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e [ & R 4 4 JE R B £ (fixed-bed biofilm bioreactor, FBBR)#1 %% 3} JK 4 4 £ & 5L £ (moving-
bed biofilm reactor, MBBR)ZE # 7 7K 14 &, A.(NH4-N) A1 3 8% B A.(NO>-N)7F L3 4| o B 5 2 1y
R, RMAHRFRK L ZA LR ETRE, B R H 62 SR & 7 89 8 38 K % 75 & i (recirculating
aquaculture system, RAS)¥ FBBR #1 MBBR A k4 L3066 By xF b #F 58 . Bk, AHF %% FBBR (#
P % Rl & A MBBR (PVC % FLFR I8 8h) FF B 8\ 52 FR 4 7= By 2 %y 45 (Macculochella peeli) RAS #,

LR HFWEFEEEATGS d), FETEHARKFEE A ENBEEEH, HAKRE /LA,

FBBR 77 MBBR ¥ @ & 6k 4/ W R T2 a G AN A, s EE A Wi dd i 2, 7 DU 3 #l o
FEK AR Hy NHZ-N #2 NO-N iR JE , 84 S H R AE T B ANO;-N)R 2 f1 pH TH; BHEF
#£ 4 Hr & W, FBBR K% NH;-N, NO5-N, NO5-N ik E#1 pH 5 MBBR H kK &£ B % £ 5%, W KM
B EMG ., FBBR ft MBBR ZEMAM#HE LW AHREAET: REFIHNERE]
(Proteobacteria) (484 F & 2] 1 69.42%71 86.92%), M H 4 N v-& F H 4 (y-Proteobacteria)
(40.71%F0 63.36%) 71 -7 7 2 (a-Proteobacteria) (26.58%F1 21.74%), hHEBE A T H H B
(Acinetobacter) (27.50% 1 53.29%); & ft# w1 & & fb % ji 5 & (Nitrosomonas) 1 7 t, 42 # J&
(Nitrospira)t i ; (LB E B EERE TEH L EMEE, HRANEFTHELETLAEAN
W, R B A A % bR R AE T FBBR A 4 2E 5 00 3 5 A0 % R0 DL R RS AL T B AR X
FEH% T MBBR. A#F L UK RAS 7 KR AR BRI, B I AKSEER )
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Bl A K= SR ) AL . TRE . SRR R,
TER K SR AR H 2552 BIRF5E 3 AL & G - 1
IR IK F2HH R 4t (recirculating aquaculture system, RAS)
F2 B A SR UK B A W R A AR, FRE K 4
1 K AR S U I B 3 5 R, ST DA RRAIR
IR AT AE | D8R = IR B 5 Y R, 38T LA
SEBLK BT BORGE AL R BE AL TR B A U R SR A
i, T K= FRA M 2 ek 2k, IR LR B8 KUK
(Verdegem et al, 2006; Zohar et al, 2005), FE/K;=F#54
I RE, RDRL b U S AR AR B L R A R A
WM AIKM, IFERAEDER TS KL
(Stewart et al, 2006). F T-¥i# 25 2 F Al R £ X 77 78
Y B A RSB (Schuler et al, 2010; P-4,
2018), HAEFEFH KM e A e B 7K S T A B A% J
il R, 7 82 5 A (NHL-N)FLIE i R 2 (NO5-N)
B RAS 7K ST EASE Y 06 25 T BE

AT AL b B 7, BTk s e
FH B A= P A0 B AT LK NH;-N Fl NOo-N 5446 M K7
PERAEIR Z(NO5-N), HAAIRPCR LT | B4 7 A
TG GRS, A H TA 5K Tk K .
Al oK . H R 7K AR 22 Rl SRR R A v Ak Ak B (Kuhn
etal, 2010), 5HT A YR AR TGS I8 51
o, JETRUEYIME A K R BE A B 17
o T . brohih AT RE J158 . 3 1A S5y
SIS, 2008), W TG e 4 6 ey 3 fIK ELIE 30
BRIMIEA KL, 324 Rk, ENIMIFE#H B 4T
KT AR A I T2, N E R A W R
#2(fixed-bed biofilm reactor, FBBR) . %3l KAk ¥ 5 [z
I #%(moving-bed biofilm reactor, MBBR) ., i L. IR 4= 4
2 7 s« A A A | IR S A 0 Sy # F FL A
25 W I N 45 55 (Crab et al, 2007).

FBBR (U353 A= st . v S for A it | WS
Ay i o 25 7E 35 58 K A NH-N Rl NO-N ¥5 iz th
SR TR EZM RN . EOEESF(2009)
i FBBR #4217 0] LK 7K NH,-N ik B 5 il 78
0.6 mg/L LA ,NHy-N KRBT 100% . 21555 (2017)
¥ FBBR # AW [CIR T RAS W, 25t 34 d [ AR
fRsh)E, A5 3R5 M AY NH;-N Fl NOo-N I 4+
TEBARIK A o 5K A2 55 (2017) 4R 58 1T L4 i ) oF
(Litopenaeus vannamei )i ¥ 7K 758 5 FBBR 1A= 4 1)
ZAEME, &P FBBR 45 5RO R ZREE E
HASRGRE, AR RAS KR, T4
K, MBBR K HAG % | Joms ol LR AR K SE
R R T 1A A A 7K 5 B FR e 7K 5T 1 SR Y B Y
Pob L BGBAE(2018) K MBBR 5| A 2| K P4 £ (Salmo

salar) RAS "', J+%% 7 MBBR HyfctE iR R,

HORHE TR | BRESELESH. HAl, XT RAS
H1 FBBR I MBRR (¥%F HUBFFEATS SR B A RR, 1 HL
XF T AR A K AL B R A T E R
(Greiner et al, 1998; Guerdat et al, 2010; Suhr et al,
2010; Pedersen et al, 2015), Fernandes 4¢(2017)WF 57 %

W1, E 4% FBBR Al MBBR #f A] LL#4 I % (Oncorhynchus
mykiss) RAS 7KK H1 ) NH;-N F NO>-N ¥ FE 2 i 7E 44
fik/K -, {H MBBR ZbF i) 7K 44 Hf NH,-N Al NO,-N i
JE W] %% T FBBR. Pulkkinen %5(2019)%% — 4% H1 Bk
FBBR Fl —2¢ i MBBR UL RAS AYFEIR /K4
fb, SR BN, Gad 2 Bl N AL B K R
NH;-N & B JG A (222 51, E i 2 40 B A 7K AR NOL-N
WHESTEH; 9P MBBR M fb#ERmE T
2% thHX FBBR., Pedersen %5(2015)% % 1 Jf-1k T fi§
RAS H1) FBBR 1 MBBR Hy/K b GE, 253 i
7~, FBBR [ NHy-N b LB s R0 B K F
MBBR; FBBR ] L Bk A&+ NO,-N, MBBR M4
72AE NO,-N; FBBR X T iH 550 19 TP H A 3 i i 4%
oo M H, AR 2 A /N B Ha AR A
I RAS H5eat, T LPRA "8 RAS ' FBBR Fl
MBBR [f]2 1217 X% s 8870

Hi, A#F5E# FBBR #il MBBR Jf-BE T 52br4:
7R ) B8 Bt i (Maccul ochella peeli) RAS H1, i i
T H MR ESEE T, W H AR K K AR AR RN
A IR AEAE , DAY AR BROK 35 5 K R A e B R
PEFEPR LTS T

1 #RE5FE
1.1 LB EZAR

WE 1 FR, AR S5 ES RAS E2H
TR Bt FIE R 7K A B 5 it 2 A, o 37 9 Tt P AR IR B0A 1)
8 MKV HAG AR ; MR 7.0 m . FE 7.0 m K 1.1 m,
ARERUN 49 m’; 7EAR TSI/ 1B 4 ARBEAAY
(K 4m, WiE 2 em), RHIZRBAHUFIR 2N 5751
WA FRA M LT TR RO T, IR
1 000~1 500 Ix KA PRIt A5 o= REPL(1.3 kW,
A, FERD). IR EA(0.55 kW, 2%, H).
AR B A (5.5 kW, 4], F§iE). FBBR, MBBR.
Bt AR (P B ORISR, 25 S, IR RO B
(2.5 kW, W%, FH ). RS DUTE L g 11
() T IR AR R FREE R K

FBBR F1 MBBR ) M4t it 20 s i £ , H AR A A
[RIELAE K Je (K 18 m, %8 3.33 m, /& 2.5 m, ZKiK
HRLAFN 120 m®), FBBR R EHAE AN L0
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Liquid oxygen
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Oxygenation tank
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Roots blower
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BHREIEN |
Moving bed biofilter,

Bl 1
Fig.1

s R (REAR B R 22 25 AR 20 em, R AE K
2 m, HERB =360 m¥m’) ENER, Hhikp ek
B TERE BER 16 Hi/m?, MBBR R PVC ZFLIRME Rt
BHEAZ 4 cm, JEFE 25 mm, HFEAEHA=1036 m*/m’),
RPN PVC 24U IH RN 40% (IRFLLL), et
7K 145 B EURH2 4R 9 . FBBR I MBBR JiE #0350 fii %
WA, it P RS TS . FBBR #l MBBR
JFB I A S5 5l RAS 1,

1.2 EIEigIT

ALY ELE AT 35 do SIS TFHATT, [H IR b
PO B EG IS RN, RN 200 FB/m’ . AR
Tl >R FH P AT 0 55 B 100 ARG KA Zh AR (S ¥ A R
36.02 g, KT, 28, LR fEf, BX
08:00 1 16:00 4% 1] 77 4 i H 45 W — U R oy £ 46 T T
A RE, H ) 45 M 2y f R R 1.2%~
1.5% ;758 7K A T 3 R ik 40 o0 VAR 88 4 1) 4 ol 7
28 CHA M 6.0 mg/L Lh_Ly 4K W) FE5H i H 4 T 77
FEHIZK,, HAMK 2 b FR A A SR TN 10%, FR5H
L K AR YR 28 3 AR e ML TR 43 e Ak B S 3 AR
[ PIERSY, 43 %1E A FBBR il MBBR #4724 #i4
b, 3 K G 3 SRS AN T 4 I [ 3 3 3R A 3t
L SZER U] SR A b P KR ORI 45 I E 12 YR/
FBBR Il MBBR it /K i34k 2 352 m’/d, 25 RK
FIERR RN 1.63 h, 2N i PR T B8 TR0 e R0 1
F5 5 3558 1 N AR TR 7K F . FBBR A1 MBBR SR JH 9k
B 8, A Hrp BRI R @& %, 2014),
Seuysf R, 4R WA FBBR A1 MBBR HY 47K i Al
A AR B, IR AR KRS, I He ok R v i35 i
P ICHL A (DIN)HE B (B NH;-N. NO»-N Hl NO5-N ¥

ST I K IR R G T LR ]

Flow chart of recirculating aquaculture system for M. peelii

JBE); SEHRAS AN, ROV B A | AR ER A K
SR AR AE R SEORL , TR 3 215 T I E Wi vs 45 4
R, AW S AR 3 A FATRE(RD n=3).

1.3 SHFAE

1.3.1 KA FIH YSIKIE L (OH, £ [H)
A A B IS I e ) K Sl R e S A T R A A N K
FEZRT 0.45 pm LIS AEPE IS, 42 3R A pH
TH(pHS-3C, G, ). BEfp /L
IR C WA GG EE R BRI I % pH . NH4-N
NO>-N Hl NO3-N Mk EEdEA T . BAS IR Cilg it
WSR2 4 #8531 7K 5351 (GB17378-2007) )o

1.3.2 AW ZHBEZN 5 M E.ZN.A" soil
DNA Kit (Omega Bio-tek, Norcross, 3% /[E)f#AERE
e B BUIURLRE S R 1 Y JE N 4 DNA, Il g 1%5
WEEE I L UK A I P $2 B DNA 9 i I A A b s
(Barcode) 45 54 51 41 (515F 1 806R) X £ K 41 DNA
H1 16S rRNA A V4 278 X i##1T PCR §71% . PCR
PRI Eaifb)s, i TruSeq” DNA PCR-
Free Sample Preparation Kit (Illumina, 3¢ [E)#17 302
Mg, OSSR, [ HiSeq 2500 PE250 V-5 k47
e IE Y o T LA T AR A RS TS )
ffi ] FLASH 1.2.7 34X S 32K (reads) 1 TP 42,
S 3 IRE e (raw tags); FIH QIIME 1.9.1 4%t 5
R I T DE AL B, 45 31 5 i U (clean tags)
i 37 UCHIME Algorithm % 5 i 5 J¥ 51 5 Gold
Database B4 FEHEAT HLXT, BRI R &R F 51,
153176 58U (effective tags), ffi ] Uparse v7.0.1001
AR P AT A O SR 2R CRHALEE 97%) IS #4326
T (operational taxonomic units, OTUs); {# F§ Mothur
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Tk £~ OTU 94CERIFH1 5 SILVA 9 SSUIRNA
R AT R F A3 AT, ARBORE R AR ) 2 R
BEoAH RIET THIFRRE T o 238 %(Chaol
8%, ACE #5%0. Shannon #5%%. Simpson & %UF1
FHE ).

2 #REtE
2.1 EIHEE RAS f1 FBBR 1 MBBR H 7k kK EmaT{k

%l 2 & FBBR il MBBR Hi 7K /K i 48 5t i S 56 B
[a] #7254k, . %F FBBR 1 MBBR 7K 1 NH;-N .NO>-N .
NO;-N M9k B & pH 43 il T AN 2 0y 2245087, P A
A58 0.547. 0.984. 0.953 F10.154, ¥ KT 0.05,
# W] FBBR H/KH#F5Fr5 MBBR L #2257, R
M, ARGERGUAAENIIEE LA T LM . Fernandes
4(2017)WF55 o, FBBR /K& NHZ-N Hl NO5-N
WHEY) 5 MBBR fA7EW] i 25 % . Pulkkinen %#(2019)
5T, FBBR /K{&H NH,-N ## 5 MBBR JGH]
XS, A7 NO-N IREMES B, Xk
A SRF S AP E | TR AL | By L R N A R
WM BT SHE R 22 5 . mH., ™
SN g 7K H NH3-N . NO3-N | NO3-N ¥ J& L HAE
DIN i tb 2 B AR AR fb a3 . Bk R,
DIN ¥ J3£ Fifi 52 56 5 (B E < 1 28 7 T v, R SR AL 72
H IR ) L BT L ) FRAE K R He OB DIN, I H. DIN

- 180
® 3TEBBR
'é) 30 9 NO3-N =@ NO;-N 5 NH;-N -a- pH 178
= 25
& |asa aaa |
8 20k A &A\ 7.6
A
mé" 15 u/ 7.4
g 10F
g& 5 472
I —
0 IS e = 1 O ) e T T 70
0 5 10 15 20 25 30 35
fif[E] Time/d
© 3Tymer 18.0
30t
é" SSNO;-N EENO;N = NH/-N -a-pH 178
< 25t
E g0 M4 Aaaan, 17.6
bic<d
ﬁ 15F 7.4
el 10
% il 7.2
% 5 10 15 25 30 35 0

fif[A] Time/d

e}
=8

T
a

£{E RAS FiZ i f1 2 . NH;-N Fll NO5-N ¥ i I HiAE
DIN H ) b7 tb ¥ 235 FTHE TR NOs-N ik
JEZHWT ETE, 1 NO3-N 7E DIN H ) i e ) 2 1% 87 [
I ) 2 81 75 o FBBR A MBBR H 7K H 4545 b i1
AR R AT

%% 1—5 X ,FBBR #1 MBBR 7K NH;-N .NO3-N
Fl NO;-N ¥k RFFAIX R, RIHX — BN
MR AR 530 RAS H A9 DIN FLE; miH., B
Bt FBBR 1 MBBR ANHAAMHALAE S, XZEH N H
SRAENE )R 4008 , A6 LI B A= PR AR /D
HrP S AT ) T BERARMK, 202k Py REE DL R B
FHIRSALRE S, AR E Y pH ERENIE T X — 45,
AN, NH;-N. NO,-N 1 NO3-N 7£ FBBR 7Kk DIN
R A TR 14.83%~22.56% . 4.66%~9.75%F
68.54%~77.35% 0 FE N5, 7E MBBR {i7K DIN H?
0 5 A BITE 14.36%~20.27% . 4.66%~10.46%F
71.73%~75.62%3 [l N I 201, W] NO3-N 2 b 5
Ik DIN P EZIEE ., % 6—11 X, FBBR
MBBR 7K DIN S8 -7+, FH RAS P HH#l T
DIN B2, 1M B LAEWF IR 2B, TR R ik 21 77 78 K iR
H i) DIN 38 % LA NHy-N (9B 20776 (Dauda et al, 2019).
FBBR /K&t NH;-N il NO»-N #1543 0.35 Fil
0.14 mg/L _FJ1#] 1.28 1 1.14 mg/L, MBBR Hi7Kk NH,-N
1 NO5-N ¥ 433t 0.35 F1 0.15 mg/L T+5] 1.17
F1 1.16 mg/L, 1M1 H. NHZ-N 1 NO,-N 7 P 52 I 2§ Hi 7K

b 100 _FBBR
. 80F
S
g
= 60 | -= NH/;—N
[=]
& - NO;-N
& 40
)
jEny
'LH 20 -
0 1 1 1 1
0 5 10 15 20 25 30 35
[5fE] Time/d
d 100 AAA
< 80
g - NH/—N
£ 60r
8 - NO;-N
]
& 40+ -4-NO3-N
X
-LH 20 -
0 1 1 1 1
0 5 10 15 20 25 30 35
FfjE] Time/d

<2 FBBR il MBBR /K pH Fl NH;-N, NO;-N, NO3-N #7381k (a 1 ¢) LA % HAE DIN H 5 Ho (b T d)
Fig.2 Variation of pH and the concentrations of NH;-N, NO>-N and NO3-N (a and c) and
their proportions to the DIN in FBBR and MBBR effluents (b and d)
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DIN Hiy &5 P+ . FBBR Al MBBR JK A
NO3-N ¥ 50 BI7E 0.94~1.29 mg/L 1 1.04~1.62 mg/L
TEHEINIE S, NO3-N 7E DIN FHfy & b b s A
AT L, %5 6—11 X, FBBR Fl MBBR H Ay 2y JiE
BRI A T — 2 MiEAeae g1, I B ig il
YEM A A £, WA TP, XAl 6E
R, TEAEYBIY T, R NHy-N A FT
AEMREREMRAK, fHAE FBBR il MBBR 1T
IRF|—E B, ATLLE NHG-N #4468 NO,-N, {HH:
FAARE T BE RS 4 K BR IR AH A B rh 7 A2 9 NHL-N,
M5 3 NH-N B9 R 3 SR, NO>-N [ 2 XA
iR A AL TR 9 AE KO F], BUL7E FBBR Rl MBBR H 1Y)
BOEARML, MELLK NO-N AR 1bh NOs-N, i
S3 NO-N B E, 45 12—19 K, NH;-N Hl NO>-N
W B 2808 I, H7E FBBR Hi7K DIN Hhil 5 Hh4y
S HT 38.23%7F11 25.68%RiH T 5 % 14.88% %1 7.36%, 7E
MBBR 7K {1 DIN H i 5 Hesy 51l 34.76%F1 25.21%
PRI T FEZE 14.20%H1 6.65%; NO3-N ¥ B Wi I
HAE FBBR Fl MBBR 7K DIN Hf#% i b 43l B
36.09%F1 40.04% i FT+2 77.76%F1 79.15%.
UL, BB PN R 52 17 v 1 A A I i, SR
B )i — 25 B, NH-N B 5832 7 5 7% 2 e
1 NH,-N RO 22, DI (75 52 58 7K 44 1Y) NH4-N
B i H, AR E A AR B T — e R,
A LLF NO,-N 46 NOs-N, fif ik T NO2-N fIF &
ATLE, 25 19 K25, BT REAZ 2]
& FHEAYE LT, FBBR Al MBBR H A4 A= 4 0K 5¢ 42
A, U RURRCE AEAERE ST, NOs-N B FREE K
fA&rh DIN 19 EEA, NH;-N Fl NO5-N He Ji i 445
FEAEARMGKE. SR, 28 20—28 K, NO,-N W K
HAE DIN iy i Lb S5 PR BTN 5 28 8T T R
e, NO;-N ik BEZ W s, {HILAE DIN iy b s
PRI 5Bl s o 77 AR X — I B i e KA T
MR 20 RIFIR, AR TR RIS 1 e R &,
32 FBBR Al MBBR WA Fmigm, X HZIPRE
N —E T, 8 20—28 K, PR #% 17K NHZ-N
W BE I BB B T, 2RI AE R = E AL R
BORRRE, BA—Embthdi fumiaedy; SAn, AW
HEEI i R R S AR 0 i R AR, P ol B far B D 8K
2, WER—Ek. 5 2935 K, WK
NH;-N 1 NO,-N ¥ i DL J HAE DIN HR ) & e 2212
A NO3-N ¥ JE & HAE DIN #9 5 HA SR Z 8 T
SCEAETH, FBBR Hi7K NH;-N. NO3-N Fl NO3-N

W39 0.32. 0.27 F129.75 mg/L, 7E DIN Hif)
B 1.05%., 0.90%7F11 98.05%; MBBR Hi/K
NH;-N, NO,-N il NO;-N #4378 0.29, 0.22 fil
29.76 mg/L, fE DIN H1{# 5l 0.96% . 0.72%
F198.32%, Hitt, FTLIIAN FBBR #1 MBBR H1f4E
YIREA R, Hag TRUENILaE S, nTRAA R AR
FRHEK M) NH, N FINO, =N, ItAh, % 6—35 K,
FBBR F1 MBBR 7K{£& pH 435l H 7.62 Fl 7.59 & T
F&Z8 7.25 1 7.22, 5 FBBR 1 MBBR filifkAE /1 i IE
B RYIA .

2% FFTiR, FBBR Fl MBBR (IRSALARE 40 T
BT RCAR R, AT DU R i SR K AR NH,-N
FINO>-N Ay BE , {H2x T30 NO3-N B 2R pH F#AIK;
ARIFFRAAFT, 2 F A L RR TR & 2 5

2.2 EI%6E RAS f FBBR #1 MBBR 4 BEE 54T

2.2.1 FBBR #= MBBR # 4% % 44 FBBR I
MBBR i i 3 12 0 5 1) D s 50 448 5k Ak 3L )
AARAS 51614 1 43 156 58075, SR)5 1 HA% |
97%AH LR B {H RIS ANF Y OTU, (&1 3 Fik 1 4351
J3EF FBBR Al MBBR # i R iE#) OTU 135 B
1 o ZFEEVEFE S FBBR Fl MBBR AE 5 09I 15 8 o %
PIEa T 0.98, S BAIN 4k A AT DL b b s A i
AL W HE 0 ) P 28 A% 1 o AN FBBR A (i AL 4015
2088 1~ OTU, Z T M MBBR H il 315/ OTU &
(1852), —HILHM OTU KLH K 1174 (& 3); i
H FBBR F£fhH) Chaol #5%0F1 ACE #5503 KT
MBBR (3 1), Kitt, FBBR SRR HAE YRET& 4
MEEEST MBBR, It4), FBBR #:/5AY Shannon
$8%0= T MBBR, Simpson #&5UII{K T MBBR, 1
FBBR SRR M MR 26 = T MBBR, 52
ZF(2016) B E RAHM) £ - HL4X FBBR Al MBBR [
HEK A . K BURRE RS AT A R AR R, (HARE T
FBBR, MBBR P 14t 2l 5 i i) 2 (7K 3t R0 A= i 1) 55
VIl . $E0RE 22 (8] 04 Bl 5 FEE 384 ) o 3P S 1 2 N
I 1) 22 S 2 X A W B — 1 O 2 A FH (1)
m, K& RE 2R FELL/E MBBR HAEK, H
FBBR W] Ly F 2 LIS B A A K A% ), AT 3 5
FBBR il MBBR SR} R TH A= M o (0 0 A B
ML FEMEATFAE 2 5 (Ruan et al, 2015),

2.2.2 FBBR #= MBBR ## % 4 B 3% 40 %, 4 H
FBBR Fl MBBR R A TED] R K
IRETE 45K . N FBBR REG R B 16 ANTT, A



% 6 9

s JRAE: SRERES IR PR K IRA R G AN [ AR IR 48 K A B AR B Bl A R 0 L A 219

%1 FBBR 71 MBBR EHRIREMEWREEN o SHEMEIEH(=3)

Tab.l1 a diversity indexes of microbial communities on the surfaces of fillers from FBBR and MBBR (n=3)

S % TEER Chaol 5%k ACE 5% Shannon +§ %4 Simpson $5 %
Reactor Coverage Chaol index ACE index Shannon index Simpson index
FBBR 0.99 1752.37+117.81 2 105.41+322.06 4.12+0.04 0.057+0.005
MBBR 0.99 1597.00+33.21 1 891.60+150.38 3.11+0.05 0.237+0.009

= ¢ = N f:»é;k R= M4 23 > e —
. epr MO ARBIFIEL S LUEBRS R R 5 A )

El 3 T FBBR M MBBR H# 44 OTU K35 BE(n=3)
Fig.3 Venn diagram based on microbial
OTUs in FBBR and MBBR (n=3)

XA BE B WA S BT (69.42%) W8 R AT T
(Verrucomicrobia, 14.17%) . 7% 2% i | ] (Planctomycetes,
6.09%) . #IFFEE 1] (Bacteroidetes, 3.61%). AS{LIZE
["J(Nitrospiraceae, 2.19%). BAFT 1 J(Acidobacteria,
1.34%)F1JEBE [ ] (Firmicutes, 1.28%); M MBBR
A R IR 19 AT, A R R R A AT T
(86.92%) . UFFHT1(5.12%) . FREHIT1(1.77%) . Pei
WI1(1.70%) . JEEERT1(1.33%) . FRATIET1(1.10%),
HI, ASJEHT 1y FBBR Fil MBBR 3R 1 4= 4)
R = B B AN B T 128, X 5 =55 (2017)
FOF 5T 45 - — 2, 78 FBBR FE 5L iR 3L B 28 4~44,
H, v~ EN. o EHN . JEMEN
(Verrucomicrobiae) . ¥ i BKIE 4 44 (Phycisphaerae) . %
% 1 49 (Planctomycetia) . il fL 3R 7 49 (Nitrospira) . 4
fg ¥F B 29 (Sphingobacteriia) . B- & B B 2N
(B-proteobacteria) . Z ffl FF H 4 (Bacilli) fll
Acidobacteria-Gp6 £ {9 A X} 3= B &, 43 il oA
40.71%.26.58% . 13.89%.3.29%.2.71%.2.19% . 1.88% .
1.56%. 1.26%F1 1.11%; 7 MBBR #f & it gl
31 AN, Hidb, yABIEEN . o BIEEN . HAT Y
(Flavobacteriales) . PEIMEAEN . 7725 78 40 A1 25 AT 1 4
FIMIXS AR, TN 64.36% . 21.74%. 3.86%.
1.53%. 1.43%F1 1.31%. HULATIL, y-ZRIE R A o-28
JE #4498 7E FBBR FIl MBBR ¥ b 5 3= S A3 1)
HN, X5 Wietz Z£(2009) A5 R W& . (H151T

m, ZfE%2016)8F5¢ &L, FBBR Al MBBR H14
XiF = B g v O A0 B 11 2800 S AR T TR 1T (34.78%) il
JERETR1(61.62%) . M7 =5 (0175 R, B-28
JEHE 402 FBBR FIl MBBR H A X} 32 88 dg i (R AR 34V
9, X ATREEH SE RGN BT RS
Tl 25 | Al A 28 4% i oS5 O T Y 25 R Y
(Schreier et al, 2010), 7F FBBR A% 3kt 149 4N
FEAANINITHEIE27.50%) . B AT & (Luteolibacter
12.67%) . % AT HiJE (Rhodobacter , 5.67%). 2 fUATH
J&(Gemmobacter, 5.05%). H{IlI#J&E(Haliea, 3.61%).
JI% 96 . i B J& (Defluviimonas, 3.50%) . <5 il B &
(Aeromonas, 3.10%). & iKY 14 & (Tepidisphaera,
2.90%) . HILIRTEE(2.19%) . (RIS (Pseudomonas,
2.07%) . 1% % 2 B J& (Pseudoxanthomonas, 1.20%).
¥ 4 2 FT 1 J& (Citrobacter , 1.17%) . 4 %5 3k 1% )@
(Saphylococcus, 1.15%). A= 227 7#i & (Hyphomicrobium,
1.13%). Gp6 (1.11%)FNEI 34T 14 & (Parasegetibacter ,
1.07%); 7& MBBR Fah bt gt 155 Mg, F%E
A ABIFF R (53.29%) . S HMITRE )R (6.22%) . AR
Jd B J& (Novosphingobium, 3.91%) . % [K 4T & &
(3.51%) . MmN m (3.22%) . AR (2.29%)
4> W kT T & (Chryseobacterium, 2.16%) . % 5Ll 15 &
(1.66%) . HiF & (Flavobacterium, 1.60%). & 22
& (1.21%) . ¥4 2 B FT 4R 74 J& (Sphingorhabdus,
1.06%) FIAT AR AT 14 8 (1.01%) . K, St E 7E
FBBR Hl MBBR A= 4/ i v 5 2 A0 34 F J& o 1 5., MBBR
A= Y I R S Sl B (8 A S B8 5 T FBBR H1, EJ)
TIE T TR O 2 0 RS A P IR B AN TR B
W22 5000 . AT RS B R AR R A 2R
KR, 255 TE SR R T Y i 2L P [ (Fang et al, 2002;
Wagner et al, 2002). [H1t, MBBR HEIZIAGHE SRS T
ANBIFF R o A A s A R, A A
AREMELE]; FBBR AXHEAAH sl A HAL =
PRAGE B A KIS , SEOR SRR E 58 5 38R
FBBR Hl MBBR A= 4 JE i i Ak oA X = B2 G 3k 2
Ji7 o 2 Bl A W RS I 0T 25 E  Hh E R  E B X
STV A S TR R R IR R, X S R =55 (2017)
Fk it K AE(2020) I WF T 45 5 — 3. W LLA H, FBBR
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Fig.4 Microbial community structures in FBBR and MBBR (n=3)

F1 MBBR A= 4 [ b il Ak AR X = BE AR AL, X2 A
AR R TAORE R, AR, HXTHIER
F U (Chen et al, 2006), {HIE, RN ESHIETT
SOR(E 2)FRM, AP P S AL B rT LS HA A
WA, IR R R E NEALRE 7 . MBBR A: P[5 il
AT B AT = BE A AT FBBR, {H - BRI AL AR
BONFER (K 2), XATRERZ P, MK MBBR H#CH
I ZL A S F T RS AL B O B & 2R, (BT DA SR i
fiff 80 NHa-N SE7E A I8 P 09A% 0, %o il Ak s i A ) o
A Shy S 760 11 2 R Ak TR R S A TR SR AL AT, T A b P
&SR R T 2 AR T 45 R H AR IR BT B N T AH
LR G (Ge et al, 2015), EGERIREILIRIE AN,

NH;-N Je#i S AL NO, -N, fif J& 85 0 fiF iz
AT AL A NO3-N; AR5 i fh i 72 rp i v P FE R T

DS, TEH 1217 A A FR G b 2 S A0 TR DI il 12 4R
L H R BRIE RO Ll 2 (Winkler et al, 2012), {H7E
FBBR Fl MBBR A= ¥ [ rfr | S Ak 501l 7 i 5 i Ak A3
BE B9 R 5 H Ay 3R 0.04 F110.07, /N T RIS AE,
X8 A g AL B E LR R o JLAR R ST K
A5 AL BR TR g ) — 2825 (4N Candidatus Nitrospira
inopinata. Candidatus Nitrospira nitrosa #l Candidatus
Nitrospira nitrificans) i % 4t 57 5¢ B I\ NH3-N %]
NO,-N #£3] NO;-N % fbid #2 (R 58 22 A 1k)(Ren
etal, 2020), Kt, 7£ FBBR Il MBBR 4= ¥ fix ] fig
FETERERS 17 50 2 2 A AL R AL IR TR R Fh 28, JLmT )
5L A R e S NHG-N L, M S8k
R TR B i W] v T A A R T R . PR R
D7 i A P B v o A SRR TR Y R S N R B AT R i —
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BRI . WA, FEKFEFRE AR, IR RN
BOW B BUE AR EOR R A A, RIS — 0% 32 %
R CEY$8 45 . 78 FBBR A1 MBBR A= i b %) 4

Ko 2w, £ 2 FhA: I 1 2 #B A A TE SR
WA ZR X . 2 2 W%, FBBR fil MBBR 4%
5 v 35 A A — 2 B 1 45 R ) (Bdellovibrio) .

% 2 FBBR 71 MBBR E#} 3 5 1k & FA 2 1 & B B XF F B (n=3)
Tab.2 Relative abundance of nitrifiers and Bdellovibrio on the surfaces of fillers from FBBR and MBBR (n=3)

F )% %% Reactor VA Ak B MU T B Nitrosomonas 1L I & Nitrospira #E 311 & Bdellovibrio
FBBR (0.080+0.022)% (2.187+0.159)% (0.137+0.017)%
MBBR (0.058+0.017)% (0.863+0.095)% (0.093+0.019)%

Zx ERTiR, TERCZEWIREY% 7T , FBBR Fil MBBR
B A TR] 5 7E T B AL P 3 i, A AR v SRS Tk
PO T A TR R R A, LA P M AR e
RS AR PR 5 AN FE T FBBR fUE W 1Y
Fo 5 BRI LU A A B AR =E B2 T MBBR.

3 it

16 [ ARHE I R h , FBBR A1 MBBR H 2 E 4L fig
TITITE BT i PR R A AL RE T1 L AL BB T i AR
B AT DU SR I SR GE K AR ) NH-N R NO,-N i
B, HS PR SRR KA R NOs-N FLEH pH T I%;
FBBR Fl1 MBBR 7K1 f#) NH;-N, NO,-N. NO;3-N
WA pH JC i 225, I N 2 IS AL BCR AL

TEMAE Y BEYS )7, FBBR Al MBBR AJA] &
FBBR " iAWt 10 5 B M5 T MBBR;
FBBR F1 MBBR A 7] s A L E G HEARLL, DL TR
AIEHT], RHRENN y-BIHNH o BN,
PP B AN B FF TR 5 G5 A R 35 R RS fb B R A S R
B P B R B R i, LA A R T g %) A T 3 8 3 v I
H AL S

4 RE

HHi, T RAS 4 FBBR £l MBBR /K Jfi &1k 3%
BRI 45 [0 15 AT e — A o ASBIFSE K BT 3 T 45
U], FBBR Al MBBR FURSLACRTCIA g 22 5%, 4B
A] DU R i SE PR 7= () B2 B % RAS /KA H NHZ-N
FINOL-N MR EE . BRI, A YIREYE 73R, FBBR
i A ) =F & B RN Z2 B 35 9 & 55 MBBR. F LT
DI , FBBR X 115 44 FAT B 40 Joa 1) o 47 Aif L
F R IEDT J1(Pedersen et al, 2015), {HJ&, FBBR %4
5 5% B JK 8l J1 FEAE F1 55 ZE () 5% W (Pulkkinen et al,
2019), 1fii MBBR X F7K J7 il HAT AR 47 1038 o7 1
NG ¥E%E, I, TEFRM I, NAELs &% RS
SIS EPRIEE R M S KR | B4
1 g b RN i 2% PR 45 R 26 i 3l I, %6k FBBR

¢ MBBR, fEA#IZEH, FBBR Hl MBBR XJ7EAHXT
O T T8 T, AKBRRECS SR E . R
. BRI ES)ME TS 5(HRT ., RE %)
X g LB B R i N TS R, A R TR
4, FBBR 1 MBBR 2S8R K (& NO3-N 1
ZR pH FEAG; I S Y NO3-N & X 286
BET B AN 430 3R G 77 A H B 0 (Guillette et al,
2005; Hamlin et al, 2008; Good et al, 2016), i H.
NO3-N HEB 0T 685 B I 32 9K AR 19 5 8 374k
AR pH ASCE 0§ S0 8 1L SR (Chen et al,
2006), 2 H R R AR ERE . L, NOs-N
R R BR AR AR pH BF8 E I EAF R AT 5T o

Ht, F—B 058 TAERE IS LA T DU 5 i JE It
WFFE K B 4 Az 47 2506 FBBR Fil MBBR #+HL 4%
REMRISE I, F o5 ST A S 0L A ket o 67 f O R 0 5
BI%H FBBR F1 MBBR BURNRTH ¢ 22 AL F AP 2
FIERE; 78 FBBR Al MBBR J5 42 A& 4 050 2E Y1 I
EAE T2, RBRAEAL RN ™A 1 NO3-N, SEEX) 5 5H
KRB E A RAET ; HITiEH T FBBR fil MBBR
(AR JEE G v, FIR T AR AR SR = A (R BB, SEBIR 77
B KK pH By g T8
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Abstract

With the development of the aquaculture industry for high efficiency, energy saving,

and environmentally friendly methods, recirculating aquaculture has attracted increasing attention

from researchers and practitioners. A recirculating aquaculture system (RAS) consists primarily of an

aquaculture module and a water purification module. In the aquaculture module, nitrogen in the feed

could be released into the water phase through various routes (i.e.,

the feedstuff residue and

aquaculture animal excretion), whose species can be transformed by microbes. Free ammonia and
nitrite have acute toxic effects on aquaculture animals, rendering the efficient removal of ammonia
and nitrite essential for the RAS. Compared with physical and chemical methods, biological treatment
methods based on microbial nitrification can convert ammonia and nitrite into less toxic nitrate with

the advantages of good treatment performance, low operation cost, and little secondary contamination,

and have been widely utilized in the purification of multiple wastewaters (e.g., municipal wastewater,

industrial wastewater, agricultural wastewater, and ammonia-contaminated groundwater). For the
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treatment of recirculating water with low and fluctuating nitrogen loads, a biofilm process based on
the attached growth of microbes is more suitable than an activated sludge process based on the
suspended growth of microbes. To date, a variety of biofilm processes have been developed, among
which the fixed-bed biofilm reactor (FBBR) and moving-bed biofilm reactor (MBBR) have been
widely investigated for the control of ammonia and nitrite in aquaculture wastewater. However, the
relevant studies were mostly conducted in laboratory- and pilot-scale RASs. Thus, there is still a lack of
comparative investigations of FBBR and MBBR, which are simultaneously operated in a full-scale RAS.

Therefore, a parallel FBBR and MBBR were joined to a full-scale RAS for Macculochella peeli.
The FBBR and MBBR were simultaneously and continuously operated for 35 d to investigate
variations in their water quality and microbial community structures. The results indicate that the
FBBR and MBBR had similar variations in ammonia, nitrite, nitrate, and pH in the effluents. Over the
entire operational period, the dissolved inorganic nitrogen (DIN) concentrations gradually increased;
the ammonia and nitrite concentrations and their proportions in DIN first increased and then
decreased stepwise; and the nitrate concentrations increased gradually, while the variation in the
nitrate proportions in DIN was opposite to that of ammonia and nitrite. Both the FBBR and MBBR
could transform ammonia and nitrite to nitrate, which resulted in nitrate accumulation and a pH
decrease in aquaculture water. During the operation period, the nitrification capacity gradually
matured, and ammonia oxidation could occur prior to nitrite oxidation. At 35 d, the concentrations of
ammonia, nitrite and nitrate were 0.32 (0.29), 0.27 (0.22) and 29.75 (29.76) mg/L with their
proportions in DIN of 1.05% (0.96%), 0.90% (0.72%) and 98.05% (98.32%) in FBBR (MBBR)
effluent; pH declined from7.62 (7.59) to 7.25 (7.22) in FBBR (MBBR) effluent.

The number of operational taxonomic units (OTU) obtained from the FBBR and MBBR samples
were 2,088 and 1,852, respectively, and 1,174 OTUs were shared between FBBR and MBBR. The a
indices (Chaol, ACE, Shannon, and Simpson) from the biofilm reactors indicated that FBBR
possessed higher richness and diversity of the microbial community than MBBR, which could be
attributed to the difference in the internal environment between FBBR and MBBR. In total, 16 phyla,
28 classes, and 149 genera were identified in the FBBR samples, which were slightly fewer than
those from the MBBR samples (i.e., 19 phyla, 31 classes, and 155 genera). However, the relative
abundance of microbes demonstrated that FBBR and MBBR had similar predominant microbes:
Proteobacteria (69.42% in FBBR and 86.92% in MBBR) at the phylum level, y-Proteobacteria
(40.71% in FBBR and 64.36% in MBBR) and a-Proteobacteria (26.58% in FBBR and 21.74% in
MBBR) at the class level, and Acinetobacter (27.50% in FBBR and 53.29% in MBBR) at the genus
level. Nitrosomonas and Nitrospira constituted the nitrifiers in both FBBR and MBBR, but the
relative abundance of nitrifiers was higher in FBBR. Furthermore, the relative abundance of Nitrospira
was far higher than that of Nitrosomonas, indicating that complete ammonia oxidation bacteria might exist
in FBBR and MBBR. In addition, Vibrio was not found in FBBR and MBBR, but Bdellovibrio was
observed. The results of this study can provide technical support for the selection of biological
purification technology for RAS, and thus improve the green development of the aquaculture industry.

Future studies will focus on: Investigating the effects of water quality conditions and operational
parameters on the water treatment performance of FBBR and MBBR; Determining the species of
complete ammonia oxidation bacteria and their relative abundances on the filler surface in FBBR and
MBBR; Effectively eliminating nitrate in the aquaculture water by introducing microbial denitrification
process after FBBR and MBBR to control the total nitrogen in RAS; Establishing a flexible and feasible
strategy for controlling the pH in recirculating water by exploring the solid-phase buffers that could serve
as the slow-release sources of alkalinity in the biofilm reactor.

Key words Recirculating aquaculture system; Fixed-bed biofilm reactor; Moving-bed biofilm reactor;
Nitrification reaction; Microbial community



