',
R IMPLA ZAT, MAB 758 1 5 & 25 5% 3R (total nitrogen removal efficiency, TNRE) & 82%, %A
Z: % K (total nitrogen removal rate, TNRR) A 1.15 kg-(m*-d) '. 7 NH,'-N Fl NO, -N Pk 1 #E i) 1 72
LRI NO, -N 774, Ak 2# i A [NH,-N]/ A[NO, -N]=1.20, A[NH,™-NJ/ A[NO,-N]=0.27,
5 LOTTI % " BF 58 A9 BEIS AL 24 1148 HE (1.32 1 0.26) 230 o 33k 3 BA IR 40 2 SR Ak R o R o i b £ 5
49 J R0 o

R R R 140 ¢ BRIy s a3y
—--250 mg-L! 120 —-250 mg-L!
~ 80} —A—500 mg-L! 00t —A-500 mg-L!
o ~-750 mg-L! oy 750 mg-L™!
60 —%—1 000 mg-L"! 2 sor —%—1 000 mg-L"!
g )
< Z -
> 40l % 60
o o 40t
== | z
z 20 20t
0t 0t
0 1 2 3 4 0 1 2 3 4
HiF )/ h FfE]/ b
(a) NH,"-N (b) NO,-N
RER T B BT R e L6 100
-0-0 o
301 9250 mg-L T e e S B )
P —A—500 mg-L"" = T
0 —-750 mg-L"! & l2r {60 &
201 %1000 mg L] = 1o 9—6\6\\ e
< g | —e-TNRR la0 &
% £ os| —=—TNLR &
g 10+ ) —%—TNRE {20
- E 00 -*L_IP*_——*///
- 10
0 , , , : 04 ' ' , s
0 1 2 3 4 0 250 500 750 100
Hf )/ h PUEZRWRIE/(mg- L)
(¢) NO;-N (d) A BRAm 2=

B2 ARREKRERIEDESRHGT MAB IR R ME&E
Fig.2 Nitrogen removal performance of MAB under different enrofloxacin concentrations

2 R VDR B R B A 250 T 500 me- L B, SN A9 TNRR 43514 1.15 Fil 1.14 kg-(m*-d)™',
LIS R 23 3000 4 0.42% 1 1.41%. RV VD B R TR e i IR 28 5 A R (28 = AR i 2E 259 )
S 3 SO0 200 R ) DNAJGE [ 8 A4 4D S AL il R A T 1 TR AR B, R BRI 2T
R 5E 0 S0 v A 2 25 W A 9 0D B R 7 SRR D B IR K IR SR B AL T (FAB) USRS 2R KW . 2 Fib
N A I R0 A B AR R N B R AR A R A T IR A s VR SR TD X FAB Y )
W Ay 227.39 mgr L' e IR YD R N IR AR R AR TS Tl 2k A v B2 R 386.75 mg L. AHILZ T,
MAB ¥} B# b B B A B m iyt BT e B2 500 mg- L™ DL 9 B 70 B 4T MAB (9 it/ PE R JL-F-
BA I

2 B VD B R v B & 750 me L B, NH, N OR B 52 4 LB, K NH,-N il NO, -N ¥
Jot G B 4300 A 3.97 1 24.66 mg-L ', ] NO, N A 7= At M I A o 204 SR v 2 I ik i JEE 0 &
1000 mg-L™" i}, 0l — 2L meE, €7k NH,-N I NO, -N 433 % 16.23 1 31.50 mg'L™', TNRR F%
£ 0.99 kg-(m*d)"'. K EE S 500 A1 1000 mg-L Y 8L T Vb A Xk DRGSR b AR I o SR R
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4.25% T 15.68%. TEELFE R 3.5% Mmook, B b B XF MAB J0KL 15 U (1) I 0P RE 52 A K
T B R 2 1000 mg L R B35 MAB A9 Ik BE . Rt U0 B X MAB 90 il 13 55 114 32 22 )5
H7E T IR A A AL B B R 38 B T4 (10~14 d)2, BORE VD B TE 4 h 597K 45 B B 1) o oK g 44 B o
4 DNA & il i 0l o Pk, 76 %65 10 93 A X MAB 91X 1 kB S 4 5 . R VD B R AN TR
DNA BERIREIR, DL MAB 4 8 BAE A 75 47 K IR A 5R o
22 TEE3 MAB BE MRS

WE 3 R, L8R MAB BRG] ™ & . RIERIER AR 5, BEE 8% KR
VR BRI N, MAB A9 5 T 9 i ORI AR, 1T NO,-N A2 i BOR WA R IR T fE LB R
Jo MR B R 250 mg- LT i, R F] H X MAB B HI], K [NH,-NT AT [NO, -N] 43 51 DX BB 20 /)
0 1 12.72 mg-L™" 435148 %= 9.54 F1125.90 mg-L™', TNRR MXfFEAY 1.15 kg-(m*-d) ' & Z 1.07 kg-(m*-d)",
I IP 2 7.49 %, PR BE B . Rl b A R T vk B A 4R, 7E 500750 1 1 000 mg L' B,
TNRR # — 2 F# 2 0.86. 0.66 F1 0.51 kg-(m*-d)™", i TNRE 85372 61.01%. 46.31% 1 36.13%.
T BRI IR A G A B g, YL ER R E N 1000me L B, IP 2@t T 50%.

IR 3.5% MR &0 T, T EZREREMIPZEAREMEELR, P EEERE
e B B PLG 7 B O 1P=0.058 6¢— 3.076 0(c i + 8 2 T i B, mg'L™'; R=0.980 1), 4 IP=50% K,
A5 8 R X MAB 9 58 301 21 90 i e (IC) M 905.73 mg:L ™'y YANG ZEP9fiff 55 T + % £ X FAB
B Mg A, RIE L E RS TR AT, H FAB IS IR VTR MEREI] B AE 22
R 5 BN FAB B KB 1C, N 517.5 mg- L' b ah, 53 45 270 i 4 09 40 1 BF 5 2
FAB 7E + % Z i M 400 mg- L' (938 T, NH,-NHI NO, -N 1 [ i 32 % L % B8 20 43 91 F B
T 75.40% F 81.70%. %45 HF W + % KX Candidatus Brocadia ) 1C,, B T 400 mg-L™', it of
W., Candidatus Scalindua(MAB) # H.-F Candidatus Brocadia(FAB) 7£ + %5 Z (19 %8 W wh il & 3 & 19 it
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Fig. 3 Nitrogen removal performance of MAB under different oxytetracycline concentrations
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RECR I 2. BeAh, ARSCE I R ) MAB 1508 b ki iG e, RS & AL U 15 U6 2 1 A7 76 R
12 i /b A W) (extracellular polymeric substances, EPS)®, 1] it 2| 0 Bff Bv A= 2 K BH A5 % i i) 7 2,
ST i+ B R A MAB AR A HEEAE
23 BEEREMEFRETEMREMENTN

214 fif fie FFY ST A o R B R 250 mg L K LA R, FE T RE NO, N 23 A R €4 0 e HL I R 2
P S i 5 AE R DN P T AR R e T e T Tk R kR e A T RO, R AR A
6 E 2 AR o FEAS T 2 HAR ST B i B R X MAB JE R R ff (NH, =N FILNO; -N) B9 520 . 4l
B 4 fin, FBUim R EE A 250 mg-L A0t i F S s 6 MAB (1 i 28R J L% A 520 . NH,-N7£ 4 h
AT 584 KBk, T H K B NO, -N g4 LTk, BEEF, TNRR b 1.15 kg-(m*d) ', 5% 44230 .
MU, ZHANG ZEB0 K 5200 2 B, 30 mg L' DL P A 6l 1 R G IR O o %) FAB b it 20 B 1 ol B
WAL TR EOULEE B FAB 7ERS i FH W 07T 43 WA 9 EPS B 380, EPS B8R 1 J5T 5 B A R0
THAEFIFABIE TR ST AN . Nk, MW ESiEZE SR, MAB Bk 5
FEAEIY EPS X 21 B 45 47 P 3B 2R 58 1 A Fe e e 31 1 G EME

B2 DA B B A TE— 210, A Y e J i S 500, 750 T 1 000 mge Lt A, NH,-N
F R R 94.90% . 83.18% F1 72.87%, 1fif NO, -N 2 B F & 2 82.45% . 75.48% H 69.59%. H
DU UERH , i e FE O e X MAB 941 1] 1 56 A B0 76 XF NO, -N & BRI il L5 B 5 i frie F SO ol ol
JERTE R, NH,-N ZeBR Rl T R il e PO R b S s 790, R e Bk A0 B AR
A, 35 BI040 P AR B R B AR kO R AR R R BT A R R, IRE A AL
I R OC R A A A2 B T BRI IR , SR N A M RCR N, UL, B R R X R AR
AU MK G B TG 1 AT 2 MAB B EURE ) F R BRI B . FEERE R 3.5% Wy mdh K b, Rk
B Sk 250 mg L™ (%) figk Jiie F O s XF MAB I It e B LT 1% A R i i v EE 3 B 500, 750 AN

T i Y AR T e 140 itk P Y S e i v i
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Fig. 4 Nitrogen removal performance of MAB under different sulfamethoxazole concentrations
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1 000 mg-L™" A9 ik iz Y e TP AR IR T, 43 30K 6.17% . 15.85% F1 24.55%. BRI UL, FEA S
i e RO s X MAB B 40 R A RO VD B R ] T R R e T s X

FAB f%6 WM 58, MAB Al FAB XHifi i 25 259 i i 5 55 18 A IR AWFZE .
24 3MIEENETHHAESH
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Fig. 5 Kinetics analysis of nitrogen removal through MAB under different antibiotic stress
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% 1 Remodified Logistic 1% #1 Modified Gompertz 2 B & FF S HF S
Table 1 Kinetic parameters fitted by Remodified Logistic model and Modified Gompertz model

B 2 R ek e/ Remodified Logistict#i %) Modified Gompertzf¥i %!

(mg-L™) TNRE,,, /% R, /(%h™" Ah R TNRE,,, /% R, /(%h™) Wh R
ENR-0 80.78 37.24 0.26 0.988 8 84.29 36.35 0.18 0.997 5
ENR-250 80.57 35.03 0.29 0.990 2 84.87 3376 0.19 0.997 3
ENR-500 79.70 33.27 0.30 0.989 1 84.39 32.01 0.19 0.996 8
ENR-750 77.23 28.56 0.20 0.983 8 82.75 27.56 0.09 0.994 0
ENR-1 000 68.49 25.28 0.19 0.980 8 73.36 2451 0.10 0.993 3
OTC-0 80.78 37.24 0.26 0.988 8 84.29 36.35 0.18 0.997 5
OTC-250 73.06 31.05 0.23 0.9809 78.79 30.48 0.15 0.994 3
OTC-500 59.10 24.92 0.29 0.980 8 62.58 24.16 0.20 0.994 1
OTC-750 45.54 17.39 0.15 0.978 0 48.23 17.07 0.07 0.991 1
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Abstract In order to solve the impact of high salinity in marine aquaculture wastewater and various antibiotics
on the stability of biological nitrogen removal system on the stability of the biological nitrogen removal system,
the denitrification inhibition characteristics of marine anaerobic ammonia oxidizing bacteria (MAB) in the
treatment of marine aquaculture wastewater (salinity 3.5%) under short-term stress of three antibiotics
(enrofloxacin (ENR), oxytetracycline (OTC) and sulfamethoxazole (SMX)) were studied. The results showed
that when the antibiotic concentration was 250 mg-L™', MAB was siginificantly inhibited by OTC, and the total
nitrogen removal rate decreased from 1.153 kg-(m’-d) ' to 1.067 kg-(m*-d) ',while ENR and SMX did not
significantly inhibit MAB. The inhibition of denitrificaion process of MAB was observed with 500 mg-L™' SMX
and 750 mg-L""ENR, and the inhibition degree was 5% and 6%, respectively. When the concentration was 1
000 mg-L™', the inhibition degree of ENR, SMX and OTC was 15.68%, 22.13% and 55.44%, respectively. In the
high salinity environment of 3.5%, the short-term inhibition degree of three antibiotics on MAB was as follows:
OTC> SMX> ENR, and the semi-inhibitory concentration of OTC on MAB was 905.73 mg-L™". The
Remodified Logistic model and Modified Gompertz could be used to analyze the inhibition of MAB under
antibiotics stress. The fitted TNRE_, values were consistent with the experimental results, and fitted R, values
indicated the maximum removal rates of MAB were suppressed by antibiotics. This study can provide reference
for the application of anammox technology in the treatment of Marine aquaculture wastewater.

Keywords marine anammox bacteria; saline mariculture wastewater; enrofloxacin; oxytetracycline;

sulfamethoxazole
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